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MICROSTRUCTURE REFINEMENT AND HOMOGENIZATION OF
NON-DEFORMING CONSTITUENT DISTRIBUTIONS DURING FSW/P
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Abstract

Weld nugget / stir zone microstructures often exhibit highly homogeneous distributions
of non-deforming constituent phases as well as refinement of such phases and grain structures.
The role of recrystallization in grain refinement during FSW/P is well understood. However, the
processes involved in refinement of particle size and homogenization of particle distributions
during FSW/P are less well understood. FS of an as-cast AA356 alloy has been conducted over a
wide range of RPM values using both threaded and smooth tools. The conversion of the primary
- eutectic microstructure to a highly refined and homogeneous dispersion of Si particles in a fine-
grained Al matrix will be documented. The roles of advective mixing, diffusional processes, and
discontinuous shearing of material will be delineated and quantitative measures of homogeneity
will be discussed. The potential roles of tool and process conditions in homogenization are also
considered.

Homogenization via Advective Transport

FSP is highly effective for intermixing of constituents in many alloys [1]-[3]. Given that
observation, mass transport, either advective or diffusive, must occur to account for the observed
constituent redistribution [4]. Here, model eutectic systems, Al-7%Si (Na modified) and AA356
are considered, negating the need to account for the effects of phase transformations in the FSP
temperature range. Experimental and analytical approaches showed that deformation-assisted,
high-temperature diffusive processes do not appear to be sufficient, either in magnitude or
duration, to account for the particle motion required to achieve the observed levels of
redistribution [5]. Calculations can be carried out for temperatures approaching the melting point
of the Al matrix to show that the induced hydrostatic pressure gradients would transport particles
at particle drift velocities (~1 to 0.1 diameters/sec) that are insufficient to account for observed
particle redistribution [5], [6]. Since FSP constituent mixing occurs in the very short time of a
single tool rotation, i.e. less than 0.1 seconds, it is reasonable to conclude that an advective
component of transport must be significant.

Here, the term ‘advective’ refers to the transport of entrained material resulting from the
velocity of a surrounding viscous-like flow field. In the case of a particle embedded in a highly
plastic solid near its melting temperature, such behavior can occur. The advection equation in
one dimension is given in Equation 1.
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A we,n X —o
d 2

¢ e Equation 1

Where: u( X, t) represents some unknown particle concentration
w(x,t) represents some local velocity field

Requiring the initial condition: u(x,t =0)=u_(x)

The internal structure of the solid material cannot be observed in real time during FS.
However, by imposing a simple shear and rotation on a digitally captured volume of base
material in binary format, insight can be gained as to how constituent redistribution might be
occurring. As a basis for this approach, microstructural examination as illustrated in Figure 1 for
AA356 FSP samples containing FS-induced voids showed evidence of discrete “extruded” layers
that are repeatedly stripped off at the tool's pin-material interface [5]. These ‘extruded’ layers
have been previously noted and correspond to the selected IPM / RPM combination [7], [8].
Further inspection (shown in Figure 1b), however, provides evidence of significantly thinner
sub-layers (ranging from 5 to 15 pm in thickness) that appear to slide over one another as the
material is sheared [5], and these processes are accompanied by prior particle fracture (shown in
Figure lc and discussed later).

Phivie Drsiote e gion
: y - e dore Walk
1 2

.,lf

’4-.._‘ T Extrusia Liye

Figure 1 a—c (a) Secondary electron plan view image of 1200 RPM threaded tool extrusion
layers approaching the advancing side in a lower section of the SZ where particles completing
travel around the tool pin are the same size as particles remaining on the distorted advancing
side SZ wall. (b) Secondary electron image of typical sheet-like layer formations inside a 400
RPM void with arrows denote some of the formations and their thicknesses. (c) Secondary
electron image of the plan view plane on the front side of the tool for smooth-pin FSP AA356 at
400 RPM. The image shows an acicular particle (entering the SZ) which has fractured but the
fragments have not yet separated.
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The AA356 shown was friction-stirred over a range of 400 to 4000 RPM at a 3 IPM
traversing rate using 3 mm smooth-sided and threaded frustum shaped tool pins. Transverse and
mid-depth plan view SZ sections were obtained and mechanically polished using P1200
aluminum oxide paper followed by 6pm, 3um, and 1pm alumina powders on a microfiber pad.
The samples were then electro-polished using a perchloric acid/ethanol/glycerol solution in
accordance with [[8]. Secondary electron imaging was conducted with a Zeiss Neon 40 Field
Emission Scanning Electron Microscope (SEM) using a 20 keV accelerating voltage and a 5 mm
working distance.

The microstructural observations are incorporated into a model illustrated schematically
in Figure 2 to illustrate a potential mechanism of redistribution. Velocity and strain gradients
may develop as a result of the sticking condition at the pin / matrix interface, resulting in a
localized monotonic shear for the volume of material in that region. Instead of bulk deformation,
the sliding sub-layers form as a result of the material’s plasticity at high temperature and the
strain gradient developed across the width of the extrusion layer. In this way, redistribution
occurring during FSP can be viewed as a discrete process. Consider a Representative Volume
Element (RVE) of material that is sheared at some location. At the next discrete angular location,
50, the same volume of material is again subject to the pin’s shearing action, but at a new
orientation. The sub-layers, in turn, are sheared across their previous boundaries. By simulating
this procedure on a digitized, binary image of base material volume element having periodic
boundary conditions [10], synthetic microstructures can be obtained which are remarkably
similar in morphology to microstructures of the same material following FSP.

New RVE
A Representative at the next
o Volume 59— — incremental
- L Element (RVE) V location 68
] \!3‘.,...---'!'“ original volume is
» incrementally sheared
) and rotated
@ 1Y) mip s 1]
a8 |
Pin Face
Rotating Pin
RVE at &8 Matrix Glide along Lines of Shear RVE at 250
{1 by
» » Repeat Process
T ]
. |
1|
Figure 2 Schematic of an extrusion layer volume element with periodic boundary

conditions at the pin-material interface experiencing an incremental rotation while subject to
continuous shear.
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Particle Fracture

The implication of this discrete layer shearing approach is that constituent particles are
fractured prior to transport and that the particle fragments are redistributed as they travel within
the segmented regions of the repeatedly sheared RVE. In fact, microstructural evidence (shown
in Figure 1b and c) suggests that parent particle fracture is largely complete before traveling
around the tool. Without contribution from a diffusive process, a matrix advection mechanism is
the only means for particle segments to gain separation. This is shown schematically in Figure 3.
If two adjacent particle pieces move apart in this manner, it is necessary to conclude that the
pieces are traveling in volumes of matrix material that are moving with different velocities and /
or direction, otherwise the final structure would merely resemble a monotonically strained
material. It can also be reasoned that a sub-layer or RVE sub-volume has a similar characteristic
dimension as the particle fragment it contains.

80 um

oy _
{i‘j mp 20pm[§

Figure 3 Schematic of the sliding layer advective separation mechanism for a Si particle
within the Al matrix.

Homogenization Simulation via Repetitive Shear and Rotation of an RVE

To approximate the shear and sliding mechanism illustrated in Figure 2, an SEM image
of AA356 (shown in Figure 4a) is cropped, transformed into a binary format, and subdivided into
layers of finite thickness. The layer thickness is selected to match the sub-layer thicknesses
observed in the aforementioned microscopy, and using the MATLAB Image Analysis Toolbox,
these sub-layers are permitted to slide over one another until the RVE reaches a pre-determined
shear strain. The gradient in strain can be made either linear or non-linear across the RVE. By
repeating this process on an RVE having periodic boundaries and introducing a rotation (860 =
90° in this case) between shearing operations, the results of Figure 4(b) were obtained and
statistically compared a simulated microstructure with the SZ of FSP microstructures.
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Synthetic Actual

SEM Image digitized and sheared

9%,

800 RPM

3200 RPM

Repeating shear and rotation of RVE having periedic boundaries e s
2454 Particles 2749 Particles

(a) (b)

Figure 4 a-b  (a) SEM image of AA356 converted into a binary RVE which was then sheared and
rotated during repeated operations. (b) Visual comparison of synthetic microstructures

(generated using sub-layer layer thicknesses corresponding to expected particle size) and actual
FSP microstructures at 800 and 3200 RPM.

Using the MATLAB Image Analysis Toolbox, particle size, aspect ratio, orientation, and
spacing characteristics were measured for both the synthetic and FSP samples. The measured
data for the two sets of samples were in good agreement (within 10%), supporting the similarity
in the microstructures’ physical appearance. [5] A homogeneity index was also developed based
on the variance of several morphological parameters over multiple length scales. This index, to
be discussed in greater detail in a later publication, showed that the synthetically sheared /
rotated RVE’s and actual FSP samples had particle distributions similar to within measurement
error. It was also observed that the degree of homogenization saturates, no longer increasing after
some finite number of shearing operations (e.g., after 8 to 12 operations using a repeated shear
strain of 1). The results also showed that homogeneity rose linearly with RPM (over the range
measured), indicating that a more desirable microstructure might be obtained with higher tool
rotation speeds.

Conclusions

In general, the preliminary results suggest that a relatively simple discontinuous
geometric shearing approach might be able to explain the redistribution of constituent material in
AA356 after FSP. This idea is compatible with the notion that material traveling around the tool
returns to a location very near to where it was stripped from the base material. The RVE model
implies that not all volumes of material at the pin interface are sheared to the same degree,
depending on their original location. As a result, variations in the degree of redistribution should
be expected across the SZ. As RPM increases, these variations should diminish, as each volume
will be sheared more frequently with most volumes reaching mixing saturation, regardless of
starting location.
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The geometric similarities observed among the synthetically sheared microstructure
image RVE’s with periodic boundaries and experimental FSP samples strongly suggests an
advective mechanism consistent with those seen in mechanical mixing process [11]. If so, the
shearing layer thicknesses required in FSP are on the order of 5 to 15 microns, considerably
smaller than the extrusion layer on the pin’s retreating side. Layered formations of such
thickness were observed to exist when examining void-prone regions in the microscopy of FSP
samples taken across a wide range of RPM values. Diffusive processes, although present, appear
to be a much smaller and slower contributor to the overall motion of the particles. The results
imply microstructural homogeneity is driven by a mechanism mostly akin to mechanical mixing,
dominated by the sub-layer thickness. These observations might lead to considerations in FSP
parameter selection and possible refinements in tool design with respect to achieving improved
homogeneity.
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Abstract

A key characteristic of a friction stir weld is a very fine grain microstructure produced as a result
of dynamic recrystallization. The friction stir processing (FSP) technique was applied to modify
the through thickness microstructure of a monolithic plate of a magnesium alloy. Grain structure
refinement in these alloys could have a significant impact on their strength and ductility opening
up their use for high performance defense applications. EWI has been investigating the use of
the FSP technique to achieve nano-sized grains in a magnesium alloy, AZ31B. Heat input
estimations have enabled the prediction of welding parameters and tool geometries that could
achieve significant grain refinement. This presentation will summarize the experimental
procedures using active cooling and theoretical efforts undertaken in order to achieve an average
stir zone grain size of 500 nm. This work was performed under a cooperative agreement between
EWI and the U.S. Army Research Laboratory.

Introduction

Magnesium (Mg) alloys have been widely used for structural components in the automotive,
aerospace and electronics industry due to their low density, high strength to stiffness ratio, good
damping capacity, diecastability and recycling. However Mg alloys also exhibit low formability
because of their hexagonal close-packed crystal (HCP) structure with only two independent
operative basal slip systems at room temperature. It is well accepted that grain refinement may
increase strength and ductility of Mg alloys, potentially leading to wider use in a variety of
industries including the defense industry.

In order to obtain a microstructure with improved mechanical behavior, several methods based
on plastic deformation have been developed for grain refinement in Mg alloys such as rolling,
Equal Channel Angular Processing (ECAP) and Equal Channel Angular Extrusion (ECAE).
Recently, friction stir processing (FSP) has emerged as an effective tool for grain refinement [1].
FSP is a solid-state process developed on the basis of the friction stir welding (FSW) technique
invented by The Welding Institute (TWI) in 1991 [2]. During FSP, heat is generated by the
friction between the tool and the work piece and by the plastic deformation occurring around the
tool. The material within the processed zone undergoes intense plastic deformation resulting in a
dynamically recrystallized fine grain structure. Grain refinement by FSP in Mg alloys has been
reported by several researchers [3-9]. It has been demonstrated that the processed grain
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structures strongly depended on the processing conditions including processing parameters, tool
geometry and cooling rate.

In this work, a systematic investigation was performed to study the effects of processing
parameters on the resulting microstructure in AZ31B Mg alloy. Ranges of processing conditions
were tested using two different FSP tools in ambient conditions and cooled conditions using a
liquid nitrogen cooled anvil. The tool designs and processing conditions selected were aimed at
reducing the grain size of the AZ31B Mg alloy to create an Ultra-Fine Grain (UFG) structure
averaging 500-nm. Using optical microscopy and the electron back-scatter diffraction (EBSD)
technique, grain size, grain structure, grain boundary characteristics and micro-texture were
examined for the processed samples. On the basis of measured grain size, combined with the
Zener-Holloman parameter, the peak temperatures in the nugget zone were calculated and
compared with experimentally measured temperatures. The relationships between processing
parameters, tool geometry, grain size, and temperature were also established in this work.

Experimental Procedure

Friction Stir Processing Trials

The friction stir processing trials were conducted at EWI on a NOVA-TECH Engineering
Friction Stir Welding machine furnished by the U.S. Government. Two tools were designed and
fabricated from 350M steel and heat treated to an approximate hardness of 60 HRC. Tool
52283-T02 incorporated a left hand, stepped spiral thread on a truncated cone type pin with
negative profile scroll features on the shoulder. Tool 52283-T03 also included negative profile
scroll features on the shoulder, but incorporated three blades in place of a single pin. Both tools
were designed to process down to a thickness of 2.3-mm. Tool 52283-T03 was the larger of the
two tools with a shoulder diameter of 17.8-mm, while tool 52283-T02 had a shoulder diameter of
11.1-mm. The aggressive features on each tool were designed in an effort to promote as much
grain refinement as possible.

In order to manage the cooling rate of the AZ31B Mg alloy during processing, a copper anvil
capable of being cooled by liquid nitrogen was designed and fabricated. Two inlets allowed
liquid nitrogen to flow into four channels underneath the top surface of a copper block. Six
outlets directly opposite the two inlets allowed the nitrogen to flow out of the copper block and
be captured in an insulated bucket. A single groove machined into the surface of the copper
block accommodated a single Type K thermocouple. This thermocouple was used to monitor the
temperature at the root of each friction stir processing trial. A small hole was drilled into the
bottom of each plate to a depth of approximately 4-mm, placing the thermocouple tip just
underneath the processing trial. Surface cooling was added through the use of two copper bars
lying adjacent and parallel to the processing direction. These copper bars contained a hole
through which liquid nitrogen flowed and then emptied into an insulated bucket. An image of the
experimental setup without the top surface copper bars is displayed in Figure 1.

The 6.3-mm thick wrought AZ31B Mg alloy plate used in this work was cut into 305-mm square
plates for welding. All cooled processing trials were conducted in a single linear pass positioned
on the center of the plate. Temperature data was recorded four times a second using an Omega
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eight channel USB thermocouple data acquisition module. Prior to conducting processing trials,
test cooling runs were conducted to establish a base line temperature to which the anvil could be
reduced (-180°C). This temperature was then used as the target temperature at which to cool the
anvil prior to and after each processing pass.

Figure 1. FSP Experimental Setup

The processing parameters for each tool and condition are summarized in Table 1. After
establishing initial parameters through scaling trails, the travel speed was varied while the RPM
remained constant for each tool. This resulted in a selection of seven welding conditions
between both tools. The variation in travel speeds was designed to provide a selection of heat
inputs ranging from low to high. Each of the processing parameters for each tool were run in an
ambient condition (no liquid nitrogen cooling) and a cooled condition (with liquid nitrogen
cooling) on the same copper anvil.

Table 1. Selected Processing Parameters for Each Tool Design

Spindle Speed Travel Speed Ambient Cross- | Chilled Cross-
Tool No. (RPM) (mm/min) Heat Input Section No. Section No.
52283-T02 1200 762 Low M16 M123
1200 508 Medium M15 M121
1200 356 High M14 M122
52283-T03 1000 762 Low M12 M128
1000 635 Moderate M13 M127
1000 508 Medium M11 M129
1000 381 High M17 M130

Microstructural Analysis

Post-processing, each weld was cross-sectioned once for microstructural analysis resulting in 14
samples (7 ambient and 7 cooled). Each cross-section was labeled with a unique identifier as
listed in Table I. The samples were polished with SiC papers using alcohol as a lubricant and
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were swab etched with Kroll’s solution. Optical microscopy was conducted at EWI on all
samples using an Olympus BXS51 microscope. Average grain size was measured over a
sampling of 10 grains located in the center of the nugget zone following ASTM E1382 (Region
2, Figure 2). After completion of the optical microscopy, all seven cross-sections from the
cooled processing trials were sent to the University of North Texas (UNT) for EBSD analysis.

In preparation for EBSD analysis, the seven samples were re-polished once received at UNT.
The cross-sections were ground on progressively finer SiC papers to a 2400 grit finish and then
polished with 0.1 pum alumina solution. To obtain high quality Kikuchi diffraction patterns,
electro polishing was carried out with a solution of 40 pct phosphoric acid and 60 pct ethanol at
~0 °C and using a voltage of 2 to 3 V. EBSD analysis was conducted at UNT with a FEI Nova
NanoSEM 230 equipped with the TSL OIM™ EBSD system. A scanning step size of 0.5 um
was used for all the scans. The error in the determination of the crystallographic orientation of
each grain was less than 2°. In order to obtain a highly reliable picture of the microstructure, the
resulting data was subjected to the following clean-up procedure: (1) grain dilatation with a grain
tolerance angle of 5°, and (2) each grain contains at least two scan points. The different
locations in the nugget zone examined using OIM are illustrated in Figure 2.

Figure 2. Optical Microscopy and OIM Scan Locations in the Nugget Zone. 1-Top, 2-Center, 3-Bottom, 4-
Advancing Side and 5-Retreating Side.

Results and Discussion

Friction Stir Processing Trials

During the processing trials, temperature measurements were only recorded on the trials cooled
by liquid nitrogen. Due to the proximity of the thermocouple tip to the processed zone, damage
to the thermocouples resulted during two processing trials: M123 and M130. For tool 52283-
T02, the peak temperature data was inconclusive for the low heat input trial (M123), reached
~200°C for the medium heat input trial (M121), and reached ~225°C for the high heat input trial
(M122). Cooling back down to 0°C from the peak temperature reached during each of these
trails took approximately four seconds. For tool 52283-T03 the peak temperature reached
~250°C for the low heat input trial (M128), reached ~270°C for the moderate heat input trial
(M127), reached ~300°C for the medium heat input trials (M129), and was inconclusive for the
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high heat input trial due to the destruction of the thermocouple. The low heat input and moderate
heat input trials took approximately four seconds to cool back down to 0°C from peak
temperature while the medium heat input trial took approximately seven seconds.

Optical Microscopy

Optical analysis of the weld cross-sections revealed a reduction in grain size when comparing
ambient processing trials to those performed with liquid nitrogen cooling. Ambient trials with
tool 52283-T02 resulted in an increasing average grain size when increasing the heat input of the
welding conditions. The low heat input trial averaged a grain size of approximately 7,600-nm
while the high heat input trial averaged a grain size of approximately 9,300-nm (Figure 3).
When these same welding conditions were cooled using liquid nitrogen, the average grain size
dropped to approximately 6,300-nm. A similar trend was observed in the welding conditions
selected for tool 52283-T03. Average grain size for the ambient trails ranged from 10,700-nm to
14,000-nm, for the low to high heat inputs respectively (Figure 3). When liquid nitrogen cooling
was applied to these same welding conditions, the average measured grain size dropped to
approximately 7,500-nm.

52283-T02 Grain Size Comparison 52283-T03 Grain Size Comparison
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Figure 3. Grain Size Comparisons for each Tool Based Upon Optical Measurements

Orientation Imaging Microscopy

As measured by the TSL OIM™ EBSD system, the average grain sizes in samples M122, M121
and M 123 processed by tool 52283-T02 are 2,900-nm, 2,400-nm, and 2,200-nm. Larger grains
of 3,200-nm, 3,200-nm, 3,200-nm and 3,300-nm in size were obtained in samples M130, M129,
M127 and M128 processed by tool 52283-T03. The present results show that with an increase in
tool traverse speed, the processed grain size decreases in the samples processed by tool 52283-
TO02. However, tool traverse speed has no effect on grain size in the samples processed by tool
52283-T03. The disparity in the grain size measurements between those conducted optically
following ASTM E1382 and those conducted using OIM, can be attributed to the inherent
resolution and accuracy of the TSL OIM™ EBSD system. As a result, the optical grain size
measurements have been used as reference only in preference of those grain sizes observed
through OIM.
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In all the cases, the liquid nitrogen cooled samples show similar grain boundary character
(Figure 4). The grain boundary misorientation distributions range mainly from 2-35°, followed
by a wide gap in the interval of ~35-80°, and then show a peak in ~80-90° which may correspond
to the formation of twins with misorientation close to the ideal 86° <11-20> relationship. All of
the processed samples have a strong fiber texture with the c-axes of the grains about 35-55° away
from processing direction.

Temperature Calculation The Zener—Holloman parameter, combining working temperature and
strain rate, has been shown to impose influence on the resulting grain size in extruded Mg based
alloys [10]. This parameter appears to be useful in predicting the resulting grain size. Similarly,
using the measured grain size, working temperature can be calculated using the following
equation.

Q

T
R(InZ —Iné
(In ne) )

The measured grain size and calculated peak temperature in the nugget for the samples processed
by different tools under various processing parameters are summarized in Table II. The
influence of the processing parameters on resulting grain size and temperature is displayed in
Figure 5.

Table II. Summary of Grain Size and Peak Temperature at Nugget Center

Chilled Cross- | Spindle Speed Travel Speed Calculated Peak Measured Root
Tool No. Section No. (RPM) (mm/min) Grain Size (nm) | Temperature (°C) | Temperature (°C)
52283-T02 M123 1200 762 2,100 340 N/A
M121 1200 508 2,400 352 200
M122 1200 356 2,900 368 225
52283-T03 M128 1000 762 3,300 383 250
M127 1000 635 3,200 380 270
M129 1000 508 3,200 379 300
M130 1000 381 3,200 380 N/A
6 500
—0— Tool #2, 1200 RPM —0— Tool #2, 1200 RPM
—A—Tool #3, 1000 RPM —A—Tool #3, 1000 RPM
5 450 -
=4 o
g < 400
o
@3 ol 4 " 5 A a A 4
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K \o‘q £ 350 o\o\
F2 & E. o
[C) ﬂl
2
’ 300
0 250 : . .
10 15 20 25 30 35 10 15 20 25 30 35
a) Tool traverse speed (IPM) b) Tool traverse speed (IPM)

Figure 5. Effect of Tool Traverse Speed (IPM) on a) grain size and b) temperature

For tool 52283-T02, an increase in the tool traverse speed causes a decrease in the peak
temperature resulting in a finer grain structure in the nugget zone. This result is consistent with
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those reported by many researchers in different metals and alloys. However, it is noted that there
is almost no difference in grain size in the samples processed by tool 52283-T03 under different
tool traverse speeds. This result suggests that to discuss the effect of processing parameters on
the resulting microstructure, the tool geometry must be considered. It is also believed that a
lower tool rotation rate with tool 52283-T02 would produce a finer grain structure, especially
using liquid nitrogen cooling.

Tool Geometry Effects on Heat Input During FSP During FSW or FSP, peak temperature in the
nugget zone plays a vital role in determining the processed grain structure. The most important
factor in controlling the peak temperature is heat input. Considering power consumed by the
machine during the welding process, Khandkar et al. [12] measured the torque and the rotation
rate during welding, from which the radial heat flux q(r) was calculated as:

) Pr
4q(r)=
" 2R Lo H
3 Shoulder Pin Pin

@

where P,, is the average power input calculated from the measured torque and rotation rate,
Rspouider 18 the shoulder radius, Rp;, is the pin radius and Hp;, is the pin height. Thus, heat
generation is closely related to tool geometry. As demonstrated through experimental trials, the
larger average grain sizes for the 52283-T03 tool (7,500-nm) are a result of its larger geometry
and therefore higher heat input even though the RPM was less than that of the 52283-T02 tool
(6,300-nm). Therefore, it is believed that a tool with a smaller shoulder and pin can decrease
heat input caused by friction and plastic deformation. This combined with low heat input
generating parameters, could result in finer grain structures created during FSP, especially when
using liquid nitrogen cooling.

Fabrication of UFG Structures The purpose of this work was to produce UFG structures
averaging 500-nm in size in AZ31B Mg alloy using FSP. On the bases of the relationships
between grain size (d)-the Zener-Hollomon parameter (Z) and the Zener-Hollomon parameter
(Z)-peak temperature (7) in the FSP AZ31B Mg alloy [11], the Zener-Hollomon parameter (Z)
and peak temperature (7)) can be calculated for a grain structure averaging 500-nm in size. For
tool 52283-T02, which has demonstrated a higher potential to produce a finer grain structure due
to its smaller geometry, the calculated plots for the relationships between d-Z and d-T are
displayed in Figure 6.

16

www.EngineeringBooksPdf.com



35 400
. 3.0} ° A
3 350 -

> 250 \o 2) A/A
) \ ° P
8 20 o ¢ e
® . 3 300 -
£ 15} RN ® a”
5 . g .
Q ~,
o 1.0F 0. £
~ . 250

5 ~. e &
z 05} (]

0.0 . . . . 200 . . . . . .

28 30 32 34 36 38 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
In(2),In (5'1) Average grain size (d), pm
(a) (®)

Figure 6. Plots for the Relationships between a) d-Z and b) d-T for tool 52283-T02. The experimental range
already explored is depicted by continuous lines and the dash line represents extrapolation using the
constitutive relationships

Future Work

To create an UFG structure averaging 500-nm in size, a lower peak temperature of about 240°C
is required. In the present results, average grain size as small as 2,100-nm was obtained by using
tool 52283-T02, which corresponds to a peak temperature of ~340°C in the nugget zone.
Decreasing the peak temperature during FSP could be accomplished by increasing the cooling
rate and/or decreasing the heat input. Since liquid nitrogen cooling has been used to control the
cooling rate in this present work, it would be very difficult to further increase the cooling rate
while using the tools as currently designed. Therefore, to obtain a finer grain structure, a
reduction in heat input must be achieved through tool design and processing parameter
modification. From the relationships of d-Z and Z-T [11], the temperature can be calculated as;

Q

9.0 — Ind T,
o037 ln(ZﬂRm—i)]

T =

Al 3

For a small tool with a fast cooling rate, the /L. can be regarded as the ratio of tool pin radius to
tool pin length. Using the current dimensions of tool 52283-T02, a 500-nm grain size
corresponds to a temperature of ~240°C. In the current trials, this tool was able to produce a
2,100-nm average grain size at a peak temperature of ~340°C. This means that in order to
decrease the peak temperature from 340 to 240°C using the current processing conditions, the
dimensions of tool 52283-T02 would need to be decreased by 1/2 to 2/3. However, this could
have practical implications in terms of volume of processed material per unit production time.

Conclusions
1) Liquid nitrogen cooling of FSP trials in AZ31B Mg alloy resulted in lower average grain

sizes as compared to those produced in ambient temperatures.
2) OIM resulted in a more accurate measurement of average grain size than optical methods.
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3)

4
5)
6)

7)
8)

9)

Due to proximity to the weld, the measured temperatures in the root of the nugget zone were
less than those calculated; however they both exhibit an upward trend with increasing heat
input and tool geometry.

Fine grain structures of 2,900, 2,400 and 2,100-nm were observed in specimens processed by
tool 52283-T02.

In comparison to tool 52283-T02, tool 52283-T03 resulted in larger average grain sizes of
3,300, 3,200, 3,200 and 3,200-nm.

Most of the grain structures consisted of high-angle boundaries but have distinct textural
components. The grain boundary misorientation distributions range mainly from 2-35°
followed by a wide gap in the interval of ~35-80°, then show a peak in ~80-90° which may
correspond to formation of twins with misorientation close to the ideal 86° <11-20>
relationship.

The FSP samples showed strong fiber textures with the c-axes of the grains about 35°-55°
away from the processing direction.

The calculated temperatures ranged from 340 to 368°C for the samples processed by tool
52283-T02, and are about 380°C for the samples processed by tool 52283-T03.

With an increase in tool traverse speed, grain size decreases in the nugget zone in samples
processed by tool 52283-T02. However, there is almost no change in grain size in the
samples processed by tool 52283-T03, suggesting a complex effect of strain and temperature
caused by tool geometry.

10) To produce UFG structures averaging 500-nm in size, smaller tools with dimensions 2/3~1/2

those of tool 52283-T02, as well as a lower tool rotation rate are suggested.
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Abstract

In this study, CNTs reinforced pure Al, 6061Al and 2009Al composites with uniformly
dispersed CNTs were successfully fabricated by a combination of powder metallurgy and
subsequent multi-pass friction stir processing (FSP). As the FSP pass increased, the CNT
clusters were broken down due to the shear flow of the Al matrix during FSP, however, the
CNTs were cut short. After 4-pass FSP, the CNTs were individually dispersed in the
aluminum matrix along grain boundaries resulting in a much finer grain size. Although the
CNTs were shortened and some Al4C; formed in the matrix, the layer structures of the CNTs
were well retained and the CNT-Al interface was good bonded. Compared to the Al matrix,
the strength, especially the yield strength of the composites increased significantly.

Introduction

Carbon nanotubes (CNTs) have attracted much attention as the ideal reinforcements for
composites because of their extremely high elastic modulus (~ 1 TPa) and strength (30-100
GPa) as well as good thermal and electrical properties [1-4]. By incorporating the CNTs into
appropriate matrixes, it is possible to produce the composites with enhanced properties, e.g.
increased strength and decreased coefficient of thermal expansion. Although the main
research efforts in the past decade were focused on the CNT reinforced polymer or ceramic
matrix composites [5,6], a few groups have dedicated themselves to the fabrication of the
CNT/metal composites, such as the aluminum matrix composites [7, 8].

The dispersion of the CNTs in the metal matrix is a key challenge for fabricating the
CNT/metal composites, because the entangled or bundled CNT clusters are easily induced as
a result of their large aspect ratio and the strong Vander force. The entangled and bundled
CNTs would reduce either mechanical or physical properties of the CNT/metal composites.
Many methods have been developed to incorporate the CNTs into the metal matrix, among
these, the two most important methods are ball milling and CNT pre-treatment. However, the
CNTs would be severely damaged during milling, and with CNT pre-treatment, the CNT
concentration is hardly increased, commonly less than 1 vol.% [7, 9].

Friction stir processing (FSP) is a new metal-working technique. A non-consumable
rotating tool with a specially designed pin and shoulder is inserted into a work-piece and
moved along the desired path to cover the region of interest. The combination of tool rotation
and translation results in severe deformation and thorough mixing of the material in the

* Corresponding author. Tel./Fax: +86-24-83978908; E-mail address: zyma@imr.ac.cn (Z.Y.Ma).
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processed zone, achieving localised microstructural modification for specific property
enhancement.

FSP has been demonstrated to be an effective method of incorporating the reinforcing
particles, e.g., nano-sized particles [10-12], into the metal matrix and homogenising the
microstructure of heterogeneous materials, such as cast alloys and composites. Johannes et al.
[13] fabricated CN'T/aluminium alloy composites using FSP. They inserted the CNTs into the
holes or grooves which were pre-machined on the aluminium plates and then subjected the
plates to FSP. Their results indicated that the HV hardness of the aluminium alloys was
increased after incorporating the CNTs by FSP. Morisada et al. [14] used a similar method to
fabricate CNT/magnesium alloy composites. However, the CNT concentration could not be
accurately controlled by pre-setting the CNTs into the holes or grooves. Furthermore, no
reports of the tensile properties of the composites were included in their studies.

In this work, a modified fabrication processing of the CNT/aluminum composites was used.
Firstly, CNT/aluminum composites were fabricated using a conventional powder metallurgy
process to form a bulk billet. The billet was then subjected to FSP to improve the distribution
of the CNTs. Three types of CNT reinforced aluminum matrix composites, i.e. CNT/Al,
CNT/6061A1 and CNT/2009A1 composites were fabricated, respectively, to verify the wide
applicability of this fabrication route. Specially, the microstructure and the tensile properties
of the FSP CNT/2009A1 composites were investigated in detail.

Experimental

Raw Materials And Composite Fabrication

200nm

Fig. 1 Morphology of the as-received CNTs.

As-received CNTs (95-98% purity) provided by Tsinghua University, had entangled
morphologies with an outer diameter of 10-20 nm and a length of several microns (Fig. 1).
No extra pre-treatments were conducted on the CNTs. 1.5 vol.% CNTs were mixed with Al
powders, with an average diameter of 10 um, in a bi-axis rotary mixer running at 50 rpm for
8 h with a 1:1 ball to powder ratio. The as-mixed powders were cold-compacted in a cylinder
die, degassed and hot-pressed into cylindrical billets with a diameter of 55 mm and a height
of 50 mm. The billets were then hot forged with steel canning at 723 K into disc plates with a
thickness of about 10 mm. Then the plates were subjected to in-situ 4-pass FSP at a tool
rotation rate of 1200 rpm and a travel speed of 100 mm/min, using a tool with a concave
shoulder 20 mm in diameter, a threaded cylindrical pin 6 mm in diameter and 4.2 mm in
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length. The pin was made of tool steel H13 with HRC of 45. 1.5 vol.% CNT/pure Al and
CNT/6061A1 (Al-1.0 wt.% Mg-0.6 wt.% Si) composites were fabricated in a same route,
respectively. The as-FSP CNT/6061 Al composite was solutionized at 803 K for 2 h, water
quenched and then aged at 473 K for 12 h.

In order to obtain a better tensile strength for structural application, CNT/2009A1 (Al-4.5
wt.% Cu-1.2 wt.% Mg) composites reinforced with 1.5 vol.% and 4.5 vol.% CNTs were
fabricated in a similar route but subjected by 1-pass and in-situ 4-pass FSP. For comparison,
unreinforced 2009Al was also fabricated under the same conditions. The as-FSP composites
and the 2009A1 alloy were solutionized at 768 K for 2 h, water quenched and then naturally
aged for 4 days.

Characterization Of The Composites

The macroscopic CNT distribution in the matrix, under various fabrication conditions were
examined using scanning electron microscopy (SEM, Quanta 600). The microscopic CNT
distribution and the grain size of the composites were observed using transmission electron
microscopy (TEM, Tecnai G2 20). The CNTs were extracted from 4.5 vol.% CNT/2009A1
composite by using hydrochloric acid, then were examined under TEM.

Tensile specimens with a gauge length of 2.5 mm, a width of 1.5 mm and a thickness of 0.8
mm were machined from the FSP composites perpendicular to the FSP direction. Tensile tests
were conducted at a strain rate of 1x10™ s™" at room temperature on an Instron 5848 tester.

Results and discussion

Dispersion Of CNTs

(a)

20pm 20pm

Fig. 2 CNT distribution of 1.5 vol.% CNT/Al composites: (a) before FSP, (b) after 4-pass
FSP.

Fig. 2 shows the CNT distribution of 1.5 vol.% CNT/Al composites before and after 4-pass
FSP. For the forged composite (Fig. 2(a)), obvious CNT clusters were observed. This is
understandable, as the as-received CNTs were entangled with each other and the mixing and
forging processes were not effective enough to disperse the CNTs into the aluminum matrix.
Also, nearly no aluminum could be observed in the clusters because the CNTs could hardly
be soaked by aluminum. After 4-pass FSP, the CNT clusters were completely eliminated,
forming CNT/Al composite without CNT clustering. A more obvious contrast in the CNT
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distribution could be observed between the FSP zone and the un-FSP zone in FSP
CNT/6061Al1 composite (Fig. 3). While obvious CNT clusters were observed in the un-FSP
zone, these clusters disappeared completely in the FSP zone.
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R ,;un-ﬂl;SP Zcme

ey Ve
P ; !
| # + e T

5t - F ; ' . oy

A % ol d SRy

AR ‘e

:’&' "I'.." !
B - ’ - .
e FSP zone. 40pm

Fig. 3 CNT distribution comparison between FSP zone and un-FSP zone in 1.5 vol.%
CNT/6061Al composite.

Fig. 4 shows the CNT distributions in 4.5 vol.% CNT/2009Al composites under different
conditions. For the forged composite (Fig. 4(a)), obvious CNT clusters were observed. After
1-pass FSP, the large CNT clusters were significantly reduced, leaving only much smaller
clusters (Fig. 4(b)). After 4-pass FSP, even the smallest clusters could no be observed (Fig.
4(c)). This indicates that the entangled CNTs were completely broken up and dispersed into
the aluminum matrix due to intense stirring effect of the rotating threaded pin during FSP.

(a)| (b) (c)

20pm 20pm 20pm

Fig. 4 SEM images showing CNT distribution in 4.5 vol.% CNT/2009A1 composites: (a)
forged, (b) 1-pass FSP, and (c) 4-pass FSP.

SEM fractograph of the tensile sample shown in Fig. 5(a) revealed that the CNTs were
singly dispersed in the aluminum matrix of the 4.5 vol.%CNT/2009Al composite. However,
the CNTs were found randomly arranged. Fig. 5(b) shows the CNT morphology extracted
from the composites after 4-pass FSP. The length of CNTs could still remain about 400 nm. It
was indicated that the CNTs in the composite were shorter than the as-received ones due to
significant stirring and breakup during FSP. The shear effect during FSP first cut off the
entangled CNTs and the fragments were subsequently dispersed into the aluminum matrix
due to the plastic flow of the aluminum.
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Fig. 5 (a) SEM fractograph of 4.5 vol.% CNT/2009Al composite, (b) CNTs extracted from
4.5 vol.% CNT/2009Al composite.

Microstructure Of The CNT/2009A1 Composites

Fig. 6 shows the grain microstructure of the 4-pass FSP 2009Al alloy and CNT/2009A1
composites. Significantly refined grain sizes were commonly observed in the FSP materials,
such as aluminum alloys and magnesium alloys [15,16], due to the occurrence of dynamic
recrystallization. The 4-pass FSP 2009Al had an average grain size of about 4 um (Figs. 6(a)).
By comparison, the composites had a much finer grain size. The average grain size of the 1.5
vol.% and 4.5 vol.% CNT/2009A1 composites was ~1.8 and 0.8 pm, respectively (Figs. 6(b)
and (c)). This indicates that the grain size decreased as the CNT concentration increased.
Some of the grains, on the boundaries of which CNTs were observed as shown by the inset in
Fig. 6(c), were even finer. This is attributed to effective pinning effect of the nano-sized
CNTs on the grain boundaries, which hindered the growth of the recrystallized grains during
FSP. Thus, the grains in the composites showed a much finer size compared with those in the
2009Al alloy, and the grain size of the composites became finer as the FSP pass increased
because more CNTs were dispersed in the aluminum matrix.

Fig. 6 Grain structures of 4-pass FSP samples: (a) 2009A1 (OM), (b) 1.5 vol.% CNT/2009Al
(TEM, bright field image), (c) 4.5 vol.% CNT/2009Al (TEM, dark field image).

Fig. 7 shows the fine microstructure of the interfacial regions in the 4.5 vol.%
CNT/2009A1 composite after 4-pass FSP. It was noted that most of the interfaces between the
CNT wall and the Al matrix were clean without reaction (Fig. 7(a)). However, the Al4Cs
could be found in the composite (Fig. 7(b)). The sizes of the Al4C; were within 50 nm. The
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temperature during the composite fabrication was relatively low, with the maximum value of
560°C in hot pressing. It is thought that a number of the defect sites existed in the as-received
CNTs and FSP further increased the number of defect sites because the CNTs were cut short.
Thus, the Al4C3; was formed in the defect sites during the composite fabrication. However,
most of the layer structures of the CNT walls were well retained and the CNT-Al interfaces
were of good bonding (Fig. 7(c)).

: ’ a0
Fig. 7 HREM images showing (a) interface between Al and CNT, (b) Al4C3 in Al matrix near
CNT, (c) layered wall structure of CNTs in 4-pass FSP 4.5 vol.% CNT/2009 Al composite.

Mechanical Properties Of CNT/Al Composites

Table 1 shows the tensile properties of CNT/Al and CNT/6061Al composites. As a result
of the disappearance of the CNT clustering, even 1.5 vol.% CNT incorporation led to an
increase in both yield strength (YS) and ultimate tensile strength (UTS). It could also be
found that, the 6061Al matrix with a higher strength resulted in a much higher composite
strength. Thus, for actual structural application a matrix with higher strength, e.g. 2009Al
alloy should be used in order to obtain a higher strength.

Table 1. Tensile properties of Al and CNT/Al composites

Matrix alloy CNT vol.% YS (MPa) UTS (MPa) El (%)
Pure Al 0 94 145 25
1.5 133 181 20
6061A1 0 260 337 20
1.5 348 394 15

Table 2 shows the tensile properties of the CNT/2009Al composites. The YS and UTS of
forged 1.5 vol.% and 4.5 vol.% CNT/2009Al composites were much lower, even lower than
those of the forged 2009A1 alloy. Increasing the CNT concentration from 1.5 to 4.5 vol.% led
to further decrease in both strength and elongation. In particular, the forged 4.5 vol.%
CNT/2009A1 composite exhibited a very low elongation of 1%, which is mainly attributed to
a great number of large CNT clusters and voids in the clusters. After 1-pass FSP, the strengths
of both 1.5 vol and 4.5 vol.% CNT/2009Al1 composites were significantly improved
compared with those of the forged composites. Increasing the number of FSP pass from 1 to 4
resulted in a further strength increase for the CNT/2009Al composites, which was attributed
to the further improved distribution of the CNTs in the aluminum matrix, but there was no
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obvious strength change for the 2009Al. The elongation of the 1.5 vol.% CNT/2009Al
composite changed little with increasing the FSP pass, however, the 4.5 vol.% CNT/2009A1
composite exhibited a gradually increasing elongation as the number of FSP pass increased.

Table 2. Tensile properties of 2009A1 and CNT/2009A1 composites

Specimen YS (MPa) UTS (MPa) El (%)

Forged 299 411 12

2009A1 alloy 1-pass FSP 297 421 13
4-pass FSP 305 417 15

1.5 vol.% Forged 307 392 8
CNT/2009Al 1-pass FSP 371 451 7
4-pass FSP 385 477 8

4.5 vol.% Forged 273 298 1
CNT/2009A1 1-pass FSP 414 437 2
4-pass FSP 435 466 4

It is noted that under the forged condition, increasing the CNT volume fraction from 1.5 to
4.5% resulted in a decrease in the YS. However, under the FSP conditions (both 1-pass and
4-pass FSP), increasing the CNT volume fraction from 1.5 to 4.5% resulted in an increase in
the YS. Compared with that of the 4-pass FSP 2009Al alloy, the YS of the 4-pass FSP 1.5
vol.% and 4.5 vol.% CNT/2009A1 composites increased by 23.9% and 45%, respectively.
Many references reported that the YS began to decrease as the CNT concentrations increased
to a critical value (commonly smaller than 2 vol.%) [7]. However, in this study, the YS could
still increase as the CNT concentration increased to as high as 4.5 vol.%. This is mainly
attributed to the homogeneous dispersion of the CNTs in the aluminum matrix, the proper
aspect ratio of the CNTs, and significant matrix grain refinement.

It is noted that the UTS of the composites did not exhibit a similar variation tendency.
Increasing the CNT volume fraction from 0 to 1.5 % led to an increase in the UTS; however,
the UTS began to decrease when the CNT volume fraction was increased further from 1.5 to
4.5 vol%. Another noteworthy phenomenon is that the increase of the UTS for the FSP
composites was not as obvious as that of the YS. Compared with the FSP 2009Al, the
maximum UTS increase for the 1-pass and 4-pass FSP 1.5 vol.% CNT/2009Al composites
was only 7.4% and 13%, respectively. These need a further investigation.

Although the CNTs were uniformly dispersed into the 2009A1 matrix after 4-pass FSP, the
elongations of the 1.5 vol.% and 4.5 vol.% CNT/2009Al1 composites were still lower than that
of the 2009Al alloy. This is attributed to the fracture mode of the composite. The composite
fracture is directly related to the reinforcement cracking and interfacial failure. For the
composites with a high fraction of reinforcements, voids tend to form at lower strains during
tension due to the stress concentration at the reinforcement-matrix interfaces, resulting in a
low level of elongation.

Conclusions
CNT/Al, CNT/6061A1 and CNT/2009A1 composites with uniformly dispersed CNTs were

successfully fabricated by a combination of powder metallurgy and FSP.
The distribution homogenization of the CNTs increased as the number of FSP pass
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increased. As a result of the dispersed CNTs, the grain size of the FSP composites was
significantly refined. The CNTs were shortened compared with the as-received ones, but still
remained about 400 nm. The layer structures of the CNTs were well retained though some
Al4C; were formed.

The tensile strengths of the FSP composite, especially the YS, showed significant increase
compared with the FSP matrix. The YS could be increased even at a relatively high CNT
content of 4.5 vol.%. However, the maximum UTS was achieved at 1.5 vol.% CNT.
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Abstract

Friction stir processing is a novel technique for metal matrix composites fabrication. During the
friction stir process, the flow behavior of reinforced particles and base metal are very important.
Very little is known about particle flow during fabrication of MMCs by friction stir processing,
which is quite different from friction stir welding or friction stir processing without reinforced
particles. The reinforced particles blocked the continuous flow of the base metal, significantly
affecting the flow behavior. In this study, SiC particles were placed in different positions of the
base metal before friction stir processing. The relationship between the initial positions and the
final distribution of SiC particles was obtained. When the particles were put in middle layer of
the plate and the rotation direction of the tool is opposite to the screw direction of the pin
(counter-clockwise), the final distribution area is fairly large and uniform. This is the optimized
position for making MMC’s by FSP. Bulk metal matrix composites were achieved by placing the
reinforced material in this position. The MMC showed a uniform microstructure and excellent
tensile properties.

Introduction

Friction stir welding(FSW) is a solid state joining technique invented by The Welding
Institute in 1991 M. FSW has a number of attributes that can be used to develop a generic tool for
microstructural modification and manufacturing. Friction stir processing (FSP) was developed
based on the basic concept of FSW 21 During FSP, a rotating tool with a shoulder and a pin is
plunged into the surface of the work piece. As the tool rotates, it feeds forward to cover the
region of interest. Fine grain size and superplasticity can be achieved by the process. Several
applications have been achieved in the past few years. Ma BI achieved ultrafine-grained
microstructure in friction stir processed Al-Mg-Zr. Mishra studied high strain rate
superplasticity in friction stir processed AA7075. Berbon!™ achieved exceptionally high
superplasticity at high strain rates in a friction stir processed Al-Mg-Sc alloy. FSP was also used
to modify the microstructure of as-cast Al-Si-Mg alloym. Fabrication of MMCs is another
important application for FSP. MMC plates are difficult to fabricate by traditional methods, such
as particle metallurgy or stir casting. But they could be fabricated by FSP. Several researches
have attempted to fabricate MMCs by FSP (121,

One of the most important aspects for fabrication of particle reinforced MMC’s by FSP is to
disperse the reinforced particles uniformly in the base metal. The distribution of reinforced
particles is affected by the material flow during FSP. The material flow during FSP is quite
complex, depending on the tool geometry, process parameters, and property of base metal and
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reinforced particles. Some research has been conducted in order to understand the material flow
during FSW and FSP without reinforced particles. Liechtym] used relatively soft plasticine and
small steel particles with 1.0 mm in diameter to simulate FSP without reinforced particles.
Collligan™* used steel particles 0.38 mm in diameter embedded into a machined groove as the
tracer material. Ke!" inserted copper foil into the machined grooves of aluminum alloys as
tracer material. London"® put composite materials, which were Al-30%SiC and Al-20%W
respectively, at the mid-plane of plate to study the material flow during FSW. These studies
helped to understand the material flow during FSW. But the flow situation during the fabrication
of MMCs by FSP is quite different from all the studies mentioned above. During FSW, the
material is continuous and uniform, and the material flow is continuous. But the continuous flow
of base metal is blocked by the reinforced particles during FSP and there is relative slippage
among the reinforced particles in fabrication of MMC’s. The relative slippage changed the flow
behavior in this process. Even when the small steel balls were used in experiments /' '¥], the
steel balls were still too large to simulate the distribution of the reinforced particles, which have
an average diameter <10 um. The steel balls can be easily dispersed, which is very different
from the reinforced particles.
In order to reveal the flow behavior of reinforced particles during the fabrication of MMCs, SiC
particles were used as the tracer material in this study. The objective of this paper is to study the
flow behavior during fabrication of metal matrix composites by FSP, and find the optimized
position for adding reinforced particles. SiC-AZ63 MMC was fabricated to validate this
preferable position.

Experimental Procedures

Two base metal plates were prepared with dimension of 150 mm X 60 mm X3 mm each. A
slot along the longitudinal direction with a 0.2mm X 0.5mm transverse section was cut in one
plate. Commercially available SiC particles were selected as the tracer material. The SiC
particles were filled into the groove and the plate with the slot was put upon the other plate as
one FSP sample. For different samples, the groove was machined at different positions on the
plate as shown in figure 1. The samples with different slot positions were defined as Sample 1-
Sample 6. The samples with the slot located at upper layer position were Sample 1-Sample 3,

Advancing side Central line Retreating side
2.0mm
_» ’__-H--H'\-\, Shoulder
Tagen G LNTEN g |07,
1 2 .3
(— SR T T (55 e PR
\_4—"‘/ 5 ﬁ/
- ot t
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Figure 1. Illustration of the position of the groove.

from advancing side to retreating side. The samples with slot located at middle layer positions
were Sample 4-Sample 6. The horizontal distance between the grooves at the upper and middle
layers was 2 mm. Both clockwise and counter-clockwise tool rotation directions were applied.
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As aresult, 12 different samples were achieved with one groove in each sample. To distinguish
between the clockwise group and the counter-clockwise group, the samples were named as
Sample lc-Sample 6¢ and Sample 1cc-Sample 6cc respectively. The groove and the FSP
direction were in the same direction, so the final distribution of reinforced particles would be
relatively uniform through the length of plate. The small cross-sectional area of the grooves was
used to indicate the flow situation of specific position more accurately.

A rotation speed of 1200 rpm and feed speed of 100 mm/min were adopted during FSP. The
tool tilt angle was 2.5° . A tool with a screwed pin was designed and produced as shown in
Figure 2.

Figure 2. Photo of friction stir tool.

Transverse sections of as-processed plates were mounted and mechanically polished and
examined by optical microscopy (OM).

oo|<|-|
—— i, —

Figure 3. The shape and size of the tensile specimen.

To validate the most suitable location found from the above experiments, SiC-AZ63
MMC was fabricated. Tensile testing was performed on a WDW3020 multifunction testing
machine at room temperature. The tensile test specimen was cut by a wire cutting machine along
the FSP direction, 2mm below the top surface. The shape of the 2mm thick tensile sample was
shown in figure 3.

Results and Discussion

Distribution of SiC with different tool rotation directions and initial positions

An OM photograph is shown in figure 4. The black part is the base metal, and the white part
the SiC particles. The white horizontal line is the interface between the two plates. The white
bold vertical line is the original position of the SiC, which has been magnified. "A" stands for
advancing side and "R" stands for retreating side. Some defects are evident in the sample.

31

www.EngineeringBooksPdf.com



Figure 4. Typical OM photo of a transverse section of an FSP sample.

The SiC particle distributions with the tool rotation in clockwise and counter-clockwise
directions were quite different, so the results are shown separately.

Distribution Of SiC With Clockwise Tool Rotation. Samples with Sample lc-Sample 3c
indicated the flow situation when particles were initially placed in the upper layer, as shown in
figure 5. No matter where the SiC particles were initially placed, all the SiC particles were
finally distributed on the retreating side of the upper layer. It is difficult to observe particles at
the middle layer or the bottom layer. The initial SiC area was 0.1 mm?’, but after FSP, the
particles dispersed in an area of about 2 mm’. In the upper layer, the material flow was mainly
affected by the shoulder. The pin had almost no effect on the upper layer of the plate.

(c) No.3(particles initially placed at retreating side)
Figure 5. Distribution of particles initially placed at the upper layer, clockwise tool
rotation.

Samples with Sample_4c-Sample_6c indicated the flow situation when particles were
initially placed in the middle layer, as shown in figure 6. The SiC particles initially placed on
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advancing side had a distribution area of about 4 mm?, and moved 1 mm upward. The SiC
particles initially placed on the center line formed a distribution area of about 5 mm?, most in the
margin of the tool on advancing side. The SiC particles initially placed on the retreating side
formed a continuous area of about 8 mm? The particles dispersed from advancing side to
retreating side.

In general, the particles of the middle layer were mainly affected by the screwed pin and the
final distribution area was significantly larger than that when particles were initially placed in the
upper layer.

(b)No.3{particles initially placed at central line)

(¢) No.6(particles initially placed at retreating side)

Figure 6. Distribution of particles initially placed at middle layer, clockwise tool rotation.

The defect could be observed in all the OM photographs in figures 5 and 6. Figure 6 showed
that the material in the middle layer was affected by the pin and the particle distribution area was
relatively large. This was especially true for the particles initially placed on the retreating side.
The particles distributed from advancing side to retreating side after FSP and formed the largest
area. In these clockwise experiments, the screw drove the material flow from bottom to top and
formed defects with an average area of 5mm?’. Defects were formed in the bottom layer since
there was insufficient material flow from other locations to fill the cavity, as illustrated in figure
7. The defect might not be easy to fix when it is located at the bottom. This would be a
significant problem for manufacturing MMC’s by FSP. Despite the defect, when reinforced
particles were initially placed at the upper layer of the plate, all the reinforced SiC particles
flowed to the retreating side no matter the initial particle placement, i.e., on the advancing side,
central line, or retreating side. This led to a lack of reinforce particles on the advancing side.

33

www.EngineeringBooksPdf.com



Advancing side ‘D Retreating side

Figure 7. Material flow behavior for clockwise FSP.

Distribution Of SiC With Counter-Clockwise Tool Rotation. Sample 1cc-Sample 3cc indicated
the flow when particles were initially placed in the top part, as shown in figure 8. The SiC
particles initially placed on the advancing side formed an area about of 1 mm® near the central
line of the top part. The SiC particles initially placed on the center line formed an area of about 4
mm? and moved 3 mm towards advancing side. The SiC particles initially placed on the
retreating side formed an area about 3 mm? and distributed from advancing side to retreating side
of the upper layer.

{¢)No.3(particles initially placed at retreating side)

Figure 8. Distribution of particles initially placed at the upper layer, counter-clockwise
tool rotation.
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Sample 4cc-Sample 6c¢c indicated the flow when particles were initially placed in the
middle layer, as shown in figure 9. The OM photographs revealed that the reinforced particles
were very well dispersed. Regardless if the SiC particles were initially placed on advancing side,
retreating side, or central line, they all moved 1 mm downward and distributed almost uniformly
through the nugget zone. The area is fairly large, nearly 12mm?.

(b) Mo 2{particles imtially placed at central line)

4mm

(c) No.3(particles inmially placed at retreating side)
Figure 9. Distribution of particles initially placed at middle layer, counter-clockwise
tool rotation.

Figure 8 indicated the upper layer material was mainly affected by the shoulder. The
material was difficult to push down when in the upper layer. Figure 9 showed that the tracer
material in the middle layer flowed with a different routine compared with that in the upper
layer. The particles were stirred and distributed uniformly in a fairly large area. It could also be
found that all the counter-clockwise samples had defects on the advancing side near the top
surface. The material had a trend of being pushed downward by the screwed pin during FSP. The
existence of the SiC powder reduced the ability of the material to flow. Accordingly, the
material from the retreating side and the bottom could not flow to the advancing side to fill the
hole. This resulted in a hole in advancing side of the top surface. When the defect is near the top
surface, it would be not be as difficult to fix by multi-pass FSP as stated in reference ''*). So the
fabrication of MMCs would not be affected.

It can be concluded from the above results that when the particles are put in middle layer of
the plate and the rotation direction of the tool is opposite to the screw direction of the pin
(counter-clockwise), it is easy to distribute the SiC particles in a fairly large and uniform area.
Though defects might be generated during the first pass of FSP, they could be repaired by
multiple FSP passes.
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Validation of flow mechanism by fabrication of SiC-AZ63 MMC

A SiC reinforced Mg based metal matrix composite (MMC) was fabricated by FSP to
validate the flow mechanism. Commercial magnesium alloy AZ63 was selected as the base
metal. A 2mmx2mm groove was cut by a milling machine before FSP and subsequently filled
with SiC powder. The groove was larger than the tracer experiment with the intention to increase
the content of SiC reinforced particles. Multi-pass FSP was applied to make sure there would be
no defect in the sample. Plates without a groove were also multi-pass FSPed in the same position
as comparison group.

The OM pictures of the base metal, comparison group, and composite are shown in figures
10 (a), (b) and (c) respectively. As shown in figure 10 (c), SiC particles were distributed
uniformly in a large area with no clustering. Meanwhile, the defects on the surface in the
counter-clockwise situation were repaired when multiple FSP passes were applied.

Figure 10. The OM picture of a) base metal, (b) comparison group, and (c)
composite.

Typical tensile curves of the base metal, comparison group, and composites are shown in
Figure 11. The ultimate tensile strength of the composite was improved to 312 MPa, compared
with 160 MPa of the base metal, and 263MPa of the comparison group.

The validation experiment proved that when SiC particles are filled in the optimized position,
the MMC produced by FSP can produce a uniform microstructure and excellent mechanical
properties.
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Figure 11 Tensile properties of MMC, comparison group and base metal.

Conclusions

Experiments have been carried out to study the flow behavior with SiC particles as tracer
material during FSP. The influence of the FSP tool’s rotation direction and initial position of the
SiC powder was investigated. The main conclusions are as follows:

1. The FSP tool’s rotation direction has a significant influence on the dispersion of SiC
particles. The counter-clockwise rotation direction generates a more uniform SiC distribution
compared with the clockwise rotation direction.

2. When reinforced particles are placed near the top surface, the final distribution area is
relatively small. When reinforced particles are placed in the middle layer, the final
distribution area is much larger. When the particles are put in middle layer of the plate and
the rotation direction of the tool is counter-clockwise, the final distribution area is fairly large
and uniform.

3. Fabrication of a metal matrix composite was achieved by placing the reinforced material in
the optimized position. The reinforced particles dispersed uniformly in a relatively large area
with no defect observed. MMC’s produced by FSP showed excellent tensile properties.
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Abstract

Friction stir processing (FSP) was employed to prepare surface composite (SC) composed of
B4C particles in 5024 Al matrix. The processing parameters, such as hole pattern and geometry,
and the number of FSP passes, were optimized to obtain uniform powder distribution. The
micrographs revealed a homogeneous distribution of the particles with good interfacial bonding.
The hardness of the composite was uniform across the processed region which again indicates
the uniformity of powder distribution. The modulus of the surface composite was measured
using strain gage and showed a significant improvement.

Introduction

Friction stir processing (FSP), a variation of friction stir welding (FSW) [1], is an important tool
in surface and subsurface modification to improve the components performance. The fabrication
of SC using FSP was first introduced by Mishra et al. [2] and they studied the Al-SiC SC with
different volume fractions of SiC particles, tool traverse rate and target depth. They have shown
the optimum condition of tool traverse rate and target depth at which very good bonding between
the SiC particles and the substrate was observed. The surface composites studied so far
encompasses different base metals, like Al [2,3,4,5,6,7,8,9,10], Cu [11,12] and Mg [13,14,15],
and reinforcement phases, like SiC, B4C, TiC, Al,O; and multi-wall carbon nanotubes
(MWCNTSs) for various requirements. Kurt et al. [3] studied the effect of tool rotation rate and
traverse speed on 1050AI-SiC surface composite and observed that higher hardness were reached
at higher tool rotation rate combined with low traverse speed. Shfiei -Zarghani et al. [4] studied
6083A1-50 nm Al,O; surface nano-composite and observed the decrease in average Al,O3
cluster size, Al matrix grain size and increase in hardness with the increase in the number of FSP
passes. Asadi et al. [13] produced AZ91-SiC surface composite with varying penetration depth,
tool rotation rate and traverse speed, and optimized these parameters to obtain uniform powder
distribution and higher hardness in the processed region. Barmouz et al. [9] studied the Cu-SiC
with varying size and volume fraction of SiC particles and demonstrated the effect of particles
size on the fracture behavior. They reported that the SC with nano sized SiC particles showed
better wear resistance than micron sized SiC particles. Mahmoud et al. [16] studied the effect of
FSP tool pin shape (circular with and without threads, square and rectangular) and size (pin
diameter of 3, 5 and 7 mm) on the homogeneity of the powder distribution. Though the square
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shaped pin resulted in higher homogeneity and finer grain size, the tool wear rate was high and
hence the incorporation of the tool debris into the processing zone, which can be undesirable.

Increasing the number of FSP passes [4,5,9] reduces the particle cluster size and increases the
homogeneity of the powder distribution, which thereby enhanced the properties. The
reinforcement powders were added into the base material in the form of paste prepared by
mixing the powders with evaporating liquid like methanol [1,2,4] and then dried before FSP, and
also filled into grooves [3,9,14], dimples [6] and holes [4]. There are different variants in the
location of the hole, such as side hole filling [17] and top hole filling [4]. In side filling, the holes
are drilled along the length (or width) of the plate and in top filling, the holes are drilled along
the thickness of the plate. Though the side filling reduces the powder loss, the drilling of the
holes across the length posed the limitation on the length of the hole. So top filling is usually
preferred with changing the number of holes and even the pattern of holes. To hold the
reinforcing powders inside the base metal and to avoid powder loss, the region is covered either
with a cover sheet of the same base metal or closed with a pinless FSP tool.

The properties of the most often used reinforcing particles are given in Table I. Though the
presence of ceramic particles inherently increases the strength and wear resistance of the metal
matrix or surface composites, the main focus is not to increase the weight of the composite
system tremendously, as these components are of major interest to acrospace industries.

Table 1. Properties of a few often used reinforcing particles.

Ceramic powder | Young’s modulus, GPa | Density, g/cm’
Al,O; 380 3.95

SiC 400 3.1

TiC 440 49

B4C 460 2.5

In this study we have attempted to produce 5024 Al alloys with B4C as a reinforcement phase to
improve the component strength and stiffness, using FSP. Boron carbide was chosen as
reinforcing phase because of its higher modulus and also its lower density compared to the other
commonly used reinforcement phases like SiC and Al,Os3, as discussed in Table I. The process
of producing SC using FSP is discussed later in this paper. The distribution of the reinforcing
particles and both the hardness, and modulus measurements are also presented with further
discussion.

Experimental Procedure

Commercially available B4C powders (6 pum average particle size) and 5024 Al (Al-Mg-Sc)
alloy were used in this study. Holes of 1.6 mm depth and 2 mm diameter were first drilled into
the 5024 Al alloy using a mini-CNC machine. The hole pattern was designed to obtain the
maximum efficiency of particle incorporation in the processed region and the volume fraction of
the reinforcing phases can be controlled by changing the number of the rows of holes in the
processing zone. The staggered hole pattern which showed improved homogeneity is shown in
Figure 1. The 5024 Al alloy plates were thoroughly cleaned before powder filling. The B4C
powder was pressed into the holes to maximize the green density of powders.
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Figure 1. Top view of the staggered holes of eight rows in 5024 Al base metal and filled with
B4C powder.

First, the holes were closed by capping pass wherein a pinless FSP tool was used. The processing
parameters used for this capping pass were 600 rpm tool rotation rate, 4 ipm tool traverse speed
and zero tool tilt. The number of capping passes can be more than one, depending upon the
surface inspection for unclosed holes. Then the plates were processed using FSP tool with pin.
The processing parameters for the stirring passes were 1000 rpm tool rotation rate, 2 ipm tool
traverse speed and 2.5° tool tilt angle. After each pass, the plates were rotated by 180 degree, so
that the advancing side of the previous pass became the retreating side in the next pass and vice-
versa. This was done to ensure a better powder distribution in the processed region and to reduce
powder agglomeration in the advancing side. The plate was subjected to 4 passes to obtain
homogeneous powder distribution. The process parameters were optimized to give uniform
powder distribution, better interfacial bonding and mixing of powders. The parameters were held
constant for all of the stirring passes. The friction stir processed material was then cold rolled to
2 mm thickness (~ 60% thickness reduction) with 0.5 mm being the composite region.

The transverse cross section was polished down to 1 micron using diamond suspension. Optical
micrographs were taken at various magnifications for analyzing the powder distribution at
different regions in the nugget. The volume fraction analysis was carried out using ImageJ
software. The modulus of the surface composites was measured using strain gage during tensile
testing. The test sample was taken along the processed region so that the entire gage region
composed of the processed region. The sample was polished to 1 pum surface finish using
diamond suspension. The strain gage was installed onto the composite side of the material. The
micro strain response of the material in the elastic regime was recorded for the applied load using
Vishay P3 strain indicator, which was attached to the mini-tensile testing machine. The modulus
of only the composite layer was obtained by removing all of the base metal by polishing. The
Vickers microhardness tester was used for hardness measurement in the transverse section across
the processed region in both the as-processed and cold rolled conditions. The hardness testing
was done at 200 g load for 10 s dwell time.

Results and Discussion
The macrostructures of the vertical cross section in both as- processed and after cold rolling

conditions are shown in Figures 2 (a) and (b), respectively. The bright contrast in the processed
region shows the presence of B4C particles and is uniform throughout, which shows the
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homogeneous nature of powder distribution at macroscopic scale. There are no dark patches in
the processed region which clearly indicates the absence of the processing defects. The ratio of
the composite layer thickness to the base metal in the SC was maintained at 1:3 after cold rolling
to ensure optimum strength and ductility. The optical microstructure of the surface composite is
shown in Figure 3. For the above mentioned process parameters, perfect interfacial bonding
between the surface composite and 5024 Al base material exists and is shown in Figure 3(a).
Figures 3 (b) and (c), show the powder distribution, which is uniform and no clustering of the
particles were observed. However, some regions showed different levels of powder
incorporation, in terms of volume fraction of B4C. The overall volume fraction of B4C
reinforcement in 5024 Al — B4C SC was measured to be 12 %, and this mainly depends on the
number of rows of holes. For example, the volume faction can be lowered by having four rows
instead of eight, by keeping the tool geometry and other process parameters constant. In all the
SC prepared by FSP, perfect interfacial bonding between surface composites and the metal
substrate was observed, and the homogeneity of the powder distribution always increased with
the number of FSP passes.

(a) (b)
Figure 2. The macrostructure of the surface composite along the vertical cross section, (a) after
processing, and (b) after cold rolling.

B, particles
Figure 3. Optical micrographs showing, (a) perfect interfacial bonding, (b) and (c) homogeneous
powder distribution with various levels of powder incorporation.

Microhardness Measurements
Vickers microhardness measurements were made in both as FS processed and cold rolled
conditions for 5024 Al-B4C surface composite. The hardness profile of the 5024 Al-B4C is

shown in Figure 4. The average hardness is 96.7+7.2 VHN and 152.7+13.4 VHN in the as-
processed and the cold rolled conditions, respectively.
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Figure 4. Vickers microhardness profiles of 5024 Al-B4C surface composite in the as-processed
and cold rolled conditions.

As expected, the presence of B4C particles increased the hardness of the SC. This hardness
improvement mainly depends on the type, size, the volume fraction of reinforcing particles
incorporated and the FSP parameters. For a given particle type, the hardness of the SC always
increases with the number of FSP passes and attains maximum value after three or four passes.
The size of the particle governs the type of strengthening mechanisms operative in SC [18], in
the case of nano sized particles, it is mainly Orowan strengthening and also the contribution from
finer grain size, and in the case of micron sized particles, it will be mainly due to load transfer
from the matrix to the particle and the hardening effect from geometrically necessary
dislocations (GNDs). The presence of GNDs increase the dislocation density in the material and
hence the work hardening capacity of the SC. In addition, 5024 Al alloy is primarily a solid
solution strengthened alloy and cold rolling increased the hardness because of work hardening.

Elastic Modulus Measurements

The modulus measurements were done using micro-strain responses as explained before, and
approximately five tests were done for better statistical distribution. The modulus of the surface
composite is 79+2 GPa and the modulus of the composite alone is 133+2 GPa, as shown in Table
II. The modulus of the surface composite is nearly 14% higher and of the composite layer alone
is nearly 91% higher than the base metal. In the presence of ceramic particles, the modulus of the
SC increased appreciably. This improvement in the modulus is due to the load transfer from the
base metal to the reinforcement particles and also from the base metal to the composite region.

Table II. Elastic moduli of the surface composite and the composite layer.

Material Modulus (GPa)
5024 Al base metal 70
5024 Al-B4C surface composite 792
5024 Al-B4C composite layer only 133£2
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Because of this load transfer, the Al matrix is expected to experience lower stress as compared to
the applied stress. As the modulus of the reinforcing phase increases, the load transferred to them
increases which ultimately reduces the load on Al matrix. There are only a few studies [19-24] in
which the modulus improvement in SC prepared using FSP were measured. In the literature,
there are primarily two methods used to measure the modulus of the composites, such as
instrumented indentation hardness tester [24] and slope of the normal stress-strain curve [19-23].
So there cannot be one to one comparison in modulus values, because of the variety of
reinforcement particles used, volume fraction of the particles, FSP processing parameters and the
type of technique employed to measure modulus. The summary of the modulus of composites
fabricated using FSP is shown in Figure 5, and in comparison with the current study. In general,
increase in the number of FSP passes, and the volume fraction of reinforcement particle
enhances the modulus of the composites. The modulus of the 5024-B4C SC is lower and this can
be attributed to the fact that this modulus value is a contribution from both the base metal and the
composite layer. The modulus value of the composite layer is nearly double that of the base
metal and this is mainly attributed to the presence of higher modulus of the B4C particles and
uniform powder distribution. This also clearly indicates the effectiveness of the B4C particles on
load bearing characteristics. The modulus of the Al-15Ti with almost 50% AI;Ti phase is
somewhat closer to the 5024-B4C composite modulus values. The size of the reinforcement
particle also plays an important role on modulus. Mazaheri et al. [24] concluded that both
hardness and modulus values are higher for composites with nano sized particles than for
composites with micron sized particles. This is partly because of the shift in mechanism of load
transfer at very fine particle sizes.

1 40 T T T E|

1 30 \ Only composite layer (5024-12%B,C), E
Ky 1 20 current study
[0) 1 1 0 5024-12%B,C Surface

100 ) N Pure Al-Fe, N =2 [19]
(’;‘ composite, current study [ Pure Al-Fe, N =4 [19]
=] 90 - - I AI-10Si-700 [20]
S 80& I N Al [ AI-10Si-1400 [20]
> [ AI-20Si-700 [20]
o 70EF I AI-30Si-700 [20]
<} [ 1100AI-NiTi [21]
= 60F ] A-AlxCu [22]
» 50F I AI-5Ti-700/4 [23]
o [ AI-5Ti-1400/4 [23]
c 40 F [ AI-10Ti-700/4 [23]
S [E AI-10Ti-1400/4 [23]
° 30 E [ AI-15Ti-700/4 [23]

[ AI-15Ti-1400/4 [23]
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Figure 5. A comparison of modulus values of the SC/composites prepared using FSP.
Conclusion

In the present study, a 5024 — B4C surface composite was successfully prepared using FSP and
the following conclusions were made from the characterization.
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10.

11.

12.

. The uniform distribution of powders in the processed zone and better interfacial bonding

between base metal and the composite region were achieved in 5024 Al-B4C surface
composite for the above mentioned processing parameters.

The hardness of the surface composites were higher than the base metal hardness and this is
mainly attributed to the presence of higher modulus powders, finer grain size, GNDs and
increased work hardening.

The Young’s modulus of the 5024 Al-B4C surface composite is enhanced for both surface
composites and for the composite layer alone. The modulus of the composite layer is almost
twice that of the base metal modulus.
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Abstract

With the impending development of FSW tools for steel with useful lifetimes, attention has
turned to the mechanical properties of the welds that can be made in a range of industrially
significant steels. This work reports on a comparative study undertaken to examine the use of
friction stir and submerged arc welding on DH36 and E36 shipbuilding steels. The study made
an assessment of the distortion induced in fabricating plates by the two welding techniques, and
provides initial comparative data on weld tensile strength, toughness and fatigue life. In each
case, friction stir welding was shown to outperform submerged arc welding.

Introduction

Friction stir welding is an established process widely used for the fabrication of safety critical
structures in aluminium, magnesium and copper alloys across many market sectors. It is
recognised that in these materials the process brings benefits in terms of weld integrity,
durability, fatigue life and reduced cost when compared with conventional fusion welding
techniques. Until recently, the transfer of this capability into the steel sector was stalled by the
relatively poor performance and high cost of the tools required. This situation is now changing,
with composite pcBN/W-Re FSW tools becoming available that are capable of producing
industrially useful lengths of welds in steel. Friction stir welding (FSW) is therefore a joining
technique of interest to Shipbuilders who are attempting to identify low distortion joining
methods that will allow cost-effective fabrication of steel sheets. Using conventional arc welding
methods causes significant amount of distortion that relate to increased costs associated with fit-
up, fabrication and installation. However any adopted welding technique must also produce
joints with at least comparable tensile, fatigue and impact performance.

The work detailed below shows the developmental progression of applying FSW to butt welding
of two shipbuilding steels and assessing the joint performance. The two steels selected are DH36
and E36 which are carbon manganese niobium steels with a minimum yield strength of
360N/mm? and a minimum impact requirement of 36J at -20°C and -45°C respectively.

There has been previous work in this area (1) which concluded that there was a capability to
produce single pass full penetration FSW welds in 6.4mm thick steel plate. The steel used was
not C-Mn-Nb but a C-Cr-Mo-V steel. Increasing the travel speed resulted in a progressive
increase in weld metal hardness to a maximum level of 350Hv, which is close to the acceptable
maximum. The all weld metal mechanical properties appeared to be acceptable with yield and
tensile strengths well above the base plate. However, the elongation was below specification and
was a function of the welding speed. There was no description of the toughness of the steel. On
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the basis of hardness and elongation it could be predicted that there was probably an issue in
achieving the specification requirements. Another publication (2) alludes to a problem meeting
the toughness requirements for DH36. However in that same publication (2), there appeared to
be a potential to have better toughness when welding HSLA 65. The work did however show
that lower distortion was produced from FSW processed material. An additional publication (3)
from the same source highlighted the benefits of FSW as being, less in need for fume extraction
and having lower distortion.

Summary of Initial Work Programme

An initial study was carried out in 2012 “ comparing butt welding of DH36 steel using FSW and
submerged arc welding techniques. Distortion was found to be lower in friction stir welded steel
plates of 4, 6 and 8 mm thickness than in equivalent submerged arc welded (SAW) plates as
shown in Figures 1 to 3 and listed in Table 1. Also no issues were identified with weld metal
strength, and Charpy impact toughness at -20°C which was found to be comparable but more
uniform across the weld area than with the submerged arc welded material. Microstructural
observations were linked to hardness, toughness and fatigue test data.

a) b)
Figure 1 Distortion comparison between 4mm thickness DH36 steel plates, 2000 x 400mm, butt
welded along the 2000mm edge:

a) SAW;

b) FSW.

a) b)
Figure 2 Distortion comparison between 6mm thickness DH36 steel plates, 2000 x 400mm, butt
welded along the 2000mm edge:

a) SAW;
b) FSW.
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a) b)
Figure 3 Distortion comparison between 8mm thickness DH36 steel plates, 2000 x 400mm, butt

welded along the 2000mm edge;
a) SAW;
b) FSW.

Table 1 Summary of distortion in DH36 steel plates butt welded along the 2000 mm edge.

Plate thickness, mm

Distortion over 2000mm
submerged arc welded plates

Distortion over 2000mm
friction stir welded plates

4 120 60
6 110 20
8 80 15
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Further work ™ showed that double sided FSW of 8mm DH36 surprisingly gave an increase in
the level of distortion from 15 to 25 mm as shown in Figure 5
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Figure 5 Distortion measurement of 8mm Figure 6 Absorbed energy along the weld joint
thickness DH36 steel plates, 2000 x 400mm,

double sided butt welded along the 2000mm

edge;

This work also showed that a double sided FSW weld has the potential to improve the weld
toughness over the single sided FSW and SAW as shown in Figure 6 however further
investigation and data was required.

Comparable studies in E36 Steel
To compare these properties and obtain further supporting data a second steel grade is being
investigated namely, E36, a tough, moderate strength (355MPa) steel used for marine
construction, particularly ship hulls and superstructures, and offshore structures such as oil rigs.

Experimental Approach

Six friction stir welded plates were produced by joining overall plate dimensions of 6 x 400 x
2000mm. The nominal chemical analysis of the parent plate is shown in Table 2.

Table 2 Chemical analysis of parent plate

[%C T%si | %Mn [ %P [ %s [%N [ %Al [%Ti [ %Cu [ %Cr [ %Ni [ %Mo [%Nb [%v |
[013 To31 [145 oot [o0001 [o0004 [0048 [002 005 003 [004 [0004 [003 |o0004 |
Welding

The FSW plates were welded at the TWI Technology Centre (Yorkshire), UK. The plates were
welded using the ‘as received’ faces as the faying edges in order to determine the effect of no
preparation of the edges upon weld quality. No milling of the plates was undertaken to ensure
that they were of uniform thickness or remove any surface scale and inclusions. Some plates
were given a light dressing along the weld line with a sanding disc on an angle grinder prior to
welding to remove excessive mill scale but no attempt was made to fully remove the scale and
take the plate back to bare metal of uniform thickness. This preparation regime was adopted to
investigate how robust the FSW process is for industrial applications. A picture of the welding
set up is shown in Figure 7

The FSW tools used in this study were manufactured by MegaStir Inc. from a composite ceramic
material: refractory metal designated Q70. This material contains 70% by volume of
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polycrystalline boron nitride in a tungsten-rhenium binder. The tool design comprises of a
stepped spiral probe and scroll shoulder, made from a single piece of pcBN-WRe composite,
mechanically held in a metal shank. An argon gas shield was also used, more to protect the tool
rather than the surface area of the welded region.

One plate was welded from just one side to give a full penetration through thickness weld whilst
other plates were welded from both sides. These double-sided welded plates had different
degrees of weld zone overlap as indicated in Table 3. There were two reasons for the
manufacture of double-sided plates:

1. FSW is currently limited in the thickness of steel that can be welded by the size of FSW tool
that can be manufactured from the pcBN-WRe composite and thus for the foreseeable future
welds in steels thicker than 8mm will need to be made as double sided welds

2. There are indications from the initial work reported by McPherson et a/ that double sided
welds may have superior properties to single sided welds.

TWI Image SYF 19673-5150

Figure 7 Image showing two plates of E36 steel clamped into the welding jig prior to welding.

As far as possible, the welds used similar welding parameters based upon those reported to give
good welds in the initial work programme when welding DH36. For all the double sided welds,
the second weld was made on the reverse of the plate in the opposite traverse direction to the first
weld in order to even out the asymmetry of the FSW process. (That is, the advancing side of the
second weld was over the retreating side of the first weld).

Table 3 Details of weld set up and preparation for each plate

Overlap zone,

Plate Ref | Type of weld mm/% Plate preparation note

Double sided, 6mm, full Joint line lightly sanded prior to
Plate 1 penetration from both sides | 6/100 welding

Double sided, 6mm first Joint line lightly sanded prior to
Plate 2 then 4mm on reverse. 4/66 welding

Double sided, 4mm then Minimal surface preparation -
Plate 3 4mm. 2/33 wipe with Scotchbrite
Plate 4 Double sided, 4mm first 1/16.6 No surface preparation
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then 3mm on reverse

Double sided, 3mm first

Plate 5 then 4mm on reverse 1/16.6 Minimal surface preparation
Single sided, 6mm, full Surface lightly prepared with
Plate 6 penetration 0/0 sanding wheel
Testing

All the plates were measured for distortion. Plates 1, 3 and 6 were subjected to further tests as
shown below. These plates were selected to represent the range of tool penetration from single-
sided through thickness to double-sided welds having full and partial tool zone overlaps.

e Cross weld tensile strength
e Weld centreline Charpy toughness
o Fatigue testing
Distortion measurement

The plates were assessed for distortion using a laser measurement scanner at the University of
Strathclyde. The plates were marked with the position of 4 identical reference points coinciding
with the position of the mounting points, to ensure that all the plate measurements were
consistent with each other. The plates were then lifted on to the measurement platform and
aligned on to the four mounting points.

The overhead travelling laser was then aimed at the bottom left corner of the plate and
programmed to measure the position of the plate surface over a series of 6370 longitudinal and
2530 lateral steps. (The welded plates were 2000mm long by 400mm wide.) It then took around
10 minutes for the laser to scan each plate. After the laser had finished scanning each plate, the
data were stored in a file compatible with subsequent analysis in Excel. Distortion was defined as
the deviation from a plane bounded by the four reference points. Prior to welding, all the plates
were flat.

The measured distortions are presented in Table 4 below, and a typical distortion map is
presented in Figure 8.

Table 4 Measured plate distortion.

Overlap Maximum

Plate | zone, % Type of weld distortion, mm
1 100 Double 9.5

2 66 Double 17.5

3 33 Double 10.5

4 16 Double 22

5 16 Double 22

6 0 Single 20.2
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Figure 8 Typical distortion map of E36 plate. Maximum measurement in middle of plate.

All the plates distorted by arching upwards in the centre of the plate with the last weld
uppermost.

The results obtained in this study confirmed the earlier work reported by McPherson et al
indicating that FSW induces far less distortion in carbon steel weldments than does submerged
arc welding. As may be seen from Table 4, all plates exhibited a total distortion of less than
22mm over the 2000m length. By way of comparison, the FSW 6mm thickness DH36 plate had
a similar magnitude of distortion (20mm) but the SAW plate was significantly more distorted,
almost 110mm. It is considered that the primary reason for this is the lower thermal energy input
to a friction stir weld and the lack of volume changes that occur during the melting and
solidification cycle of a fusion weld. There may be a further, though lesser, contributory effect
from the fact that plates welded by friction stir techniques are clamped very rigidly in place
throughout the welding process. The different microstructures that can be generated by FSW
may change the volumetric variations and thus residual stresses present in the weld zone, perhaps
further reducing distortion. Finally, any residual stresses in the weld will also be influenced by a
second pass of the tool in double welded samples though from the limited number of samples in
this study it is not possible to identify with certainty the presence and magnitude of this effect.

Tensile testing
To determine the strength of the welds made, cross weld tensile tests were performed on samples
from the welded plates in accordance with EN ISO 6892-1:2009. The testing was performed by
Exova (UK) Ltd.

Table 5 Tensile strength of friction stir welds

UTS,
Plate | Degree of overlap | MPa Comment
1 100 561 Parent break
3 33 576 Parent break
6 0 574 Parent break

All the tensile test specimens failed in the parent plate. The tested samples had an average
strength of 570MPa indicating that the welds were at least as strong as parent material and in all
cases exceeded that minimum material strength by a significant margin. The presence of defects
in some of the welds tested did not appear to have too great a detrimental effect upon weld
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strength. In those cases where surface oxides were not removed from the faying edges before
welding, it appears that the tool broke up these layers and distributed them as small particles
throughout the weld zone.

The degree of grain refinement that can take place in a friction stir weld is clearly shown by
Figure 9 which shows a comparison between the grain sizes in the parent material and the TMAZ
of a weld in E36 steel.

Figure 9 Comparison of grain size in the TMAZ and parent material in E36 steel.
Charpy toughness

The toughness of the selected welds was determined by Charpy impact testing, performed
according to ISO 148-1:2009 (KV2) at -45°C. Test samples 10 x 5 x 2mm were taken from the
weld centreline, and also from positions offset from either side of the weld centreline by 2, 4 and
6mm. FSW is an asymmetric process and thus it was deemed appropriate to establish the
toughness properties of the weld across the full width of the weld zone. The Charpy impact
toughness data for three of the E36 steel plates are plotted in the Figure 10. The data are for the
plates with a single sided weld (0% overlap), a double sided weld with a 33% and 100% stir zone
overlap.

For the three tested, the toughness was greater in the thermomechanically affected zone (TMAZ)
than in the heat affected zone (HAZ). The toughness distribution appears to be asymmetric.

The data indicate that the Charpy impact toughness at -45°C in the single side welded plate, ie
full penetration with no overlap zone, is similar to that expected from unwelded parent material
at around 50J. Both the plates that had been welded from both sides (33% and 100% overlap of
the weld zones) exhibited a higher toughness level, close to 100J.
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Figure 10 Charpy impact toughness profile at Figure 11 Dimensions of fatigue test
-45°C for FSW E36 steel plates 1, 3 and 6 piece.

This may be explained in part by the microstructural changes wrought by the FSW process. FSW
has produced a microstructure with a much finer grain size in the thermomechanically processed
zone and the second pass will have had a tempering effect upon the material in the first weld
zone. The initiation and propagation of crack through the complex microstructure present in
these E36 friction stir weld zones will therefore require more energy than in coarse grained
microstructures typical of a conventional fusion weld.

Fatigue testing

Fatigue testing was performed at the University of Strathclyde. Two fatigue testing machines
were used, one an Instron 8801 and the second an Instron 8802. These feature precision-aligned,
high-stiffness load frames that encompass a broad range of static and dynamic test applications.
The two machines differ in that the 8801 has an axial force capacity of 100kN whilst the 8802
has a capacity of S00kN.

Standard ‘dog bone’ fatigue test samples were cut from the selected welded plates using an
automatic milling machine and their cut edges de-burred. The form and dimensions of the
samples are shown in Figure 11. Seven samples were prepared per plate. Three samples were
used for both high and low cycle fatigue (HCF and LCF respectively) and one was used to
determine the yield stress of the material so that the parameters for the fatigue tests could be
determined accurately for each material. It was decided that the LCF test would be run at 95% of
the first yield stress and that the HCF test would be run at 60% of the first yield stress. However,
after considering the timescale of the project and given that the first batch of HCF tests ran on for
over a million cycles, it was decided that a more appropriate stress level would be at 80% of the
first yield stress. Fatigue testing of the selected specimens is currently underway. The available
results are shown in Table 7 below.

Table 7 Preliminary fatigue test results for E36 steel specimens.

Cycles to
Plate Stress failure Comment

No failure. This sample was then cycled at
80% yield and failed at the advancing edge
E36 - 0% overlap 60% yield | 1,800,000 | after a further 17,000 cycles

No failure. This sample was then cycled at
E36 - 0% overlap 60% yield | 1,000,000 | 80% yield and failed at the retreating edge
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after a further 58,566 cycles

E36 - 0% overlap 60% yield | 374,797 | Failed on advancing edge of weld

E36 - 0% overlap 95% yield | 170,000 | Failed on advancing edge of weld
E36 - 0% overlap 95% yield | 100,000 | Failed on advancing edge of weld
E36 - 33% overlap 95% yield | 495,815 | Parent material failure

E36 - 100% overlap | 80% yield | 280,000 | Failed on advancing edge of weld
E36 - 100% overlap | 80% yield | 877,108 | Failed on weld centreline

E36 - 100% overlap | 80% yield | 396,849 | Failed on advancing edge of weld

Insufficient fatigue data have yet been accumulated to make any useful assessment of the fatigue
performance of the welds generated in this work.

Conclusions

1. Single/double sided friction stir welding of both E36 and DH36 shipbuilding steel produces
lower angular and longitudinal distortion than the sub arc welding of DH36.

2. Single sided FSW in 6mm thickness E36 produces similar distortion to that witnessed in
single sided FSW of DH36 steel.

3. The FSW welds in E36 were at least as strong as the parent material.

4. The presence of oxide inclusions in some of the welds tested did not appear to have a
detrimental effect upon weld strength.

5. Performing the fully penetrating second pass in the double side friction stir welding process
creates an improvement in toughness which is likely to be related to microstructural
differences.

6. From the data generated in this study supports the evidence that FSW it is a superior process
to the conventional SAW process.
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Abstract

In prior FSW studies, consistent full penetration in pipeline steel has proved to be a difficult
goal when using a portable FSW system capable of operation in the field [1]. In a previous
study, metallography, mechanical testing (tensile and Charpy impact), and workmanship
testing (root bend) demonstrated that full penetration can be achieved through much of the
weld length, and when full penetration is achieved, mechanical properties are excellent.
However, at times there remained sections of the weld that did not exhibit full penetration.
As an example, metallography and root bend tests of the weld root have shown full
penetration at many locations around the pipe circumference while from the same weld,
locations are identified where remnant faying surfaces remain and full penetration was not
achieved. Further, some welds exhibit full penetration accompanied by a continuous oxide
path that remains at the weld root. Conversely, if the FSW tool penetrates into the support
anvil, anvil material is drawn into the weld nugget. Thus, different approaches need to be
developed to assure consistent full penetration without anvil contact.

In the study reported herein, two approaches to achieve consistent full penetration are being
evaluated. These methods include 1) root arc welding followed by a partial penetration
friction stir weld and 2) use of a sacrificial anvil. Arc welding of the root prior to FSW builds
on a technique developed at ExxonMobil whereby an internal root arc weld can be used to
provide support for the FSW process. After the internal root weld is made, the butt joint
surfaces remain and a partial penetration friction stir weld penetrates into the arc weld root
pass. In addition to providing structural support to resist FSW loads, with overlap of the two
weld nuggets, there is no possibility of a root lack of penetration defect. This technique takes
advantage of the efficiency afforded by internal root welding for onshore pipeline
construction. Arc welding of the root is a commercialized widely used practice. For the arc
weld / friction stir weld approach, mechanical properties and root bend test results are
reported. The sacrificial anvil approach uses a small insert in the structural anvil where metal
of the same chemistry as the pipeline material is used as the insert material. In this approach,
the FSW tool penetrates into the sacrificial anvil thus achieving consistent full penetration.
Removal of the small sacrificial anvil may or may not be required.

Introduction

The pipeline industry has made wide use of fusion welding for pipeline construction. With
fusion welding, the larger the pipe diameter or the thicker the pipe wall, welding time
increases due to the greater volume of weld metal. For onshore pipelines, particularly in
remote locations, it is important the welding be as economical as possible because of the
large expense related to deployment of workers and equipment to the pipeline right of way.
For offshore pipelines, there are high costs associated with the lay barge and again welding
needs to be as economical as possible. Other factors such as availability of qualified welders,
pipe thickness, welding productivity, quality of the weld, automation of the welding process,
etc., also influence the selection of the welding process.
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In a recent study on pipe girth welding, friction stir welding (FSW) was shown to
significantly reduce pipeline construction costs compared to gas metal arc welding [2].
Approximately 7% savings in pipeline construction costs were estimated for onshore, large
diameter pipelines. However, for onshore construction, use of an internal mandrel does not
appear to be an economic construction scenario. Alternatively, an internal GMA root weld
can be used to support the normal loads associated with FSW [3]. This root weld approach
used in concert with FSW was shown to be economical for onshore pipeline construction. In
addition, ~25% savings in pipeline construction costs were estimated for offshore pipeline
installation using the J-lay method coupled with FSW [3]. However, to achieve these
savings, FSW needs to be capable of thick wall welding in one pass. In smaller diameter
pipe, arc welding of the root may not be possible and an internal mandrel may be required.

Thus, potentially, there are significant economic benefits to apply FSW to pipeline
construction with two different approaches. That is, to use FSW for onshore pipeline
construction, an internal mandrel is not feasible but for offshore construction an internal
mandrel likely will be required. Further, the economic benefits for offshore pipeline
construction are greater for larger wall thickness pipe. These economic benefits are based on
the most recent economic analysis and current pipeline fabrication methods.

Based on the potential savings reported for pipeline fabrication, two FSW approaches were
investigated each with the potential to achieve consistent full penetration. For onshore
pipeline construction, the ExxonMobil approach using an internal root arc weld combined
with FSW was evaluated to determine if defect free, consistent full penetration welds could
be made without additional internal support. Most importantly, the ability of the root arc
weld to support and prevent collapse of the weld zone during FSW needs to be demonstrated.
For offshore pipeline construction, where an internal anvil will be required to support FSW
loads, a different approach to achieve consistent full penetration is required. For offshore
pipeline fabrication, a sacrificial anvil approach is investigated. Results for both approaches
are reported herein.

Experimental Procedures
Pipe Materials
The pipeline steel was X42 carbon steel with dimensions 32 cm (12.75 inch) outer diameter
by 0.5 inch (12 mm) thick wall pipe. The nominal composition is 0.28 C (max), 1.3 Mn
(max), 0.03 P (max), and S (max). This family of pipeline steels is based on a C-Mn
formulation with low overall alloy content. The number 42 indicates the minimum yield
strength in ksi.

FSW Tool Design and Tool Material

For all friction stir welds, polycrystalline cubic boron nitride (pcbn) based tools were used.
The tool material selected for this study was designated as Q60. Q60 is pcbn ceramic based
(60 wt/% cBN) with a metal WRe (40 wt/%) binder [4]. The tool design is the standard
convex scroll shoulder step spiral (CS4) shown in figure 1 [5]. The radius on the tool tip
increases metal flow at the weld root while the shoulder scroll and step spiral on the pin
enhance metal flow at their respective locations.
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Figure 1. Photograph of a standard convex scroll shoulder step spiral (CS4) pcbn tool.

Root Arc Weld: The root arc weld was made using an automated gas metal arc weld with ER
70S-6 filler rod. The weld joint design is shown in figure 2. Subsequent metallography
showed the arc weld depth to be 5.2 mm (0.205 inches). Thus, to achieve overlap of the two
weld nuggets, the FSW depth needed to be >6.7 mm (0.264) inches).

A

12.7 mm wall
thickness

15- 20°

Figure 2. Weld joint design for the internal root arc weld.

FSW Pipe Weld Procedure

Figure 3 is a photograph of the MegaStir portable FSW pipe welding machine used to weld
pipe sections for this study. Pipe welds were made with the FSW tool rotating around the
stationary pipe (5G welding) versus the case where the pipe is rotated underneath a stationary
tool (1G welding). To eliminate the presence of a tool exit hole, a tool run-off ramp was
attached during welding. Figure 4 illustrates a cross-section of the run-off ramp. Figure 5
shows the weld sequence. That is, once the weld has started, a) the run-off ramp is attached
to the pipe allowing for a short weld overlap distance, b) the tool approaches the run-off
ramp, c) the tool traverses onto the run-off ramp with a change in weld parameters to increase
the heat input, and d) the run-off ramp is removed by grinding. Weld parameters selected for
the pipe welds included:
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Plunge: 500 rpm at a plunge rate of ~0.5 ipm (12.7 mm/min).

Welding: 275 rpm at 4 ipm (1.7 mm/sec) with variable normal load, i.e., when the
weld appearance was not as desired, the normal load was either increased or
decreased as necessary to maintain a fixed weld crown width.

Run-off Ramp: 500 rpm at 1.16 mm/sec (2.75 ipm) with a 2,720 Kg (6,000 Ib.)
normal load. These ramp parameters result in a considerably hotter weld than for
the equilibrium pipe weld parameters. This was necessary because heat transfer
ahead of the weld tool is not efficiently transferred to the run-off ramp due to the
interface between the pipe and the run-off ramp.

Figure 4. Cross-section of the run-off ramp.
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Figure 5. a) The run-off ramp is attached to the pipe allowing for a small amount of weld
overlap, b) the tool approaches the run-off ramp, ¢) the tool traverses onto the run-off ramp
with a change in weld parameters to increase the heat input, and d) the run-off ramp is
removed by grinding.

Sacrificial Anvil FSW Procedure

A sacrificial anvil concept for flat plate is schematically illustrated in figure 6. As shown,
figure 6a illustrates the workpiece (green) positioned on top of a structural anvil (red) with a
thin sacrificial anvil (yellow) inserted into the structural anvil beneath the weld joint. Figure
6b illustrates the FSW tool penetrating through the thickness of the workpiece and into the
sacrificial anvil. Following weld completion, figure 6¢ shows the workpiece welded to the
sacrificial anvil and the structural anvil removed. This illustration is for flat plate.
Preparations are in-progress to perform the same weld procedure on pipe.

Workpiece |
Structural Anvil q Sacrificial Anvil

(a)
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Figure 6. Schematic illustration of FSW with a sacrificial anvil.
Results and Discussion

Combined Root Arc Weld and Friction Stir Weld

Friction stir welding was completed on four pipe weld sections all containing a 5.2 mm
(0.204 inch) deep root arc weld. During FSW, the weld interface in front of the FSW tool
can open and if this separation becomes too great can result in volumetric defects in the weld
nugget. However, the root arc weld held the weld interfaces flush throughout FSW. This is
an additional benefit associated with arc welding the weld joint root. Figure 7 is a photograph
illustrating a completed weld trial showing the good surface finish on a friction stir welded
pipe, i.e., very little flash, no undercut, and little oxidation. Figure 8 shows output parameters
of normal load and temperature for a typical weld run. As shown, the peak temperature was
~930°C (1706°F) at normal loads of 55 MPa (8,000 Ibs.).

Figure 7. Photograph of a completed weld trail using the ExxonMobil root arc weld approach.
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Figure 8. Output parameters of normal load and temperature to complete the pipe weld shown
in figure 7.

Figures 9a and 9b are macrographs illustrating typical weld cross-sections using the root arc
weld as support for the subsequent friction stir weld. As shown, the friction stir weld nuggets
overlap with the root arc welds and all weld nuggets are defect free. However, most
importantly, for the boundary conditions evaluated, i.e., 1) weld parameters of 275 rpm at 1.7
mm/sec (4 ipm), 2) a root arc weld depth of 5.2 mm (0.205 inch), 3) X42 steel pipe, 4) a CS4
tool design with a penetration depth of ~7.6 mm (0.3 inch), and 5) the normal loads and
temperatures shown in figure 8, there was either no distortion of the pipe wall (figure 9a) or
very little (arrow in figure 9b) on the inner diameter surface. Clearly, the volume of arc weld
metal was sufficient to support the FSW loads. This result validates the ExxonMobil method
of using an internal arc weld as the support anvil.

(@ (b)

Figure 9. Cross-sections of the weld zone in a pipe weld illustrating 1) overlap of the arc and

friction stir weld nuggets, 2) defect free welds in all weld nuggets, 3) penetration depth (5.2

mm) of the arc weld, and 4) no distortion on the weld inner diameter surface in (a) and very
little in (b).
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The limits of the boundary conditions for this weld approach need to be explored. For
example, it would be beneficial to know how small the arc weld volume could be to support
FSW loads and how thick a pipe wall section could be welded with an arc weld depth of 5 to
6 mm (currently the approximate limit of automated internal pipe weld systems) without
collapsing the weld zone. These boundary conditions should be explored as a function of
weld parameters and weld material.

Further, the ExxonMobil arc weld approach eliminates both the potential for a lack of
penetration weld defect at the weld root or contact of the FSW tool with a support anvil. That
is, unless the arc weld misses the weld joint, the weld joint at the weld root is consumed by
the arc weld prior to FSW and there can be no root lack of penetration defect. In addition, the
FSW tool can be designed, both pin width and depth, and using conventional process control,
such that overlap of the two weld nuggets should be achieved easily and no internal defect
created.

Hardness results for the weld nugget shown in figure 9b are illustrated in figure 10. These are
Vickers hardness values obtained at a load of 500 g. As shown, the cast microstructure in the
root arc weld is the hardest location in the weld zone with hardness values ranging from ~150
to 180 HV. The friction stir welded nugget is softer with hardness ranging from ~125 to
~140 HV. Adjacent to the friction stir weld nugget, the TMAZ is slightly harder, i.e., ~142 to
~148 HV. Beyond the TMAZ is the HAZ with hardness values >148 HV. Unfortunately, the
metallographic sample was not sufficiently large to include the parent metal and additional
hardness tests need to be performed.
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Figure 10. Hardness map for the weld nugget shown in figure 9b (HV at a load of 500 g).

Root Bend Tests were performed on the weld root per API 1104 guidelines. The bend angle
for all tests was 180° with a one inch bend radius. Samples were selected from different
locations around the pipe circumference. All root bends passed.

Mechanical Properties were established using transverse tensile tests per API 1104
guidelines. In all tests, the tensile strength was >427 MPa (>62 ksi), the failure was ductile,
and the failure location was in the parent metal. This failure location implies the parent metal
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hardness was either less than that of the friction stir weld nugget or the support provided by
the arc weld was sufficient to strengthen the weld nugget beyond that of the parent metal.

The arc weld support can be either dimensional, i.e., a greater wall thickness, or higher
strength.

Sacrificial Anvil

Initially, flat plate weld studies were used to evaluate the potential for using a sacrificial
anvil. Metallography in figure 11 shows a weld cross-section with a lap interface. As shown,
following FSW, the weld interface is straight at the intersection of the lap joint and weld
nugget, i.e., there is no uplift typical of friction stir lap joints in aluminum alloys when using
a butt joint tool design. However, the weld penetration is relatively shallow and likely the
step spiral on the tool pin did not sufficiently engage the lap interface to create uplift.

Figure 11. Metallography illustrating a friction stir welded lap interface in steel.

To achieve greater weld penetration without uplift, it may be necessary to use a specially
designed lap joint tool. Figure 12a illustrates a tool specially designed to prevent uplift
during FSW of lap joints [6]. Rather than features that create vertical metal flow, the feature
at the pin tip creates horizontal metal flow. With this lap joint tool design, the pin tip feature
must penetrate into and be positioned at the lap interface. Figure 12b illustrates a
metallographic cross-section using the lap joint tool design in figure 12a showing no uplift
and deeper weld penetration. These weld results on flat plates have been reported previously
but are included herein for completeness and to demonstrate the approach[1]. The eventual
goal is to demonstrate the capability to perform similar welds on pipe.
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(a) (b)

Figure 12. a) A friction stir tool designed to create horizontal metal flow at the tool tip as opposed to
vertical flow at the lap interface , and b) Metallography illustrating a friction stir welded lap interface
using the tool shown in figure 12a.

With the sacrificial anvil approach, the potential for a lack of penetration defect will be
significantly reduced. That is, with the conventional anvil approach, tool positioning must be
relatively precise to achieve consistent full penetration without contacting the structural anvil.
Conversely, if the tool is allowed to penetrate beyond the pipe wall thickness into a sacrificial
anvil, figures 6 and 12b, the dimensional tolerance for consistent full penetration can be
large.

Conclusions

Studies by others have illustrated the significant potential economic advantage to construct
pipelines using friction stir welding [2] The economy of savings can be realized for onshore
pipeline construction if no removable internal mandrel is used and for offshore pipeline
construction of thick wall pipe using a removable internal support. The ability to friction stir
weld both onshore and offshore while eliminating or minimizing the potential for lack of
penetration root defects has been demonstrated. For onshore pipeline construction, an
internal arc weld serves as the support anvil to resist FSW loads. For offshore FSW, a
sacrificial anvil approach is currently being evaluated.

Based on the results presented herein, for X42 pipeline steel, and using an orbital FSW
system, the following may be concluded:

e For the FSW boundary conditions investigated, an internal arc weld of depth 5.2 mm
(0.20 inch) can support the normal loads associated with FSW.

e Transverse mechanical properties in the overlapping friction stir and arc welds are
good with ductile failures occurring in the parent metal.

e Root bend tests and metallography illustrate full and consistent weld penetration.
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Abstract

Microstructures and mechanical property changes associated with Friction Stir Processing (FSP)
of HY-80 steel both dry and under seawater were examined. FSP on HY-80 plates employed a
PCBN / tungsten rhenium tool operating at 400 rpm and 2 ipm. Microstructural characterization
of the as-received HY-80 plate emphasized the differences in the distribution of constituent
phases and inclusions in the rolling, transverse and normal planes using optical and scanning
electron microscopy. Microstructural details of transverse sections as well as the plan section at
the tool extraction sites of processed plates were also evaluated. Mechanical properties of these
samples were evaluated by tensile tests, microhardness tests and Charpy V-notch impact tests.
Residual hydrogen content was also evaluated. Stir zones exhibited untempered bainitic /
martensitic microstructures with minimal hydrogen pick up but distinct property gradients from
stir zone to base metal. The influence of a post-FSP tempering treatment also is summarized.

Introduction

HY-80 steel is a high strength steel used in the quenched and tempered condition to achieve
mechanical properties desired in many U.S. Navy applications, such as ship and submarine hulls,
as well as some pressure vessels. The resulting tempered martensitic microstructure though
strong, is quite susceptible to Hydrogen Assisted Cracking (HAC) [1]. When HY80 steel
structures are fabricated by conventional fusion welding techniques, there is a potential for
hydrogen to be liberated from the water molecule and to diffuse/dissolve into the fusion zone.
Hydrogen diffusion in weld metal cannot be prevented. However, extensive site preparation and
strict environmental controls can be used to restrict the amount of diffusible and residual
hydrogen in the resulting weldment. The material preparation requires pre- and post-heating of
the materials to be welded, filler electrode controls such as baking and storing and control of
moisture and hydrocarbons. Due to these strict environmental controls, performing conventional
fusion welding underwater or in otherwise ‘wet’ environments would require expensive site
preparation and, likely, prolonged time [2]. An alternative to conventional fusion welding is
friction stir welding (FSW) and friction stir processing (FSP) which are solid state processes for
the joining and processing of a wide variety of metallic materials. FSW/P has been implemented
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in the U.S. Navy in such applications as joining aluminum material on Littoral Combat Ships
along with the surface treatment of nickel aluminum bronze propellers.

In this work, a series of studies on dry as well as underwater FSP of steels are being carried out
[3-6]. Results of experiments on FSP of HY-80 steel plates both under dry as well as seawater
conditions are discussed. In particular, the influence of FSP on microstructural modifications,
microhardness, and Charpy V-notch impact resistance are discussed.

Experimental

A steel plate was obtained from the Naval Surface Warfare Center — Carderock Division with
dimensions 0.25 inches (6.4mm) thick and 26.5 inches (673 mm) wide by 43.5 inches (1105
mm) long. Pre-welding analysis was conducted by Anamet, Inc. and conformed to HY-80 steel
specification. The plate was cut into three sections for base metal analysis and dry and wet
(underwater) friction stir processing. Each plate measured approximately 26.5 inches (673 mm)
long by 14.5 inches (368 mm) wide. One plate was sectioned to produce Charpy V-notch
samples and tensile test samples in both the rolled and transverse directions. The second plate
was cut into two sections each measuring approximately 26.5 inches (673 mm) by 7.25 inches
(184 mm). One section each was used for dry and wet (underwater) FSP. Initially, the plate was
sand blasted to remove mill-scale. FSP was conducted by Advanced Metal Products and
MegaStir Technologies in Provo, Utah. A dry FSP run of approximately 25 inches (635mm) was
completed at 400 RPM and 2 IPM. An initial plunge load of greater than 15,000 pounds (68,000
N) was applied and decreased to 10,000 pounds (45,500 N). The MS80 tool material was
polycrystalline cubic boron nitride (pcbn) consolidated with a metallic binder. All FSW was
performed parallel to the long dimension of the plate. Due to the size limitations of the
underwater chamber, two approximately 10 inch 9254 mm) underwater weld runs were
completed for a total length of approximately 20 inches (508 mm). Figure 1(a) shows the
underwater FSP setup employed and a typical result of an FSP run is shown in Figure 1(b).

Figure 1: (a) Photograph showing the progress of underwater FSP of HYS80 steel plate (b)
typical appearance of an underwater FSP carried out at 400rpm/2ipm
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Results

Residual hydrogen concentration was determined (Luvak Inc.) by vacuum hot extraction method
(ASTM E 146-83) to be 1.01 mL/100gm and 2.58 mL/100gm in the stir zone regions of the dry
and wet runs respectively while that of the base material was determined to be 2.13 mL/100gm.
There is virtually little or no hydrogen pickup in both stir zones when comparison is made to the
base metal. Furthermore, the hydrogen pickup is greater in the ‘wet’ sample than in the dry
sample although all of these hydrogen levels are relatively low in comparison to the
specifications of MIL-E-23765 that restricts the maximum hydrogen content in weldments to be
2-5 mL/100gm [7]. The hydrogen content probably decreases in the dry FSW/P due to the
material being heated and the escape of hydrogen into the atmosphere. It appears that the
hydrogen content of the underwater FSW/P is approximately 20% higher than the base material.
However the error in the vacuum hot extraction process is 5 to 10%. Thus it is difficult to
conclude that the slightly increased hydrogen content in the underwater FSW/P is due to the
production of atomic hydrogen by dissociation of water and its diffusion in the steel.

Microstructures of the as-received HY-80 plate in three orthogonal surfaces showed distinct
banding in the ND/TD as well as the ND/RD planes but not in the TD/RD surfaces. Figure 2
shows the optical micrographs illustrating this feature. Scanning electron microscopy and energy
dispersive x-ray spectroscopy analysis (EDS) clearly showed that the banding was associated
with the inclusions in the material and EDS confirmed that both oxide/silicate inclusions
(spherical morphology) as well as MnS (elongated stringers) were present in the steel. During
rolling, the inclusions were preferentially elongated in the rolling direction with a rod or pancake
like cross section. Often, these inclusion stringers were hundreds of microns long and thus
expected to be extremely deleterious to mechanical properties and were confirmed by the Charpy
V-notch test results [5].

RD = Ralling Dircction

TD = Transverse Direction
NI = Plate Normal

Figure 2: Optical micrographs showing the microstructures of orthogonal surfaces of the as-
received HY-80 plate illustrating the appearance of banding.
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A summary of the microstructural characterization of the HY80 plates subjected to both dry and
underwater FSP are presented here. ‘Plan view’ montages of the pin extraction site for the dry
and underwater FSW/P are shown in Figures 3(a) and (b), respectively.

Figure 3: Montage of optical micrographs from the tool extraction site showing the
microstructure ahead of the tool traverse direction from dry (top) and underwater
(bottom) FSW/P sample.

The flow pattern of the material moving around the tool can be seen in the plan view montage of
material processed under dry conditions. A distinct change in etching response delineates the
location ahead of the tool where transformation to austenite takes place on heating due to
approach of the tool. Comparison of the montages in Figures 3(a) and (b) reveals that this
transformation occurs a distance of approximately Smm ahead of the tool under dry conditions
and 2.2 mm under wet conditions, indicating a steeper temperature gradient ahead of the tool for
FS under water. Higher magnification micrographs were taken from the stir zone (zone 1),
through the TMAZ (zone 4) and into the base material (zone 5 & 6).

The microstructures from the zones marked 1 in Figure 3 are presented in Figure 4 and show a
coarse untempered martensitic structure in the stir zone. This is seen by the large prior austenitic
grains that have transformed into the plate-shaped untempered martensite. The larger grains are
due to the slower cooling rate in the stir zone.
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Figure 4: Optical micrographs from dry (left) and underwater FSP (right) obtained from zone 1
from the dry and underwater FSP samples shown in Figure 3 showing untempered martensitic
structure.

The microstructure undergoes a change when approaching the TMAZ. The microstructure
changes from a tempered martensitic structure to a refined, smaller grained untempered
martensitic structure in the zones marked 4. As zones 5 and 6 are approached, the microstructure
of the base material, composed of tempered martensite, is observed. This transformation occurs
due to the change in temperature produced by FSW/P and cooling rates. A key observation made
in this work was the absence of change in the shape of the grains near the TMAZ/SZ boundary
unlike that reported in aluminum or bronze alloys [8, 9]. The grains remain equi-axed and not
elongated due to deformation. Clearly, deformation of the steel occurs primarily in the fully
austenitic condition indicating that the gradient in the thermal field is less sharp than the
deformation field, similar to those in aluminum alloys [8] and nickel aluminum bronze [9]. Since
the austenite undergoes martensitic transformation during the fast cooling subsequent to FSP, the
effects of deformation of the austenite is completely masked in the microstructures observed.

Figure 5: Optical micrographs illustrating the morphology of the inclusions in the base material
and the stir zone of dry processed material

Apart from these microstructural developments, FSP has a strong influence on the morphology
of the inclusions. For example, Figure 5 illustrates the morphology of the inclusions in the base

plate and the stir zone (SZ). The long inclusions were completely broken up into fine spherical
shaped inclusions within the SZ. Details of the morphology of the inclusions, especially the fine
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spheroidal ones in the stir zone are better seen in the secondary electron images shown in Figure
6. It appeared that the inclusions were well-dispersed in the SZ as well. The results from both the
dry FSP as well as the underwater FSP did not show any noticeable differences in the
morphology and redistribution of the inclusions.

Figure 6, Secondary electron images showing the morphology of inclusions in the base material
(left), SZ of dry FSP (center), and SZ of underwater FSP (right)

The morphology of the inclusions has a strong influence on the impact resistance as a function of
plate orientation and thus highly anisotropic impact resistance behavior is exhibited by the hot-
rolled HY-80 plates. Charpy V-Notch Impact testing was carried out to determine the Ductile-
to-Brittle Transition Temperature (DBTT) of the base material to establish a baseline to compare
the processed material. Charpy V-Notch tests revealed the DBTT to be between -192°C and -
54.5°C. The results of these tests showed a substantial difference in the behavior of the base
plate in the transverse and longitudinal directions. This is as anticipated from the elongated
inclusions present in the hot-rolling direction of these HY 80 steel plates and as expected with the
substantially reduced impact resistance in the transverse samples [5].

Microstructural examination of the FSP samples showed that during FSP (both dry and
underwater) temperatures in the austenitic phase regions were approached and martensitic
transformation occurred during subsequent cooling. This is illustrated in the micrographs shown
in Figure 7 comparing the microstructure of the base plate with those obtained during FSP both
under dry and underwater conditions. It appeared that the martensitic structure was retained in
the FSP samples.

Figure 7: back-scattered electron images from (left) base plate and within the stir zones of dry
(middle micrograph) FSP and underwater FSP (right micrograph) showing the typical
appearance of the microconstituents.

Figure 8 compares the microhardness data from the dry and underwater FSP samples along with
the corresponding low magnification optical micrograph montages. One noteworthy feature is
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the uniformity of the microhardness data in the underwater FSP sample suggesting
microstructural homogeneity throughout the stir zone. In addition, it is also clear that the TMAZ
in the dry FSP sample is substantially wider while the TMAZ in the underwater FSP sample is
Very narrow.
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Figure 8: Microhardness data and the corresponding optical montages from dry FSP (left) and
underwater FSP (right) samples.
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Figure 9: Variation in microhardness across the FSP regions in the dry (left) and underwater
(right) samples before and after tempering.

FSP leads to austenitization of the SZ material and subsequent formation of martensite within
these regions, and as a result, the microhardness within the SZ is substantially higher. Indeed, as
expected, the Charpy impact resistance of the SZ material is significantly lower than that of the
base material as well though the DBTT is not significantly altered. Thus, tempering of the SZ
material is required to minimize any variation in mechanical properties between the base
material and the SZ. The FSP’ed samples were tempered at 650°C for 1 hour as part of our
investigation. Figure 9 shows the effect of tempering on the microhardness variation of both the
dry and underwater FSP samples. Clearly, for both these processing conditions, the substantial
increase in the hardness within the SZ has been practically eliminated and only a minimal
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difference between the base material and the SZ is observed. Importantly, the entire sample
including the base material (which was already provided in the heat-treated condition and hence
tempered once) has now been tempered. Thus, the base material hardness values reflected in
Figure 9 corresponds to a doubly-tempered HY-80. Presumably, the carbides in the base material
may have coarsened substantially due to over-tempering leading to the behavior seen here.

The results of the Charpy tests of tempered samples are compared with the as-processed material
in Figure 10. Here again, clearly, the tempering treatment has substantially increased the impact
resistance values much closer to those of the base material.
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Figure 10: influence of a post-FSP tempering treatment on the Charpy V-notch impact resistance
of HY-80

Conclusions

In this work, friction stir processing was conducted on HY-80 underwater and dry. These welds
were then sectioned, examined microscopically, and mechanically tested. These results were
then compared to non FSW/P treated base metal to determine if FSW/P was feasible with the
following conclusions:

1. Friction Stir Processing/welding of HY-80 grade steels in both dry and underwater
conditions is feasible while maintaining the hydrogen content within allowable levels.

2. The MnS inclusions appearing as elongated stringers in the hot rolled HY-80 plate are
broken up and distributed due to the thermomechanical processing of FSW/P.

3. Material is fully austenitized during FSW/P and transforms to martensite with the cooling
rates established during both dry and underwater FSW/P.

4. Deformation during FSW/P of HY-80 did not result in the elongation of the grains in the
TMAZ region unlike that reported in aluminum alloys and Nickel Aluminum Bronze.

5. The martensite undergoes partial tempering in the dry FSW/P resulting in a lower
hardness than that of underwater FSW/P in which the microstructure is untempered
martensite and hence harder.

78

www.EngineeringBooksPdf.com



6. These microstructural features and the observation of some cleavage steps in FSW/P
samples indicate that post-FSW/P cooling rates must be controlled or subsequent
tempering employed to control properties of the resulting welds.

7. Charpy impact resistance, tensile testing, and microhardness data is in conformity with
the microstructural observations mentioned above.
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Abstract

Multilayered multipass friction stir welding (MM-FSW) makes it possible to use FSW to
fabricate thick-section structures. In this work, MM-FSW was demonstrated on a high strength
low alloy steel; ASTM A572 Grade 50. Three steel plates with thicknesses of 0.18", 0.18", 0.24"
respectively were stacked and friction stir welded together to form a 0.6" thick welded structure.
The welded plate was sectioned into rectangular bars transverse to the weld direction for tensile
testing to evaluate mechanical properties. Digital image correlation (DIC) was employed to map
the local strain fields during tensile testing. The initial failure was found to occur simultaneously
at the bottom and middle layers away from the weld zone. The top layer failed last in the base
metal. The failure locations were consistent among different samples tested. Also, Charpy V-
notch impact tests were conducted for weld metal, heat affected zone, and the base metal at each
layer as a function of temperature. The weld microstructures were characterized using optical
and electron microscopy and micro-hardness mapping.

Introduction

Friction stir welding (FSW) is a unique solid-state joining process that uses the advantages of
solid-state joining to fabricate continuous linear welds. A specially designed tool rotates and
traverses along the joint line, creating frictional heating that softens a column of material
underneath the tool. The softened material flows around the tool through extensive plastic
deformation and is consolidated behind the tool to form a solid-state continuous joint. In the
current form of FSW, the length of the pin limits the thickness of workpiece that can be friction
stir welded. For example, in single sided welding, the depth of weld is about the same as the pin
length. For double-sided welding, it is about twice of the pin length.
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The power required to spin a friction stir tool increases significantly when the process is applied
to thicker and/or harder materials. Consequently, current friction stir welding practices are
generally best suited for welding aluminum or other comparatively soft metals with thicknesses
of less than approximately one inch (2.5 cm). What is needed therefore are improved friction stir
welding processes that may be applied to thicker and/or harder materials.

In this work, an initial attempt to friction stir weld thick-sectioned steel by means of multilayer
and multipass friction stir welding (MM-FSW) is demonstrated [1].MM-FSW makes it possible
to eliminate the limitations on thickness of structures, allows for the addition of different
materials as filler to tailor the composition and properties of the weld region, and creates new
alloys by solid-state thermomechanical processing. The study is inspired by the superior
mechanical properties obtained in friction stir welding of high-strength line-pipe steels [2], as
well as potential applications for high-pressure storage vessels [3] and ballistic resistance
structures. Since the overall strength of any weld depends on the distribution of properties across
the zones affected by the welding operation, the present work was designed to develop and
characterize the mechanical properties of MM-FSW of a high strength low alloy (HSLA) steel.
Transverse tensile tests were performed on the welded sample for mechanical properties. Local
strain fields were also recorded by a digital image correlation (DIC) technique during tensile
testing. Also, Charpy V-notch impact tests were performed for stir zone (SZ), heat affected zone
(HAZ), and base metal (BM) zone at each layer, including top, middle, and bottom layer, as a
function of temperature. Microhardness at SZ, HAZ, and BM at each layer was also measured.
Microstructures were evaluated using optical microscopy (OM) and scanning electron
microscopy (SEM).

Materials and Experiment
In the present work, a three layered structure with five multipass friction stir welds was made

using flat HSLA steel plates (ASTM A572 Grade 50) with the total thickness of 0.6 inch (15
mm). The nominal chemical composition of the A572 steel is given in Table I.

Table 1. Typical chemical composition of ASTM A572 Grade50

Element C Mn P S Si Cu

Weight % | 0.23 (max) | 1.35 (max) | 0.04 | 0.05 | 0.3 (max) | 0.2 (min)

Figure 1 shows a schematic of each step for MM-FSW. For demonstration purposes, a stepped
assembly was machined to accommodate MM-FSW. Subsequently, plates are inserted into the
assembly and friction stir welded to achieve fabrication of a multi-layered structure. Initially, a
bottom or root weld was made to join the two stepped machined plates with a standard butt joint
geometry, as shown Figure 1(a). Next, the first inserted weld plate was placed above the root
weld and it was welded using a butt/lap or corner weld joint. Finally, the second weld plate was
inserted above the first inserted plate and joined in the same manner. The reason why it is called
‘butt/lap’ is that the additional metals were inserted into the premachined workpiece for the
middle and top layers. Therefore, the weld geometry was a mixed butt and lap joint. The addition
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of a lap feature to the weld joint is important during FSW. The samples were welded using the
MegaStir stationary FSW system.

L —_— ]
w1

(b) 1t weld plate

0.6 inch

1.5 inch T 15inch |

Figure 1. Cross-sections showing (a) Initial butt weld joint design. (b) Insertion of the first weld
plate above the root weld. (c) Insertion of the second weld plate above the first weld plate and
the final welded structure. Each thickness of top and middle layer was 0.18 inch (4.6 mm) and

the bottom layer was 0.24 inch (6.1 mm). The total thickness of MM-FSW is 0.6 inch (15.2 mm).
The tool rotation was counter clockwise and into the page.

After initial weld trials to establish weld parameters, defect free weld assemblies were made on
flat workpieces. For FSW, the plunge was performed at 1100 rpm followed by a 6 second dwell
at 250 rpm. Following the dwell, the tool rotation rate was maintained at 250 rpm and the tool
travel speed ramped up to 3 to 4 ipm (1.29 to 1.69 mm/s) within one inch of travel. FSW was
performed using load control with normal loads ranging from 7,200 to 8,000 Ibs. Also, in order
to minimize weld defects at the lap feature of the weld joint, such as hooking, friction stir welds
were made with the tool direction such that the tool advancing side was on the lap side of the
weld joint. For FSW, a tool with a concave scroll shoulder step spiral pin (CS4 tool design) was
used and was fabricated from an MS80 grade of PCBN.

The MM-FSW steel plate was sectioned into rectangular bars transverse to the weld direction for
tensile testing to evaluate overall mechanical properties. Specimens for the transverse tensile
tests were prepared by electrical discharge machining (EDM). As shown in Figure 2, dimensions
of the tensile test samples were 0.5 inch (12.5 mm) in width with a uniform gauge length of 8
inch (203.2 mm) and thickness of 0.6 inch (15.24 mm). Similarly, tensile tests were completed
using base metal to compare the mechanical properties with the MM-FSW steel samples.
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Figure 2. Schematic of the tensile test specimen with dimensions (top view). Two weld zones
(textured) at the top layer are illustrated.

Mechanical tensile tests were performed on a MTS 22kip servo-hydraulic machine driven by an
MTS model 407 controller at a crosshead rate of 4.0 x10 s at room temperature. In order to
study the deformation and strain of the material during the tensile testing, DIC (Correlated
Solutions, VIC-3D) technique, which is an optical method to measure displacement and strain,
was employed. Prior to DIC measurements, random speckle patterns were made on the cross
section of the tensile specimens by sequentially spraying white and black paint. Two digital
cameras of the stereo system were used to observe and record the cross section view of the
tensile sample during the tensile test. Samples were illuminated by a fiber light and the recorded
data analyzed by the software (VIC-3D 2010).

Based on ASTM E23 specification, Charpy V-notch impact tests were conducted to study the
fracture toughness of the SZ, HAZ, and BM at each layer. Due to the different thickness at each
layer, sub-sized samples were prepared for impact testing with the following dimensions (10 x 4
x 55 mm). Charpy tests were performed at six different temperatures for the SZ, i.e., -50, -30, -
20,-10, 0, and +20 °C. Similarly, samples located in the HAZ and BM were tested at -50, 0, 20
°C. Triplicate samples were tested at each temperature at Laboratory Testing Industry (LTI)
facility.

Vickers hardness of each weld sample was measured by Leco microhardness tester (LM 100AT)
with 200um spacing, 200g of load and 13 seconds of dwell time. The measured hardness data
was transferred to Origin software (Origin Pro 8.1) for mapping.

To reveal the microstructure, the samples were cut, mounted, and polished using 6, 3, and 1um
diamond paste solutions and etched using a 5% Nital solution. An optical microscope (Nikon
EPIPHOT) and field emission scanning electron microscope (FE-SEM) (Hitachi S4800) were
used to characterize microstructures of the weld samples.

Results and Discussion
A low magnification optical image of the final weld assembly is presented in Figures 3(a) and
(b). Because the assembly is small and the welds are partial penetration, there is considerable
bowing or distortion. The overall weld length was about 33 inch (838.2 mm). Five multipass

welds were used to make the three layer total thickness of 0.6 inch (15.24 mm). Figure 3(b)
shows a cross sectional view of the MM-FSW steel sample.
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Figure 3 (a) Top view of finished weld (b) cross sectional image of MM-FSW steel sample.

Figures 4(a) and 4(b) show optical macrographs of the friction stir welds at the bottom and top
layers respectively. As shown in Figure 4(a), the root weld is a defect free full penetration weld.
Figure 4(b) presents the top layer weld, showing a minimum of interfacing hooking. Hooking is
minimized by positioning the tool advancing side on the lap interface side of the corner joint.
Hooking is typically caused by the upward flow of metal at the sheet interface when the tool is
penetrated into the bottom workpiece [4]. This interface defect has been found with lap joints
coupled with FSW. The authors also tried a corner weld with the FSW tool retreating side
positioned on the lap interface. Even though the weld nugget was free from volumetric defects, it
showed uplift of the interface (not presented here). These are just a few metallographic examples
but they are representative of all weld locations, i.e., hooking was consistently
prevented/minimized when the tool advancing side was positioned on the lap interface. Thus, to
minimize the possibility of this type flaw, the advancing side of the tool should be positioned on
the lap interface.
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Figure 4. (a) Macrograph illustrating full penetration and a defect free weld nugget for the
bottom butt weld. (b) Macrograph showing a defect free weld nugget for a top layer corner joint.
The metal insert is on the right side, resulting in butt/lap joint geometry. The corner joint was
welded with the FSW tool advancing side positioned on the lap interface.

Figure 5 plots the engineering stress and strain graph obtained during tensile testing of MM-FSW
steel samples. Each sample showed relatively consistent results. Averaged yield stress (oy,= 60
ksi [419 MPa]) and ultimate tensile strength (o= 76.3 ksi [533 MPa]) were also obtained from
Figure 5. These strengths were approximately the same as the base workpiece (oy,= 62 ksi and
ou= 76.6 ksi). This result is consistent with results of previous researcher’s [5]. A fracture
elongation of at least 14% was reached at the initial failure for MM-FSW samples. A fracture
elongation of ~17.5% was obtained for the final failure for both samples. The average elongation
at fracture for the base metal was found to be 43.6%.

/Initialfailure
§ iy —mFSW 1 calc.
Fmaly —mFSW 2 calc.

0 ] 10 15 20 25
Strain (%)

90
80 -

Figure 5. Engineering stress and strain curve obtained during transvers tensile testing of MM-
FSW steel samples.

Two failures occurred during the tensile testing from the recorded video images and the obtained
engineering stress-strain curves. Considerable necking occurred distant from the weld nugget
with eventual failure in the parent metal. This initial failure simultaneously occurred at the
bottom and middle layer. Subsequently, the top layer was failed last. Both the initial and final
failure locations for each sample were consistently found in the parent metal. This test result, i.e.,
failure in the base material, is consistent with other FSW joined steel alloys reported by previous
researchers, i.e., the weld joint is stronger than the base metal [6,7].

DIC images were used to observe local strain fields in transverse weld tensile samples. Figure 6
shows a fractured tensile specimen (a) and corresponding DIC strain maps near initial (b) and
final fracture (c) loads. Results show the base metal had higher strains (around 0.4) than the weld
zone (ranged from 0.025 to 0.05) right before fracture, approximately 8 to 16 times higher than
the weld zone. This result also corresponds to the experimental failure locations both for the
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initial and final stages of fracture. These results indicate that the stir zone (SZ) and HAZ have
higher yield strength than the parent metal.

0.4
0.375
1
0.075

.01
0.025

g
L

Figure 6. (a) Cross section view of tensile specimen showing initial and final failure locations.
(b) DIC image presenting strain level right before the initial failure at middle and bottom layers.
(c) DIC image displaying the strain map right before the final failure at the top layer. Failure
locations had high strain levels and both failure locations were found in the base metal.

Charpy V-notch impact tests were conducted to study to fracture toughness of the SZ, HAZ, and
BM of each layer. Figure 7 summarizes the Charpy impact test results for each zone with
different layers at different test temperatures. Generally, toughness of the SZ was much higher
than the base metal at all temperatures. Similarly, it is observed that the toughness of HAZ was
also higher than the parent material. This substantial increase in the absorbed impact energy can
be related to the grain size of the SZ and HAZ. Similar observations were obtained for aluminum
alloys in previously reported work [8]. The grain size of each zone will be discussed below with
the microstructure images.
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Figure 7. Charpy V-notch impact test results for each layer at different temperature ranges.
Toughness of WM and HAZ was typically higher than the parent material.

Microhardness of each weld at the bottom, middle, and top layer was measured to correlate with
the strength of each weld zone. Figures 8(a) and (b) show microhardness results and plotted data
as a function of the x position (along the weld width) at three different through thickness
positions of the bottom weld layer. The average measured hardness of the base metal was
approximately 170 HV. For the HAZ, the measured Vickers hardness value ranged from 175 to
185 HV. In the SZ, the highest hardness value is shown, ranging from 195 to 220 HV. Variations
in hardness results can be associated with differences in the grain size and different
microstructures sampled by each indentation. Similar hardness values were obtained for each SZ,
HAZ, and BM in the middle and top layers. Each measured hardness value is consistent with the
tensile test results. That is, as expected, hardness of the weld is much higher than that of the
parent metal.
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Figure 8. (a) Mapped Vickers microhardness value for the bottom layer (butt joint) weld area,
and (b) cross sectional hardness plot at three different locations in through the plate thickness.

Figure 9 shows OM and SEM images of weld zone microstructures for the friction stir welded
butt joint area, i.e., the bottom layer. With the aid of the iron-carbon phase diagram, the base
metal with 0.23 wt% of C alloy is expected to consist of mainly ferrite (F) (white region in the
OM image) and a small amount of pearlite (P) (dark region in the OM image), i.e., a lamellar
structure consisting of alternate layers of ferrite and cementite. With a higher magnification SEM
image (not presented here), the size of the lamellar layer was measured to be approximately 100
nm with a uniform spacing of slightly more than 100 nm. Figure 9(a) and (b) show the refined
grain structures in the SZ. Compared to the base metal shown in Figures 9(e) and (f), the size of
refined grain in SZ is the order of 10 um, while the grain size is more than 100 um for the parent
metal. This grain refinement is typically observed in the SZ due to dynamic recrystallization
during FSW [5]. In addition, mixtures of a refined ferrite grain structure and fine/randomly
distributed pearlite were apparent in the SZ. In the HAZ, the grain size was slightly larger than
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the grain size in the SZ due to grain growth, as shown in Figures 9(c) and (d). Grain growth in
the HAZ can be affected by exposure to a lower peak temperature during FSW. That is, the fine
microstructure in the HAZ can be due to less time for the ferrite to transform from austenite
because of low heat input from FSW, but sufficiently high for grain growth. Similarly, there is
evidence for ferrite and a fine pearlite mixture in the HAZ in both OM and SEM images (white
dashed box). This observation can be related to the measured hardness of the SZ, HAZ, and BM.
Variations in hardness with grain size follow a Hall-Petch relationship, i.e., the hardness value
decreases with increasing grain size [9].

[

(a) &

Figure 9. Microstructures of SZ, HAZ and BM at the bottom layer. Optical microscope (OM)
images (a), (c), (e); and scanning electron microscope (SEM) images (b), (d), (f). Note the white
region is ferrite and dark region is pearlite in OM images.

Conclusions

In conclusion, the MM-FSW technique was developed and demonstrated for thick layer joining
of a high strength low alloy steel. Defect free welds were produced using optimized FSW
parameters. Mechanical properties of transverse tensile tests of MM-FSW samples were close to
those of the base metal and the fracture location was found in the base material. Strengths in the
SZ and HAZ were typically higher than the base metal based on the microhardness and fracture
toughness test results. Taken together with all the mechanical tests and hardness measurements,
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the present work indicates that the overall mechanical strength of MM-FSW steel samples were
comparable to the parent metal.
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Abstract

PNC-FMS is a newly developed 11Cr-ferritic/martensitic steel with good swelling resistance
designed for the wrapper tubes of fast reactors. Because fusion welding of PNC-FMS
significantly reduces mechanical properties through the formation of a brittle microstructure,
friction stir welding (FSW) was attempted as a solid state welding process. FSW was applied to
PNC-FMS at 100 to 300 rpm using a Q60 tool, and defect-free welds were obtained. The stir
zones had a fine microstructure with ferrite and martensite with the grain size and fraction of
martensite increasing with tool rotational speed. Since all welds were overmatched, all transverse
tensile specimens failed in the base material. Based on mechanical properties in the stir zone,
welds produced at 100 rpm exhibited both higher strengths and elongation than the base material.
This study showed that FSW at lower rotational speed produced stir zone microstructures having
better mechanical properties in PNC-FMS.

Introduction

Ferritic/martensitic (F/M) steels are considered as a future material for the long-life core of fast
reactors (FRs) and also for the blanket of fusion reactors due to their good swelling resistance.
An 11Cr F/M steel, PNC-FMS, has been newly developed for wrapper tubes for the Japan
Sodium-cooled FR [1,2]. When PNC-FMS is used in the FR application, metallurgical joining is
required. In preliminary studies, conventional fusion welding processes, such as gas tungsten arc
welding and electron beam welding, have been applied to this steel [3]. These fusion welding
methods resulted in a significant reduction of mechanical properties through the formation of a
brittle microstructure in the weld, i.e., coarse O-ferrite and hard martensite. Since these
undesirable phases are formed by holding at high-temperatures followed by rapid cooling during
welding, solid-state welding processes with low heat-input should be favorable for joining PNC-
PMS. In this study, friction stir welding (FSW) [4] has been attempted as a solid-state welding
process for this steel.

Studies using FSW to join 11Cr ferritic steels for nuclear applications, such as PNC-FMS, have
been limited, although some papers have shown preliminary results on FSW of commercial 9-
12Cr ferritic steels. Ahn et al. [5] examined the microstructure and mechanical properties of a
friction stir welded 409L ferritic stainless steel, and reported that mechanical properties of the
weld were similar to those of the base material (BM). Lakshimanarayan et al. [6] showed that
friction stir welded 409M stainless steel exhibited superior fatigue properties to the BM. Cho et
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al. [7] reported formation of a fine grain structure with a high fraction of low-angle boundaries in
the stir zone (SZ) of friction stir welded 409 stainless steel. These previous studies [3-5] have
provided fundamental knowledge on the mechanical properties and microstructure in friction stir
welded 9-12Cr ferritic steels, but the effect of welding parameters on mechanical properties,
associated with the microstructure in friction stir welds, is not fully understood.

The objective of this study is to systematically examine the relationship between welding
parameters, mechanical properties, and the resulting microstructure in fiction stir welded PNC-
FMS. Since the rotational speed of the welding tool significantly affected the weld
microstructure, more so than other welding parameters, the effect of rotational speed on the
mechanical properties and microstructure in the weld was evaluated in this study.

Experimental procedures

The material used in this study was 6 mm thick PNC-FMS. Chemical composition and heat
treatment conditions of PNC-FMS are shown in Table 1. Examination of the phase
transformations revealed that the A, and Az temperatures of this steel are 1083 K (810°C) and
1153 K (880°C), respectively. Bead-on-plate FSW was applied to PNC-FMS plate at tool
rotational speeds between 100 rpm and 300 rpm using a Q60 tool consisting of 60% cBN (cubic
boron nitride) and 40% W-Re alloy. Appearance and dimensions of the Q60 tool are presented in
Figure 1. The tool travel speed and plunge depth were constant at 1.0 mm/s and 4.2 mm,
respectively. Ar shielding was employed to prevent oxidation of the plate surface during FSW.

Table 1. Chemical composition and heat-treatment condition of PNC-FMS used in this study.

C Si Mn P S Ni Cr Mo w \ Nb N Fe

0.14 0.07 0.67 <0.005 0.0034 0.54 10.38 0.40 1.79 0.19 0.060 0.061 Bal.

Normalized at 1323 K for 2.4 ks (40 min) and then tempered at 983 K for 2.4 ks (40 min).

Figure 1. Appearance and dimensions of the Q60 tool used in this study.

After FSW, Vickers hardness profiles across the SZ were measured on a cross section
perpendicular to the welding direction at a load of 500 gf for 15 s. Two types of tensile tests were
conducted, i.e., tensile tests transverse to the weld direction and longitudinal tensile tests of the
SZ. Configurations of these tensile specimens are shown in Figure 2. The transverse tensile tests
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were carried out in air using a screw-driven tensile testing machine at an initial strain rate of
5.0x107 s, which was changed to 1.3x10™ s™ after yielding. The test temperatures were 298 K
(25°C), 823 K (550°C), 873 K (600°C) and 923 K (650°C). The longitudinal tensile tests of the
SZ were also conducted in air using the same machine at a constant crosshead speed of 6.35x 107
mm/s (an initial strain rate of 8.3x107 s’l) at room temperature.

Figure 2. Configurations of (a) transverse tensile test specimen and (b)
longitudinal tensile test specimen.

Microstructures in the SZ were examined by optical microscopy, scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD) methods. Samples for optical microscopy
and SEM were mechanically polished with Emery papers and 1 pum alumina paste, and then
etched in aqua regia. Martensite and ferrite were easily identified in the SEM images because
etching created distinctly different contrasts. The fraction of martensite was quantified by point
counting on the SEM image. Samples for EBSD analysis were electrolytically polished in a 10%
perchloric acid + 90% acetic acid solution. Grain boundary maps were drawn using
crystallographic data obtained by the EBSD method. In the maps, high-angle boundaries (HABs)
with misorientation over 15° and low-angle boundaries (LABs) with misorientation between 2°
and 15° were expressed by thick black lines and thin gray lines, respectively. Grain size was also
quantified by a mean linear intercept method for HABs in the grain boundary map.

Results and discussion

Mechanical properties

Vickers hardness profiles of the welds are shown in Figure 3. Hardness of the BM is about 300
Hv. Hardness increases sharply in the heat affected zone (HAZ) moving toward the SZ, and the
SZ exhibits a much higher hardness than the BM, reaching about 530 Hv. Hardness of the SZ is
hardly affected by the rotational speed.

Tensile strength and elongation of the weld as a function of temperature are shown in Figure 4.
All welds exhibited roughly the same strengths as the BM at all temperatures and mostly failed
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in the BM because the welds are overmatched. Elongation of the weld was smaller than that of
the BM due to localized deformation of the BM in the specimen gauge section [8].

Figure 3. Hardness profiles of the welds.

Figure 4. Temperature dependence on ultimate tensile strength and
elongation of the weld obtained by transverse tensile tests.
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The effect of rotational speed on tensile properties of the SZ is presented in Figure 5. All SZs
show an ~1.8 times higher ultimate tensile strength (UTS) than the BM, and the elongations were
roughly the same as that of the BM. The SZ produced at 100 rpm exhibits higher strengths and
elongation than the BM.

Figure 5. Tensile properties of the SZs.

Microstructure

Optical-microscopy and SEM images of the BM are shown in Figure 6. The BM has a lath-
shaped microstructure with carbide precipitation along the lath boundaries, i.e., the BM consists
of tempered martensite. Optical micrographs of the SZs produced at the different rotational
speeds are shown in Figure 7. Although the microstructure observed in the SZ produced at 100
rpm is unclear at this magnification, the SZs produced at 200 rpm and 300 rpm are composed of
a lath-shaped microstructure. SEM images of the SZs are shown in Figure 8. All SZs consist
primarily of a martensitic structure without carbides, i.e., the quenched martensite. In addition,
ferrite phases are also observed in all SZs. The ferrite content decreased with increasing
rotational speed.

Figure 6. Optical microstructure and SEM image of the BM.
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Figure 7. Optical microstructures of the SZs.

Figure 8. SEM images of the SZs.

96

www.EngineeringBooksPdf.com



Coexistence of the quenched martensite and ferrite in the SZ suggests that FSW was carried out
within the temperature range between the A; and A3, because formation of ferrite from austenite
during the cooling cycle of FSW would be unexpected due to the high hardenability of high Cr
steels [9]. Since the higher rotational speed creates a higher maximum temperature during FSW
[10], the ferrite fraction in the (ferrite + austenite) microstructure should be lower at the
maximum FSW temperature. This could lead to the decrease in ferrite content with increasing
rotational speed. The austenite transforms into quenched martensite during the cooling cycle
resulting in a SZ composed of the quenched martensite with ferrite.

Grain boundary maps obtained from the SZs are presented in Figure 9. The lath martensitic
structure is observed in the SZs produced at the higher rotational speeds, while the grain
structure of the SZ produced at 100 rpm appears equiaxed. The grain size increased with
increasing rotational speed. Reconstruction of the prior austenite grain structure, based on
crystallographic orientation relationships between martensite and austenite, revealed that the
prior austenite grain size in the SZ also increased with increasing rotational speed. Quantitative
data of microstructural features in the SZ, i.e., martensite content, grain size and prior austenite
grain size, are summarized in Table 2.

Figure 9. Grain boundary maps obtained from the SZs.
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Table 2. Quantitative data of microstructual features in the SZs.

Rotational speed Martensite content Grain size Prior austenite grain size
(rpm) (%) (um) (pm)
100 66 0.6 1.8
150 68 0.7 4.6
200 78 0.8 6.9
300 82 0.9 11.1

Relationship between mechanical properties and microstructure

Microstructures of the SZs consisted of quenched martensite with ferrite. As shown in Table 2,
the higher rotational speed resulted in a higher fraction of martensite and larger grain size in the
SZ. Although those microstructural factors change with rotational speed in the SZ, hardness
values of the SZs were hardly affected by the rotational speed. This result might be due to a
compensating effect of martensite fraction and grain size on hardness, because the higher
hardndess results from a higher fraction of martensite [12,13] and smaller grain size [9] in steels.

Microstructures as shown in Figure 9 would result in higher strength in the SZ compared with
the BM. Elongation in the SZ is comparable to that of the BM and is attributable to the presence
of ferrite.. In the SZ produced at 100 rpm, a fine equiaxed microstructure consisting of quenched
martensite with ferrite might yield both higher strength and elongation than in the BM.

Conclusions

Friction-stir welds, without defects, were successfully obtained in PNC-FMS. The microstructure
consisting of quenched martensite with ferrite, was formed at all rotational speeds evaluated,
resulting in higher hardness and strength of the SZ. Elongation in the SZ was comparable to that
of the BM, and roughly 100% joint efficiency was achieved. The SZ produced at 100 rpm
exhibited both higher strength and elongation than the BM possibly due to the formation of a fine
equiaxed microstructure. This study showed that FSW at the lower rotational speed produced the
SZ having the highest mechanical properties in PNC-FMS.
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Abstract

Friction-stir-welding (FSW) is a solid-phase joining process, and many studies on the application
to structural steels have been published. In this study, FSW of thick carbon steel was conducted
using heat-resistant moldable Co-based alloy tools. In the weld trials, acceptable appearances
were created using a tool with a probe shorter than 9 mm, while a tool with a 12-mm long probe
could not successfully weld the materials. The stir zone (SZ) had slightly higher hardness than
the base material and fine grains of less than 10 um in diameter. Comparing the different tool
geometries, the tool with 3-flats and a step spiral embedded in the probe effectively reduced the
output power of the motor for tool rotation.

Introduction

The application of friction-stir-welding (FSW) has been currently limited to non-ferrous metals
with relatively low melting points, including Al and Cu alloys. FSW of various steels has
recently been performed to extend the application of FSW to conventional structural parts to
avoid large distortions. FSW of high-softening-temperature materials (HSTMs), including steels,
must use a tool made of a hard material, such as ceramic or superalloy, to withstand the high
temperatures. A Co-based superalloy, strengthened by Cos; (AL W) precipitates with a L1,
structure designated as y’, was identified in 2006 as a potential new tool material [1]. It has a
coherent y/y’ microstructure at high temperatures, and exhibits greater high-temperature strength
than Ni-based superalloys. Further, tools can be made by casting and the tools are inexpensive
compared to sintered polycrystalline cubic boron nitride (PCBN) or W-Re based tools. Sato et al.,
reported that FSW of various steels, cp-Ti and Ti-6Al-4V was achieved using a Co-based alloy
tool with the probe shorter than 2 mm [2]. This study focused on FSW of thick section carbon
steels and the effects of the tool geometry on the FSW machine loads.

Experimental details
An FSW machine with a rated motor power of 45 kW and a critical axial force of 10,000 kgf was
used to carry out butt welding of the carbon steel. Tools were machined from the Co-based alloy
cast by the lost wax process. The different tool geometries and tilt angles of the Co-based alloy

tools used in this study are summarized in Table 1. Tools with different probe lengths, i.e., 6 mm,
9 mm, and 12 mm, were prepared. Tilt angles of 1° to 3° were applied to the tools during FSW.
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As shown in Figure 1, 6-mm length probes were prepared with (a) normal, (b) 3-flats, and (c)
step spiral 3-flats geometries. Carbon steel workpieces, whose chemical composition was Fe-
0.17wt%C-0.16wt%Si-0.74wt%Mn-0.012wt%P-0.006wt%S, with a tensile strength of 433 MPa
were used.

Table 1 Probe geometries and tilt angles of Co-based alloy tools

No. | Length of probe / mm Probe geometry Tilt/°
1 6.0 Normal 3
2 9.0 Normal 2
3 12.0 Normal 1
4 6.0 3-flats 3
5 6.0 Spiral 3-flats 3

(a) Normal (b) 3-flats (c) Spiral 3-flats

Figure 1. Geometries of 6-mm long probes: (a) normal, (b) 3-flats and (c) spiral 3-flats.
FSW of thick carbon steels

When a normal cone tool with a 6-mm probe was used, the carbon steel workpieces could be
butt-welded at a tool rotation lower than 250 rev/min. The appearance and cross-section of the
welds produced at the different travel speeds are shown in Figure 2. An acceptable surface weld
appearance was obtained at 150 mm/min, as shown in Figure 2-(a). However, a cavity can be
seen in the SZ around the advancing side (AS) in the weld cross-section. In contrast, as shown in
Figure 2-(b), a high travel speed of 500 mm/min results in incomplete consolidation of the joint.
Variation of the output power of the motor with travel speed is shown in Figure 3. Acceptable
surface weld appearances were confirmed less than 250 mm/min of travel speed. The output
power increased with the travel speed, except for 300 mm/min.

(a) 150 mm/min (b) 500 mm/min

Figure 2. Appearances and cross-sections of the welds produced at two different travel speeds: (a) 150
mm/min, and (b) 500 mm/min.
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Figure 3. Variation of output power with travel speed.

In this study, the materials were successfully welded using a tool with a probe shorter than 9 mm.
The appearance, cross-sections and hardness variations of the weld produced using at 9-mm
probe are presented in Figure 4. Although a cavity was still formed, an acceptable surface
appearance was obtained. The SZ was hardened up to 185 Hv. Microstructures of the weld and
the base material (BM) are shown in Figure 5. The SZ had fine grains less than 10 pm in
diameter while the BM contains several regions consisting of the hypoeutectoid microstructure.
The effect of probe length on output power of the motor is shown in Figure 6. FSW trials with
the 6-mm and 9-mm probes resulted in acceptable weld appearances on the crown surface, while
the 12-mm probe did not lead to any successful welds. With the 12-mm probe tool, breakage of
the Co-based tool occurred at a rotation speed of 150 rev/min during the plunge. When the
rotation speed was 67 rev/min or 100 rev/min, the FSW machine stalled due to overload, i.e., the
output power reached 66 kW, significantly higher than the rated power of 45 kW.

Vickers hardness, Hv

-15-10 -5 0 5 10 15
Distance from weld center / mm

Figure 4. Appearance, cross-section and hardness variation of the weld produced using a 9-mm probe.
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(a) 8z b) TMAZ / HAZ
Figure 5. Microstructures of (a) SZ, (b) TMAZ / HAZ and (c) BM produced using a 9-mm probe.
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Figure 6. Effect of probe length on output power.

Effects of tool geometry

To enhance stirring of the material and to reduce the load on the FSW machine, the effect of the
tool geometry on machine outputs was examined using the 6-mm probe tools with different
geometries at a travel speed of 150 mm/min. The effects of rotation speed and probe geometry
on the FSW machine outputs, i.e., output power and vertical load, are shown in Figure 7. Both
the output power and axial load decreased with increasing rotation speed. The probe geometry
strongly affected the output power, and the spiral 3-flats probe resulted in the lowest power. In
contrast, the probe geometry had a negligible effect on the axial load, because that load is
primarily dependent on the shoulder diameter.
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The surface appearance and cross-sections of the welds produced using the tools with a 6-mm
probe and with the different probe geometries at a tool rotational speed of 250 rev/min are shown
in Figure 8. The weld surface appearance was acceptable for all welds. A probe with only the 3
flats, as shown in Figure 8-(b), produced a bigger cavity around the AS in the SZ than a normal
cone probe. In contrast, a probe with both 3 flats and a step spiral produced the smallest cavity in

Axial load / kgf
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Figure 7. Effects of rotation speed and tool geometry on FSW machine outputs: output power and axial

the SZ, as shown in Figure 8-(c), but showed a tendency to form surface undercut.
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Abstract

Recently, Friction Stir Welding (FSW) has been demonstrated as a solid-state welding
technology capable of joining thick section steel in a single pass. This process's ability to reduce
cycle time and manpower as opposed to traditional joining methods creates an opportunity to
significantly reduce the cost of welding thick section steels. Open literature has recently
indicated a 25% cost reduction if FSW can be applied to offshore pipe line construction. This
study was initiated to establish a robust tool design capable of joining 19-mm (0.75-in) X-70
steel, maximize tool life, and identify cross weld mechanical properties throughout the life of the
tool. This presentation will summarize trends identified during tool life testing and the
mechanical properties observed as the tool wore. Over 59-m (193-ft) of weld length was realized
with a single W-based tool and the ultimate tensile strength throughout welding was near
matching to the base metal.

Introduction

Friction Stir Welding was invented in 1991 to join aluminum alloys [1]. Advancements in the
tool material and tool designs have enabled FSW to join high melting temperature materials such
as steel and titanium [2.3]. The main limitation in adapting FSW for use in high melting
temperature materials has been identifying a tool material capable of withstanding welding
temperatures above 1200°C (2192°F), high material flow stresses, and large force loads implicit
to the process [4]. Such conditions can cause excessive wear, deformation, or fracture of the tool
itself [5, 6]. Despite these challenges, there are considerable benefits associated with the FSW of
high melting temperature metals.

Over many years of research published in the open literature, two material types have emerged
for the FSW of steels. These include ceramic and refractory metal materials [7]. Ceramic
materials include Polycrystalline Cubic Boron Nitride (PcBN) which is second only to diamond
in hardness [8]. Due to this high hardness, PcBN as a FSW tool wears minimally during welding
but can suffer cracking and premature pin failure due to its low ductility [4]. New ceramic
composite tools incorporating tungsten-rhenium (W-Re) as a second phase increase the overall
ductility of the material [9]. These new composite metallic/ceramic materials known as grades
Q-60, Q-70, and Q-80 have shown the ability to weld a wide range of industrial steels over long
weld lengths (40-60-m) in thickness of less than 6.4-mm with improved toughness and durability
[9]. Ongoing research to increase the PcBN tool size has allowed the tool material to join
thicknesses up to 20-mm (0.78-in) [10]. Refractory materials used as friction stir welding tools
include alloys such as tungsten carbide, tungsten lanthanum, and in particular tungsten rhenium.
W-Re exhibits high strength at elevated temperatures and remains ductile at room temperatures
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making it a very durable tool material. Due to its toughness, it has demonstrated an ability to
weld steel alloys up to 19-mm (0.75-in) thick in a single pass [11]. However, this toughness at
room and elevated temperatures comes with the price of reduced hardness. As a result, W-Re
tools experience a higher rate of tool wear than their PcBN counterparts. Through redressing
operations, the extent of this tool wear can be managed effectively enabling W-Re to weld a
variety of industrial steels, including line pipe grade steels [12].

Currently, there are no published industrial applications for the FSW of steel. However, ongoing
research continues to advance the economic and technical case for industrial acceptance. Based
upon studies conducted by Kumar et al, FSW offers approximately a 7% savings for onshore
pipeline construction and a 25% savings for J-lay offshore applications [13]. The majority of the
savings estimated for onshore applications are a reduction in equipment needs and manpower.
The drive for cost effective tool material is key to making FSW economically feasible in onshore
pipeline manufacturing. Offshore applications see a majority of the savings from a large
reduction in cycle time stemming from FSW’s ability to complete thick section welds in a single
pass. The typical wall thickness used in offshore applications is around 20-mm (0.78-in). The
study showed the savings of using the process greatly increased with thicker welding sections,
faster travel speeds, and longer tool life [13]. Conversely, high FSW tool cost and short tool life
would result in an economic loss for the use of FSW over GMAW.

With the overall goal of making FSW economically feasible in pipeline construction, this study
was initiated to establish a robust tool design capable of joining 19-mm (0.75-in) thick X-70
steel. Additionally, this study will quantify the maximum tool life for the particular design
selected and will evaluate cross-weld mechanical properties throughout the life of the tool in
order to determine long term weld quality. W-Re was chosen as the tool material for this study
due its blend of strength and toughness both at room and welding temperatures.

Approach
Materials

Two compositionally identical materials, each with a unique thermomechanical history were
examined in this study. An original bar of W-25%Re was manufactured using powder
metallurgy. The process steps for this original bar included a cold isostatic press, followed by
sintering at 2475 °C (4487°F) and lastly, a hot extrusion. This original bar was then cut in half.
One half remained in the as extruded (XT) condition while the other half of bar underwent a heat
treatment at 2000°C (3632°F) for a time of one hour, which resulted in a recrystallized
microstructure (RX). The microstructures of each bar are displayed in Figure 1.
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Figure 1. Tool Microstructures (a) Extruded (XT) (b) Recrystalllzed (RX)

Each half of the bar was approximately 89-mm (3.5-in) in length, with a diameter of 43.2-mm
(1.7-in). Both bars were machined into two identical FSW tools based upon the Variable
Penetration Tool (VPT) design. One tool was designated as XT for extruded and the other tool
was designated as RX for recrystallized. A schematic of the tool design referencing important
tool features is displayed in Figure 2. The tool design also incorporated an internal cooling hole.
This hole was approximately 12.7-mm (0.5-in) in diameter, 40.6-mm (1.6-in) deep and located
on the backside of the tool.

Left Pin Side Right Pin Side

18.2-mm

Shoulder Comer

+

Tool Shank

Figure 2. Tool Schematic

X-70 steel was chosen as the substrate for this study. It is characterized as a high strength low
alloy (HSLA) steel with a yield strength exceeding 483 MPa (70 ksi). The plates were nominally
19-mm (0.75-in) thick. The material was cut into two separate plate sizes. 18.5-cm (7.25-in)
wide by 33-cm (13-in long) plates was used for butt welded mechanical test plates. Larger
plates, nominally 0.46-m (18-in) wide by 1.5-m (60-in) long, were used for the tool life trials.

Tool Life Trials

After a brief parameter development study, final parameters of 90-RPM and 76.2-mm/min (3-
IPM) were down-selected for the tool life trials. All welds were completed in position control
and the heat input of the tool was managed through internal cooling using 50°F chilled water
with a flow rate of 6.8-L/min (1.5-GPM).

Each tool life trial began with the joining of a mechanical test plate at 19-mm (0.75-in) thick full
penetration. The mechanical test plates were done in a butt joint configuration and were
approximately 30-cm (12-in) in length. Following the mechanical test plate, bead on plate welds
nominally 1.5-m (60-in) long were made sequentially on the larger plate, 25.4-mm (1.0-in) thick,
until a defect was observed in the weld. Between each weld a laser profilometry scan was
conducted to record any changes to the tool geometry due to wear. The bead on plate welds
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were made on a single plate and spaced approximately 5-mm (0.2-in) apart on the plate. Defects
were identified, through visual inspection and radiographic inspection. Each weld underwent RT
inspection after welding. Once a defect was observed during a 1.5-m (5-ft.) weld, the trial was
ended and the tool was redressed to the original pin profile. The tool life trials were then
continued until another defect was created or the redressing operation caused the shoulder of the
tool to be within 3-mm (0.11-in) of the bottom of the cooling hole. At this point, the tool life
trial was determined to be complete. Both the RX tool and the XT tool were tested for extended
tool life following this procedure.

Post-Weld Analysis

Radiographs were taken of each weld in accordance with ASME Section V Article 2 and the
defect quantity and length was characterized for each weld. Following the radiography,
mechanical tests were taken out of the initial test plates from the beginning of each trial. The
following mechanical tests were taken out of each plate, two bend tests, one traverse tensile test,
one macro cross section, and five CVN tests Each CVN notch was through the thickness and
located in the TL orientation (weld centerline) Each CVN test was tested at -20°C (-4°F). All
tensile tests were conducted according to ASTM E8. Bend tests were conducted according to
AWS B4.0:2007 and all CVN tests were done according to CSA W48-06. CVN test were not
taken from welds that failed radiographic inspection. Base metal static tensile properties were
evaluated in the longitudinal and traverse directions.

Results and Discussion
Tool Life and Wear

Each tool (XT and RX) completed the tool life trials without complete pin failure or severe tool
wear. A typical weld is displayed in Figure 3. A representative cross-section of a fully
consolidated weld made with the XT tool is displayed in Figure 4. The XT tool was able to
travel an average weld length of 5.9m (19.4 ft.) and was able to be redressed a total of 10 times
for a total weld length of 59-m (194-ft) on a single 89-mm (3.5-in) long piece of XT tool stock.
The RX tool traveled an average weld length of 4.4m (14.6 ft.) per redress and was redressed
seven times for a total 31.2-m (102.3 ft.) of weld length without a defect for a given piece of RX
tool stock (Tal;le D).

Figure 3. FSW 0.75-in Thick Steel
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Figure 4. Cross Section of FSW weld in 0.75-in thick X-70 Steel

Table I. Tool Life Results
Average Defect

) . W o Number of Life of Average Normalized
Material Free Weld Length Redresses  Tool Stock Wear
er Redress
Extruded 5.9m (19.4 ft) 10 (1599;& ) 0.69%/m (0.21%/1t.)
Recrystallized 4.4m (14.6 ft.) 7 (1?)12'??,[ ) 0.88%/m (0.27%/ft.)

In between each redress, the tool primarily wore along the left and right pin edges (Figure 2). A

tool representing the different stages of the tool life trials is displayed in Figure 5. In this study,

the majority of weld defects occurred in areas of the weld which corresponded to the areas of the
most wear on the FSW tool (Figure 6). This result suggests that the wear of the tools causes the

formation of weld defects.

Figure 5. FSW Tool Throughout a Single Tool Life Trial A) Before B) During C) After
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RX-28 —
Figure 6. Macro of Defect Weld RX-28

This tool wear pattern is best represented by the laser profilometry line scans displayed in Figure
7, which combines several line scans taken throughout a tool life trial. This type of wear pattern
is indicative of the wear that occurred throughout the tool life trials for both tools (RX and RT).
The majority of the wear occurred along the right and left sides of the pin and a small amount of
wear occurred at the shoulder. To quantitatively capture the wear, the cross-sectional area of the
tool was calculated after each weld pass and redress.

The chart displayed in Figure 8 summarizes the normalized reduction in cross-sectional area with
each linear meter of welding. The increase in cross-sectional area present at 0.3-m (1-ft.) in
some trials is due to a limited amount of material sticking to the tip of the pin after welding of
the mechanical test plate. However, the sticking did not occur during the 1.5-m (5 ft.) passes.
The cross-sectional areas of the starting tool geometries varied from 629.88-mm? to 657.4-mm>.
This variation was found to be normally distributed and likely due to variances in the machining
operations; therefore the data was then normalized to help minimize the effect of this variation
on analysis. Both tool materials exhibit linear normalized wear. The extruded material typically
lost 0.69% of its original cross-sectional area per linear meter of welding (.21%/ft.), while the
recrystallized material lost .88% of its original cross-sectional area per linear meter of welding
(.27%/1t.). Based upon the normalized wear data, it appears the recrystallized tool material
degraded 27.5% more for a given weld length.

——Redressed
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Figure 7. Line Scan Overlay of Tool Wear
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Mechanical Test Results

The results of the cross-weld static mechanical tests for each FSW tool are summarized and
compared with the base metal values in Figure 9. The base metal exhibited a yield strength of
497-MPa (72.2-ksi) in the transverse direction and 510-MPa (74-ksi) in the longitudinal
direction. The ultimate tensile strength exhibited by the base metal was 613-MPa (89-ksi) in the
longitudinal direction and 596-MPa (86.5-ksi) in the transverse direction with elongations of
41.79% and 42.09% respectively.

All the cross-weld static tensile tests were transverse to the welding direction and therefore best
compared to the transverse base metal properties. On average, the friction stir welds exhibited
slightly overmatching ultimate tensile strengths of 610-MPa (89-ksi), and about a 9% loss in
yield strength. The elongation is also around 35% in the majority of the tensile tests,
representing a 7% loss in ductility. Each of the tensile tests failed within the stir zone. The
reason for this failure location is demonstrated in the stress strain curve displayed in Figure 10.
The base metal exhibits much more ductility and is stronger than the weld metal at strains above
20%. At 32% strain, where the welds failed, the base metal is over 100 MPa (14.5-ksi) stronger
under the given strain and results in a failure in the stir zone.

In general, the failure occurred on the retreating side of the weld. The smallest recorded defect
size which noticeably affected properties was 3.6-mm (0.14-in) in the through thickness direction
and is displayed in Figure 6. The strength of the welds was not greatly affected but the defects
did greatly reduce the elongation of the material. Other welds failed visual inspection but
showed no loss in mechanical properties and still failed on the retreating side of the weld. This
demonstrates that an acceptable flaw size does exist within a friction stir weld without loss in
material performance. In this case, the flaw size was than 2% of the material thickness as it was
not detected by RT inspection. Further work is needed to determine the size of an acceptable
flaw. All the welds passed the bend test with the exception of RX-10, which exhibited one crack
greater than 3.175-mm (0.125-in) in the stir zone, which met failure criteria.
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The weld metal exhibited low toughness values in the range of 19.50- 36.06 J, which is only
about 6.5-11.5% of the base metal toughness at -20°C (-4°F). The ductile to brittle temperature
was raised in the stir zone, as the toughness values are still very high in the base metal at this
temperature. The weld metal is likely exhibiting lower shelf behavior whereas the base metal is
likely exhibiting upper shelf behavior. This increase in ductile to brittle transition temperature is
consistent with previous work [4, 14]; however other work has demonstrated a reduction in the
ductile to brittle transition temperature [15]. Due to this conflicting research and the fact that all
of the CVN tests for this work were conducted at -20°C (-4°F), more work is needed to fully
characterize the toughness of FSW welds in steel. Overall, the weld mechanical properties
remained constant for both tool materials throughout the entire life of the tool.
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Conclusions

1. The XT tool achieved a total tool life of 59-m in 19-mm thick steel: Further
development of the parameters, tool material, and design could extend this tool life beyond
59-m

2. The RX tool achieved a total tool life of 31.2-m in 19-mm thick steel:

3. The extruded microstructure is more resistant to tool degradation: The extruded material
experienced 27.5% less material loss than the recrystallized material. The extruded material
was also able to produce 31.5% more defect free weld length than the recrystallized material.

4. Redressing is an effective method to increase the tool life of a given piece of material:
The tools were able to create repeatable welds throughout the tool life trials, without a loss of
mechanical properties. In turn, redressing greatly increased the usable life of a tool and the
weld length which a single piece of tool stock may produce.

5. Mechanical properties of the welds remained consistent throughout the tool life: The
Ultimate Tensile Strength, Yield Strength, Ductility, and Toughness values remained
relatively unchanged throughout the tool life.

6. Defects up to 2% of material thickness were acceptable in this study: Welds which failed
visual inspection did not experience a loss in ductility, yield strength or Ultimate Tensile
Strength
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Abstract

The use of FSW in high melting point materials is still restricted due to limited tool life. Due to
the high wear involved in the process, tool life is too short and the cost of replacing it is still too
high. One of the ways that was explored to increase tool life is the use of preheating techniques
to soften the material to be welded. Softening the material would cause a decrease in tool wear
and therefore an increase in tool life. In this study, two preheating techniques were tested on the
FSW of carbon steel: induction heating and laser heating. The data arising from the study show
that the forces taking place during both hybrid processes were importantly reduced compared to
those obtained in conventional FSW. Microstructure and mechanical testing of welds made in the
three conditions were done showing the influence of each process on weld quality

Introduction

One of the main problems that limit the extension of FSW to high melting point materials is the
limited tool life’. The tools have to withstand temperatures, loads and stresses much higher than
FSW of aluminum, without losing strength or suffering excessive wear. Tool materials must
retain sufficient strength at temperatures in excess of 1100°C when welding steels.” A big effort
has been done in the last decade to develop an appropriate tool material for welding steels. The
three materials that best perform with steels are WRe, PCBN and the composite between those
two’,*. However, tool wear or unpredictable tool breakage is not completely solved and tool cost
is still too high. For this reason, other strategies have been approached to address this problem”.
One of the ways that was explored to increase tool life is the use of preheating techniques to
soften the material to be welded. Softening the material would cause a decrease in tool wear and
therefore an increase in tool life®. In this study, two preheating techniques were tested on the
FSW of carbon steel: induction heating and laser heating. In both cases, the heat source
(induction coil or laser spot) is placed in front of the rotating FSW tool, and used to preheat the
workpiece at a localized area ahead of the rotating probe, thus plasticizing a volume of the
material ahead of the probe’. The work piece is then joined in the same way as in conventional
FSW process. The high temperature ahead of the rotating tool softens the work piece and enables
joining without strong clamping fixtures. Less downward force is required to carry out the
process, thus reducing tool wear®.

Induction heating occurs when a electrically conductive material is placed in a varying
electromagnetic field. The magnetic field induces an electric current inside the work piece
causing resistive heating of the material. Induction heating is a non-contact method of heat
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treatment’. On the other hand, laser heating is another non-contact heating method. Placing the
laser spot just in front of FSW tool will heat the work piece, thus reducing process forces”.

The material used to do this research is a carbon steel marine grade. FSW of steels has interest in
shipbuilding industry, due not only to the good mechanical properties achieved with this
technology but also because of the weld distortion reduction.'

Experimental procedure

Assisted-friction stir welds were produced on marine steel plates grade A (similar to ASTM
A131) of dimensions Smm thick, with the welding direction transverse to the rolling direction of
the plates. The nominal composition of the steel is (Wt%) C max. 0.21, Mn min. 2.5xC, Si max.
0.50, P max. 0.035, S max. 0.035. The ultimate tensile strength of this carbon steel grade is 400-
520 N/mm?, its yield strength 235 N/mm® and elongation of 22%. Welds were made in square
groove butt-joint configuration of samples typically 350mm in length and 125mm width.

The FSW tool employed in the study was a PCBN tool (MS80), with shoulder diameter of
23.7mm., pin diameter of 8.9mm and pin length of S5Smm. Its geometry consisted on a convex
scrolled shoulder and conical stepped spiral pin.

Two processes were used to preheat the work piece at a localized area ahead of the rotating tool:
induction preheating and laser preheating (induction and laser-assisted friction stir welding).

The induction equipment consisted on a EFD mobile machine, MINAC 25/40, capable of
operating in the medium frequency range (10-40 kHz), with a maximum output power of 40KW.
The laser preheating was carried out with a 3.3kW direct diode laser (Laserline, model LDL 160-
3300), and the FSW equipment was a MTS ISTIR PDS-4 machine.

In order to carry out the assisted process, a conventional friction stir welding machine was
modified to incorporate the auxiliary preheating systems. The custom designed heads are shown
in figure 1

ke

FSW weld head

a) Induction assisted FSW system b) Laser assisted FSW system

Figure 1: modifications in the conventional FSW head to incorporate the preheating systems

After some previous FSW tests on the same ASTM 131 steel performed by our group, a process
parameter window that allowed producing defects-free welds was established. The parameters
range is presented in table 1
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Rotation speed 400-500 rpm
Travel speed 35-75 mm/min
Angle 0°

Work mode Force control
Downward force 15-20 kN

Table 1 Parameters window for FSW of marine grade A steel with MS80 tool

In order to limit the test matrix, a fix rotation speed (500 rpm) was selected for all tests and three
travel speeds (50mm/min, 150 mm/min and 225 mm/min) were used to compare the welds
obtained under conventional friction stir welding (FSW), induction assisted FSW (IA-FSW) and
laser assisted FSW (LA-FSW). In all conditions, tool was tilted 0°, under argon gas shielding,
and force control was chosen as the operating mode. A backing plate of Inconel 625 was used in
order to prevent any adhesion of the root to the backing strip. The paint primer covering the samples
was not removed before the welding procedures.

After welding, a qualitative macroscopic inspection of the weld surfaces was performed for
surface roughness, presence of surface breaking defects, and side flash visual inspection.
Metallographic samples of the cross sections of the welds were prepared according to standard
metallographic practice and etched with a 4% nital solution. Etched samples were examined
using optical microscopy (OM), in an Olympus GX51 optical microscope, and scanning electron
microscopy (SEM) with X-ray energy-dispersive spectroscopy, in a JEOL 5410.

The Vickers microhardness traverse profile of each joint was obtained using a 100-g load and a
15-s dwell time, using a EMCOTEST Durascan.

Face and root bend tests were also performed on machined specimens (250mm x 20mm x Smm)
of the welded samples, using a die block of 20mm diameter (4 x thickness).

Sample Welding Conditions
Identification Welding System Common parameters Travel speed
FSW-50 Conventional FSW
IA-FSW-50 Induction assisted FSW 50 mm/min
LA-FSW-50 Laser assisted FSW Rotation speed:
500 rpm
TIA-FSW-150 Induction assisted FSW Tilt angle: 0° .
A hicld 150 mm/min
LA-FSW-150 Laser assisted FSW TEON £2S STE
Backing plate: Inconel 625
IA-FSW-225 Induction assisted FSW .
225 mm/min
LA-FSW-225 Laser assisted FSW

Table 2: Processing conditions of samples at higher transverse rate
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Results and discussion

Process characterization

Table 2 summarizes the welding conditions of the processed samples. Only IA-FSW-225
conditions produced unacceptable weld runs, showing a surface-open tunnel at the advancing
side and excessive lateral flash in most of the welds, resulting from the outflow of the plasticized
material.

Load data were recorded as function of time for several defect-free welds obtained at a travel
speed of 50mm/min in a first set of samples. Representative load curves are presented in Fig. 2.

It " i

Baeen (TR0 bar 0B da]

i a) Conventional FSW

b) Induction assisted FSW

Figure 2: Load curves measured during plunge and weld stages in samples processed at SOmm/min

During plunging of the tool, the load rises initially when the pin is in contact with the workpiece.
As the material is softened a fall in the force is produced, the softened material is displaced until
the pin encounters new colder material, and the process is then repeated. Thus the initial load
curves exhibit several peaks, with an intense maximum corresponding to the time when the
shoulder contacts the top surface of the metal. After some seconds the steady state is reached 1A-
FSW-150 sample'’.

As can be seen from the figure, the preheating treatments do not clearly modify the shape of the
curves, but the load values are substantially reduced.
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The maximum forces measured during the plunge and the welding stages, presented in table 3,
reveal a remarkable softening of the material in both stages as a consequence of preheating the
plates before plunging the FSW tool and ahead the weld run.

Decreases in downward force during the plunge stage close to a 30% and 35% during welding
stage are measured for Induction assisted FSW, compared to conventional FSW. In the case of
laser preheating, the metal softening causes a reduction in forces of 33% and 40% in both stages.

Sample Maximum force during Max. Force through weld run
plunging (kN) (kN)
FSW-50 36 18,5
IA-FSW-50 25 12
LA-FSW-50 24 11

Table 3: Forge force measured in samples processed at 50 mm/min

The diminution in the force necessary to reach the same penetration depth and to run the weld
when previous preheating has been done implies a reduction in the stress on the tool, decreasing
not only its strength requirements but also the whole machine requirements, in terms of strength
and rigidity. Furthermore, the tool wear would probably be decreased, having an impact on
durability of these tools, one of the main drawbacks when trying to apply FSW to steels.

Microstructural characterization

The as received material is characterized by a
mixed polygonal ferrite, Widmanstétten ferrite and
pearlite microstructures. At the transverse sections
elongated manganese sulfide stringers are found,
especially at the central region of the plates. Fig. 3
shows a representative microstructure of the steels.
Low —magnification optical micrographs of the
cross sections of weldments FSW-50, LA-FSW 50
and IA-FSW 150 are presented in Fig.4. Advancing
side (AS) and retreating side (RS) are indicated on
the images.

SO N

Figu.re 3.- Optical @icrogaph of the | The central band where sulfide inclusions are
transverse section of the as received steel | concentrated is clearly seen, passing through the
(500x) welding zone suffering relatively small change.

All welded areas display several microstructurally distinct regions including the stir zone (SZ),
the heat-affected zone (HAZ) surrounding it and the base material. Only small differences in
grain size are detected between the samples processed in the studied conditions. The
thermomecanical affected zone (TMAZ) is no clearly found in mild steels, apparently due to a
heating over A1 temperature and the allotropic transformations experienced during cooling'®"".

A more detailed study on the microstructure was performed. Some of the studied zones are
indicated on the fig. 4c, that may be used as representative for the purpose of showing the
microstructural evolution across the weld run.
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1 a) FSW-350

b) LA-FSW-50

) IA-FSW-150

Figure 4.- Cross section of three plates welded in specified conditions. Images are obtained by composing several
low-magnification optical micrographs. Advancing side (AS) and Retreating Side (RS) as well as the distinct
regions examined in deep detail are superimposed

The microstructure of the stir zone (Nugget) of all welded samples is very similar to the base
material with blocky and Widmanstitten ferrite and pearlite (Fig. 5). This structure is consistent
with a steel heated over Aj temperature, and heavily formed by the tool, undergoing dynamic
austenite recrystallization'®. The rapid cool down rate leads to a slightly higher proportion of
acicular ferrite than in base metal.

-
5

i

Figure 5.- Optical micrograph of the centre of
the stir zone (Nugget-C) of a IA-FSW-150 | of a IA-FSW-150 sample (500x)
sample (500x)

In all the samples, at the upper surface of the nugget zone (Nugget-S) evidence of an important
grain refinement is found, consequence of the higher strain experienced by the metal closest to
the shoulder. But in some cases, as the Fig. 6 shows, inclusions like oxides coming from the
surface or sulfides from the central band are also present. In the same way, in almost all samples,
at the root of the welding (Root, at fig. 4) some inclusions are also detected. EDS analyses show
that inclusions mostly are iron oxides from the surface and particles from the talcum powder
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used on the backing plate to avoid the adherence between both surfaces. In fact, no evidence
indicating that Ni from the Inconel plate has been diffused into any of the weldments, was
detected. Fig. 7 presents a SEM micrograph of one of the root defects.

The stir zone is surrounded by a finer grained region,
the HAZ, where two zones can be differentiated: the
external part (denoted as HAZ 1 in Fig. 4) consistent in
fine and almost equiaxed ferrite with a small amount of
perlite, forming a clearly banded structure, and the
internal zone ( HAZ2) where the grain refinement and
homogeneity of the structure are much higher.

This structure can be found both in the retreating and
the advancing side of the weld, but size grain
differences between HAZ1 and HAZ2 are even more

Tum
Figure 7.-SEM micrograph of the bottom root | significant in the RS. Fig. 8 shows the transition
of a IA-FSW-150 sample, showing the | between both zones in the advancing side of a IA-

presence of entrapped oxide inclusions FSW-150 sample

Mechanical properties

Fig. 9 shows a plot of the Vickers microhardness
profiles of the carbon steel FSW joints welded at the
different welding conditions, as a function of position.
The hardness of as received material was
approximately 143 HV. Basically the hardness within
the weld regions is higher than the base metals and
varied with the position depending on the grain size
and phases sampled by each indentation. Hardness, in
general, increased with increasing the distance from
the center of the nugget, although some hardness
peaks are measured when indentation is performed on | 4 = o “HAZ 1 and HAZ 2 in
a microstructurally refined region. As it Was | the advancing side of a IA-FSW-150 sample
previously commented, no substantial variations in

microstructure are induced by the welding conditions considered in this work, so the welding
speed and the preheating treatment used ahead of FWS do not significantly affect the hardness
profiles of the joints.

The mechanical resistance of all joint types and base material specimens was addressed using
bending tests, in order to see what influence does preheating have on mechanical properties. The
obtained results are summarized in figure 10.

As can be seen on the figure, face bending tests were OK in all cases. However root bending
failed in all the studied samples. A possible reason that could explain this behavior is that these
tests are very sensitive to defects near the surface of the weld bead, such as root flaws. As it was
previously commented, transverse metallographic sections of almost all the samples revealed the
presence of rolled-in scales and inclusions, coming from the oxidized surface, the primer and
also from the talcum powders used on the Inconel backing plates. Those inclusions can strongly
limit the ductility of the welds. Moreover, the fact that in all cases the bending test failed,
suggests that it is not a matter of travel speed or preheating the plates, but of welding procedure.
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Microhardness Comparison
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Retreating®
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=
o
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-
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- = |Ia-FSW-150 —— LA-FSW-50 LA-FSW-50
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0 }
0 10 0 0 40 50
Measured points across weld
Figure 9.- Microhardness traverse for weldments in marine steel plates grade A |
Sample Face bending Root bending
FSW-50
IA-FSW-50
LA-FSW-50
TA-FSW-150

Figure 10: Results of the bending tests performed on (250mm x 20mm x Smm) plates of

welded samples, using a die block of 20mm diameter
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Besides those inclusions, another point that has to
be taken into account to analyze these bending
fails is tool wear. The initial state of the tool was
not new, because it was used for previous tests.
However, with the different trials carried out in
the project, the wear was increasing. Although
this wear has not been quantitatively measured
yet (in terms for example of loss of material), it is
clear from the pictures shown in Fig.11 that it has
affected tool integrity. The scrolls of the shoulder
almost disappeared and the pin stepped spiral
features were damaged. This was not expected
because PCBN tools tend to have brittle fracture
rather than excessive wear. A  possible
overheating of the tool could explain this
excessive wear. In any case, a damaged tool (both
shoulder and pin) can affect material flow during
welding, causing a poor mixturing and even lack
of penetration, which may result in these bending
tests failures.

Number of welds throughout the project

v
Figure 11: Tool wear

Conclusions

In this study marine steel plates grade A were successfully joined by FSW using two preheating
techniques: laser and induction. An important decreasing forge force has been observed that can
lead to a longer tool life. The preheating treatments increase the hardness of the stir zone, with
no evident effect of the travel speed or kind of preheating technique. The failures detected on
root bending tests can be attributed to the particles entrapped in the root as a consequence of a
welding procedure that can be easily modified.
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Abstract

The oxide dispersion strengthened steel MA956 was friction stir welded using eight different
rotational speed/translational speed combinations using a polycrystalline cubic boron nitride tool.
Weld parameter conditions with high thermal input produced defect-free, full penetration welds.
Electron backscatter diffraction showed a significant increase in grain size in the stir zone, a
body centered cubic torsional texture in the stir zone, and a sharp transition in grain size across
the thermo-mechanically affected zone. Micro-indentation results showed an asymmetric
reduction in hardness across the transverse section of the weld that was sensitive to the heat
input. This change in hardness is explained by the increase in grain size and may be described
using a Hall-Petch type relationship.

Introduction

Because of their high temperature strength, radiation damage resistance, creep resistance,
and corrosion resistance, oxide dispersion strengthened (ODS) ferritic-martensitic (FM) steels
are attractive candidates for high temperature power production applications including proposed
fusion reactors[1] and fast breeder reactors[2]. FM steels experience far less radiation swelling
than austenitic steels, and the addition of Y,O3 and other oxide dispersoids gives these materials
exceptional high-temperature strength and creep resistance due to the pinning of grain
boundaries and dislocations. The dispersed oxides also mitigate radiation swelling and
embrittlement by providing sites for the accumulation of hydrogen and helium atoms. Although
the thermo-mechanical and radiation resistance properties of ODS FM steels are promising,
traditional fusion joining processes for these alloys such as gas tungsten arc and gas metal arc
welding are ineffective due to agglomeration of the oxide particles during melting of the base
metal. The resulting inhomogeneous distribution of the oxide particles significantly reduces
strength in depleted areas[3, 4]. To preserve the strengthening capability of the dispersed oxides

* Correspondence should be addressed to Inbrewer@nps.edu

127

www.EngineeringBooksPdf.com



and high temperature creep resistance, friction stir welding (FSW) is a promising solid state
joining method to join ODS steels for fusion or advanced energy production designs. Several
authors have demonstrated the capability to join different ODS alloys via FSW with good
success[5-10].

FSW was invented at The Welding Institute (TWI) of the United Kingdom in 1991 as a
solid state joining technique[11]. A detailed review of process parameters, process modeling,
microstructure evolution, material properties, and specific material issues for FSW has been
completed by Mishra which focuses primarily although not exclusively on aluminum alloys[12].
Due to early limitations on tool materials, FSW was initially constrained to low melting
temperatures alloys such as aluminum, magnesium, and lead. However, improvements in FSW
tool materials such as the use of polycrystalline cubic boron nitride (PCBN) and W-Re pins have
expanded the use of FSW to higher temperature alloys such as steels. Expanding the use of FSW
to steels and polymers, Nandan provides a comprehensive review of heat generation, heat
transfer and plastic flow, tool design, defect formation, and material properties for FSW
applications[13].

Based on the current literature, increasing the heat input during FSW of MA956 is
expected to increase the grain size in the stir zone (SZ) while consequently lowering hardness[5,
6, 8, 9]. The research results reported herein quantifies the heat input during FSW as a function
of the tool rotational speed and tool traverse speed. The ratio of these terms has been analyzed
as the pseudo-heat index by Mishra or weld pitch by Nandan and has been previously related to
the formation of defects in the weld as well as grain growth in the SZ[12, 13]. This paper will
demonstrate the effect of this pseudo-heat index upon the microstructure and properties of the
friction stir weld microstructure in MA956.

Experimental Procedure

The material used in this study was MA956, a high Cr ferritic ODS steel with a measured
material composition (Anamet Inc., inductively couple plasma-mass spectrometry) shown in
Table . MA956 was canned and extruded at 1100°C (2025°F) and subsequently hot-rolled in
three passes at 1100°C (2025°F) over 4 hours with reheating to 1100°C (2025°F) for 30 minutes
before and after each rolling pass before final machining into 4 mm (0.157 inch) thick plates.

Table I. Chemical Composition of MA956 (wt%)

C Cr Al Ti Y,0; | Mo Mn | Ni S Si P Fe

0.023 1993 475 1039 [051 [0.02 [0.09 |0.04 |0.008]|0.08 |0.006 | Bal.

FSW of MA956 plate was accomplished by MegaStir Technologies using a convex step
spiral scrolled shoulder (CS4) tool with an MS80 grade PCBN tip that requires no tool tilt. FSW
parameters of tool rotation rate in revolutions per minute (RPM) and tool traverse speed in
inches per minute (IPM) were varied to produce welds of differing quality and consolidation.
Plunge force was maintained constant at 17.8 kN (4000 Ibf).
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Samples of friction stir welded MA956 plate were sectioned and analyzed by optical
microscopy (OM), scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), and micro-indentation. Cross sections across the weld path were metallographically
prepared for each welding condition by standard metallographic preparation techniques with SiC
papers, aluminum oxide polishing solutions, and 0.05 mm colloidal silica solution and
electropolishing at 20 V using an electrolyte containing 10% perchloric acid in
ethanol maintained at 250 K (-23 C). Microstructural examinations were conducted using a
Zeiss Neon 40 field emission SEM at 20 keV. All EBSD analyses were carried out using the
TSL OIM 6.0 system with a Hikari camera at 20 kV using a 60um objective aperture with an
approximate probe current of 1 nA. EBSD data was de-noised using TSL OIM software cleanup
functions of grain dilation and grain confidence index standardization in accordance with
recommended settings. To ensure an adequate number of grains were counted for pole figure
analysis, data was collected from areas with minimum dimensions of 150x300 pum equating to a
minimum of 2000 grains for the most limiting case. For areas of very fine grain size such as the
base material (BM), a step size of 0.25 um was used equating to over 20,000 grains in the
analysis area. For other areas with a larger average grain size, a step size of 0.5 pm was used.
Microhardness measurements were accomplished using a HVS-1000 microhardness tester with a
diamond indenter and settings of 1 kg-force (2.2 Ibf) load and a dwell time of 15 seconds. The
hardness tester calibration was verified before and after indentation using a National Institute of
Standards and Technology (NIST) certified specimen with a hardness of 726 HV and a certified
error of 1.9%.

Results

Full penetration, defect free welds were observed for a range of FSW conditions with
higher heat input (Table II and Figure 1). Heat input was quantified using the ratio of the
rotational speed to the translational speed. Weld quality and penetration were determined by
macrographs of the weld nugget as a function of RPM and IPM combinations in order to
establish weld parameters to achieve defect free microstructures. Macroscopic metallographic
observations are summarized in Table II. A higher heat input, i.e., increasing tool rotation rate or
decreasing tool traverse speed, resulted in a defect free weld nugget. Defect free welds were
produced when the ratio of rotational speed to translation speed was greater than 100 (Figure 1a).
For conditions with heat input ratios less than 100, welds were observed to be defective with
tunnel defects occurring at the bottom or edges of the SZ (Figure 1b).
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Table II. Friction stir welding parameter summary.

Toql Tool RPM/IPM

waaowy |

(RPM) (IPM)

200 2 100 Lack of Consolidation Incomplete
300 2 150 Defect Free Full
300 4 7 Lack of Consolidation Incomplete
300 6 50 Lack of Consolidation Incomplete
400 2 200 Defect Free Full
400 4 100 Defect Free Full
400 7 57 Lack of Consolidation Incomplete
500 1 500 Defect Free Full

Figure 1. Optical macrographs of transverse metallographic cross-sections for (a) 400 RPM/2
IPM showing a full penetration defect free weld and (b) 400 RPM/7 IPM showing tunnel defect
formation at a higher tool traverse rate. (RS=retreating side, AS=advancing side)
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The grain size of the SZ increased systematically with increasing heat input (Table III).
In all cases, the grain size in the stir zone was larger than the BM (Figure 2). The highest heat
input (RPM/IPM=500) resulted in an order of magnitude increase in grain size compared with
the BM. This observation is consistent with the previous work on similar ODS steels[5, 8]. The
SZ grain size increased with increasing pseudo-heat index, but the relationship was non-linear.

Table III. SZ Hardness and SZ Grain Size Diameter for FSW parameter conditions.

Mean SZ Grain Size Mean SZ Hardness
FSW Condition Diameter (microns) (HV)
BM 0.89 346 + 6.6
275/4 1.5 248 +4.7
300/2 4.16 225+4.3
400/4 6.94 221+42
500/1 12.45 218+4.2

Figure 2. Backscatter SEM image of FSW MA956 with parameters of 400 RPM/4 IPM across
SZ, TMAZ, and BM showing large change in grain size and little change in distribution of oxide
particles.

In addition, electron microscopy for each FSW parameter combination showed a sharp
transition in grain size across the thermo-mechanically affected zone (TMAZ) (Figure 2). This
effect was most pronounced for high heat input conditions, particularly on the advancing side
(AS) as opposed to the retreating side (RS). The most gradual grain size transition at the AS
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TMAZ occurred for the 400 RPM/4 IPM combination, corresponding to the lowest heat input.
However, the grain size gradients on the RS were less sharp and extended over the area of
several orientation maps. Figure 3 is a composite representation of inverse pole figure (IPF)
maps across the entire weld nugget.

100 microns

Figure 3. Representation of IPF maps across weld nugget for 500 RPM/1 IPM.

The microhardness in the welded microstructure varied significantly across the weld
section and with the level of heat input. In addition, the hardness profiles were asymmetric
across the weld nugget. The mean hardness decreased systematically in the SZ as the grain size
increased (Table III). For all FSW combinations, the SZ hardness was substantially lower than
the BM hardness. An example of the hardness profile is shown for the 500 RPM/1 IPM
condition (Figure 4).
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Figure 4. Hardness profile across the SZ for 500 RPM/1 IPM combination.

Pole figures for each FSW condition displayed a consistent torsional texture which is
distinctly different from the rolling texture in the base material. The intensity did not change
dramatically as heat input increased, but may have decreased slightly. Each FSW combination
produced a persistent body centered cubic (BCC) torsional texture compared to the rolled texture
of the BM as shown in Figure 5. Similar results have been shown for both torsional steel

textures and FSW SZ textures for other ODS steels.[8, 14, 15]
a) b)
ﬁ H max= 3670

5000
Figure 5. Pole figures for (a) BM rolled texture, and (b) 500 RPM/1 IPM BCC torsional texture.
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Discussion

This works suggests that pseudo-heat index may be an effective way to estimate FSW
conditions required for successful joining. As shown in the macrographs of Figure 1, weld
defects systematically occurred for low heat input conditions, as described by the pseudo-heat
index (RPM/IPM). This observed trend is similar to work by Chimbli who researched
minimizing lack of consolidation defects in aluminum by varying FSW process parameters[16].
The ratio of tool rotation rate to tool traverse rate was found to be a good measure of the ability
to form defect free consolidated welds. For MA956, the minimum range of pseudo-heat index
that produced consolidated defect free welds was between 100 to 150. This concept is similar to
research by Biswas in a review of FSW parameters on an aluminum alloy[17]. In this research,
the overall mechanical response of the welded alloy depended on the ratio of tool rotational
speed to tool traverse speed. For the aluminum alloy and tool material used, the suitable value of
this ratio was between 380 to 400.

Quantifying heat input as the simple ratio between rotational and translation speed may
not be sufficient for predicting the resultant friction stir weld microstructure. In this work, two
FSW conditions with the same pseudo-heat index (400 RPM/4 IPM and 200 RPM/2 IPM)
produced successful and defective welds, respectively. In very recent research by Wang et. al.,
MAO956 with a coarser starting grain size (hundreds of microns) was friction stir welded with a
high heat input (1000 RPM/2 IPM) [10]. Using the pseudo-heat index, this welding condition
should apply the same heat input as the 500 RPM/1 IPM condition used in this work. However,
the SZ grain size observed by Wang et al. is approximately 1-2um, compared with the 12pm
grain size observed in this work. This difference points out the importance of both the starting
microstructure and the heat input model for predicting the SZ grain size. More elaborate heat
input models [12, 13, 18] have been developed and should be applied to systematic studies
connection FSW conditions with the starting and resultant microstructures.

The observed grain coarsening in the SZ is likely due to dynamic recrystallization. More
typically, FSW results in grain refinement but in steels, and depending on the initial grain size,
grain coarsening can occur. In a detailed review by Doherty et al. the term recrystallization is
defined as the formation of new grain structures in a deformed material by the formation and
migration of high angle grain boundaries driven by the stored energy of deformation and the
term dynamic recrystallization is defined as the occurrence of recrystallization during
deformation[19]. Based on these definitions, the term dynamic recrystallization is appropriate to
describe the observed dramatic increase in grain size during FSW.

Micro-indentation results show that FSW reduces the hardness of the BM by
approximately 37% compared to the SZ and that the hardness profile across the weld nugget is
asymmetric, consistent with results from several authors[5, 6, 8]. Although the differences in SZ
hardness between the varying FSW parameters conditions is small and is close to the accuracy of
the hardness measurements, the average values of each set of SZ hardness measurements suggest
that there is a systematic difference in hardness between the conditions that may be relatable to
grain size. The relationship between grain size and hardness can be summarized as follows: (1)
traversing from the SZ to the RS, the grain size gradually decreases and hardness gradually
increases, (2) traversing from the SZ to the AS, the grain size and hardness are nearly constant
until reaching the TMAZ at which point a very sharp decrease in grain size and increase in
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hardness occurs, and (3) these effects are enhanced as the heat input increases, i.e., the SZ grain
size increases and the abruptness of the transitions, both on the RS and most noticeably on the
AS, is more distinct for higher heat input conditions. The change in grain size across the weld
explains the asymmetric nature of the hardness profiles and at lower heat input values, the
asymmetry is less noticeable.

Little change in micro-scale oxide particle distribution was observed for these
microstructures for all FSW conditions. For example, no meaningful change in oxide particle
size or distribution could be seen in backscattered electron images across the SZ/TMAZ interface
for the 400 RPM/4 IPM condition, (Figure 2). It is well known that MA956 has both a micro-
scale and a nano-scale oxide particle distribution and the results in this work cannot speak to
changes in the nanoscale oxides[9, 20]. Atom probe tomography (APT) measurements by other
authors have concluded that the oxide particle size and distribution does not change much during
FSW[7].

The coupled increase in SZ grain size and reduction in SZ hardness with increasing heat
input during FSW suggests that the Hall-Petch relationship may aptly describe the strengthening
mechanism in the SZ. A plot of SZ hardness versus inverse square root of SZ grain size is
shown in Figure 6 and shows a nearly linear relationship. The agreement of this hardness data
suggests that much of the strength at low temperatures in the stir zone is controlled by the grain
size; however, hardness is a function of both yield strength and work hardening. Tensile
measurements that can separately measure the yield strength should clarify the strengthening
mechanism in stir zone material. It should be noted that the hardness of the BM is much greater
than for any of the SZ microstructures, and it does not lie on the Hall-Petch line, suggesting more
than one strengthening mechanism is operative.

360
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Figure 6. Application of the Hall-Petch equation to SZ hardness values for successful FSW
conditions (red square denotes hardness of BM).
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Conclusions

This paper examined the correlation between the FSW parameters, tool rotational speed,
and tool traverse speed and the resulting welded microstructures and mechanical properties in the
ODS steel MA956. Four of eight welding conditions produced defect-free, full penetration
welds. Conditions with high thermal input produced defect free welds. The following
conclusions are drawn:

1) Welds with low tool rotational speeds or high tool traverse speeds produce tunnel
defects in the weld root or SZ edges. The ratio of tool rotation speed to tool traverse speed can
be used as a parameter for predicting defect-free weld consolidation.

2) Grains in the SZ are substantially coarsened increasing with higher heat input
conditions due to dynamic recrystallization.

3) A persistent, simple torsional texture in the SZ was observed for all FSW
conditions.

4) An abrupt change in grain size and hardness exists across the TMAZ to SZ
interface. This change is most pronounced on the advancing side for each welding condition.
Higher heat input conditions produce a more abrupt change in both grain size and hardness
equating to a smaller but steeper TMAZ.

(5)  Hardness decreases from the BM to the SZ by 37% for each welding condition
and may be correlated to observed grain growth in the SZ using the Hall-Petch relationship. This
suggests that grain coarsening is the dominant, low-temperature strengthening mechanism of the
welded material.
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Abstract

Friction Stir Welding (FSW) is an efficient welding technique to join light-weight materials in
ductile material condition. Especially for aerospace applications FSW of cp-titanium and Ti-
alloys is of high scientific and technological interest. At the Institute of Materials Science and
Engineering (WKK) friction stir welds of 1.2 mm thick cp-titanium and Ti6Al4V sheets were
produced. To analyze the microstructure of the welding zone in detail light- and scanning
electron-microscopic investigations were carried out. By EBSD it was possible to describe the
material flow in the welding zone. The mechanical properties were characterized by two
dimensional micro-hardness measurements and strain controlled tensile tests. For welds with cp-
titanium a yield point of 345 MPa and an ultimate tensile strength of 450 MPa were achieved.

Introduction

The relevance of titanium and titanium alloys for acrospace applications increases continuously.
Commercial cp-titanium and Ti6Al4V are still the most used titanium materials. Advantages of
these materials are the high specific strength, a good corrosions resistance and an operation
temperature of up to 540°C [1]. But to join these materials suitable welding techniques are
necessary. In the most cases Tungsten Inert Gas Welding (TIG) is used. But TIG welding leads
also to undesired effects as an intensive grain growth which results in a decreasing ductility of
the welding seam. In the early 1990’s developed friction stir welding (FSW) enables to join
materials below the melting temperature in the solid state. Therefore a rotating tool, consisting of
a pin and a shoulder area, is pressed in the contact area of two abutting metal sheets. In
combination with a perpendicular to the sheets acting welding force, frictional heat is generated
and the material around the tool is softened. After the temperature in the weld zone is high
enough, the tool starts the movement to realize a seam weld. The advantages of friction stir
welding are high strength of the joints on the level of the base materials, low-level energy
consumption, low process temperatures and as a result of this the possibility to avoid changes of
phases during the welding process. In comparison to ductile aluminum alloys the friction stir
welding of cp-titanium and Ti-alloys is more difficult and especially in the aircraft industry the
requirements on the quality of Ti-welds are very high. Hence the character of the developing
microstructure in the FSW zone is of special interest. For example for cp-titanium a grain
refinement in the welding zone and an intensive influence on the texture of the material could be
observed [2-4]. To realize the Ti-welds expensive high strength welding tool materials based on
W or Mo are necessary [4], because the welding temperatures are in a range of 800°C up to
1200°C.
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Materials and Experimental Setup

The thicknesses of the used materials amounted 1.2 mm for cp-titanium and 1.25 mm for
Ti6Al4V. Both investigated materials were in rolled and annealed condition. The microstructure
of the base material of pure titanium possesses a homogenous a-titanium structure (Fig. 1a). The
grain size category (ASTM E112) of the base material is 10. Ti6Al4V is characterized by o-
titanium grains with p-titanium phase on the a-grain boundaries (Fig. 1b).

All sheets were machining along the abutting edges before welding. To ensure reproducible
welds the sheets were positioned in a pneumatic clamping developed at the WKK. All welds
were carried out perpendicular to the rolling direction of the sheets. To prevent adhesion of the
cp-titanium joining parts on the anvil side a 0.075 mm thin rolled stainless steel foil was
positioned. For Ti6Al4V welds a 0.1 mm thick rolled tungsten foil has proved as suitable. All
welds were carried out with a tungsten-lanthanum based tool with a conical pin and a shoulder
diameter of 11 mm. To prevent oxidation of the titanium sheets the tool was fixed in an oil
cooled tool holder with a shielding gas shroud. The tool holder was also equipped with an
infrared pyrometer to measure the surface temperature of the tool and a video camera to record
the whole welding process. Furthermore the conventional milling machine was upgraded for the
special requirements of FSW with a 3-axis force measurement system and a force controller. The
used welding parameters for welding cp-titanium and Ti6Al4V are mentioned in Table I.

Table I. Welding parameters friction stir welding of cp-titanium and Ti6A14V

cp-titanium
Welding force Fy 5.5kN
Welding speed v 55 mm/min
Rotation speed n 500 1/min
Angle of attack @ 0.5°
Ti6A4V
Welding force Fz 39 kN
Welding speed v 80 mm/min
Rotation speed n 700 1/min
Angle of attack @ 1.0°
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Results cp-titanium
In subject-specific literature a load controlled FSW process of cp-titanium was described as very

difficult [5, 6]. But at the WKK investigations have shown, that a stable force controlled process
with high quality welding seams can be realized at a process temperature close below the beta
transus temperature of 910°C for cp-titanium [7]. In this case the welds were carried out with an
average process temperature of 830°C [1]. The developed welding zone is pictured in Fig. 2.

Figure 2. Cross section and microstructure of a cp-titanium FSW-joint; light
microscopic pictures (a-c) and EBSD mappings (d-f).

The welding zone is trapezoidal with a 220 pm thick thermo-mechanical affected zone
(TMAZgs) on the retreading side (Fig. 2 a) and a 110 um thick TMAZxz on the advancing side
(Fig. 2 b). The center of the welding zone is characterized by an extreme grain refinement
(Fig. 2 ¢). Using EBSD mappings the microstructure of the nugget can be visualized in detail
(Fig. 2 d-f). In the shoulder contact area the microstructure possesses a homogenous structure
with equiaxed globular o-titanium grains (Fig. 2 d). The grain size category is 16. In the middle
and in the lower area a microstructure with globular a-titanium grains is developed, too (Fig.
2 e, f). In these areas the grain size increases to 14.

2D-microhardness measurements were carried out (Fig.3) to detect the microhardness
distribution in the welding zone.
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Figure 3. 2D-microhardness profile of a friction stir welded cp-titanium-joint (cross-section).
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The hardness has increased from 1600 HM in the base material to more the 2000 HM in the
welding zone. The maximum hardness values with up to 2400 HM have been reached in the
shoulder contact area.

The material texture of the base material and the welding zone were also investigated to describe
the changes in the microstructure. The pole figures of the basal planes {0001}, the transversal
planes {1010} and the main slip direction (1120) of the base material are shown in Fig. 4. The
pole figure of the base material in the basal planes {0001} is characterized by a deviation of 45°
of the two maxima from the ideal rolling texture (Fig.4). The pole figure of the main slip
direction (1120) shows two maxima in rolling direction. Thus the transversal texture with the
main slip system {1010}, (1120) predominates [8, 9]. This texture character was observed for
rolled cp-titanium in previous investigations, too [10, 11].

{1070}

{0001} {1070} <1130>

45°| % > (Y | [ = T_’RD £ )
“5°| '{ PN \\ \ ND /
i) i | | maxima inRD {0001}

Figure 4. Pole figures of the basal planes, transversal planes and the main slip direction of the cp-
titanium base material (RD = rolling direction, ND = sheet normal direction, TD = tangential
direction).

During the FSW process the welding temperature was permanent below the beta transus
temperature, so that phase changes in the material can be excluded. Accordingly the resulting
microstructure can be directly compared with the base material. The pole figures of three areas of
the welding zone are pictured in Fig. 5.

™AZ,, |
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| . ! maximurm in WD
i maximum in WD

Figure 5. Pole figures of the middle of the welding zone (a), the retreating side (b), and
the advancing side (c) of a cp-titanium FSW-joint (WD = welding direction, RD =
rolling direction, ND = sheet normal direction, TR = tool rotation).
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The pole figures in the middle of the welding zone (Fig. 5 a) are characterized by a distinct
rolling texture as a result of the FSW process described by a sharp maximum in the middle of the
basal plane pole figure {0001}. In the {1010} pole figure the six transversal planes can be
clearly identified at 90°. The pole figure of the main slip direction (1120) shows two maxima in
rolling direction (RD) at 90°. At the retreating side (Fig. 5 b) and the advancing side (Fig. 5 c),
the pole figures of the basal planes are turned to the left and right side. The maxima of the main
slip directions are in welding direction (WD) (Fig.5b,c). A possible approach for the
development of this material texture will be explained in Fig. 6. Based on the hexagonal crystal
structure, a-titanium shows anisotropic mechanical properties [8, 9]. The hexagonal elementary
cells were plastically deformed by the welding tool during the FSW process. Thereby the
deformation of the hexagonal o-titanium preferential occurs in the transversal slip system. Hence
the elementary cells slip with their main slip direction (1120) in rotation direction of the welding
tool. As a result of this the elementary cells are orientated along a circular path in the welding
zone.

welding
seam

{ooo1} | ” {ooo1}

{0001}

Figure 6. Schematically illustration of the relationship between welding tool rotation and created
material texture of the welding zone (top view with WD = welding direction, TR = tool rotation,
AS = advancing side, RS = retreating side, WZ = welding zone).

To describe the mechanical properties of the cp-titanium FSW-joints strain-controlled tensile
tests were carried out. The stress-strain-diagrams of the cp-titanium base material and the cp-
titanium FSW welding zone are pictured in Fig. 7. All FSW specimens failed in the middle of the
welding zone. The base material shows an upper and lower yield point. In contrast, the FSW
zone possesses only a technical elastic limit which increases in the welding zone up to 388 MPa
in comparison to an upper yield point with 348 MPa of the base material. At the same time the
ultimate tensile strength decreases from 463 MPa for the base material to 449 MPa for the FSW-
joint. Also the fracture strain has been reduced from 32% to 17% in the FSW welding zone.
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Figure 7. Stress-strain-diagrams of cp-titanium base material and cp-titanium
FSW welding zone.

Results Ti6Al4V

In comparison to cp-titanium extensive investigations about the FSW suitability of Ti6Al4V
were carried out [6, 12-15], and in the most cases the welding process were realized above the
beta transus temperature [4, 14, 16]. The force-controlled Ti6Al4V welds in the present
investigation were carried out with an average process temperature of 1120°C which is also
above the beta transus temperature of Ti6Al4V at 995°C [1]. Therefore the plastic deformation
has occurred in isotropic cubic body centered B-titanium. The developing microstructure of the
welding zone is pictured in Fig. 8.

shoulder diameter

Figure 8. Cross sections and microstructure of a Ti6Al4V FSW-joint; light
microscopic pictures (a-c) and EBSD mappings (d-f).

The welding zone possesses the geometry of a half-shell with small symmetrical TMAZ and
HAZ on the retreating side (Fig. 8 a) and advancing side (Fig. 8 b). The HAZ is characterized by
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a banding of the microstructure. This is a result of the partial transformation of the a-titanium
part of the base material in B-titanium during the welding process and the retransformation to o-
titanium during the cooling. The HAZ was not plastically deformed during the welding process.
In comparison to the base material the microstructure in the welding zone has completely
changed. The nugget is extremely fine grained (Fig. 8 ¢). By EBSD mappings the character and
orientation of the grains can be describe in detail (Fig. 8 d-f). In the shoulder contact area
(Fig. 8 d) and the middle of the welding zone (Fig. 8 ) an acicular martensitic microstructure
can be detected, hence the welding root shows a fine equiaxed globular microstructure (Fig. 8 f).
The acicular microstructure results from the plastic deformation above the beta transus
temperature followed by a fast quenching [8, 9] because the transformation from -titanium to
acicular martensite is not diffusion controlled and follows the burgers relationship [8]. Thus the
martensitic structure possesses particular orientations limited by the burgers relationship. The
globular microstructure results from a plastic deformation in the a+p-area followed by a
recrystallization process. Therefore a process temperature below the beta transus temperature and
a high plastic deformation is necessary. The reasons for the lower temperature of the welding
root is the distance from the tool shoulder in combination with the low thermal conductivity of
Ti6Al4V [4],[4, 17]. With longer annealing time the grain size increases [9].

Moreover microhardness measurements were carried out. In Fig. 8 a 2D-microhardness profile of
a friction stir welded Ti6Al4V-joint is shown. The microhardness increases from 3000 HM in the
base material to 3400 HM in the welding zone. The maximum hardness occurs in the middle of
the welding zone.
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Figure 9. 2D-microhardness profile of a friction stir welded Ti6Al4V-joint (cross-section).

To investigate the mechanical properties of the Ti6Al4V FSW-joints strain-controlled tensile
tests were realized. In Tab. II the results of the tensile tests are summarized. The tensile strength
does not vary because the fracture always occurs in the base material. The yield strength
increases from 912 MPa in the base material to 917 MPa in the FSW-joint. At the same time the
fracture strain decreases from 11.4% in the base material to 8.5% in the FSW-joint.

Table II. Mechanical properties of Ti6Al4V FSW-joints

Base material | FSW joint
Yield point [MPa] 912 917
Ultimate tensile strength | [MPa] 1020 1020
Fracture strain [%] 11.4 8.5

Summary
Investigations at the WKK have shown that for force controlled cp-titanium welds below the beta

transus temperatures in the shoulder contact area a distinctive grain refinement from category 10
in the base material to 16 can be observed. In the middle and the root area of the welding zone
the grain size category increases as well but only up to 14. The pole figures of the welding zone
texture have shown that as a result of the FSW process the elementary cells have been orientated
with their main slip direction along the circular path around the welding tool. The microhardness
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increases from 1600 HM in the base material to 2400 HM in the welding zone. The maximum
microhardness values have been reached in the shoulder contact area. With strain controlled
tensile tests of the base material and the FSW welding zone it could be proved that for the welds
the tensile strength decreases 3.1%, but the yield point increases 11.5% simultaneously.
Investigations of force controlled Ti6Al4V friction stir welds above the beta transus temperature
showed different microstructures in the welding zone. The shoulder contact area and the middle
of the welding zone possess an acicular martensitic microstructure. The process temperature in
these areas was during the FSW process above the beta transus temperature and the high
deformed microstructure has quenched fast. In the welding root an equiaxed microstructure is
distinguishable which has been developed by high deformation below the beta transus
temperature and a following recrystallization process. Moreover an increase of the
microhardness from 3000 HM in the base material to 3400 HM in the welding zone could be
observed, which results in a reduction of the tensile strain while the yield strength and the tensile
strength is nearly unchanged.
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Abstract

Friction stir welding was conducted on a coppet/steel lap joint configuration. Two
different W-25%Re-4% HfC pin tools, having two different pin diameters and pin lengths, were
investigated to examine the combined effect of plunge depth and bonding area on joint
properties. The effects of travel speeds and alternating the top and bottom sheet materials on the
microstructure and mechanical properties were also investigated. Structures of the joining
interface were analyzed by optical and scanning electron microscopy. Joint strength and fatigue
strength were also evaluated. The results showed a “hook-like” feature on both the advancing
and retreating sides, but more severe on the retreating side. The interface was bonded both by
mechanical mixing between copper and steel and metallurgically as evidenced by a diffusion
zone formed between Fe-Cu.

Introduction

Joining of dissimilar metals has been identified as a top priority in materials joining
technology because of the increased application of dissimilar combinations in the automotive,
aerospace, and power generation industries [1]. Recently, the solid state nature of friction stir
welding (FSW) has shown promise in welding dissimilar metal combinations. FSW has become
a very important welding technique for welding aluminum and its alloys and other soft alloys
like magnesium and copper. Advancements in tool materials have allowed FSW to be
successfully applied to weld high temperature, hard materials like steel, titanium, and nickel-
based alloys.

FSW has been employed to make lap joints between dissimilar soft-soft metal
combinations. Research that has been reported has shown that FSW is capable of producing good
quality welds with bond strengths close to the base metals. However, limited success has been
achieved with soft’/hard metal combinations because of the tool degradation during welding.
Recent work with friction stir lap welding (FSLW) has been conducted with soft/hard
combinations with low-temperature pin tools where the pin is plunged into the top soft metal and
the probe tip is standing off or adjacent to the bottom hard plate in order to prevent tool wear.
These studies reported that bonding strength increases with depth of the pin tools into the hard
metals. Consequently, the results reported fairly low bonding strength [2]. The research work
presented here investigates the potential to improve mechanical properties of lap joints between
the soft/hard metal combinations of Cu/steel using tungsten rhenium hafnium carbide (W-
25%Re-4%HfC) pin tools, which give the freedom to plunge into the bottom hard metals.
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Copper-steel combinations are widely used in the fields of power generation and
transmission, cryogenics, electrical and electronics because of the combination of properties like
high electrical conductivity and stiffness. However, differences in chemical and
thermomechanical properties between copper and steel make it very difficult to fusion weld these
two materials [3]. Because of the high thermal conductivity of copper, heat dissipates rapidly
from the joint interface and thus makes it very difficult to reach the melting point of copper
during fusion welding. Cu also has very low solubility in Fe. These factors make fusion joining
of copper to steel with acceptable mechanical properties very difficult [4]. Typically, explosive
welding has also been used for welding copper to steel [5].

Despite FSW’s success in joining dissimilar metals, it is surprising that very limited work
has been reported for this combination. Imani et al. [6] studied butt welding between copper and
stainless steel. The effect of pin offset for producing sound welds was investigated and the
researchers concluded that a 30% pin offset toward the copper produce the best quality weld.
The reported joint strength was 30% less than that of the copper base material.

In this study, the feasibility of joining Cu to steel with FSWL was investigated. To get the
best quality joint properties, the effect of process parameters, plunge depth, bonding area, and
top sheets position on joint properties were investigated.

Experimental
The materials used in this study are readily available 0.185” thick 1018 mild steel (ASTM A108)
and 0.125” thick pure copper (Alloy 110) for Cu/steel lap weld configurations. Copper was
placed on the top and mild steel was on the bottom for copper/steel lap joints. The sheets
overlapped 2" and the total weld length was 10.5". The joint configuration is shown
schematically in Figure 1. Both right handed and left handed lap welds were made during the
course of this study.

<
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———> 2in
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Figure 1: Schematic view of joint configuration.
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Before welding, all of the plates were cleaned using Scotch-Brite pads followed by
alcohol. All the welds were made in this work using the MTS ISTIR 10 system and water-cooled
Megastir Head welding machine in the Arbegast Advanced Materials Processing and Joining
(AMP) Lab at the South Dakota School of Mines and Technology.

Friction stir lap welds were made using W-25% Re-4% HfC tools having featureless
tapered geometries with two different pin lengths and shoulder diameters to investigate the
combined effects of plunge depth and bonding area on joint properties. Pin tool A was a tool
with 0.23" pin length and 0.4" shoulder diameter; pin tool B was a tool with 0.15" pin length and
0.352" shoulder diameter. Photographs of the pin tools are shown in Figure 2.

Pin toal A Pintool &

|
Before welding Bafova wakhng

Figure 2: Photographs of the pin tools.

A wide range of parameters were investigated to produce welds with acceptable weld
qualities using both the pin tools. After welding was conducted, samples were cross sectioned
using a water jet machine perpendicular to the welding direction for metallurgical examination
using standard metallographic techniques. Polished specimens were etched using solution of 5g
FeCl3, 10ml nitric acid, 20ml hydrochloric acid and 50ml water by swabbing for approximately
30 seconds. Grain size measurements were conducted using Buehler Omnimet software
according to ASTM E-112. A ZEISS Gemini Supra 40VP scanning electron microscope (SEM)
was used to acquire high magnification images and to perform energy dispersive spectrometry
(EDS) on points of interest and also for elemental mapping.

Vickers microhardness measurements were made at a load of 500 g and a loading time of
15 seconds accordance with ASTM E92-82. Lap shear strength and fatigue tests were conducted
on an MTS 810 hydraulic mechanical test machine using a 55 KN load cell. A schematic of lap
welded samples used for tensile and fatigue testing is given below in Figure 3. A stress ratio (R=
(Omin/Omax)) Was chosen to be 0.1 for all of the fatigue tests. Tests were conducted at 15 Hz
frequency at room temperature. Two samples were tested in each load cycle condition.

7

2in

- 5 ain —

Figure 3: Schematic of tensile lap shear and fatigue specimen with dimension.

Results and Discussion
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Characteristic Features of the Joints:

Figure 4 shows the macroscopic view of the cross-section of the welds made using
longer pin tools. It can be seen from the macrograph that very few microscopic voids at the
interface were observed for all of the travel speeds. Both copper and steel underwent plastic
deformation during lap welding as the pin tools plunged deep into the bottom steel plates.
Frictional heat generated between the pin tools and the hard steel and plastic deformation was
sufficient to recrystallize the steels. Two distinct stir zones were observed and a typical friction
stir weld zone (stir zone, HAZ on advancing and retreating side) on both sides was observed, as
shown in Figure 6. The microstructure of the stir zone corresponding to copper was characterized
by relatively fine equiaxed grains. On the copper side of the joint, the grain size near the top
surface is finer than grains at the middle of the stir zone and close to joint interface. Grain size
near the top surface is approximately 18 um during weld made at 3 IPM while at the bottom of
the stir zone it is close to 35 pm. A wider HAZ was observed on the copper side of the joint.
Grain size in the HAZ was ~30um on both advancing and retreating side and is smaller than the
parent metal. Similar characteristics were observed during welding at 4 IPM and the first part of
the weld made at 2 IPM. However, the grain size in stir zone and HAZ slightly decreased with
increasing travel speed, as heat input decreased with increasing travel speed.

Figure 4: Macroscopic views of the joint made at 3500 1bf, 400 RPM a) 2 IPM b) 3 IPM and c) 4
IPM.

The build-up of heat during welding at 2 IPM results in a very wide HAZ and coarse
grains, which indicates that grain growth took place due to high heat input for relatively longer
period of time (slower travel speed). Both the stir zone and HAZ showed grain coarsening effects
and the grain diameter in the HAZ was measured to be ~75 pm which is slightly coarser when
compared to the stir zone ~70 pm. Figure 5 shows that on the steel side of the Cu/Steel lap joint,
significant refinement of grain size in the stir zone of the steel due to dynamic recrystallization
occurred and the grain size in the stir zone of the steel was measured to be ~4 pm. The grain size
in the HAZ is slightly coarser than the stir zone and slightly deformed.

154

www.EngineeringBooksPdf.com



Similar weld zones were observed during welding using pin tool B. However, since the
pin tools did not plunge as deep into the steels as with welding conducted with pin tool A, the stir
zone in the steels formed just below the pin tip. As a result, steel undergoes very high plastic
deformation and the microstructure of the stir zone consists of slightly deformed grains.

The interface of Cu/Steel lap joints can be viewed as four distinctive zones in each case
of welds made using different pin tools, as shown in Figure 6. Zone A and Zone D are identified
by the “hook-like” feature at the retreating and advancing side of the welds made with both
short and long pin tools. Both zone A and B were the result of vertical motion of the processed
steels. As during welding both short and long pin tools pin is plunged fairly deep into the bottom
plates and frictional heat between probe and materials and plastic deformation of the hard
materials made it very soft and rotational speed of the pin tools induced vertical motion into the
materials and this pulled up steel into the copper stir zone. Besides the “hook-like” feature in the
advancing side (zone D), presence of a “tooth- like” feature was also observed. The stirring force
of FSLW extruded the copper into steel and may have resulted into micro interlocking [7].

Zone B is characterized by iron rich particles at the top of the interface into the stir zone
of copper. Combined action of pin tool force and rotational speed stripped up the processed
steels into the copper and resulted into complex mechanical mixing of copper and steel. This
zone showed different morphology for different parameters and also for different pin tools as it
can be seen from the macrograph in Figure 5.
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Figure 5: Microstructure evolution on both sides of the weld made at 35001bf, 400 RPM, 3 IPM:
a) Macrograph of the joint b) HAZ on the retreating side of copper c) fine grained stir zone of
copper d) HAZ on the advancing side of copper e) relatively coarser grain HAZ on the advancing
side of steel f) fine recrystallized stir zone g) HAZ on the retreating side of steel.
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Figure 6: Different significant interfacial zones (bottom) and their close view (top).

Zone C is the interface between copper and steel. The interface for Zone C enlarged in
Figure 7 shows an area of extensive diffusion bonding between the Cu and steel. The EDS
spectrum analysis suggests this may be a non-equilibrium solid solution of Cu in steel, however
the composition and thickness of the interface was not consistent and varied in different areas.

Figure 7: a) Location of EDS spectrum taken at the interface between copper and steel b) EDS
spectrum of the interface.

Mechanical Properties:
Tensile and fatigue properties of the joint were evaluated and discussed in terms of effect
of travel speed, plunge depth and position of the top plates.

Effect of Travel Speed

Figure 8 shows the effect of travel speed on the lap shear strength of the copper/steel lap
joints. All the welds were made at 3500 Ibf force and 400 RPM using pin tool A and top plates
were on the retreating side. As can be seen from the Figure 8, shear load increases with
increasing travel speed. No significant effect was observed during welding at 3 IPM and 4 IPM
but the load was significantly lower at 2 IPM. Joint efficiency was calculated using a simple
relationship based on the weaker parent sheet. Results showed that joint efficiency at 4 IPM is
88%, at 3 IPM is 87.5 % and at 2 IPM is 78 %.
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Figure 8: Relationship between travel speed and shear load.

All the welds made using pin tool A at 2, 3 and 4 IPM failed in the HAZ of welds. Figure
10 shows the failure location of welds made at 4 IPM (Figure 9(a)) and 2 IPM (Figure 9(b)). Lap
shear samples from 3 and 4 IPM failed outside the shoulder area which is supposed to be parent
metal, yet 100 % joint efficiency was not achieved. Because of the high thermal conductivity of
copper, the welds had very large HAZ and softening effect was observed for a wide area. Figure
9(c) shows the hardness value in the HAZ is roughly 58 HV. Microhardness value is lower
compared to hardness values of the parent metal (98 HV). Failures may have occurred because of
the softening of a large area during welding. It should be noted that though the grain size is
smaller than parent metal in both stir zone and HAZ, the hardness value still decreased, which
indicated that the hardness value does not depend solely on grain size of the copper; rather, it
depends on the dislocation density. This result was consistent with the findings of Lee et al. [8].
On the other hand, welds made at 2 IPM failed inside the shoulder area. It has been reported that
[9] softening of the HAZ increases with the heat input. Slower welds such as the 2 IPM had
higher heat input resulting in relatively lower hardness values observed in the HAZ. Hardness
values were found to be roughly 53 HV in this zone. The high degree of softening during
welding at 2 IPM caused a significant drop in lap shear strength.
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Figure 9: Top view and front view of the fracture parts of the welds made at 3500 1bf, 400 RPM
and a) 3 IPM and b) 2 IPM and C) Hardness value across the parent copper and copper side of
the weld for welds made at 3500 1bf, 400 RPM and 3 IPM.
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Combined Effects of Plunge Depth and Bonding Area

In this study two different tools as shown in Figure 2 were used to examine the combined
effects of plunge depth and bonding area on the joint properties. Figure 10 (a) shows the
differences in shear load for welds made using different pin tools. Both these welds were made at
3500 1bf, 400 RPM, 3 IPM and top copper plates were placed on the retreating side of the joint.
The average shear load was 2156 1bf welds made using pin tool A and 1580 Ibf in welds made
using pin tool B.

Fatigue properties of these joints are very consistent with the lap shear strength results.
At a given load fatigue life is much higher in case of welds made with pin tools A, as it can be
seen from the S-N plot in Figure 10 (b). Fatigue life calculation from the S-N plot showed that at
900 Ibf, the fatigue life for welds made with pin tool A is 2.3 x 10° cycles and 2.5 x 10* cycles
for pin tool B. This is related to the higher failure load of the welds made with pin tool A.
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Figure 10: a) Lap shear strength and b) S-N plot for Cu/Steel friction stir lap welded specimens
using different pin tools.

Fracture mode analysis was conducted by examining the fracture surfaces. The results
showed that the major location of failure in welds made with pin tools A was found to be the top
copper sheet fracture just outside the shoulder area. However, welds made with pin tool B
showed fracture at the interface on the retreating side of weld where the “hook-like” feature was
found. It should also be noted that both tensile samples and fatigue samples failed in the same
location for both cases.

When welds were made with Pin tool A, significant vertical mixing of copper and steels
were observed as it was plunged into the steel to a plunge depth of 0.105". Stirring of the bottom
steels above the recrystallization temperature and tool rotation induced vertical motion which
results in this vertical mixing. Conversely, during welding with pin tool B, vertical mixing was
not as significant as it was with pin tool A. Steel was observed to be pulled up in the retreating
side for both cases of welding. Stress concentration occurred in this area. This “hook-like”
feature also reduced the effective sheet thickness, which carries the load during lap shear and
fatigue testing. Effective sheet thickness analysis shows that the effective sheet thickness was
also higher when the weld was made by pin tool A. Also, a large bonding interface was produced
because of the larger diameter of the pin tool A, which also gave additional strength of the joints.
It was observed that the larger bonding area, higher plunge depth, and higher mechanical mixing
between materials, created by welding using pin tool A, gave joints higher strength and fatigue
life compared to the weld strength and fatigue life obtained from welds made using pin tool B.
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Effects of Top Sheet Position

It has been observed by several authors [10, 11, 12] that the position of top sheets has a
significant impact on properties of friction stir lap joints. The effect of top sheet position depends
mainly on interface microstructure characteristics. In this section, effects of top sheet position on
the lap shear strength and fatigue strength of the joints will be discussed. Welds for this
investigation were made using pin tool B at 3500 1bf, 400 RPM and 3 IPM. Figure 11 (a) shows
the effects of top sheet position on lap shear strength of the joints. Lap shear strength increased
significantly when the top sheet was placed advancing side of the joints. The lap shear strength
was observed to be 1580 Ibf when the top sheet was placed on the retreating side of the welds
and was increased to 2011 Ibf when the top sheet was placed on the advancing side of the joints.
Fatigue test measurements in Figure 11 (b) shows that the properties of the joints followed the
same trends. From the S-N curve it is clear that welds have higher fatigue life when the top sheet
was placed on the advancing side of joints compare to when it was placed on the retreating side
of the joints because of the higher load carrying capability of the joint in that configuration. At
740 Ibf loads, fatigue life is approximately 1 x 10° cycles for joint made by placing the top sheet
on the retreating side and at the same load fatigue life is 2.45 x 10° cycles when top sheet was
placed on the advancing side.

{a } (b # Top Sheet on Advancing Side ® Top Sheet on Refreating Side
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Figure 11: Effect of top sheet position on a) lap shear strength and b) fatigue properties.

The load distribution varies depending on the position of the top sheet which usually
causes the variation in properties during welding with different top sheet positions. Retreating
side becomes the loaded side when top sheet is placed in the retreating side and vice versa. From
the interface characteristics of the welds it was observed that most of the “hook-like” features
occurred in the retreating side of the joint. Few or no “hook-like” features were observed on the
advancing side of the joint. As a result, when the top copper sheet was placed on the retreating
side it becomes the loaded side and the presence of this ‘hook-like” feature reduced its effective
sheet thickness. When the copper top sheet was placed on the advancing side, this retreating side
becomes the unloaded side and this “hook-like” feature will not have any significant effect on
joint strength and effective sheet thickness will increase. Thus, a significant increase in lap shear
strength and fatigue life was observed for this configuration. Fracture occurred at the interface of
the retreating side when the top sheet was placed on the retreating side and at the interface of the
advancing side when top sheet was placed on advancing side.

Conclusions
W-Re-HfC pin tools were applied for lap welding of soft/hard metal combinations:
copper/steel, so that the pin can be penetrated into the bottom hard sheets without any significant
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degradation of the pin tools. . Both the pin tools produced successful welds with or without small
microvoid defects. Weld joint properties were very consistent with the microstructural evolution
on either side of the joints and the interface morphology. Based on interfacial morphologies and
mechanical properties, the following conclusions can be drawn:

a)

b)

<)

d)

1))

2)

3)

4)

5)
6)

7

8)

9)

Bottom steel material was pulled up into the top soft sheets on the retreating side of the
joints for each welding combinations and for both pin tools.

Positioning of the top sheets on the advancing side produced better joint strength for both
weld combinations and pin tools, since the “hook-like” feature on the retreating side is on
the unloaded side of the joint. . This is opposite to the weld design that conventionally
gives better joint strength in FSLW.

Pin tool A produced better joints than pin tool B, since it provided better bonding area
and deeper plunge depth, which resulted in better mechanical and metallurgical bonding
for copper/steel and metallurgical bonding for aluminum/steel.

Maximum joint efficiency of 88% was achieved for copper/steel lap joints for welds
made using pin tool A. This joint efficiency falls around the shear strength of butt joints
between friction stir welded copper.
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Abstract

Tool pin geometric features are important parameters in friction stir welding (FSW). They
influence weld quality through their effects on material flow and consolidation during FSW
while also affecting the in-plane process forces and the necessary level of forge force. In this
paper, volumetric defect content as a function of pin features on mildly tapered conical, threaded,
pins was examined in 6061-T6. Features included flats, co-flow flutes and counter-flow flutes.
Feature effects on the magnitude and direction of the resultant in-plane force was also examined.
Variation of applied forge force, other process response variables (torque, power, temperature)
were also extracted to provide information regarding their dependence on tool pin features for a
given set of welding parameters.

Introduction

The friction stir welding tool is a crucial part that is essentially responsible for frictional heating
and plastic dissipation in weld material. The flow of weld material around the tool is highly
influenced by the geometric shape and features of the tool pin during FSW which eventually
affects the mechanical and microstructural properties to obtain sound welded material [1-4]. The
local plastic deformation and mixing of the work piece along the weld seam is primarily due to
the pin. Therefore, to achieve an efficient friction stir process it is important to design the tool
pin with proper geometric shape and features. A good process results in defect free joints with
superior mechanical and microstructural properties as well as lessens in-plane forces on the tool.
Furthermore, minimization of the in-plane reaction force is an important consideration for tool
life and production of long welds. Within a process window (a set of rpm and weld traverse
speed), the design of tool geometries and features may vary depending upon the weld material
flow stress behavior (depend upon the alloy type and alloy properties) and dimensions. Hence
the optimum tool design may be very specific for a given situation and not readily obtained by
perusing the available literature.

The effects of tool geometries on welding force and mechanical properties were investigated by
Hattingh et al [1] on AA5083 to obtain an optimum friction stir welding tool. Variation in
number of flutes, flute depth and angles, pin diameter and taper angle, thread pitch were reported
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with the reaction forces on the pin and comparing the tensile strength, a tapered pin with three
taper flutes and pitch around 10% of pin diameter was suggested to be a successful tool design.
Elangovan et al. [2] and D’Urso et al. [3], at about the same time studied separately the
arbitrarily chosen pin geometric shape to study the performance of the geometric shape in terms
of tensile strength of FSW. A square cross section pin which is also considered as cylindrical pin
with 4 flats was reported to produce quality welds in AA6061 by Elangovan et al [2]. On the
other hand D’Urso et al. [3] observed the effectiveness of cylindrical threaded pin to perform
better during FSW. Lammlein et al. [5] used a shoulderless, conical, probe and reported a
dramatic reduction of process forces, particularly forge force.

Material transportation around the tool also plays a significant role and obviously the flow of
material depends on the geometric features of the tool. To monitor the flow behavior studies
have been conducted using marker insertion in similar metal welds [6, 7]. Researchers also
investigated material flow in dissimilar material FSW in butt weld arrangement for different tool
geometries. Shoulder geometries were investigated by Leal et al. [8] to study the material flow
during bi-material FSW of AA 5182 and AA 6016 with AAS5182 on the advancing side.
Comparing the conical cavity shoulder and scrolled shoulder, they reported that intense flow of
material was observed around the scrolled shoulder tool. However, pin driven flow was reported
to be predominant in the case of the conical cavity shoulder. Aval and co-workers [9] studied the
tool geometric effect on the mechanical and microstructural properties for dissimilar friction stir
butt welding of AA5086-O and AA6061-T6 with 5086 on advancing side. They reported that a
tool with concave conical shoulder and tapered, threadless pin with three grooves provided more
homogenous mixture at higher heat input compared to a tool with cylindrical smooth or threaded
pin with grooves. Silva et al. [10] studied the material flow in the friction stir butt weld of
dissimilar alloy AA2024-T3 and AA7075-T6 with 7075 on the advancing side using a single
threaded pin and reported a non-stable rotational flow around the thread with a formation of a
cavity behind the pin because of transportation of bulk material underneath the shoulder. It is
noted that alloy placement on advancing and retreating side in dissimilar friction stir butt
welding has a very important role in the flow behavior and production of sound welds.

In the present paper the effect of various tool pin features (flats, flutes) were investigated with
constant shoulder and pin dimensions to observe macrostructures (detection of defects), variation
of applied forge forces, response variables (in-plane reaction forces, torque, temperature) for a
set of process parameters.

Experimental Procedure

Bead on plate welds were performed on 25.4 mm thick aluminum alloy AA6061-T651. All the
welds were performed at partial penetration of tool pin depth (12.7 mm). The reason of selecting
this depth is that the process window is much larger at this depth and also the area of influence
underneath the pin during friction stir welding is initially unknown.
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The tool used in this current study consists of two parts made from H13 tool steel with (a) 25.4
mm diameter single scrolled shoulder and (b) 8° taper, conical, right hand threaded (2.12 mm
pitch) pin with shank diameter of 15.88 mm. The tool pins were featured with thread only, thread
+ 3 flats, thread + 3 co-flow flutes and thread + 3 counter-flow flutes. The depth and width of cut
for flats and flutes were 1.35 mm and 6.35 mm respectively. The pitch for both co-flow and
counter-flow flutes was 50.8 mm. The tool materials were heat treated at 980° C for 20 minutes
followed by oil quench.

All welds were performed on an MTS friction stir welding Process Development System (PDS)
in Z axis force control. The forge force in each weld was adjusted to maintain similar plunge
depth for different tool pin features and variable process control parameters (rpm and traverse
speed). For bead on plate welds in AA6061, the following sets of process parameters (rotational
speed/feed rate) were employed:

Table 1: Process response parameters

Rotation rate (rpm) 160 200 240 240 320 400

Feed Rate (mm/min) 101.6 101.6 101.6 203.2 203.2 203.2

Metallographic specimens from the welds were cut using a water jet machine and subsequently
ground, polished, and etched with Keller’s reagent (5 ml HNO3, 3 ml HCI, 2 ml HF and 190 ml
distilled water) to observe the macro and micro structures. The process response variables (in-
plane reaction forces) were also recorded by the MTS FSW PDS. The temperature during FSW
was recorded using K-type thermo-couple spot welded into the pin at mid depth on the axis of
rotation.

Results and Discussions
Examination of AA6061

Tool feature effects on the macro and microstructural features in the nugget zone within a
process control window are examined as discussed in the experimental procedure. Figure 1
shows the weld cross sectional macrostructures for different pin features at different rotational
and traverse speed where the advancing side is on the left in each macrograph. Except for two
welds made using thread +3 co-flow flutes (240rpm & 101.6mm/min) and thread+3 counter-flow
flutes (240rpm & 203.2 mm/min) all the welds were defect free (see figure 1). For the two
defective welds, the one made with thread+3 co-flow flutes had wormholes near the crown while
the other made with thread+3 counter-flow flow flutes had a wormhole near root (see figure 1 &
2).
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200/101.6  240/101.6 _ 240/203.2  320/203.2 _ 400/203.2

Rotational Speed (rpm)/Traverse Speed(mm/minute)

160/101.6

0 Flats 3 3 Co Flow Flutes  ®3 Counter Flow Flutes

Figure 1: Macrostructure for 8° Taper threaded Pin with different pin features at different
rotational and traverse speed on AA6061

Figure2: Microscopic defects in the nugget zone near crown for weld with 3 Co-flow flutes at
240rpm & 101.6mm/min

Process response variables for weld on AA6061

The average in-plane reaction forces on the pin for different welds with all pin features are
plotted in a polar coordinate system (Figure 3 (a)). The sign convention of these reaction forces
is shown in Figure 3 (b) where the positive X forces act in the opposite direction of tool traverse
and the positive Y force act perpendicular to the X force towards the advancing side.
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Polar Plot of Avg. In-plane Reaction Forces
Angular data in Degree & Radial Data in kN
90
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Figure 3: (a) Average In-plane reaction forces in Polar Plot for Pin features with different
process control parameters & (b) Sign convention for reaction forces on pin

Figure 3 (a) is the vector sum of the average X and Y forces, however these forces are not
necessarily in phase, therefore at any instant, the resultant force on the tool is not necessarily
equal to the reported resultant force. In this study the average X and Y forces are measured over
a weld distance of 20 mm. This position was selected at approximately where steady state is
obtained during friction stir welding and near the location from where the specimens were cut for
the microscopic investigation. Figure 3 (a) illustrates how the orientation of resultant reaction
changes with changing pin features. It is noted in most cases that, for a set of rotational and
traverse speed, the arc-tangent (Y-force/X-force) follows the incremental sequence in ascending
order: pin with thread+ 3 counter-flow flutes, pin with thread+ 3 flats, pin with thread+3 co-flow
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flutes and threaded only pin. This phenomenon is also explained in figure 4 (a) & (b), where
average X forces are highest for threaded only pin and then pin with thread+ co-flow flute
followed by pin with thread+3 flats and pin with thread+3 counter-flow flutes Figure 4(a).
Additionally it is also observed that with the increase of rotational speed the X force decreases as
a general tendency. However, the trend for average Y force is opposite to that observed in X
forces as shown in figure 4(b) where, at lower rotation rate of 160 to 320 rpm, the average Y
forces for pin with thread +3 counter-flow flutes are highest. However, Y forces for different pin
features converge around 4 kN at rotation rate of 400 rpm.

Avg. X Force vs. Rotational Speed

161 ® 4
14 4 ®  No Features @ 101.6mm/min
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Figure 4: (a) Average X forces & (b) Average Y Forces- as a function of rotational speed for

different pin features
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It is interesting to note here that thread interruptions lead to decreases in the X force on the pin.
As illustrated in Figure 4 (a), the threaded only pin encounters the highest X force while the pin
with thread+3 flats and pin with thread+3 counter-flow flutes exhibit lower X force. Hence it can
be noted here that thread interruption features have significant effect on the observed reaction
forces on the tool pin.

Figure 5 shows the trend of torque as a function of forge forces for different tool pin features
within process window. It is noted here that for a given set of rotational and traverse speed,
measured torque does not vary significantly (less than 10%). This is likely due to dominance of
shoulder effects in torque. However, the applied forge forces along the Z axis direction vary a
lot due to the effect of pin features (see figure 5). During friction stir welding, right hand
threaded pins rotate in the counter clockwise direction and therefore, pins which push material
down require a definite additional forge force to maintain similar depth of penetration. Because
of this mechanism the threaded only pin requires the highest Forge force and the pin with co-
flow flutes required higher forge forces than those for pins with flats and counter-flow flutes. It
is noted here that thread interruption features have significant effect on controlling the required
forge force during friction stir welding.

Torque vs. Forge Force No Feature 240rpm & 101.6mm/min

No Feature 200rpm & 101.6mm/min

No Feature 160rpm & 101.6mm/min

No Feature 400rpm & 203.2mm/min

No Feature 320rpm & 203.2mm/min

No Feature 240rpm & 203.2mm/min

3Flats 240rpm & 101.6mm/min

3Flats 200rpm & 101.6mm/min

3Flats 160rpm & 101.6mm/min

3Flats 400rom & 203.2mm/min

3Flats 320rpm & 203.2mm/min

3Flats 240rpm & 203.2mm/min

3Co-flow Flutes 240rpm & 101.6mm/min
3Co-flow Flutes 200rpm & 101.6mm/min
3Co-flow Flutes 160rpm & 101.6mm/min
3Co-flow Flutes 400rpm & 203.2mm/min
3Co-flow Flutes 320rpm & 203.2mm/min
3Co-flow Flutes 240rpm & 203.2mm/min
3Counter-flow Flutes 240rpm & 101.6mm/min
3Counter-flow Flutes 200rpm & 101.6mm/min
3Counter-flow Flutes 160rpm & 101.6mm/min
3Counter-flow Flutes 400rpm & 203.2mm/min
3Counter-flow Flutes 320rpm & 203.2mm/min
3Counter-flow Flutes 240rpm & 203.2mm/min
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Figure 5: Measured Torque for different tool features vs. the applied force

Temperature as a function of power input is presented in figure 6 for different rotational and
traverse speed with various pin features. Temperature was found to increase with increasing
power input which is a commonly observed phenomenon. It is also noted here that for a constant
feed rate, the threaded only pin requires higher power input resulting in higher pin temperature
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than other features. Interestingly for two cases (240 rpm & 400 rpm) the temperature for the

threaded only pin was much higher with lower power input.

Probe Temperature vs. Power
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Figure 6: Probe Temperature as a function of Power input
Conclusions
The following conclusions can be drawn from the above study:

1. Defect free welds can be produced with different tool pin features within a process
envelop.

2. Tool pin features have significant effects on in-plane forces to produce defect free similar
welds. Insertion of features may lead to decreases in the resultant reaction forces on the

pin.

3. Forge force required to produce defect free welds can be reduced by introducing counter-
flow flutes with a negligible change in required torque.

4. The effect of different tool pin features on torque is insignificant because of the
dominant effect of the shoulder.

Acknowledgements

This work was supported by the Center for Friction Stir Processing, a NSF-I/UCRC, grant
number EEC-0437341.

170

www.EngineeringBooksPdf.com



10.

References

D.G. Hattingh, C. Blignault, T.I. van Niekerk, M.N. James, “Characterization of the
influences of FSW tool geometry on welding forces and weld tensile strength using an
instrumented tool”, Journal of Materials Processing Technology 203, 2008, no. 1: 46-57.

K. Elangovan, V. Balasubramanian, and M. Valliappan, “Influences of tool pin profile
and axial force on the formation of friction stir processing zone in AA6061 aluminum
alloy,” The International Journal of Advanced Manufacturing Technology, 38 (2008),
285-295.

G. D’Urso, E. Ceretti, C. Giardini, G. Maccarini, “The effect of process parameters and
tool geometry on mechanical properties of friction stir welded aluminum butt joint”, The
International Journal of Material Forming, Vol. 2 Suppl. 1 (2009), 303-306.

Yan-hua Zhao, San-bao Lin, Lin Wu, Fu-xing Qu, “The influence of pin geometry on
bonding and mechanical properties in friction stir weld 2014 Al alloy”, Materials Letters,
59 (2005), 2948-2952.

D.H. Lammlein, D.R. DeLapp, P.A. Fleming, A.M. Strauss, G.E. Cook, “The application
of shoulderless conical tool in friction stir welding: An experimental and theoretical
study”, Materials and Design, 30 (2009), 4012-4022.

A.P. Reynolds, “Flow visualization and simulation in FSW,” Scripta Materialia, 58
(2008), no. 5: 338-342.

C.R. Tolle, T.A. White, K.S. Miller, D.E. Clark, H.B. Smartt, “Investigation of material
flows within FSWs using 3D tomography”, Trends in Welding Research: Proceedings of
the 8" International Conference, June 2008, 126-132.

R.M. Leal, C. Leitdo, A. Loureiro, D.M. Rodrigues, P. Vilaga, “Material flow in
heterogeneous friction stir welding of thin aluminum sheets: Effect of shoulder
geometry”, Material Science and Engineering A, 498 (2008), 384-391.

H. Jamshidi Aval, S. Serajzahed, A.H. Kokabi, A. Loureiro, “Effect of tool geometry on
mechanical and microstructural behaviors in dissimilar friction stir welding of AAS5086-
AA6061”, Science and Technology of Welding and Joining, Vol 16 No. 7 (2011), 597-
604.

A.AM. da Silva, E. Arruti, G. Janeiro, E. Aldanondo, P. Alvarez, A. Echeverria,
“Material flow and mechanical behavior of dissimilar AA2024-T3 and AA7075-T6
aluminum alloys friction stir welds”, Materials and Design, 32 (2011), 2021-2027.

171

www.EngineeringBooksPdf.com



Friction Stir Welding and Proceesing VII
Edited by: Rajiv Mishra, Murray W. Mahoney, Yutaka Sato, Yuri Hovanski, and Ravi Verma
TMS (The Minerals, Metals & Materials Society), 2013

Effect of Friction Stir Processing on Armor Grade Materials

Timothy J ohnson?, Todd Curtis"?, Bharat Jasthi'”, Eric East!?, Christian Widener",
Michael West"

(D Arbegast Materials Processing Laboratory
South Dakota School of Mines and Technology
501 E. St. Joseph St Rapid City SD, 57701
@Zone Four Engineering, LLC
2241 S. Plaza Dr. Unit 7 Rapid City SD, 57702

Abstract

The objective of this paper is to investigate the effect of friction stir processing (FSP) on
the ballistic performance of armor grade aluminum and steel plates. FSP is a solid state
microstructural modification process that was adapted from the concepts of friction stir welding
(FSW). FSP has shown to locally refine the microstructures and eliminate many casting defects
for improved mechanical and corrosion properties. Armor grade aluminum (6061 and 7039) and
high-strength low-alloy (HSLA- MIL-A-12560) steel were prepared in various thicknesses. The
prepared plates were then FSP in partial penetration overlapping passes to provide for the largest
area of processed material possible. The plates were then tested in accordance with MIL-STD-
662E to determine the Vs, ballistic limit of the armor. Results from the ballistic testing of
processed panels were analyzed and compared with the parent material. Microstructural
differences observed between the processed and unprocessed panels were characterized and
correlated with the ballistic performance.

Keywords: Friction Stir Processing, Armor, Ballistic Limit
1. Introduction

Friction stir processing (FSP) is an innovative microstructural modification process
developed initially for achieving superplasticity in commercial Al alloys The intense plastic
deformation in this process creates a fully recrystallized, equiaxed, and fine grained
microstructure in the weld nugget. This novel solid state joining process has also been used to
join or process mild steels [1-3], titanium alloys [4, 5], oxide dispersion strengthened (ODS)
alloys [6], metal matrix composites [7], dissimilar alloys [8], and nickel alloys [9-12].

The main parameters that are used to control the process are forge force, spindle rotation
speed, and travel speed. The forge force is the downward pressure that creates a forging action
that forces the material to consolidate behind the pin tool. By varying the travel speed, forge
force, and spindle speed the overall energy input can be controlled.

There are a great variety of pin tool designs to choose from. The main components of a
pin tool are the pin and shoulder. The length of the pin can be set to match the thickness of the
material or the desired depth of processing. The type of material being processed and desired
effect in the weld determines the size and shape of the pin and shoulder.

FSP significantly reduces the grain size of the material in the weld zone, thereby
increasing its toughness and impact properties. In a recent study by the authors, FSP was shown
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to increase the ballistic performance in thin (2mm) aluminum alloys. The FSP material showed
signs of adiabatic shear bands after ballistic impact. It was observed that the material softened
during impact allowing more energy to be absorbed. The parent material was observed to strain
harden during impact which led to a more brittle failure. The parent material had significant
deformation and cracking after impact of a .45 caliber projectile at approximately 195 m/s. The
FSP material showed significant plastic deformation but only a small crack was observed [13].

This paper is a continuation of that work to show the effect of FSP on thicker armor
grade materials. For this paper 25.4 mm thick 7039 aluminum, 12.7 mm thick 6061 T6, and 12.7
mm thick HSLA steel (MIL-A-12560) were friction stir processed and tested for ballistic
resistance.

2. Friction Stir Processing

2.1 Aluminum Plates

The 6061 and 7039 aluminum plates were friction stir processed using an H13 tool steel
pin tool. Parameters were developed with linear processing to optimize travel speed, processing
overlap, and forces. A spiral pattern was then developed in order to make a continuous
processing path on the plates. This was done to minimize processing time, exit holes, and to
push the heat input toward the outer edges of the plates. The pin tool was moved over 7.62 mm
for each time around. The tool processed 6.35 mm deep in the material. For the plates that were
processed on both sides this results in a layer of parent material in the center of the plate 12.7
mm thick. Figure 1 shows the tool and processing parameters used to process the aluminum
plates.

Control Mode Forge and Position

Rotational Speed, RPFM | 600

Travel Speed, IPM 120

Tool Titt, Degree 0

Plunge Depth, Inches 0.250

Figure 1: Aluminum tool with process parameters.

2.2 HSLA Steel Plates

The steel plates were processed using a W-25%Re-4%HfC pin tool. Linear processing
was done in the steel, processing 4.32 mm deep in the material. The processing paths were
overlapped by 12.7 mm. Figure 2 shows a micrograph of a HSLA steel plate with FSP on both
sides. Figure 3 shows a high temperature tool and general process parameters. The HSLA
parent material had an average hardness of 35 HRC. After FSP the hardness increased to an
average of 46 HRC. The minimum hardness for MIL-A-12560H armor is 35 HRC [14].
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Figure 2: Micrograph of HSLA steel plate with FSP on both sides.

Control Mode Farge and Position

Rotational Speed, RFM 200 - 400

Travel Speed, IPM 1-2

Tool Tit, Degree 0-1

Plunge Depth, Inches 0.13-0.15

Figure 3: High temperature tool with parameters.

During FSP a small amount of flash was developed on the surface of the plates. This is
the case with both aluminum and steel plates. This flash was removed prior to ballistic testing to
ensure a uniform plate thickness. FSP produced a grain size on the order of 5 um in the
processed plates, which was approximately an order of magnitude reduction in grain size for
these alloys. This reduction of grain size contributes to both strength and toughness in these
materials; however, the treatment also affects the distribution and size of precipitates which can
also have a strong effect on material properties.

3. Vs Ballistic Testing

3.1 Procedure

All Vs testing was done in accordance with MIL-STD-622F [15]. The armor plates
were clamped to a test frame with a 0.51 mm thick 0.61 m x 0.61m 2024 T3 witness plate 152
mm behind the test plates. A chronograph was placed 122 cm from the plate to measure the
projectile velocity. The plates were then tested using a 7.62 mm AP M2 projectile, weighing 165
grains. The projectile velocity was adjusted by varying the propellant charge until velocities for
complete and partial penetrations were found for each material type and thickness.

3.2 Testing
Each material type and thickness was tested as parent material, FSP on impact face, FSP
on back face, and FSP both faces. This was done in order to test the effectiveness of FSP. The
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12.7 mm 6061 aluminum was tested with a 30° obliquity angle, this increases the effective
thickness of the material. The 12.7 mm and 25.4 mm HSLA and 7039 aluminum were tested
with a 0° obliquity.

4. Results

4.1 Aluminum Plates

The 7039 aluminum plates were tested one day after the plates were friction stir
processed. The plates were in a very soft condition, near a W-temper, and had a V5o of 561 my/s,
which was lower than expected. The required Vso for 25.4 mm thick plate is 624 m/s[16]. The
parent material was tested at 678 m/s. The remaining 7039 aluminum plates were then
artificially aged to a stable condition before testing. One plate was artificially aged at 107°C for
76 hours[17]. The Vs for this plate was 625 m/s. Another plate was naturally aged for 7 days at
room temperature. This plate had the same Vs of 625 m/s. While this represented a substantial
improvement, it still did not meet the minimum requirements for the Vso and requires further
investigation in order to achieve substantial improvements over parent material. Positive changes
in the failure mode were observed, however, which will be discussed later. Figure 4 shows the
V50 values for various material conditions.

W Required
mParent Tested
M FSP No Heat Treatment

WFSP Artificial Age Front

Velocity (m/s)
E

300 = FSP Artificial Age Back
200 - B FSP Naturally Aged
100

Figure 4: 7039 Aluminum Vs, values for various material conditions.

The friction stir processed 6061 aluminum plates were aged to the T6 condition after
processing by holding the plates at 160°C for 18 hours[17]. This was done before any 6061
plates were tested because of the 7039 results. The required V5o for 12.7 mm is 412 m/s[18].
The Vs for the FSP material was 418 m/s. This also meets the required velocity but did not
demonstrate a substantial improvement in penetration velocity. However, again, a positive
change was observed in the failure mode which is described in the next section. Figure 5 shows
the V5o values for 6061 aluminum. The FSP material in both cases showed very different
characteristics around the impact site verses the parent material. Figure 6 shows a typical impact
site for the parent material (a) and the FSP material (b). In the parent material, the copper jacket,
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lead core, and surface of the aluminum plate are fragmented from the plate during impact as the
hardened steel penetrator passed through or was stopped. This is consistent with parent material
impacts. In the FSP material the copper jacket and lead core were stripped off the penetrator as
it passed through or was stopped. The copper jacket, lead core, and surrounding aluminum did
not fragment. These materials were retained in the plate, leading to a much smaller entrance hole
as compared to parent material. This is due to the increased ductility of the FSP material and
represents a significant improvement in the failure mode because the shrapnel from an impact on
armor could also pose a threat to anyone standing nearby.

W Required
nFsP

Welocity (m/s)
g

Figure 6: Impact site of (a) parent material, (b) FSP material.

Figure 7 show the adiabatic shear bands that are formed during high strain rate and high
plastic deformation events[19]. Figure 7 (a) shows that there is an absence of adiabatic shear
bands in the FSP material and as the projectile advances through the FSP material to the
unprocessed material shear bands develop. This is opposite when the FSP material is on the
back side of the plate. Figure 7 (b) show the shear bands stop as the projectile enters the FSP
material. Figure 7(c) and Figure 7(d) are magnified images of (a) and (b) at the transition from
FSP to unprocessed material.
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Shear Bands

Figure 7: Macrograph of Aluminum samples with adiabatic shear bands, (a) FSP opposite side of
impact, (b) FSP on impact side. (c) is a magnified image of (a) at the transition from FSP to
unprocessed material. (d) is a magnified image of (b) at the transition from FSP to unprocessed.

FSP on the opposite side of impact showed the best results. The parent material on the
impact face provided a harder surface for initial impact while the FSP created a more ductile
material on the back side, resulting in more extensive plastic deformation. This is due to the
increased ductility and softening of the FSP material during impact. Figure 8 shows the
difference between the exit side of the parent material and the FSP material. The parent material
has cracked as the penetrator breaks through the back side, while the FSP material continues to
plastically deform. This is also because the increased ductility and toughness in the FSP material
due to smaller grain size of the FSP material.

5 mm

5 mm

Figure 8: Exit side of (a) parent material, (b) FSP material.
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Figure 9: Microhardness of tested aluminum samples along the void left by penetrator.

Figure 9 shows the variation in microhardness for the tested samples. The values were
measured along the void left by the penetrator. The FSP material showed softening due to over
aging from excessive heat generated during the 45 minute processing time. Conductivity
measurements showed that the plates were overaged. The strengthening phases were
solutionized during FSP due to the extensive time of processing the plate remained at an elevated
temperature for an extended period of time.

4.3 HSLA Steel

HSLA steel has a required Vso of 744 m/s[14]. The reported Vs, value for the material
tested was 755 m/s. The tested parent material had a Vs of 797 m/s. The FSP material with
impacts on the opposite side of the plate had a Vs of 811 m/s. The full penetration processing
plate had a V5o of 762 m/s. The plate with the FSP on the impact side had a Vs of 827 m/s, with
a peak partial penetration of 844 m/s. This is an increase of 30 m/s over the tested parent
material and an increase of 83 m/s over the required Vso. The Vso of 827 m/s meets the
requirement for a 15.24 mm thick plate of parent HSLA steel, which is 2.54 mm thicker. Figure
10 shows the V5o values for various material conditions.

860

840

820 + m Required
800  Reported

H Parent Tested

g

® FSP Full
W FSP Back

Velocity (m/s)
~
]

3

™ FPS Front

)

W FSP Peak

g

BB0

Figure 10: HSLA steel V5o values for various material conditions.
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Adiabatic shear bands are also seen in the HSLA steel samples. Figure 11 shows that in
HSLA steel shear bands are formed in the FSP material and not the parent material. The best
results were seen with the FSP material on the impact side of the plate. The plate with FSP on
the opposite side of the plate showed that the FSP material cracked as the softer material
deformed into it. Smaller grain size allows for a tougher material at higher hardness. With the
FSP material on the impact side the penetrator interacted with the harder, tougher material first
then the softer parent material was able to deform in a ductile manner and absorb energy from
the impact.

Figure 12 shows the microhardness values measured along the void left by the penetrator.
The tested parent material showed strain hardening caused by impact. The FSP material started
at a higher hardness value and showed the characteristic peak and valley associated with
adiabatic shear bands[19]. After the transition to unprocessed material the microhardness shows
the same trend as the parent material.

No Shear Bands (. Shear Bands

£ 500

Z

i —+—FS5P Front Face
;.; 300 —&—Parent

c e A5 Recieved
5om s Redieve

= Depth of Penetration

g

=]

a 0.2 0.4 06
X-Direction (in)

Figure 12: Microhardness of the tested HSLA steel along the void left by the penetrator. The
vertical line is the depth of penetration for the FSP material.

Figure 13(a) shows the microhardness of the FSP partial penetration HSLA steel. The
material to the left of the vertical line is FSP material, to the right is unprocessed material. The
partial penetration showed a harder surface and softer unprocessed material than the parent
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sample. This is due to the increased hardening from FSP and the softening of the unprocessed
material because of the heat input. Figure 13(b) shows the microhardness of the full penetration
material. The full penetration processing showed an overall softer condition than the parent
material due to the heat generated during processing on both side of the plate. The material to
the left of the vertical is FSP that was processed first. The plate was then turned over and
processed on the other side, this is the material to the right of the vertical line.

700 J00 p
I————C ——Full F58 (b}

500 &00
_ Parent - Parent
f 500 .\’/\ —&—Boundary f 500 —m—Roundary
= 400 = a0 -
2 2
£ 300 2 a0
= =
£ 200 £ 200

100 100

o o
] 02 0.4 0.6 o 02 04 0.6
X-Direction (in) X-Direction (in)

Figure 13: Microhardness of (a) partial and (b) full penetration processing and parent material.
The vertical lines are boundaries between material types.

6. Conclusions

Friction stir processing has been shown to increase the ballistic performance of HSLA
steel and change the interaction of the aluminum alloys with the penetrator. Adiabatic shear
bands formed in the aluminum and HSLA FSP material. FSP HSLA steel showed an increase in
Vs ballistic limit of 83 m/s over the required minimum and 30 m/s over the parent material.
Thick plate aluminum alloys showed softening and a lower Vs, parent material, so additional
development is needed for thick plate FSP aluminum. However, there was a marked
improvement in the failure mode as the entrance sites of the FSP aluminum material contained
the fragments of the copper jacket and lead core, rather than ejecting them as shrapnel from the
front of the plate in the parent material. It has been observed that to get the greatest improvement
in Vs values for HSLA steel the FSP material should be on the impact face because of increase
hardness of the material, whereas for aluminum alloys the FSP material should be on the face
opposite of impact. This allows the FSP material to absorb energy during plastic deformation
during impact.  Overall, friction stir processing is a viable option for the improvement of
ballistic performance in armor materials and additional development is warranted.
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Abstract

The data from a round robin study of friction stir welded 6.35 mm (0.25-in) and 3.175 mm
(0.125-in) AA2024 was statistically evaluated. Friction stir welded butt welds were produced by
four participant sites and tested in two independent test labs. Each participant site selected a
weld tool of their choice and then developed a process window. The welds were produced with
the weld parameters from the four corners of their weld process windows using their own
welding machinery. The weld properties were then characterized by tensile testing, full field
microhardness testing, and conductivity testing of a transverse line across the welds. The
transverse tensile strength of the welds was found to be at least 88% of the base material
strength. Statistical analysis of the data showed that site-to-site variability was significant with
respect to mechanical properties.  Overall, variability in the mechanical properties between
welds produced in the round robin study was found not to be significant suggesting that the data
from all sites was statistically able to be pooled for developing design allowables.

Introduction

The friction stir welding (FSW) process was developed in 1991 by The Welding Institute (TWI)
a British research facility [1]. FSW is a sub-solidus thermo-mechanical process. At least two
work-pieces are joined by mechanically stirring the material which is softened as heat flows into
the area from friction, stirring and forging forces produced by the weld tool. A rotating probe
moves through the material forging material from the leading edge of the probe into a void which
forms behind the probe [2]. A shoulder at the base of the probe rotates on the surface of the
material and produces frictional forces.

A depiction of the FSW process is shown in Figure 1(a). The material is heated just enough to
soften it but not to the solidus temperature. There is no change in the bulk chemistry of the
material during the FSW process because no fillers are required. The material does not reach the
solidus temperature so no bulk solid-to-liquid transformation occurs. This results in less residual
stress and distortion as well as better mechanical properties in the friction stir weld than with
other welding methods, particularly fusion welding. FSW is an environmentally friendly
process, which does not produce toxic by-products, does not require cover gases, and does not
require large amounts of energy.
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(b)

Figure 1: (a) depiction of the friction stir welding process as presented by TWI [3]with the axis convention
added (b) metallographic image of cross section of friction stir weld with microstructural areas labeled.

Several unique microstructural zones are formed within the joint as a result of the FSW process.
The complex flow of material around the probe forms the nugget or stir zone. The thermo-
mechanical affected zone (TMAZ) is the result of mechanical forces experienced at the edge of
the stir zone as the probe moves through the material and the heat that flows into the area from
the nugget. In the nugget, temperatures are high enough to cause dissolution of precipitates. In
precipitate-hardened metals, such as AA2024, the microstructure in the nugget is fine equiaxed
grains with few dislocations and S’(S) (Al,CuMg) particulates well dispersed and coherent in the
matrix. This is due to dynamic recrystallization which occurs as the probe moves through the
area. The TMAZ has rotation of the grains with a high concentration of dislocations due to the
deformation field at the edge of the stir zone. The temperatures reached in the TMAZ result in
S’(S) precipitation and coarsening of the grains. The Heat Affected Zone (HAZ) is formed as
heat flows into the area through the TMAZ and from frictional energy produced by the rotation
of the shoulder on the surface of the material. When higher temperatures occur, or lower
temperatures for extended periods, coarse incoherent phases form, which lead to a loss of
strength as is seen in the HAZ. Due to rotation of the grains and coarse grain structure in the
TMAZ/HAZ region, this region is the primary area of failure in the friction stir weld when
mechanically tested transverse to the joint line weld [4] [5] [6]. The metallographic cross-
section in Figure 1(b) is of an FSW butt-weld which shows the approximate location of the
microstructural areas of the weld.

Since FSW was first developed, research has investigated the flow of the material around the
probe and the effect of tool design on material flow [5] [7]. In addition, research has looked at
the heat input into the weld [8] [9] [10] and the effect of weld parameters and tool design on the
quality of the weld [10] [11], the microstructural changes in the weld and flow of weld material
[2] [9] [12], as well as other aspects of the FSW process. Arbegast presented a flow-partitioned
deformation zone model for understanding the formation of weld defects [13]. The research
results have contributed to the understanding of the production of defect-free welds, and the data
has shown that the process is reproducible.

A study at the National Institute for Aviation Research (NIAR), at Wichita State University
(WSU) indicated that the friction stir welding process is path independent [14]. In other words, a
defect-free weld is not dependent on the tool used or machinery used, but rather on the weld
parameters required to make a defect-free weld with the particular weld tool used. Each tool
design has a range of spindle speed (rpm), travel speed (mm/s) and forge load which can be used
to produce a defect free butt-weld. These weld parameters of spindle speed versus the travel
speed define a process window for that tool design.
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As part of the Path Independence study, a round robin was conducted at WSU to evaluate
variability between sites when welds are produced by different suppliers. In this paper, the
round robin portion of the Path Independence Study conducted at WSU will be discussed and the
data analyzed.

Experimental Procedure

Welds were produced at four different participating sites with the equipment and processes of
each site. Each participant site was asked to produce four strong butt-welds using the four corner
weld parameter combinations from their process windows. A depiction of the areas of the weld
process window where the weld parameters used were found is shown in Figure 2(a). The
designation given to the welds with parameters from each weld process window area is shown in
Figure 2(b). The participating sites were Wichita State University (WSU), Lockheed Martin,
Alcan (now Constellium), and Airbus. Four welds in 6.35 mm (0.25-in) AA2024-T3 material
and four welds in 3.175 mm (0.125-in) AA2024-T3 material were to be produced by each site.
The material welded was supplied by Aluminum Company of America (ALCOA), and Kaiser
Aluminum. The participant sites are referred to as SITE A, SITE B, etc. in this paper.

x x HL* HH*
High| High rpm High rpm
Low mm/s High mm/s

ssplnd: LL* LH*
“F;i' x x Low| Lowrpm Low rpm
1 | Lowmmis High mm/s

\’-. mrm T
Travel Speed (mmis) mm/s —Low High
(a) (b) *Predetermined Forge Load for particular

combination of rpm and mmis

Figure 2: Location in weld process window of weld parameters used to make welds for the study.

The welds produced at WSU were welded on an MTS® ISTIR PDS 5-axis motion, 7-axis force
monitoring FSW gantry machine with an anvil made of 4130 steel. The panels to be welded
were secured by placing 12.7 mm (0.5-in) by 25.4 mm (1-in) steel bars positioned 50.8 mm (2-
in) from the joint-line on each side with top-clamps positioned normally to the joint-line on the
steel bars and tightened to approximately 5.3 kN (1,200 Ibf per foot). The clamps were placed
101.6 mm (4-in) apart. The material was welded with the direction of the grain. The weld tools
chosen to make the WSU welds are shown in Figure 3(a) and Figure 3(b). Each WSU weld tool
has a flat shoulder with Wiper™ scrolls [15]. Each participating site produced welds with their
own welding tools and the process windows used by each participant site is provided in Figure
3(c). These process windows indicate that for each tool the process window can be very
different.
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Figure 3: Tools used to make butt welds at WSU; (a) for welds of 6.35 mm (0.25-in) material; (b) for welds of
3.175 mm (0.125-in) material; and (c) Weld tool process windows for each site.

There were 17 welds of 3.175 mm (0.125-in) AA2024-T3 material and 13 welds of AA2024-T3
6.35 mm (0.25-in) material. SITE D made an extra 3.175 mm (0.125-in) material weld with
center point weld parameters and produced no 6.35 mm (0.25-in) material welds. In addition,
SITE D had only one tool which was not long enough to weld 6.35 mm (0.25-in) material. SITE
A made an extra 6.35 mm (0.25-in) material weld using the center point parameters of their weld
process window. Shown in Table 1 are the weld designations and weld parameters used to
produce them for each participating site. SITE C produced welds under position control, and the
other sites produced welds under load control.
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Table 1: The welds produced at the participant sites with the weld parameters used.

Round Robin |SPindle| Travel | Forge | Tensil Round Robin |SPindle| Travel | Forge | Tensile
Specimen | Speed | Speed | Load |Strength Specimen | SPeed | Speed | Load | Strength
(RPM) | (mmis’ kN MPa (RPM) | (mm/s kN (MPa)

SITEA _3_HH 650 7.6 217 464.29 SITEC_133_HL 600 85 25 472.08
SITEA_4_LL 550 5 217 456.98 SITEC_134_LL 500 8.5 23 464.02

SITEA_5_LH 550 T6 217 484.7T1 SITEC_135_LH 500 10 26 4716
SITEA 6 CP | 600 | 64 | 217 | 45878 || SITEC_136_HH 600 10 25 | 47574
SITEA_7 HL | 650 5 217 | 45671 || SITEC_153_LH | 500 4 35 | 43485
SITEA_27_LL | 550 5 217 | 46281 || SITEC_154_ HH 600 4 34 439

SITEA_28_LH 550 7.6 21.7 464.71 SITE C_155_HL 600 34 kil 440.78
SITE A_29_HH 700 7.6 21.7 456.43 SITEC_156_LL 500 34 32 436.02

SITE A_30_HL 700 5 1.7 489.67
SITEB_1_LL 300 3 15.3 430.23 SITED_1_LL 700 3 9 437.4
SITEB_2_LH 300 38 15.3 436.02 SITED_2 HL 900 3 9 441.4
SITEB_3 HL | 350 3 153 | 44016 || SITED_3_HH | 900 7 9 461.95
SITEB4 HH | 350 | 38 | 153 | 44278 || SITED 4LM | 700 5 9 447.19
SITEB_11_LL | 325 | 34 | 153 | 42885 || SITED_S 4 9 44
SITEB_12_LH | 325 4 153 | 44016 '
SITEB_13_HL 3rs 34 15.3 424 .92
SITE B_14_HH 3rs 4 15.3 436.51

The welds produced at SITE B and SITE C were tested at WSU. The welds produced at SITE A
and SITE D were sent to Pennsylvania for testing at Westmoreland Mechanical Testing and
Research, Inc. All testing was performed after at least 100 hours of natural aging, allowing time
for the AA2024 weld material to stabilize with natural aging before testing. The microhardness
testing conforming to ASTM E384 and conductivity testing conforming to ASTM E1004-09 of
selected welds from all participant sites was done at WSU. The welded panels were cut to
provide 2 metallographic specimens to be prepared for metallography and microhardness testing
and 5 coupons transverse to the weld to meet ASTM E8 specifications for tensile testing.

Tensile testing of the coupons at WSU was carried out on a 22-kip MTS® 810 load frame. A
clip-on MTS® axial extensometer with a 50.8 mm (2-in) gauge length was used to obtain strain
data during the tensile test to calculate stress. Microhardness testing was performed on selected
specimens on a LECO AMH43 automatic microhardness tester, using a Vickers scale with a 500
gf load, 13-second dwell, and 555 micron spacing. Electrical conductivity testing was performed
on the specimens that were also microhardness tested. This was accomplished using a Hocking
AutoSigma 3000DL Electrical Conductivity Meter with a 500 kHz, 8 mm diameter GE
Inspection Technologies model 47P002 probe. Each conductivity chart is the result of the
average of three sets of readings every 1.59 mm (1/16 inch) in the transverse direction across the
weld, with readings taken in the direction from the advancing side to the retreating side

Results and Discussion

The average ultimate tensile strength (UTS) for the 30 welds produced in the round robin can be
found in Figure 4. The UTS values are the average of five tensile coupons (designated as T1 to
T5) from the joint-line of each weld. The tensile strength of the welds was 88% to 98% of the
base material tested tensile strength of 484 MPa. The failure locations were evaluated for the
welds from each participant site. All of the SITE A tensile coupons failed in the TMAZ on the
retreating side, except for two, which were from the same 3.175 mm (0.125-in) weld. The T1
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tensile from the SITE A 29HH weld failed in the nugget, and the T4 tensile from that weld
failed in the nugget at the nugget/TMAZ border. The UTS values for the two tensile specimens
were 447.59 MPa and 437.24 MPa respectively, while the rest of the tensile specimens for this
weld were 462.76 to 472.41 MPa. This would indicate that this weld may have defects, although
none were seen when visually inspected. The T1 and T4 tensile values of the SITE A 29HH
weld, although low values for that weld, were comparable to the average UTS of 424.92 to
447.19 MPa for most of the welds produced at SITES B and D. All SITE B weld coupons failed
in the boundary of the HAZ and TMAZ. There were no defects noted with visual inspection.
The SITE D weld tensile coupons failed at the TMAZ on the advancing side. The average UTS
values for the SITE C welds were 434.65 to 475.74 MPa. The SITE C weld numbers 133HL and
136LH each had one coupon fail in the nugget, which could indicate weld defects, so the
micrographs were inspected to confirm the absence or presence of voids. There were no visible
voids or oxide lines in the micrographs of any of the SITE C welds. A small amount of flash
was present at the sides of the weld track on all of the coupons. The rest of the SITE C welds had
failures on the nugget / TMAZ boundary.

Round Robin 2024-T3 Tensile Data

500
N
as0 l . I —
" 1 EE| |
350 i o Parent
_— = SITE A
g : . WSITEB
2250 — | msimEC
| : : | WSITED
100 | 2 —— | SeeFigure 2 for
l- . H ek desigmations.
50 s : | | CP= Ceater Paimt
: B | | LM=LowMedium
1} . L —
L HH HL IH I m P )\HH HL LH w cp J Parent

3.175 mm (0.125-in.) 6.35 mm [0.250-in.)

Figure 4: The results of tensile testing of all the welds produced by the participating sites with data grouped
by weld parameters; shown with + one standard deviation.

Figure 5 shows the full-field microhardness map of the SITE D 2HL weld. This weld was
produced with a weld tool which had a shoulder diameter of 13 mm and a probe diameter of 5
mm. There are microhardness minimums in the TMAZ/HAZ areas with a hardness increase in
the nugget, but the nugget microhardness values are much lower than the base material. An
outer minimum is seen outside the shoulder diameter at approximately 11.66 and 33.3 mm.
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Jones et al. [5] discussed the outer minimum area. TEM images of the area during that study
showed that between the HAZ and outer minimum there was a microstructure similar to the base
material but with very fine S-phase precipitates. This was believed to have contributed to the
increase in hardness in that area. The outer minimum is too far removed to be affected by the
forging forces of the probe. It is only affected by the shoulder on the surface of the material.
TEM images indicated that no S-phases were present in the outer minimum area. Jones et al.
concluded that the outer minimum hardness area was due to dissolution of the fine S-phase
particulates with the small elevation in temperature during the weld cycle. The area closer to the
HAZ is affected by the work of the shoulder and heat flowing into the area from the HAZ, which
results in an optimal environment for growth of fine grains and retention of the S-phase
particulates.

#115-120 ©120-125  125-130 m130-135 m135-140 =140-145 m145-150 m150-155 m155-160

S§3Isge3eRsyBI8saage
“iesdidcodildassidssagy
F S
150 | i e
4 - ﬁ.. *
145 *ete | +* | | * | ’-;. -*
in:; hrd - * e -
w— 1 $estors - e | .‘. | | 9% | *+% %
“% 140 + - -* ‘0 “I ‘:;'“” I I 0. *1 ‘; :’ -
= 135 e wb (% fen] | L g™ .
a haREX 139 '.ol |' r # Data from
2 130 ¥ Iy 0.5 10 141
= ] +* | S wold rout
bl .|"u - |
£ 125 i
= 4
‘% 120 & :"4'.
115 : 4
110

-25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 150 20.0 25.0
mm

Figure 5: The full-field microhardness map for the SITE D_2HL weld with a scatter plot of two lines of data
transverse across the weld.

Conductivity testing can be used to characterize the microstructure of a weld. An increase in the
size of precipitates and coarse, incoherent grains occur in the area of the HAZ and TMAZ in
precipitate-strengthened metals [6]. A “hot” weld (high spindle speed, low travel speed) is
shown in Figure 6(a). This results in an increase in conductivity in this area that can be
confirmed by comparing the conductivity curve to the corresponding microhardness map. In the
“cold” weld, a peak in conductivity is observed in the area of the nugget, which reflects an over-
aged microstructure in this zone of the joint. This could explain the area of minimum hardness
in the nugget of the Site D 2HL weld. Conductivity testing was done every 1.59 mm (1/16-in)
to obtain the conductivity transverse across the weld. Since the probe used was 8§ mm in
diameter, each reading represents an average of the conductivity in that area, but the resulting
graph sufficiently represents conductivity trends across the weld. Figure 6(b) shows the
microhardness map and the graph of conductivity across the weld of the SITE D 2HL weld. The
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elevation in the nugget represents the increase in conductivity due to the “over-aged” condition
of the weld. This is a “cold” weld having a relatively low spindle speed and high travel speed.
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Figure 6: The graph of the conductivity readings transverse across the weld shown with the microhardness
map for this weld (a) Weld SITE B_HL; Weld SITE D_LH.

Full field microhardness testing was performed on all the welds in the study. The nominal
Vickers hardness (HV) value for AA2024-T3 material before welding is nominally 137 HV [16].
The measured weld microhardness minimums ranged from 110-132 HV/500. In Figure 7, the
full-field microhardness maps are shown for four welds with uniform hardness across the weld,
especially the SITE C welds. The SITE C _136HH weld does not have an outer minimum, and
the nugget hardness is not significantly less than the base material hardness. The tensile strength
of these welds is also high.

SITE A_29_HH
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66.2
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Figure 7: The full-field microhardness maps of welds with fairly uniform microhardness and high tensile
strength.
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The weld UTS results were entered into Statgraphics®, a computer-based statistics package, to
evaluate the variability of the data. A Weibull analysis indicated the data could have come from
a normal distribution; therefore, the data was grouped according to the location of the weld
parameters in the weld process window and analyzed. A multiple sample comparison showed no
significant difference between the means of the data groups, as shown in the box-and-whisker
plot from the analysis in Figure 8(a). The variance check indicated no significant difference in
the standard deviations between the groups of data with a 95% confidence level.

In addition, the Kruskal-Wallis test of the medians indicated that there is not a statistically
significant difference between the medians of the groups of data at a 95% confidence level.
The data was grouped and analyzed according to the participant site that produced the welds.
According to the results shown in Figure 8(b) there was a statistically significant difference
between the standard deviation of SITE C to SITE A and of SITE C to SITE B. The variability
between sites is significant with a 95% confidence level, but it is low at 6.2 to 14.2 MPa.
Assuming that the tensile coupons came from independent locations within the weld joint-line,
the data was grouped according to T1 to T5 and analyzed. The results shown in Figure 8(c)
indicate that there is not a significant difference between the means of each group of data. A
Kruskal-Wallis test of the medians, which assumes all medians are the same, shows no statistical
difference between the medians of the groups with a 95% confidence level. Therefore, there is
evidence that the welds are uniform in tensile strength from beginning to end. Finally, the results
show that the participant sites were able to produce welds of equivalent quality using their own
equipment and processes.

Box-and-Whisker Plot for Phase Il 2024-T2 Weld Tensile Data  Box-and-Whisker Plot for Phase 11 2024-T3 Tensile Data
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Figure 8: The results of Statgraphics® analysis of the tensile data.
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Conclusions

Welds were produced by four participant sites, using their own equipment and processes. The
welds were shown to be of equivalent quality with at least 88% and up to 98% of the base
material tensile strength. Four of the welds had uniform microhardness profiles with high tensile
strengths. Statistical analysis of the data indicated that the data could have come from a normal
distribution. When grouped according to location of the weld parameters in the weld process
window, no significant difference between the data sets was detected. When grouped according
to the site that produced it, a significant difference between the standard deviations of the data
from the different sites was observed. Although significant variation was demonstrated between
sites, the variation was low at 6.2 to 14.2 MPa. There was evidence that the welds were of
uniform tensile strength from beginning to end.
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Abstract

The properties of lap joints performed by FSW have been studied in this investigation. Similar
and dissimilar combinations have been studied using AA6082-T6 and AA5754-H22 aluminum
alloys. The effect of several joining variables on the mechanical and microstructural properties of
the joints have been analyzed using different tool designs and welding parameters such as
rotational speed and weld speed. The influence of welding parameters and probe design have
been found to produce a very strong impact on effects such as hook feature formation and
effective sheet thickness of the joints which greatly influence the properties of the joints. It has
been concluded that using appropriate tool designs and welding conditions, the flow of the
plasticized material can be driven to avoid the formation of undesired joint features and
maximize the strength of the joints.

Introduction

Since it was invented [1], FSW has experienced a large research activity and many applications
have been developed especially in products produced by FSW of aluminum alloys [2]. This
research and development activity has been conducted primarily to butt joint configurations.
However lap joint configurations are highly interesting too, as they are widely used for the
manufacturing of structures in different transportation industries. The great potential of FSW to
produce lap joints with aluminum alloy materials makes it a very interesting technology to
replace other similar joining technologies that are applied currently for the manufacturing of
components such as structural panels strengthened by stringers. Therefore it is very important to
understand the basics of the joint formation in FSW lap joints in order to realize a high quality
manufacturing of FSW lap joints.

There have been a number of studies conducted on FSW lap joints [3-10]. These studies have
described the joint formation mechanisms, mechanical properties, as well as the importance of
the tool design in the properties of the joints. According to some authors [3, 4, 5, 9], the pull-up
or pull-down effects produced by the FSW tool have been identified as the main factors
governing the joint formation and subsequent properties of the joints. The study of the
mechanical properties of the joints [3-7] revealed that presence of defects such as hook features
or un-welded interfaces are largely detrimental for the joint strength. It has been shown that
conventional tool designs used for FSW of butt joints are not the best option for lap
configurations and some attempts have been made in order to improve the tool design for FSW
of lap joints [8-11]. The main goal is to avoid pull-up or pull-down effects on the advancing and
retreating sides of the joints resulting in hook features or un-welded interfaces, while generating

195

www.EngineeringBooksPdf.com



sufficient welded area to allow a good transmission of the stresses from the top sheet to the
bottom sheet of a lap joint.

The study reported in this document was focused on the investigation of the influence of
different welding conditions on the microstructural and mechanical properties of FSW lap joints
using 1,5 mm thick AA6082-T6 aluminum alloys. Different probe designs (length and geometry)
were used under different welding conditions focusing on the microstructural features produced
for each tool/parameter combination. Mechanical properties of the joints were analyzed by
tensile shear testing paying attention to the fracture type produced in each case. From these data
relationships have been established among tool design, welding parameters, microstructural
features, mechanical properties and fracture types of the FSW lap joints.

Experimental Procedure
Materials

FSW lap joints were performed at IK4-LORTEK Research Centre (Ordizia, Spain) using similar
and dissimilar aluminum alloy combinations. 1,5 mm thick AA6082-T6 aluminum alloy sheets
were used to produce similar FSW lap joints. These joints were used to study the mechanical
strength as well as the microstructural properties of the joints. In addition to these, dissimilar
joints were produced using 1,5 mm thick AA6082-T6 and AAS5754-H22 aluminum alloy sheets
in order to analyze the material flow behavior and joint formation mechanisms. For this material
combination AA6082-T6 alloy was placed on top of the overlap configuration. In all tests, both
top and bottom sheets were 180 mm long and 100 mm wide while the overlap distance was 40
mm.

Welding Procedure

FSW experiments were conducted in a MTS ISTIR-PDS FSW machine in position control. A
constant penetration depth, which was set to be the same as the pin length used in each case, was
used for all welding tests. FSW lap joints were produced under different welding conditions as
listed in Table I. Two different welding conditions were studied from a welding heat input
viewpoint, considering that high rotational speed (RS) and low welding speed (WS)
combinations correspond to high welding heat input in comparison with low RS and high WS.
Therefore, high heat input joints were performed using a RS of 1500 rpm and a WS of 150
mm/min. On the other hand low heat input joints were produced at values of RS and WS of 750
rpm and 300 mm/min respectively. These two different welding conditions are referred to as “hot
welds” (welds produced at 1500 rpm — 150 mm/min) or “cold welds” (welds produced at 750
rpm — 300 mm/min) hereafter.

An adjustable probe concept tool was used for the welding experiments, allowing the change of
the probe or the adjustment of the probe length while using the same shoulder. Thus two
different probe designs were used for the tests, one comprising a cylindrical threaded probe and
the other one featuring a cylindrical non-threaded probe. FSW lap joints were produced by
setting both probe designs to three different probe lengths with values of 1,5 mm, 2 mm and 2,5
mm. This means that at a pin length of 1,5 mm the tip of the probe travelled just in the interface
of the bottom sheet while at pin lengths of 2 mm and 2,5 mm the probe penetrated the bottom
sheet by 0,5 and 1 mm respectively. The tool had a shoulder diameter of 12 mm for all probe
design and probe length combinations and the tilt angle was fixed at 1,5 deg.
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Table I: Welding Parameters

Weld N° Probe Design Probe Length Weldi(rIl{gSf_’&;;r)neterS
1 Threaded 1,5 mm 750 r;gfl%gf:g;/min
2 Threaded 1,5 mm 1500 r;ioi ?;f(:)lim/min
3 Threaded 2 mm 750 r;gloid%\geﬁ;/min
4 Threaded 2 mm 1500 r;illoi }X;(z)lcri;m/min
5 Threaded 2,5 mm 750 r;gold;)\(f)elg;/min
6 Threaded 2,5 mm 1500 r;ioi }K;fz)l(rl;;m/min
7 Non-threaded 1,5 mm 750 r;gloid%\gelg;/min
8 Non-threaded 1,5 mm 1500 r;illoi }X;(z)lcri;m/min
9 Non-threaded 2 mm 750 r;riold;())\(/)e:g;/min
10 Non-threaded 2 mm 1500 r;ﬁlqoi %2i:m/min
11 Non-threaded 2,5 mm 750 r;rcnoldi)h(/)e:g;]/min
12 Non-threaded 2,5 mm 1500 r;I;Iloi }K;'i)l(ri;m/min

Mechanical Testing and Macro/Microstructural Characterization

Tensile shear tests were performed for evaluating the mechanical strength of the FSW lap joints.
25 mm wide test specimens were machined perpendicular to the welding direction and tested
using a tensile testing machine Zwick Roell Z100 (100 kN load capacity). Three specimens were
tested for each welding condition. Shims of the same material and thickness as the test specimens
were used when clamping the samples in order to induce pure shear and avoid initial
realignments. Fracture strength (R) defined as the maximum failure load divided by the width of
the specimens (N/mm) has been used as the term for evaluating the strength of the FSW lap
joints. In addition to this, fracture type of each condition has been studied too. Loading condition
in lap joints can be different as either the advancing side or the retreating side of the joint can be
loaded on the top sheet. In this study the condition of loading on the advancing side on the top
sheet was used for all welded specimens.

For microstructural characterization, the specimens were carefully prepared following standard
metallographic procedures comprising cross-sectioning, mounting and polishing. Similar FSW
lap joint specimens produced with AA6082-T6 alloy were etched using a reagent based on a
NaOH solution while Kroll’s reagent was used for dissimilar AA6082-T6/AA5754-H22 FSW
lap joint specimens. An Olympus GX51 light optical microscope was used to investigate the
microstructural properties and the defect formation of the FSW lap joints.
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Results and Discussion

Mechanical testing

The R of FSW lap joints produced with a threaded probe tool is shown in Figure 1. It is shown
that for a probe length of 1,5 mm, where the probe does not penetrate the bottom sheet, “cold
welds” and “hot welds” present similar R values of approximately ~278 N/mm. However a very
different R value can be observed for “cold welds” and “hot welds” when there is penetration of
the probe in the bottom sheet (probe lengths of 2 and 2,5 mm). In this situation “cold welds”
show a higher R compared to “hot welds”, which present a very pronounced decrease in the R
values. Generally, the use of a larger probe length reduces the R value of the FSW lap joints, but
this effect is much more prominent in “hot welds” than in “cold welds”.

¥ Cold welds (750 rpm; 300 mm/min)
m Hot welds (1500 rpm; 150 mm/min)

400
-~ 300
£
£ 500
£
e 100 +

0 r
1,5mm 2mm 2,5mm
Probe Length (mm)

Figure 1: Fracture strength (R) of FSW lap joints performed using a threaded probe tool.

In Figure 2, the R values of the FSW lap joints performed by using a non-threaded probe tool are
plotted. Similar R values have been observed for “cold welds” and “hot welds” corresponding to
equal probe lengths although “hot welds” present slightly higher R values. Regarding the effects
produced by the probe length, it can be clearly seen that the use of larger probe lengths produces
an increment of the R values for both “cold welds” and “hot welds”. Therefore the use of a probe
that penetrates the bottom sheet produces FSW lap joints that present higher R values, for the
non-threaded probe tool case.

M Cold welds (750 rpm; 300 mm/min)
m Hot welds (1500 rpm; 150 mm/min)

400
-~ 300
E
E 200
£
e 100 +
0
1,5mm 2mm 2,5mm
Probe Length (mm)

Figure 2: Fracture strength (R) of FSW lap joints performed using a non-threaded probe tool.
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From comparison of data that are shown in Figure 1 and Figure 2, it is clear that the use of
different tool designs produce radically different results in the mechanical properties of FSW lap
joints. Large probes that penetrate the bottom sheet operated at “hot weld” conditions produce
higher R values when using a non-threaded probe tool, while the exactly opposite effect is
achieved when using a threaded tool at those same conditions. Thus maximum R values of ~338
N/mm have been achieved with the non-threaded 2,5 mm long probe tool operated at “hot weld”
conditions, while minimum R values of ~114 N/mm have been observed for the threaded probe
at the same welding conditions.

Fracture types

The fracture type of all tested FSW lap joints has been studied. Three different fracture types
have been observed as shown in Figure 3. Figure 3-A shows a type 1 fracture, which is a shear
fracture through the interface between the top and the bottom sheet. This is the most common
fracture type that has been observed as all samples welded at “cold weld” conditions have shown
this fracture type. Figure 3-B shows a type 2 fracture, which has been observed in FSW lap joints
produced by the threaded probe operated at “hot weld” conditions and penetrating the bottom
sheet significantly. Type 2 fractures are characterized by a fracture initiation on a hook feature
that is present in the advancing side of the joint as it will be explained in detail later. FSW lap
joints showing this type of fracture have presented low R values. Figure 3-C shows a type 3
fracture, which is a tensile fracture through the HAZ of the advancing side. Type 3 fractures
occur outside the joint due to the softening of the HAZ in the advancing side, which is the loaded
side of the FSW lap joints on the top sheet. Type 3 fracture has been observed for the weld N° 12
only, which was produced by a non-threaded 2,5 mm long probe tool operated at “hot weld”
conditions, and has presented the highest R value of *338 N/mm.

Figure 3: Fracture types in tensile shear strength specimens. (A) Type 1, shear fracture through
the interface. (B) Type 2, tensile fracture through the hook feature. (C) Type 3, tensile fracture
through HAZ.

Macro/Microstructural Characterization

Some representative cross sectional views of FSW lap joints produced under different welding
conditions are shown in Figure 4. In FSW lap joints performed with a probe length that equals
the top sheet thickness (Figure 4-A and Figure 4-B) a continuous un-welded interface remains
where the original faying surfaces were located. This interface is formed as a result of a non-
efficient elimination of the oxides present in the faying surfaces before welding. The use of a
threaded probe promotes a slightly higher deformation in the un-welded interface due to a higher
stirring action of the tool (Figure 4-B).

FSW lap joints carried out with probe penetration in the bottom sheet and “cold weld” conditions
(Figure 4-C and Figure 4-D) feature a similar un-welded interface as FSW lap joints represented
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in Figure 4-A and Figure 4-B. However, a more prominent deformation and bonding effect has
been observed, primarily in the interface located in the advancing side.

Figure 4: Cross-sections of FSW lap joints performed with (A) a non-threaded - 1,5 mm long

probe tool at 1500 rpm — 150 mm/min; (B) a threaded - 1,5 mm long probe tool at 1500 rpm —

150 mm/min; (C) a non-threaded - 2 mm long probe tool at 750 rpm — 300 mm/min; and (D) a
threaded - 2 mm long probe tool at 750 rpm — 300 mm/min.

Figure 5 shows a cross-section of a FSW lap joint produced at “hot weld” conditions by a
threaded 2,5 mm long probe tool. It can be seen that an interface pull-up effect is produced in
both advancing and retreating sides of the FSW lap joint (see details in Figure 5-A and Figure 5-
C). These pull-up effects result in a hook feature formation in the advancing side and an
extended un-welded interface in the retreating side. The hook feature and extended un-welded
interface produce an effective sheet thickness reduction on the top sheet which is reflected into
the reduced R values of FSW lap joints produced at these welding conditions.

o & e ]
Figure 5: Cross-section of FSW lap joint performed with a threaded - 2,5 mm long probe tool at
1500 rpm - 150 mm/min.

A completely different joint microstructure has been observed in the study of the FSW lap joint
cross section produced by using a non-threaded 2,5 mm long probe tool operated at “hot weld”
conditions (Figure 6). Even though the only change in the welding conditions compared to the
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sample represented in Figure 5 is the design of the probe (threaded/non-threaded), a very
different defect formation has been observed. A pull-down effect takes place in the advancing
side resulting in a hook feature formation towards the bottom sheet (Figure 6-A). This hook
feature produces a reduction in the effective sheet thickness of the bottom sheet but the thickness
of the top sheet remains the same in the advancing side. On the other hand, a very small pull-up
effect has been observed in the retreating side having practically no influence on the effective
sheet thickness of the top and bottom sheets. However an un-welded interface extension
continuing the top and bottom sheet interface towards the stir zone has been observed in the
retreating side (Figure 6-B). This un-welded interface crosses the stir zone and turns down
towards the bottom sheet in the proximities of the hook feature observed in the advancing side
(Figure 6-A).

| A 500 pm 2 s 7“:‘

Figure 6: Cross-section of FSW lap joint performed with a non-threaded - 2,5 mm long probe
tool at 1500 rpm - 150 mm/min.

Figure 5 and Figure 6 show the great influence of the probe design in the microstructural
properties of FSW lap joints produced at certain welding conditions. In order to gain a better
understanding of the material flow and joint formation mechanisms, cross sections of dissimilar
FSW lap joints produced at “hot weld” conditions and using 2,5 mm long probes are shown in
Figure 7. One can observe that there is no upward vertical flow of bottom sheet material while
some of the top sheet material is driven downwards into the bottom sheet when a non-threaded
probe is used (Figure 7-A). On the contrary, vertical flow of bottom sheet material towards the
top sheet is promoted by the thread in case that a threaded probe is used (Figure 7-B). This
vertical flow is responsible for the development of hook features in the advancing side and
extended un-welded interfaces in the retreating side, resulting in a reduction of the effective
sheet thickness of the top sheet.

As a summary, it can be stated that FSW lap joints produced under conditions that do not
promote vertical flow of the bottom sheet material (Figure 4) show no effective sheet thickness
reduction of the top sheet. FSW lap joints produced in these conditions show a reasonably high R
values (270-300 N/mm) and present an interfacial type 1 fracture as they contain un-welded
interfaces in the original faying surfaces. On the other hand, FSW lap joints produced under
conditions that promote upward vertical flow of bottom sheet material develop defects such as
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hook features in the advancing side reducing the effective sheet thickness of the top sheet (Figure
5). When these joints are loaded in the advancing side, they present a type 2 fracture at very low
R values (=114 N/mm). On the contrary, when conditions that promote downward vertical flow
of top sheet material are used, there is no reduction of the effective sheet thickness of the top
sheet and hook features as well as the un-welded interfaces are driven towards the bottom sheet
(Figure 6). When these FSW lap joints are loaded in the advancing side of the top sheet, the
absence of defects in the areas where the stresses are transmitted from the top to the bottom sheet
produces a type 3 fracture in the HAZ at the highest recorded value of *338 N/mm.

AA 5082-“

AA5754-H22 AA5754-H22

Advancing Retreating Advancing Retreating

[2mm |
Figure 7: Cross-sections of AA6082-T6/AAS5754-H22 dissimilar FSW lap joints performed with
(A) a non-threaded - 2,5 mm long probe tool at 1500 rpm — 150 mm/min; and (B) a threaded -
2,5 mm long probe tool at 1500 rpm — 150 mm/min.

Conclusions

Mechanical and microstructural properties of FSW lap joints have been investigated using
different probe designs and welding parameters. The following conclusions can be presented:

1. In cases where the probe length equals the top sheet thickness, i.e. it does not penetrate the
bottom sheet, no significant differences have been found in R values of the joints for different
probe designs and other welding conditions (“hot welds” or “cold welds”). In these cases an
interfacial failure occurs due to the presence of un-welded interfaces in the original faying
surfaces between the overlapping sheets.

2. In cases where the probe penetrates the bottom sheet, non-threaded probe tools have produced
FSW lap joints with superior R values than those obtained with threaded probes. This effect has
been more pronounced when “hot weld” conditions are employed.

3. Non-threaded probes have shown best results welding with large probe lengths and “hot weld”
conditions. The absence of defects in the advancing side of the top sheet and a reduced un-
welded interface have allowed an optimum stress transition between the top and the bottom
sheets. Thus the highest R values of <338 N/mm have been obtained with a 2,5 mm long probe
operated at 1500 rpm and 150 mm/min, presenting a fracture in the HAZ in advancing loading
conditions.

4. Using these same conditions to perform FSW lap joints with a threaded probe has produced
the lowest R values of ~114 N/mm. The formation of a hook feature in the advancing side
reduced the effective sheet thickness of the top sheet. Thus under advancing loading conditions a
fracture through the hook feature occurs at a very low R value.

5. Different probe designs promote different flow of plasticized material during FSW of lap
joints resulting in different defect formation. It is possible to optimize the strength of the FSW
lap joints by using the appropriate probe design and welding conditions depending on the loading
requirements of the joint.
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Abstract

For production parts joined by friction stir welding, there is a need to identify the effects of
rework in a shop environment, or later repair of damage in service, on mechanical properties.
Effects on strength or microhardness have been previously characterized; however, often design
loads may not be purely driven by static strength allowables, but instead by fatigue limits, which
may be less sensitive to rework than ultimate or yield tensile strengths. To investigate those
effects, defective butt welds were created in 0.25 in thick 7075-T73 Aluminum alloy plates.
Welds were then repaired using similar parameters directly over the original weld. The
mechanical properties of up to four passes after the initial weld were also investigated with a
focus on fatigue life. An analysis of the results and a discussion of the implications for repair and
rework of friction stir welded structures and assemblies are included.

Introduction

As the use of friction stir welding in manufacturing and in particular aerospace continues to
increase, there is a growing need to understand effects and limitations of repairs in friction stir
welded components. Therefore, the purpose of this investigation was to determine the quality of
a repair to friction stir butt welded in 0.25-in (6.3mm) thick 7075-T73 aluminum alloy plates
which contained volumetric defects within the welded region. The repair process was achieved
by applying an additional weld pass over the original defect containing weld. Up to three
additional passes after the repair were also applied to simulate the effects of additional rework
welds on the plate. The aluminum alloy 7075-T73 is a non-weldable, high strength, heat
treatable alloy containing mainly zinc and magnesium, which is commonly used in airframe
structures and other high stress parts [1]. Friction stir welding, however, is an effective joining
process for this alloy since it creates a solid-state joint with strengths above 80% joint efficiency
[2]. A survey of reported tensile strength data for friction stir welded Al 7075-T7 material is
summarized in Table 1.
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Table 1: Reported Tensile Results for As-Welded 7075-T73

Material Thickness Ultimate Tensile Strength Yield Strength Weld Elongation (%) Ref.
0.040-in. (1 mm) 65.4 ksi (451 MPa) 49 ksi (338 MPa) 10.0 131
0.100-in. (2.5 mm) 69 ksi (476 MPa) -- -- [4]
0.125-in. (3.1 mm) 69.2 ksi (477 MPa) 49.2 ksi (316 MPa) 13.8 151
0.240-in. (6 mm) 69.6 ksi (480 Mpa) -- -- 12]
0.250-in. (6.35 mm) 68.6 ksi (473 MPa) -- 6.1 [6]
0.320-in. (8 mm) 66.4 ksi (458 MPa) -- -- 171
Average 68.0 ksi (469 MPa) 49.5 ksi (341 MPa) 9.97

The authors also presented some fatigue data for as-welded 7075-T7, showing a reduction of
fatigue life for samples in the as-welded condition when the weld flash was not removed.
Additionally, Mahoney et al. [8], when investigating properties of friction stir welded 7075-T6,
presented an excellent depiction of the variation of strain in the weld zone, which is typical of
FSW. The variation in strain occurs in the heat affected zone (HAZ), where the hardness
minimum occurs in friction stir welds in precipitation strengthened aluminum alloys such as Al
7075. This loss of hardness correlates well with a small drop in tensile and yield strength, which
can also correspond to a reduction of fatigue strength, especially at higher load levels were strain
localization can occur in the HAZ. At lower stress levels, however, where the strains are
predominantly elastic, fatigue strengths can be nearly equivalent to parent material because,
unlike the tensile strength, the elastic modulus is not appreciably affected by FSW. This
phenomenon was demonstrated in another precipitation strengthened aluminum alloy, 2024 [9].
Additionally, the effect of multipass welds on the tensile properties of Al 7050, a similar 7xxx
series aluminum alloy, was performed by Brown et al. [10]; however, the effect of multiple
friction stir weld passes on fatigue was not investigated. This paper investigates the quality of
repairs in defective friction stir butt welded .25in thick 7075-T73 Aluminum alloy plates.

Experimental

Welds were produced on an MTS ISTIR 10 5-axis friction stir welding system with a hydraulic
spindle motor. The welds were fixtured on a steel anvil. The pin tool was made of H13 tool steel
and is shown in Figure 1. Two 0.25-in. (12.7 mm) thick x 4-in. (102 mm) wide x 24-in. (610 mm)
7075-T73 Aluminum plates were set up in butt weld configuration. Weld parameters were 400 rpm,
13 ipm, with 55001bs of force for the defective pass and 44001bs of force for all subsequent passes.
The experiment involved creating a defective friction stir butt weld with the first pass, and then
repairing the defective weld with between one and four additional friction stir welds. Additional
welds were performed directly over the previous welds. The welds were cooled in ambient air before
additional passes were completed.

Figure 1: FSW pin tool
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Metallographic Samples

Samples for metallographic analysis were prepared using a Leco PR-25 sample press to encase the
samples in Bakelite. The samples were oriented such that samples were sectioned transverse to the
welding direction and the view is in the direction of welding. A liquid cooled 120 grit Leco BG-32
belt sander then sanded the sample surface flat. Next, a Leco spectrum system polisher sanded and
polished the samples. Each sample was sanded with 400, 600, and 1200 grit wet sand paper, and
then with 9, 6, 3, and 1 micron diamond solution. Each step down in grit size included a 90 degree
rotation of the sample about the central axis. Keller’s etchant etched the samples to reveal the weld
zones, and a microscope was used to photograph the samples.

Hardness Testing
Passes 1 through 5 received micro-hardness testing. A manual Vickers microhardness tester was

used to evaluate the samples. Micro-hardness was done across the weld and heat affected zones,
0.125-in. (3.2 mm) from the bottom of the weld, parallel to the bottom of the weld, as seen in Figure
2. A hardness measurement was taken every 0.025-in. (0.64 mm) along this line, for a total of 40
measurements.

Figure 2: Microhardness measurement diagram

Tensile Testing
Tensile testing was performed per ASTM ES8. The tensile samples were cut by waterjet for the parent

material. A 2-axis CNC mill created all welded tensile samples. An MTS 810 hydraulic load frame
pulled the tensile samples and recorded tensile properties. The parent material had six tensile
samples. Passes one through five had three tensile samples each. Samples were lightly sanded to
remove burrs, and were measured to document actual specimen dimensions. The exact centers of the
gage lengths were then marked. To ensure data accuracy, an MTS extensometer measured strain in
the samples. The standard used is shown in Table 2, which defines the parameters for tensile testing.

207

www.EngineeringBooksPdf.com



Table 2: Tensile Test Parameters
Tensile Test Setup Values

Grip Separation

4.375-in. (111 mm)

Initial Rate 0.015in/min (0.4 mm/min)
Measured Elongation 1.18-in. (30 mm)
Nominal Gage Length 1-in. (25.4 mm)

Removal Point

0.0035in/in (0.09 mm/mm)

Secondary Speed

0.25-in/min (6.4 mm/mm)

Strain Endpoint
Thickness
Width

0.0035in/in (0.09 mm/mm)
0.25in (6.35 mm)
0.5in (12.7 mm)

Fatigue Testing

Fatigue samples were tested per ASTM E466. The parent samples were cut using a waterjet, and
a 2-axis CNC mill created all welded fatigue samples. Since it has been shown that the fatigue life
of friction stir welds can be compromised by not removing surface roughness in the weld track,
the weld flash was removed for this testing [2,9]. The test plan called for sanded samples using
1200 grit and each coupon was measured to verify actual coupon dimensions. An MTS 810
hydraulic load frame was again used for the fatigue testing. The machine tested 9-12 samples in
fatigue for each weld pass (3 samples per load level). Parent material was tested as well. The
standard in Table 3 defines the parameters for fatigue testing.

Table 3: Fatigue Test Parameters
Fatigue Test Setup Values

Grip Pressure 1.5 ksi (10.3 MPa)
Thickness .25-in (6.35 mm)
Elastic Modulus 10,300 ksi (71 GPa)
Yield Strength 52 ksi (358 MPa)
Gage Length 2-in. (51 mm)
Temperature 73°F (23°C)

Cyclic Load Variation R =0.1

Stress 50% to 70% of Parent Y.S.
Wave Shape Sine

Frequency 15 Hz

Termination 1,000,000 cycles

Results and Discussions

Four major sets of data were taken to characterize the friction stir weld repair of 7075-T73 butt
welds they are: (1) tensile properties, (2) fatigue properties, (3) metallographic samples, and (4)
microhardness.

Tensile Properties

Comparison of ultimate tensile strength and yield strength are shown in Figure 3. Each point
represents a different sample, and the y axis indicates the number of weld passes the sample
received. Tensile properties show a slight decrease of both ultimate tensile strength and yield
strength with additional repair passes, which is consistent with previous work in a similar alloy
[10]. The softening effect is related to the overaging of the precipitates in the HAZ; however,
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this change in the precipitate structure does not affect the overall elastic modulus of the material
which depends on the alloying elements and is relatively insensitive to overaging.

Tensile Data (Ultimate Tensile Strength)
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Figure 3: Tensile strength versus parent material and number of weld passes a) Ultimate
Tensile Strength, and b) Yield Strength

Fatigue Properties
A plot of the fatigue test results for this investigation is shown in Figure 4. Each data point

represents a unique sample, with logarithmic cycles to failure on the y-axis versus cyclic maximum
stress on the x-axis. The shape and color of the points corresponds to the number of weld passes the
sample received. A summarized table of the results is shown in Table 4. The friction stir welded
samples investigated here had a decrease in overall average fatigue life and an increase in standard
deviation of fatigue results, however, in most cases individual samples were identified that performed
as well as or better than parent material and were in general at least comparable to parent material.
Additionally, up to 5 passes over the same material appear to have little to no effect on the actual
fatigue performance of the friction stir welded material. The strongest effect on fatigue life was
found to be the presence of the small wormholes which were present in the first pass of the welded
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samples, and were observed to have the most detrimental effect on fatigue life at the highest stress
loads. When detrimental defects were present in the fatigue coupons of the 1 pass welds, they were
visible in the fracture surfaces of the fatigue coupons as the initiation site for fatigue failure. A few of
the 1 pass weld coupons did not contain defects within the test coupons, which gave them fatigue
lives comparable with the other multipass coupons. This resulted in the differences shown in Table 4,
where the first pass welds had very high standard deviations and much lower average cycles to

failure.
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Figure 4: Fatigue test data for as-welded multipass friction stir welds in 0.25-in (12.7mm)
7075-T73 plate versus parent material.

Table 4: Summarized fatigue results with average and standard deviation.

Cyclic Stress (ksi) Cycles (mean) Std Dev
Parent 34.7 1,000,000 o
41.6 194,414 30,967.21
48.5 47,783 4,185.94
1 Pass 34.7 132,566 529,444.92
41.6 94,430.75 133,140.49
48.5 29,379.00 13,533.97
2 Pass 34.7 725,308.00 446,110.45
41.6 177,065.00 78,271.32
48.5 53,511.00 9,745.38
3 Pass 34.7 514,203.00 421,321.26
41.6 160,379.00 19,614.12
48.5 56,388.00 16,170.76
4 Pass 34.7 467,929.00 288,320.64
41.6 155,976.00 25,190.62
48.5 56,344.00 9,125.99
5 Pass 34.7 744,254.00 442,965.07
41.6 93,525.00 49,521.65
48.5 36,673.00 14,916.90
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Metallographic Samples

For metallography, all of the plates were sectioned at the beginning (M 1), middle (M2) and end
of the plate (M3), as shown in Figure 5. Metallography was used to identify the weld defects in
the first pass, which were identified in the fatigue testing. Some of the samples from the 1 pass
welds performed equivalent to the other welded samples, and failure did not originate from
defects in the weld nugget. It was later confirmed by metallography that some of the coupons
from the end of the plate did not actually contain weld defects, which explained their improved
performance.

P1-M1 P1-M2 P1-M3

P4-M2 P4-M3

P5-M2 P5-M3

Figure 5: Metallographic samples showing defective welds in pass 1 (circled in Red), and
subsequent defect free welds for passes 2-5.
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Microhardness

Microhardness measurements revealed a typical softening impact on the HAZ, that worsened to some
degree with subsequent weld passes, as shown in Figure 6. The highest hardness values were
observed on the advancing side, which has been observed and often reported to reach the highest
peak temperatures. Minimum hardness values were also observed on the retreating side, which
corresponds to the slowest cooling rates, and is generally the location of maximum softening and
failure in friction stir welds, as it was also in this investigation.

Advancing Retreating
170
160
n00800unnnuuunuuuuouuuuuoooouunnouuanngu
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150 5 o “ oo o Parent
5 |4 —=—Pass 1
£ 140
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120 =—0==Pass 5
110
100
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Inches
2.5 5.1 7.6 9.2 127 152 178 203 229 254
mm

Figure 6: Microhardness measurements along the weld centerline for as-welded 0.25-in. (12.7
mm) 7075-T73 plate versus number of weld passes

Conclusions

Data indicated up to 10% drop in Ultimate Tensile Strength and Yield Strength by the 5™ pass.
There was no statistically significant difference in fatigue life for the limited test conditions. The
defect generated in the weld was successfully repaired by re-welding. There was no significant
drop in tensile strength or fatigue life in this investigation, as compared to the parent material
which was found to be very close to its minimum specification for tensile strength. The results of
this investigation suggest that for applications that are fatigue strength limited rather than yield
or tensile strength limited, additional weld passes for repair or rework may not result in any
appreciable reduction in design life, if care is taken to produce defect free welds and to remove
the weld track and other surface stress concentrations after repair.
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Abstract

Application of Friction Stir Spot welding (FSSW) to the creation of integral fasteners on an
Aircraft Cabin Door using an industrial robot with a “C-Frame” end effector is explored. Plunge
depth control, sheet lifting, pin temperature and anvil sticking issues are addressed. Tools with
various shoulder concavities are investigated. Through optimization of forge load, spindle speed
and process duration (dwell) time, integral fastener shear loads are found to be 1.8 times higher
than resistance spot welding. Optimized anvil and spindle cooling time is found to be up to 9
seconds on the “C-Frame” end effector. Preliminary Welding Procedure Specification (pWPS)
per AWSD17.3 is developed. Frame and skin assembly articles are fastened together using three
unique joining sequences. A “go — no go” inspection gage is used to verify pWPS standards.
Hard tooling to shorten process time, robot cells and multiple end effector studies are proposed
for further study.

Introduction

The objective of this study was to apply friction stir spot welding (FSSW) to the creation of
integral fasteners on a civil aircraft cabin door using a robot equipped with a “C” frame end
effector. Some of the restrictions to overcome involved programming that are restricted to force
control, over-plunging of the probe and sheet lifting seen in earlier internal lab studies. Solutions
taken in this study involved plunge depth control by adding shims to hard stops and the
exploration of sheet interaction with FSSW properties using tool design modifications.

Methodology

The airframe material design incorporated fastening a 0.063 inch thick AA6061-T6 frame to a
0.032 inch thick AA2024-T3 skin. Four FSW tools were considered including featureless probes
and probes with scrolls near the joint interface. The tools included 10 and 15 degree shoulder
concavities. The tool producing the best metallography with high ultimate tensile strength (UTS)
is shown in Figures 1 and 2. The UTS tests for a 100% shear loaded single spot integral fastener
were performed using the coupons shown in Figure 3. Initially a 4-spot integral fastener fixture
was used, as shown in Figures 4 and 5. This was redesigned into a 10-spot integral fastener
fixture to better understand the heat build-up during the fastener creation process, shown in
Figures 6 and 7. This also better replicated the continuous process on the aircraft door panel.
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Figure 6 (10 fastener setup) Figure 7 (10 fastener coupon)
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Two Designs of Experiment (DOE) were performed using a 4 spot fastener setup. DOE-1
compared the four probes using load versus fastener parameter plots in Statgraphics as shown in
Figures 8, 9, 10, and 11. DOE-2 compared the two probes with the highest average joint strength
from DOE-1 as shown in Figures 12 and 13.

Wain Effects Flot for UTS Main Effects Plot for UTS
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Figure 8 (DOE-1, Tool -1) Figure 9 (DOE-1, Tool -2)
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Figure 12 (DOE-2, Tool -1) Figure 13 (DOE-2, Tool -3)

The optimized parameter for Tool-3 with a UTS load of 1.92 KN (432 Ibf) produced the
metallography shown in Figure 14. A small fixture ledge was added to the coupon fixture and
used with clamping in the 10 fastener series to prevent unsupported droops and simulate the
frame support in the door assembly. The clamps prevented observed sheet separation during the
coupon process which was not seen on the stiffer frames during trial runs on the engineering
geometry. This is shown in Figures 15 and 16.
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Figure 14 (Optimum Values — Tool-3)
5115 N (1150 Ibf), 2625 rpm, 5 sec dwell

Figure 15 (Tool showing bottom sheet ledge)

Figure 16 (single clamp is sufficient)

The 10 fastener spot coupons assessed variation in fastener diameter and UTS for a continuous
process. Coupons were selected to test 50% transverse and 50% longitudinal grain directions.
This accounted for the variation in door grain conditions. A fastener creation process lasting 5
seconds gave the best properties but also produced hotter process parameters. A fluke digital
thermometer was used monitor probe temperatures in between fasteners. A 9 second delay
between fasteners was determined to give a consistent pin tool temperature during the creation
process. Of the 9 seconds delay, it was determined that the first 5 seconds would be incorporated
after FSSW while the anvil is left in contact with the skin. This allowed anvil cooling and
prevented pulling away of the skin aluminum while at peak process temperature. The remaining
4 seconds of the delay was incorporated in a location off the spot after the anvil was lowered.

In addition, although not found to be required, a blued anvil condition was added to also prevent
sticking after the fastener creation. The fasteners were created with the probe contacting the
frame side of the assembly. Figure 17 shows the skin side of the fastener before and after the 9
second delay between fasteners was added to the process.

Skin side with pull away from immediate withdraw

Skin side after dwell and anvil bluing

Figure 17 (pull away at end of fastener creation)
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Pressurized air was used to cool the pin and anvil during the fastener creation. A fastener
inspection process was determined using a “go”-“no go” gage concept. The criteria used for the
gage was a 0.365 in (9.27 mm) or larger diameter. The dwell time for fastener creation was also
increased by 1 second on the first fastener in the series to heat up the probe and meet this
diameter requirement. Figure 18 and 19 show the proposed production configuration for the
gage and the actual gage.

Figure 18 (proposed gage concept) . Figure 19 (actual gage)

A “Preliminary Welding Procedure Specification” Set-up sheet (PWPS) was developed per the
American Welding Society Document AWSD17.3 [1] for the optimized Probe Tool-3 which is
shown in Figure 20.

Preliminary Welding F P (PWPS)
Fabricator, Location: Advanced loining & Processing Lab [NIAR], Wichita K5
BWPQ Number: FSSW120513 [Prepared by: Valerianc/ Vishwanath

WPO: AWS D17.3/D17.3M:2010 |Date: aj17/2012
Welding Operators: Vi Valeriana and fndrew

Background Sketch of Joint Design a Test

Part: HBC Door _
Weld Class: Class A Teilectn o W F L
Pracess Type: Friction Stir Spot Welding wer

Friction Stir Spat Weld Method: Robatic C-frame T
Joint Type: Lap loint I -
Weld Type: Basic Poka Spat

Alloys
Alloy 1: Top Sheet, Al 6061-T6, Bare, 0.063" thick Alloy 2: Bottom Sheet, Al 2024-T3, Clad, 0.032" thick
Materlal Certification: AMS 4027 Materlal £ AMS 4041 £ AMS_Q0_A 250/5
Manufacturer, Lot Number: N/A Manufacturer, Lot Number: 74577/10
Grain Direction: Parallel with Test Direction Grain Direction: Parallel with Test Direction
Praweld Cleaning: No Preweld Cleaning: No

Machine Identification
Machine: ZZX2005 Series Kawasaki Heavy Duty Robot
Weld Gun Model Number: PE0B1320001Cx23
Weld Gun Manufacturer: Samyo Denki

Machine, Weld ping Set-up Pictu

C-Frame Anvil Material: Steel
Welding Tool Identif
Welding Tool Drawing Number: 11-0072-0425-2
Welding Tool Type: Fix Probe Cancave Shoulder
Welding Tool Material: Maraging 300
Welding Tool Coating: Na.
Clamping

Clamging Fixture: Toggle Clamps

Weld Welding Variables
Tast Piece Dimansian: 12" width and 4" langth [ Aial Force (lbs [kN]}: 1300 [5.782]
Numibar of Welds per Test Place: 10 Plunge Depth: N/A
Weld Cycle Thme: 16 sec Spindle Speed (r/min): 2625
Toal & Anvil Cooling: Continsous Comp Alr Cooled Direction of Tool Rotatlon: Clockwise
Spacing between Welds: 1" Drwell Time (s): &

Figure 20 (PWPS per AWSD17.3 Set-up sheet for Tool-3
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The process specification calls for 3 Lots of 100 fastener shear coupons to be tested. This
requires 10 of the 10 spot coupons to be run for each lot. 5 coupons were run transversely and 5
coupons were run longitudinally as previously mentioned. A force load plot at ultimate shear for
the 100 samples in groups of 10 on a coupon is shown in Figure 21. UTS was shown to be 1.4 to
1.8 times the 250 1bf specification taken for resistance spot welding, which is the current process
for the civil aircraft door chosen for this study.

Load versus weld shear coupon
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Col_1

380

376.19
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340 N N ' ' L L

20 40 60 80 100
Observation

o

Figure 21 (Lot#1, UTS / coupon — Please disregard color or point type from Statgraphic defaults)
Test Article Results

The current requirements for resistance spot welding on the test article called for a 0.75 inch
spacing. The lowest load from Lot #1 was calculated to maintain the cumulative door load with
a 1.05 in spacing therefore the spacing parameter was set at 1 inch. The door was work hardened
through forming operations therefore the dwell time in the fastener creation was increased to
meet the gage diameter criteria. This resulted in a fastener creation time of 8 seconds per
fastener with a 1 or 2 second increase for the first fastener in the series. The wait time in
between fastener creations still remained at 5 seconds before disengaging the anvil and 4 seconds
without any work piece contact to complete tool cooling. Two sequential approaches were used
to try and mitigate the observed skin and frame contour mismatches.

Three test articles were identified as TA1, TA2 and TA3. TA1 was a sacrificial assembly which
was also used for several swept spot fasteners using the MTS machine during a previous study
phase. The fastener sequence for TA1 moved from the outside edges in and from the contoured
area into the flat area. Tool holes were not installed in TAI so the skin was best fit by visual
means. For this study, some material was cut from the non-fastened areas to test fastener size
parameters as a small coupon. TA2 was processed creating fasteners using the parameters
developed from these small coupons in TA1. Initially, fasteners were created at a 6 inch spacing
to tack the contour of skin to the frame. Fastener sequence moved from the inside of the
assembly to the outside on the assembly. Fasteners were then created in between the tacked
locations in the same sequence as the tacking was performed. TA3 was also tacked using 6 inch
fastener spacing. The inside to outside ordering remained the same, but in response to the
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rippling seen in TA2, the sequence was changed to push the material toward the edges of the
curved area last. It was hoped that this would wash the skin contour off the edge of the frame
and produce a better fit.

TAL sacrificial door fasteners and coupons are seen in Figures 22 through 24. Tab holes were
not seen in the skin so after the best fit of TA1 3 holes were added to common tab locations
found in TA2 and TA3 frame pieces. Two tooling locators were then made based on TA1 for
locating these holes on TA2 and TA3.

Very top of window frame was not fastened

Cutout for work hardened process
coupons.

Figure 23 (Fasteners made in coupon tool for assessing diameter)
9 second fastener process time, 5782 N forge (Z), 2625 RPM with 0.418 in diameter

Figure 24 (Poke and Swept spot fastener comparison)
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TA2 had only 2 tabs common to TA1 so was located using only those 2 tab holes. The 3™ tab
hole in the frame common to a skin tab did not have holes that lined up for pinning. TA2
assembly is shown in Figures 25, 26 and 27. The numbers indicate the step wise assembly order.

Figure 26 (6 inch tacking sequence)

+ Qutside of assembly tacked last.
+ Filled in between tacks using the tack sequence.

Waves after
Jjoining process

Fastened
Door

G Fastened
Flat Area
Fastened
Edge

Door ASSY
in Fixture

Figure 27 (last tack followed by in between fasteners)
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For TA3, the desired result of washing the skin contour off the edge of the frame to produce a
better fit was unsuccessful. An attempt to use a spacer in the last clamp area to see if the spacer
would pull the skin back after fastening was also not successful. The frame included 2 of the 3
tab holes common to TA1 but the distance between the tabs did not match and all other tab
locations were cut away from the frame. The fit up and fastener installation are seen in Figures
28 and 29.

bt U

..-———-—’-'—lr

—_ e

Warp at end of sequence

Figure 28 (TA3 warp)

frection using spacer Warp cerrection using spacer

Figure 29 (TA3 warping)
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Conclusions

Poke spot fastener ultimate loads are 1.4 to 1.8 times higher than resistance welding. This
reduces the number of spots required.

Parameters for optimized strength values required longer process times resulting in a
hotter process temperature.

The plunge and retract process of the “C” frame creates dimpling or flat spots on the
outer skin surface based on the anvil geometry.

The plunge spot “C” frame end effector required a process time up to 15 seconds per
fastener in order to avoid the material pull off by the anvil while maintaining a stable pin
tool temperature.

Servo stops for plunge depth and fastener diameter using a “go
used by production to inspect for allowable fasteners.

Hard tooling could reduce process time (possibly by 2/3rds) through elimination of the
time required to avoid material pull off.

Coupon optimization may have been more accurate had the shear coupons been made of
the work hardened material. This may have also reduced the creation time to a colder
process with the chance of less distortion.

Since locating tabs were missing and there was no hard tooling to check to, it was unclear
how much distortion was caused by the fastener process.

9

no go” gage can be

Recommendations

Design of a hard tooling surface ring should be investigated for following reasons
o Maintains smooth contour of outer surface skin.
o Increases speed of integral fastener process by avoiding material pull away.
o Tooling could be designed to allow for rotation of engineering for easier robot
movements and more efficient attitudes.
o Multiple robot use could be investigated with one robot controlling the surface
fixture and the other robot processing the fastener.

References
. American Welding Society, Specification for Friction Stir Welding of Aluminum Alloys

for Aerospace Applications, AWS D17.3/D17.3M:2010, 1* edition, 550 N.W. LeJeune
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Abstract

The main objective of this work is to investigate the effect of post-weld artificial aging (PWAA)
on the corrosion resistance and mechanical properties of friction stir welded Al 7475-T73 alloy.
Friction stir welding (FSW) was performed on 0.22-in thick plates with varying heat inputs. The
PWAA treatment performed was a stabilization treatment at 225° F for 24 hours, followed by
aging at 325° F for 4 hours. Electrochemical and alternate immersion corrosion testing was
performed to evaluate the effect of PWAA on the corrosion performance. Electrical conductivity
measurements along with the tensile properties were evaluated as a function of weld heat input.
Both corrosion resistance and mechanical properties of the PWAA specimens were comparable
with the parent Al 7475-T73 material.

Introduction

Al 7475 is a high strength aluminum alloy with superior fracture toughness and good resistance
to fatigue crack propagation. The fracture toughness values of this alloy are approximately 40
percent greater than alloy Al 7075 in the same tempers. This material can be used for fracture
critical components of high performance aircraft, and in applications where high fracture
toughness is a major design consideration. It is also found in the Navy weapon systems and it is
commonly used in the manufacturing of shell casings and other structures. Many of these Navy
support equipment and aging weapon systems are often subjected to wear and corrosion.
Replacement of these old components which are low in quantity but high in value can be difficult
and very expensive. Therefore, research regarding repair, refurbish and return to service of these
components is extremely important. The main objective of this work is to investigate the effect
of post-weld artificial aging on the mechanical and corrosion properties of friction stir welded Al
7475-T73 alloy. The broader objective of this study is to examine the suitability of FSW as a
repair technique for a Navy cylindrical component that is subjected to localized corrosion.
Therefore, this research focuses on evaluating the mechanical properties of the friction stir
welded Al 7475 joints and optimization of post weld artificial aging cycles for restoring
corrosion properties.
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Prior researchers have shown that the resistance of 7XXX series alloys, particularly Al 7075, to
exfoliation, intergranular corrosion, and stress corrosion cracking is greatly reduced by friction
stir welding when left in the as-welded condition [1-5]. One potential method of restoring the
corrosion resistance to 7XXX series alloys is through post-weld artificial aging after joining by
FSW. The results of a variety of post weld heat treatments have been reported in literature;
however, they deal almost exclusively with peak aged (T6) and underaged tempers (W,0,T3, and
T4) [1,6-12]. General approaches thus far have been to: 1) leave the material in the as-welded
condition, 2) apply a low temperature stabilizing heat treatment (e.g. 24 hours at 100-121°C), 3)
apply a solution heat treatment to the material after welding and then age to the desired temper,
4) apply additional post-weld aging to material originally in a T6 or earlier temper to arrive at the
final desired temper, or 5) to apply a localized post-weld heat treatment.

The option of applying a solution heat treatment to the material after welding is not a viable
option for large built-up structures. The expense of solution heat-treating a large structure is
prohibitive, but more importantly it would be difficult or impossible to maintain the dimensional
stability of the built-up structure. In addition, the propensity for abnormal grain growth, reported
by many researchers in the nugget and TMAZ, discourages the use of solution heat treatment
following FSW as a primary mode of improving its resistance to corrosion. Another approach is
to weld the 7XXX series material in T73 condition and then apply PWAA to restore the
corrosion resistance and also improve the mechanical properties. Widener et al. [13]
demonstrated that joining 7075 material originally in the T73 followed by a PWAA is preferable
to welding in the T6 temper followed by aging to T73. This is primarily because of higher tensile
and yield strengths and better exfoliation corrosion resistance.

PWAA at 225°F for 100 hours is the most commonly used on friction stir welds to restore the
mechanical properties and corrosion properties of Al 7075. Widener et al. [13] demonstrated that
a stabilization treatment at 225° F for 24 hours, followed by aging at 325° F for 4 hours gives
equivalent or better corrosion and mechanical properties to the joints when compared with 225°F
for 100 hours. PWAA at higher temperature (325°F) will reduce the total time for aging. On the
other hand, it requires more care in keeping the material from over-aging. In this study a similar
heat treatment was given to Al 7475 friction stir welds that were made with different heat inputs
and the effect of the post-weld heat treatment on the mechanical and corrosion properties was
evaluated.

Experimental

Bead on plate welds were made on 0.22-in (5.5-mm) thick alloy Al 7475-T73 plates. Welds were
produced on an I-STIR-10 FSW system in a forge control mode. Tools with convex shoulder
designs are better than flat or concave shoulder designs for FSW of curved or complex curvature
shaped parts. Use of convex shoulder tools with additional scroll features on the shoulder
contributes to a better quality weld surface with minimal flash generation. Since the end
application for this project is to perform repair in cylindrical structures, convex shoulder step
spiral pin tools were used. The pin tools were made of H13 tool steel and have hardness in the
range of ~HRC 46-50. The convex radius of the pin tool shoulder is ~7-in. Two different pin
designs (flat and rounded) as shown in Figure 1 were investigated to identify the degree of
material flow as a function of process parameters. The differences in pin designs could account
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for different amounts of material mixing due to more or less aggressive pin features as this can
impact weld quality and the travel speeds. A series of developmental welds were made in a
forge control mode and by varying the essential processing parameters (forge force, rotational
speed, and travel speed). The range of process variables investigated is tabulated in Table 1. The
final parameters chosen were 300 RPM, 15 IPM, and 0.5° tool tilt. Production welds were
produced with three different heat inputs (varying forge force: 7000, 7500 and 8000 1bs) with the
objective of investigating the effect of varying heat input on the mechanical and corrosion
properties.

Figure 1: Convex shoulder step spiral tools showing flat step (left) and rounded step (right)
designs.

Table I: Friction stir process parameter development.

Process Variable Range
Forge Force (lbf) 4000 — 9000
Rotational Speed (RPM) 300 — 600
Travel Speed (IPM) 10-35
Tool Tilt (degrees) 0.5-2.0

The welded plates were sectioned perpendicular to the welding direction and prepared for
metallographic examination using standard metallographic polishing procedures. The polished
specimens were etched with Keller’s reagent (1.0 mL HF, 1.5 mL HCL, 2.5 mL HNO3, and 95
mL H,0) to observe the microstructure of the weld zone using the optical microscope. PWAA
was performed on the welded panels for restoring the mechanical and corrosion properties of the
friction stir welds. PWAA treatment was also performed on a few as-received Al 7475-T73
specimens to make sure the heat treatment did not affect the parent material negatively (over
aging). Specimens were given a stabilization treatment at 225°F for 24 hours and aging was
performed at 325°F for a period of 1-4 hours. Electrical conductivity measurements were
performed on the specimens as a function of aging time. The final PWAA treatment was a
stabilization treatment at 225° F for 24 hours, followed by aging at 325° F for 4 hours.
Transverse tensile properties were evaluated in accordance with ASTM E8 standard.

Alternate immersion corrosion testing was performed for a period of 28 days on both parent and
friction stir welds in accordance with ASTM G44 standard (Standard Practice for Exposure of
Metals and Alloys by Alternate Immersion in Neutral 3.5% Sodium Chloride Solution). Instead
of neutral 3.5% NacCl solution, acidified synthetic sea water (as specified in ASTM G85 Annex 3-
Practice for Modified Salt Spray (Fog) Testing) was used for corrosion testing. After 28 days the
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specimens were removed from the alternate immersion apparatus and cleaned with a wire brush
to remove large portions of corrosion product that formed on the surface. The specimens were
then cleaned in a heated solution (~90°C) of phosphoric acid and chromium oxide for 5-10
minutes followed by ultrasonic cleaning for 5 minutes. General corrosion rates were calculated
from the weight loss measurements.

Electrochemical experiments were conducted using a potentiostat (Gamry Reference-600) in
conjunction with a flat cell (K0235). The reference electrode used was a Ag- AgCl/KCl-saturated
electrode, which has a potential of 197 mV relative to the normal hydrogen electrode (NHE).
The test solution used for this electrochemical testing consisted of 58.5 g of NaCl and 9 mL of
30 % hydrogen peroxide per 1 L of aqueous solution (The solution is 1 M with respect to
concentration of sodium chloride). The corrosion potentials (E..) (or open circuit potentials)
were measured in accordance with ASTM G 69-03 standard (Standard Test Method for
Measurement of Corrosion Potentials of Aluminum Alloys). The corrosion potentials were
measured for a period of 60 minutes and the reported values in this report are the average values
for the last 30 minutes. The E,,, values reported are an average of at least two tests; if the results
were within 5SmV after two tests no more were performed, if the average found after two tests
was greater than SmV more tests were performed until the average was within 10mV.

Results and Discussion

The microstructures of the friction stir welded specimens were characterized using optical
microscopy. Figure 2 shows the macrographs of weld nuggets that were processed with the two
different pin designs and at same processing conditions (7000 Ibs forge force, 300 RPM and 15
IPM). The figure clearly shows that rounded design produced better consolidation of the weld
nugget than the flat step spiral pin design. Therefore, all the development welds and production
welds were made using the rounded pin design. Welds that were made at higher travel speeds (25
and 30 IPM) produced worm hole defects, while the welds made at 20 IPM produced good
quality welds with no visible defects. However, microscopic examination of the welds produced
at 20 IPM showed an indication of “lack of mixing” beneath the pin tool. Therefore, all
production welds for corrosion and mechanical properties evaluation were produced at 15 IPM,
as this speed produced defect free and fully consolidated welds. Three production welds were
produced at 15 IPM, 300 RPM, 0.5° tool tilt and varying forge force (7000, 7500, and 8000 1by)
as the welding parameters.

Defect

Figure 2: Macrographs of the weld nuggets processed with two pin designs: (a) flat step spiral
pin; (b) rounded step spiral pin.
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The relationship of electrical conductivity to aging in aluminum alloys is commonly used to
identify whether or not a certain material has been properly aged. Electrical conductivity of
precipitation-hardened aluminum alloys is strongly dependent upon the amount of dissolved
solute in the matrix. As precipitation occurs, solute atoms are removed from the supersaturated
solution, increasing its electrical conductivity as aging proceeds. Conductivity can also be
influenced by the presence of precipitate free zones (PFZ) which commonly form along the grain
boundaries where precipitates commonly nucleate. Guinier-Preston (GP) zones can also affect
electrical conductivity by scattering electrons when the GP zones are extremely small and well
distributed.

Even though FSW is a solid state joining process, the plastic deformation and friction heat
generated from FSW process can re-solutionize the precipitates in the weld nugget, and partially
dissolve or coarsen the precipitates in the thermo-mechanically affected zone (TMAZ) and heat
affected zone (HAZ) regions in precipitation-hardened aluminum alloys [14]. Electrical
conductivity measurements were taken from the Al 7475 parent and PWAA panels. PWAA
treatment was also performed on a few as-received Al 7475-T73 specimens to make sure the heat
treatment was not affecting the parent material negatively (over aging). These specimens were
given the stabilization treatment at 225°F for 24 hours and aging was performed at 325°F for a
period of 1-4 hours. Electrical conductivity measurements were performed on the specimens as a
function of aging time as shown in Figure 3. The as received Al 7475-T73 had a conductivity of
40.5 % IACS (percent of the conductivity of the international annealed copper standard). The
PWAA treatment performed on the parent material did not show any significant increase in
electrical conductivities with increased aging time. Only a slight increase in the electrical
conductivity in the parent material with aging time was observed. This suggests that a significant
amount of precipitate coarsening did not happen in the parent material as a result of the PWAA
treatment.
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Figure 3: Conductivity of Al 7475 parent material after the stabilization treatment (225°F for 24
hours) followed by aging at 325 °F as a function of aging time.

A comparison of electrical conductivity across the weld nugget for as-welded and PWAA
(stabilization treatment at 225° F for 24 hours, followed by aging at 325° F for 4 hours)
specimens are shown in Figure 4. The as-welded specimens had a conductivity of 30 % IACS in
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the nugget region, suggesting a more supersaturated solid solution caused by dissolution of
precipitates in the matrix during the FSW process. No significant variation was observed in the
electrical conductivity of the different heat inputs (different weld forge forces) in the as-welded
condition. Figure 4 also shows that the conductivity of the panels with PWAA increased in the
weld nugget region and was comparable with the parent material. The average conductivity in
the PWAA weld nuggets was in the range of 36.8 to 38.1 % IACS. It was also observed that the
average conductivity in the PWAA weld nugget increased slightly as the heat input increased.
This suggests that the response to the PWAA was better for the welds made with higher heat
inputs.
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Figure 4: Conductivity across the weld nugget in the as-welded and PWAA condition (weld
made at 8500 1b¢ forge force).

Tensile testing results are shown in Table II. The reported tensile results are the average of three
specimens for both parent and welded specimens. The predominant failure of the transverse
tensile specimens is on the retreating side of the weld. As can be seen from the Table II, the
transverse tensile strengths of the PWAA friction stir welded panels are approximately 90% of
the parent material. However, a significant decrease in percent elongation of the transverse
tensile specimens was observed. The comparison of the ultimate tensile strengths between the as-
received Al 7475 and PWAA friction stir welds are shown in Figure 5. No significant difference
was observed between different heat inputs (different forge loads) in the transverse tensile
properties.

Alternate immersion corrosion testing was performed for a period of 28 days on PWAA friction
stir welds and compared to the as-received parent material. The average general corrosion rates
measured from the weight loss data (before and after the alternate immersion corrosion testing)
are shown in Table III. The average corrosion rates measured for the parent Al 7475-T73
material is ~26 mpy, whereas for the welded specimens the corrosion rates changed from ~27 to
29 mpy. The results show the corrosion properties of the welded specimens after the PWAA
treatment were comparable with the as-received parent A17475-T73 material. However, no good
correlation was identified between the various heat inputs and the corrosion rates.
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Table II: Tensile properties of Al 7475 panels

Sample YS (ksi) UTS (ksi) Elongation (%)
Al 7475-T73 (as-received) 62.5+1 72.0+0.7 19+1
Al 7475-T73 + (225°F- 24 hr + 325°F- 1 hr) 619+3 76.1£0 18.0£0
Al 7475-T73 + (225°F- 24 hr + 325°F- 2 hr) 612+2 754 +£0.5 19+1
Al 7475-T73 + (225°F- 24 hr + 325°F- 3 hr) 582+3 74.8+£0.2 18+0
Al 7475-T73 + (225°F- 24 hr + 325°F- 4 hr) 58.7+4 74.7+£0.2 18+ 0
FSW-7500 Ib¢ + (225°F- 24 hr + 325°F-4 hr)  54.9+0.3 66.6 +0.2 9+1
FSW-8000 Ibs + (225°F- 24 hr + 325°F-4 hr)  54.5+0.7 66.3+£0 10+0
FSW-8500 Ib¢ + (225°F- 24 hr + 325°F- 4 hr) 493+ 1 65.7+0.5 8+0
75
70 h
- = i 1 i
2,
50
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Figure 5: Comparison of ultimate tensile strengths between the as-received Al 7475-T73
material and PWAA friction stir welds

Table III: Average corrosion rates of Al 7475 Panels

Sample Average Corrosion Rate (mpy)
Parent Al 7475- T73 258+33
FSW (7500 1bg) + PWAA 28.6+0.2
FSW (8000 1bf) + PWAA 29.4+49
FSW (8500 Ibf) + PWAA 273+£1.2
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Electrochemical corrosion potentials were measured for both parent and friction stir welded Al
7475 panels. PWAA specimens were also evaluated and compared to parent material. Figure 6
shows the corrosion potentials (with respect to the Ag-AgCl/KCl-saturated reference electrode)
of the parent and welded specimens. The results show that the parent Al 7475-T73 specimens
had a corrosion potential of about -705 mV, whereas the as-welded specimens had a potential of
about -765 mV. No significant differences were observed in the potentials for the welds made
with different heat inputs. The results indicate that the as-welded material showed a greater
anodic (active) behavior compared to parent Al 7475-T73 material. Frictional heat generated and
plastic deformation during the FSW process can re-solutionized the Mg and Zn rich precipitates
(primarily MgZn,) in the weld nugget. This causes large amounts of Zn and Mg to be retained in
solid solution in the as-welded nugget region. Therefore, the decrease of corrosion resistance in
the as-welded condition is most likely due to the greater degree of supersaturation that exists in
the weld nugget than in the parent material. The PWAA specimens showed corrosion potentials
in the range of -700 mV, which are comparable to the Al 7475-T73 parent material. This is most
likely due to the re-precipitation of Mg and Zn rich precipitates during the post-weld aging
process. Re-precipitation of these precipitates leaves the solid solution matrix with less Mg and
Zn content, thus creating a lower anodic potential compared to the as-welded condition.
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Figure 6: Corrosion potentials of friction stir welded and parent Al 7475 panels

Corrosion potentials were also measured using the Tafel extrapolation method. The potential
scan was started after the sample had been exposed for one hour. The specimens were scanned in
the range = 250 mV with respect to the measured open circuit potential, at the rate of 0.167
mV/sec. Tafel scan comparisons for parent, as-welded and PWAA specimens are shown in
Figure 7. This figure shows that the as-welded specimens showed a more anodic corrosion
potentials when compared to the parent Al 7475-T73 material. Furthermore, the corrosion
potentials for the PWAA specimens are comparable to parent Al 7475-T73 material. The overall
corrosion potentials measured using the Tafel method are slightly lower by ~ 15-30 mV when
compared to the ASTM G69 method for all specimens. However, both methods showed a similar
corrosion behavior. This suggests that corrosion properties were effectively restored with the
post-weld artificial aging process used.
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Figure 7: Tafel scan comparisons for parent, as-welded and PWAA specimens.

Conclusions

The effect of Post-weld artificial aging on the corrosion resistance and mechanical properties of
friction stir welded 7475-T73 alloy was investigated. PWAA treatment of friction stir welded
panels showed ~90% of the parent material strengths. Weld heat inputs had no effect on the
resulting corrosion and mechanical properties of PWAA friction stir welded specimens. The
corrosion potentials and corrosion rates of the PWAA specimens were comparable with the
parent material. Finally, the PWAA treatment at 225 °F for 24 hours followed by 325 °F for 4
hours was effective and restored both corrosion and mechanical properties of friction stir welded
Al 7475-T73 alloy.
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Abstract

Magnesium alloys are widely used for manufacturing aerospace engineering components due to
their light weight, excellent high temperature properties and corrosion resistance. In the present
investigation, Friction Stir Welding (FSW) has been investigated as a solid state joining method
for Mg-Zn-RE-Zr cast alloy. The Mg-Zn-RE-Zr alloy (commonly known as RZ-5) of 6 mm
thickness was fabricated by sand casting method in an aeronautical engineering component
manufacturing environment. The cast Mg-Zn-RE-Zr alloy plates were then joined using FSW
process by utilizing in-house developed tools with cylindrical threaded pin profiles and shoulder
surface geometries. The effects of FSW process parameters such as rotational speed and welding
traverse speed on the cast Mg-Zn-RE-Zr alloy welds were investigated. The tensile strength,
percentage elongation, hardness and microstructure of the cast Mg-Zn-RE-Zr alloy welds were
also investigated.

Introduction

The magnesium alloys are the light weight structural material with high specific strength and
stiffness. In addition to this they have good damping capability, castability and machinability.
These properties make magnesium alloys most attractive materials for application in aerospace
engineering to reduce the effective weight [1]. The weight reduction is one of the most important
and critical measure in ground and aerospace vehicles to improve fuel economy and to reduce
environmentally damaging emissions [2]. Especially in the aircraft industry, in which the
effective cost of weight savings is many times higher than in the automotive industry,
magnesium alloys are preferred to aluminium alloy wherever possible[3].

Presently most of the magnesium alloy parts are produced by casting processes due to better
fluidity and lesser cycle time, and the use of other manufacture technologies, such as plastic
forming and arc welding, is still limited [4]. Most of the cast magnesium alloys are not joined by
fusion welding due to the relatively poor quality of welds. The porosity present in the
magnesium alloy casting itself leads to weld defect, and there is a tendency for formation of
brittle inter-metallic phases and eutectics in the weld. High power density (beam) welding
processes like Electron Beam Welding (EBW) and Laser Beam Welding (LBW) of cast
magnesium alloys have provided better welds, but are very expensive. Hence, these joining
methods have not yet been found very attractive for commercial use on magnesium components
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[5]. The increasing demand of magnesium alloy imposes the development of effective and
inexpensive welding techniques for industrial applications of magnesium alloys.

The Friction Stir Welding (FSW) which is a solid state welding process can be an alternative
method for joining magnesium cast alloys. FSW is considered as the most significant
development in metal joining in the recent past and it is a ‘‘green’’ technology, because of its
energy efficiency, environment friendliness and versatility. FSW consumes considerably less
energy than the conventional welding methods [6]. This method was invented at The Welding
Institute (TWI) of UK in 1991, and it was initially applied to aluminum alloys and patented [6].
Recently, research is going on to use FSW technique for materials like magnesium, steel,
titanium and metal matrix composites.

During FSW a non-consumable rotating tool with a specially designed shoulder and profile pin is
inserted into the abutting edges of sheets or plates to be joined and traversed along the interface
of plates as shown in Figure 1. The FSW tool serves two primary functions: (1) heating the
workpiece due to the friction generated between the workpiece and the tool interface, and (2)
stirring (deforming) and moving the material to produce the joint, which also produces
considerable amount of heat. This localized heating softens the material around the pin, under the
shoulder and combination of tool rotation and translation leads to movement of material from the
front side of the tool to the back side of the tool [6]. As a result a joint between the plates is
produced below the solidus temperature of the particular alloy system [7].

Joint
Tool
shoulder

Advancing
side of weld

Tool probe
Retreating
side of weld

Figure 1. Schematic of FSW process

The friction stir welding of magnesium alloys has attracted investigators and many papers have
been reported and published in recent years. However, the friction stir welding study on
Zirconium and Rare-Earth (RE) containing ZE magnesium cast alloys which are widely used in
aircraft industry are rarely found in the literature. In general, the findings related to friction stir
welding of magnesium alloys emphasize that sound and pore-free welds are achievable on all
magnesium wrought alloys and there is a fine, recrystallised microstructure in the weld zone.
Different magnesium alloys have successfully been welded together. The tensile properties
approach the properties of the base metal, except that the elongation seems to be reduced [8].

For aerospace applications high strength and creep resistance are the prime governing factor. The
Mg-Zn-RE-Zr alloy, Elektron RZS, is one among the well proven magnesium cast alloy, which
is used for high integrity castings, operating at ambient temperatures or upto 150° C. Apart from
the excellent castability, this alloy is weldable and exhibits pressure tightness [9]. Hence, this
alloy is widely used for helicopter gearboxes, military equipment and aircraft components. The
reported physical properties of Elektron RZS5 is listed in Tablel, for this alloy optimum
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properties are achieved in T5 (Solutionised and artificially aged) condition. This cast alloy is
widely used in aircraft industry but exhibits poor weld quality when joined by fusion welding
techniques. The solid state welding of RZ5 is thus preferred to avoid the defects those occur due
to fusion welding. Investigators have also studied the effects of texture and process variable on
mechanical behaviour of friction stir processed magnesium alloys [10-11]. The development of
FSW tool and process variable combinations to have the RZ-5 joint of adequate strength and
quality is the aim of the present research.The objective of this work is to study the feasibility of
producing the FSW joint of RZ-5 magnesium cast alloy with adequate mechanical strength.

Table 1. Physical properties of Elektron RZ5 [9]

Density 1.84 g/cc
Melting Range 510 - 640 °C
Coefficient of Thermal Expansion 27.1X10°K™
Thermal Conductivity 109 W-m K™
Specific Heat capacity 960 J-Kgfl'Kf1
Modulus of Elasticity 44 X 10° MPa

Experimental setup

In this study, the Mg-Zn-RE-Zr cast alloy was sand-casted in-house. The castings were
solutionised at 330 °C for 2 hours, air cooled to room temperature then aged at 180 °C for 16
hours, air cooled to room temperature. The nominal chemical composition and tensile properties
at solutionised and aged condition (T 5) is listed in Table 2. The plates of size 150 mm X 75 mm
X 8 mm were silted from the milled cast block, and then each plate was milled to get strips of 6
mm thick with parallel smooth surface. At the end of this milling operation the machined,
smooth and clean surface on all the six faces of the plates were achieved.

Table 2. Chemical composition and tensile properties of base material.

Values in weight % Obtained
Zinc 3.5-5.0 4.25
Rear Earth 0.8-1.70 1.20
Zirconium 04-1.0 0.54
Magnesium Remainder Remainder
Tensile properties
0.2% YS (MPa) 135 153
UTS (MPa) 200 208
% Elongation 3 3

A longitudinal seam Friction Stir Welding was carried out on the material, with square-butt joint
configuration. The faying surfaces of the plates were thoroughly cleaned just before starting the
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welding operation to remove any oxidized and contaminated layers. The following processing
conditions were used : spindle rotational speed of 550 rpm and traverse speed of 72 mm/min
without tilting the tool and the process was carried out in atmospheric condition.

The schematic of a FSW tool with straight cylindrical threaded pin and concave shoulder used
for FSW of the coupons is presented in Figure 2. This tool was machined out from the H-13 die
steel and heat treated to get the required strength and hardness. The pin height is kept little lesser
than the plate thickness to facilitate full penetration weld and allow the root weld formation [10].

FRICTION STIR WELDING TOO
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Figure 2. FSW tool drawing.

The welded sample was subjected to non-destructive radiograph test to ensure the soundness of
the joint and found acceptable. The transverse tensile test specimens were machined across the
weld joint in such a manner that the entire joint was in the gauge length of the specimen. The
tensile test was carried-out using computer controlled Universal Testing Machine in accordance
with ASTM E-8M. The fractured surface was studied using Scanning Electron Microscope
(SEM). The metallographic samples were then mechanically polished using disc polishing
machines with different grades of polishing papers to get scratch free surface. The polished weld
surface was etched with 10% Nital. The micro and macro structure of the welded joint was
studied. The Vickers hardness values with 5 Kg load were measured across the weld, at near the
weld crown and at the middle of weld thickness.

Results and discussion

The welding trials confirmed the reproducibility of the Friction Stir Welding of magnesium cast
alloy RZ-5. Acceptable quality weld was achieved over the length of the weld, but some spatter /
flashing of the material observed which adhered to the surface. This flashing can be avoided by
optimizing the process parameters like rotational speed, transverse speed and tool geometry.

The tensile test of the joint demonstrated ultimate strength of 185 MPa which is 88.9% of the
base material strength, 0.2% proof stress of 135 MPa which is 88.2% of the base material proof
stress and the percentage elongation of 1% which is 33% of the base material. From the tensile
test results a moderate loss of ductility of the joint is observed. The fracture occurred at the
interface of nugget and thermo mechanically affected zone. The friction stir welded joint strength
levels are comparable with the base material but the ductility is comparatively less, this may be
due to the formation of slightly harder weld nugget and the Thermo Mechanically Affected Zone
(TMAZ). The Scanning Electron Microscopic analysis was carried out to understand the failure
mechanism, revealed combination of brittle and ductile type of fracture, shown in Figure 3, the
dimple fracture may be due to the micro-void coalescence rather than the cleavage of grains.
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Figure 3. The fractured surface of FSW RZ-5 alloy.

The weld macroscopic photo taken at 7.5X magnification on the transverse section of the weld
joint using stereomicroscope shown in Figure 4 revealed wide weld nugget. The weld zone has
macroscopically visible pores at the advancing side (AD) on the joint, which may be due to the
higher gas content of the base material. The presence of this has not affected the joint tensile
strength much, which was discussed earlier. Similar results were also reported earlier for FSW
of AM60 magnesium cast alloy [11].

Figure 4. Transverse section of FSW joint of two RZ-5 alloy.

The microstructure of the weld joint was examined using optical microscope and the micro
photographs were taken and shown in Figure 5. The base material shown coarse grains having
size 44 microns and eutectic segregations on the grain boundaries. The weld nugget zone shown
the fine grains which are due to the dynamic recrystallisation happened during the welding
operation due to combined effect of heat generated and the deformation due to the transverse
force. This extremely high density of the precipitates inhibited the ability to distinguish between
the separate phases present in it by optical microscope. The Figure 5 (c) shows the onion layer
type of flow lines this shows the reflection of the material flow from the cooler walls of the
HAZ. The induced circular motion leads to circles that decrease in radii and form the tube
system [12].
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Figure 5 . The microstructure of FSW joint of RZ-5 Mg alloy at 100X: (a) Weld nugget zone;
(b) Weld nugget and TMAZ;(c) Flow lines in Nugget;(d) Base Material.

The hardness measurements were made on the transverse side across the weld at two locations,
one nearer to the weld crown and another at the middle of plate thickness with the 5kg load
vikers hardness testing machine. This is was to find out the significance of change in hardness
between base material, weld nugget and TMAZ. The changes in hardness were observed
between the top of the weld nugget where the tool shoulder affects the crown of the weld and the
middle region where the pin dictates the formation of stirred zone. The hardness profile plotted
in Figure 6 indicates the scattering of hardness value. The hardness value was highest at the
TMAZ interface due to the deformed material. The hardness value in the nugget zone is little
higher than the base material. The hardness profile presented in Figure 6 indicates hardening of
TMAZ and slight increase in hardness of weld nugget as compared to the base material. Overall
a moderate increase in the hardness of TMAZ and weld nugget is observed in FSW of RZ-5 Mg
alloy.
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Figure 6. The hardness profile on transvers weld.
Conclusion

The Mg-Zn-RE-Zr, RZ-5 cast alloy was successfully friction stir welded and a brief investigation
has been carried out. The results shown, that the transverse strength of the welded joint is
comparable with the sand casted base material with decrease in ductility. The microstructure of
the friction stirred zone was very fine with increase in the hardness. The nugget and TMAZ
interface having higher hardness and the failure also occurred in the same location revealed
mixed failure mode.

References

1. Su-Hyeon Kim, Bong-Sun You, Chang Dong Yim, and Young-Myoung Seo, “Texture and
microstructure changes in asymmetrically hot rolled AZ31 magnesium alloy sheets,” Materials
Letters, 59 (2005), 3876-3880.

2. S.M. Chowdhury, D.L. Chen, S.D. Bhole and X. Cao, “Tensile properties of a friction stir
welded magnesium alloy: Effect of pin tool thread orientation and weld pitch,” Materials
Science and Engineering A, 527 (2010), 6064—-6075.

3. T.A. Freeney and R.S. Mishra, “Effect of Friction Stir Processing on Microstructure and
Mechanical Properties of a Cast-Magnesium—Rare Earth Alloy,” metallurgical and materials

transactions A, 41A (2010), 73-84.

4. G.M. Xie, Z.Y. Ma and L. Geng, “Effect of microstructural evolution on mechanical properties
of friction stir welded ZK60 alloy,” Materials Science and Engineering A, 486 (2008), 49-55.

243

www.EngineeringBooksPdf.com



11

12.

13.

14.

Jan Ivar Skar, Haavard Gjestland, Ljiljana Djapic Oosterkamp and Darryl L. Albright,
“Friction Stir Welding of Magnesium Die Castings,” Magnesium Technology 2004 Ed. Alan
A. Luo (TMS —The Minerals, Metals & Materials Society, 2004), 25-30.

R.S. Mishra and Z.Y. Ma, “Friction stir welding and processing,” Materials Science and
Engineering, R 50 (2005), 1-78.

H. K. Mohanty, M. M. Mahapatra, P. Kumar, P. Biswas and N. R. Mandal, “Study on the
effect of tool profiles on temperature distribution and material flow characteristics in friction
stir welding”, Proc ImechE Part B: J Engineering Manufacture, 226(9) (2012), 1527-1535.

R. Johnson and P. Threadgill, "Friction stir welding of magnesium alloys”, Magnesium
Technology 2003 Ed. Howard 1. Kaplan (TMS —The Minerals, Metals & Materials Society,
2003), 147-152.

Magnesium Elektron, Manchester, United Kingdom, Datasheet: 452: www. Magnesium-
elektron.com.

G. Bhargava, W. Yuan, S.S. Webb and R. S. Mishra, "Influence of texture on mechanical
behavior of friction-stir-processed magnesium alloy," (2010) Metallurgical and Materials
Transactions A 41 (1), 13-17.

T. A. Freeney and R.S. Mishra, "Effect of Friction Stir Processing on Microstructure and
Mechanical Properties of a Cast-Magnesium-Rare Earth Alloy," (2010) Metallurgical and
Materials Transactions A, 41 (1), 73-84.

D. Venkateswarlu, N. R. Mandal, M. M. Mahapatra and S. P. Harsh, "Tool Designs Effects
for FSW of AA7039", Welding Journal, 2012, Accepted for publication & in press.

Naiyi Li, Tsung-Yu Pan, Ronald P. Cooper, Dan Q. Houston, Zhili Feng and Michael L.
Santella, “Friction stir welding of magnesium AMG60 alloy”, Magnesium Technology 2004 Ed.
Alan A. Luo (TMS —The Minerals, Metals & Materials Society, 2004),19-23.

K.N. Krishnan, “On the formation of onion rings in friction stir welds”, Materials Science and
Engineering A, 327 (2002), 246-251.

244

www.EngineeringBooksPdf.com



Friction Stir Welding and Proceesing VII
Edited by: Rajiv Mishra, Murray W. Mahoney, Yutaka Sato, Yuri Hovanski, and Ravi Verma
TMS (The Minerals, Metals & Materials Society), 2013

MAGNESIUM BASED COMPOSITE VIA FRICTION STIR PROCESSING
S. Das', R. S. Mishra', K. J. Dohertyz, K. C. Cho® B. Davis * and R. DeLorme *

!Center for Friction Stir Processing, Department of Materials Science and Engineering,
University of North Texas, Denton, TX 76203, USA
*Army Research Laboratory, Adelphi, MD 20783, USA
3Magnesium Elektron, Madison, IL 62060, USA

Keywords: Friction stir processing, metal matrix composites, reinforcements.

Abstract

Friction stir processing (FSP) was used to incorporate 6 vol.% of micron sized B4C (6pum)
reinforcements in WE43 alloy to form a surface composite. Multiple passes were utilized in
order to achieve homogenization. Better distribution of the reinforcements, grain size refinement
and an increase in hardness was observed after every FSP pass. The composite was 4-6 mm
thick and showed higher values of hardness and modulus than that of the base material. Post FSP
aging was performed at 210 °C for 48 h. The tensile properties were evaluated at room
temperature for samples in as-FSP and after FSP+aging. The yield strength remained unaffected
by the reinforcement addition.

Introduction

Composites have increasingly gained technological importance because they provide the
opportunity to fabricate materials by a combination of a large variety of reinforcements and
matrices. These result in achievement of hybrid properties in a single material which are
otherwise not achievable in a conventional material. Although, the origin of metal matrix
composites (MMCs) dates long back in history, it was not until the 1920s that dispersion
strengthened alloys attracted scientific attention as the first composite materials [1]. Next came
interest in continuously reinforced fiber composites in the 1960s, which displayed positive
results but were discontinued owing to the high costs associated with the reinforcements and
production [2]. This was followed by the era of discontinuously reinforced composites in which
the costs of the reinforcements became much more competitive. It also permitted higher volume
fractions of the reinforcements than that of a dispersion strengthened systems resulting in greater
tailorability. As a result, discontinuously reinforced MMCs have recently attracted considerable
attention in the automotive and aviation industries due to their remarkable properties and marked
development in various processing techniques for MMCs [3, 4]. Today, composites have led to
substantial advancements in various spheres of mechanical properties like strength, stiffness,
wear resistance, creep resistance, fatigue resistance, etc. This has been possible due to marked
improvements in various processing techniques. Various liquid phase or solid state processes
exist for the fabrication of discontinuously reinforced composites. Though liquid phase processes
have been quite successful in fabricating composites, there are still a few shortcomings
associated with them [5, 6]. The liquid phase processes involve melting of the materials which
can lead to formation of detrimental phases, segregation of second phase particulates, presence
of a large number of defects, or difficulties associated with the wetting of the second phase
particulates. These shortcomings may be overcome to a considerable extent by the use of solid
state processes to manufacture composites [4, 7].
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Friction stir processing (FSP), a solid state process developed by Mishra et.al [8] based on the
principles of friction stir welding (FSW) is getting increased attention. It involves the traverse of
a high strength rotating tool to locally heat the work piece and produce intense plastic
deformation. The interplay between temperature and strain leads to a fine grained recrystallized
grain structure. FSP is also stated as a ‘green’ process and consumes much less time, energy and
money as compared to other thermomechanical processes [9]. Mishra et al. [10] have used FSP
to fabricate a surface composite with SiC particulates in aluminum. This work was followed by
other reports of composite fabrication in aluminum alloys with various reinforcements, like
Al3Ti, Al,Cu, Al,O3 etc. via FSP [11,12,13]. Although aluminum forms an important part of
lightweight materials, increasing demand for weight reduction has expanded the interest of the
automotive and aircraft industries to magnesium alloys as well. Efforts have been made to
fabricate various Mg based MMCs [14,15,16] with various ceramic reinforcements through
processes like disintegrated melt deposition, powder metallurgy, and casting.

Fabrication of various composites can have different objectives. The goal for the addition of
reinforcement to magnesium is to increase the stiffness so that light weighting of the structure
can be done effectively. Significant focus has recently been given to the precipitation
strengthened Mg-RE alloys, especially the Mg-Nd-Y system, owing to their enhanced
mechanical properties along with improved castability, creep resistance and corrosion resistance.
However, there are no reports of composites with WE43 as a matrix. B4C on the other hand is
the lightest ceramic reinforcement with the highest elastic modulus. Hence, an attempt was made
in this study to merge the structurally efficient properties of WE43 alloys with high stiffness of
B,4C through FSP.

Experimental Procedure

Processing

A commercial hot rolled F temper WE43 (30 cm x 5 cm x 1.6 cm) plate and commercial purity
B4C powder (6 um) were used in this study. FSP was carried out with a stepped spiral conical
tool with a featureless shoulder and a pin length of 6.5 mm, which was made of H13 tool steel.
A set of holes with a depth of about 6 mm were drilled into the plate in the pattern shown in
Fig.1 (a) and the B4C powder was then filled into these holes. The FSP was carried out by
employing one capping pass and four overlapping passes. The capping pass was performed with
a tool with no pin at a tool rotation speed of 600 rpm, traverse speed of 101.6 mm/min and a tilt
angle of 2.5°. The capping pass was performed to close the holes and thus reduce the loss of
reinforcement. There was a complete overlap between all the overlapping passes. All the
overlapping passes were performed with the same process parameters — a tool rotation rate of
1100 rpm, a traverse speed of 25.4 mm/min and with the tool tilt angle of 2.5° but each
subsequent pass was in opposite direction to ensure higher mixing of particulates. The plate was
allowed to cool to room temperature after every pass.
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(a) Powder filled
unprocessed region

Tensile samples taken from
top surface of processed

Processing direction Pattern of the holes

Transverse face for microscopy
and hardness measurements

Fig. 1. (a) Schematic showing the FSP process, plate dimensions, pattern of the drilled holes,
location of samples for characterization and (b) the tool used for processing.

Microscopy and Mini-tensile testing

The FSP plate was cut in the transverse direction, ground and polished for optical microscopy
and scanning electron microscopy. Mini tensile samples with gage dimensions (2 mm x 1 mm x
1 mm) were cut out from the plate with tensile axis parallel to transverse direction for room
temperature testing. Aging at 210°C for 48 hours was carried out after FSP. The tensile tests
were performed both before and after aging to evaluate the change in strength and ductility with
aging. The initial strain rate in these tensile tests was 107 5. The tensile results were averaged
over 2-3 samples.

Microhardness and Modulus Measurements

The microhardness and modulus measurements were done on samples from the transverse face
of the plate. There samples were ground and polished. The hardness measurements were
recorded at an interval of 5 mm across the transverse face of the weld as shown in Fig. 2(a).
Composite stiffness values were obtained by instrumented Vickers hardness equipment, by
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running the equipment in ‘load-unload’ mode with a test force of 500 mN and a hold time of 10
seconds.

Results and Discussions
Microstructure

The macrostructure of the nugget after four passes is shown in Fig. 2(a) which depicts a basin
shaped nugget. It is evident that the nugget is free of porosity and processing defects. The
average grain size in the nugget after the first pass was 3.37+0.48 um. This is much finer than
29+2.80 um of the base material as shown in Fig. 2(b). Hence, significant grain refinement has
taken place due to dynamic recrystallization in the nugget during FSP. Fig. 2(c) shows the grain
size to be 2.71£0.69 um after four passes. Hence, a further reduction in grain size is evident after
four passes as compared to that after a single pass.

Figs. 2(c) and 2(d) depict the change in distribution of B4C with overlapping passes. It is seen
that the distribution of the reinforcements is banded after the first pass (Fig. 2(c) which becomes
more uniform after four passes (Fig. 2(d)). This suggests that the tool geometry and the
processing parameters were effective in distributing the reinforcements in the matrix resulting in
a basically even microstructure. The SEM image in Fig. 2(e) showing a uniform microstructure
also further confirms that FSP is an effective way of distributing second phase reinforcements in
the matrix to modify the microstructure locally.

Microhardness

Fig. 3 shows the microhardness results after every pass. The dotted lines mark the ends of the
nugget separating the base material from the nugget. The various curves represent the hardness
evolution after every pass. The nugget shows a significant increase in hardness of about 19% in
the nugget as compared to the base material. This is attributed to the presence of the hard B4C
ceramic reinforcements in the nugget. Apart from this, the grain size refinement brought about
by dynamic recrystallization also contributes to the hardness improvement.

Table I lists the hardness values and scatter in the hardness values with increasing number of
passes. An improvement in hardness is observed up to the third pass. The scatter in hardness
readings within the nugget are considered to be secondary and could be related to minor
microstructural variations. This scatter is also seen to reduce after every pass up to the third pass.

Table I. A summary of the range of hardness values after every pass.

1 pass 2 pass 3 pass 4 pass
Microhardness 86-99 88-98 93-95 88-93
range (HVy.)
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Fig. 2(a) Macrostructure of the nugget after FSP — the microhardness results were taken across
the black dotted line, Optical micrographs of (b) the base material, (c) nugget after one pass, and
(d) nugget after four passes. (¢) A backscattered SEM micrograph showing the B4C particles
(darker).
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Fig 3. Variation in the microhardness across the processed region after every pass.

Tensile Properties

Table II shows the tensile properties for the composites tested at room temperature. The yield
strength of the composite was found to be 189+17 MPa which improved to 281+£58 MPa after
aging. An improvement in ultimate tensile strength was also observed changing from 193+18
MPa to 281+51 MPa after aging. There was however no improvement in yield strength of the
composite (189 MPa) as compared to that of the base material (185 MPa). The elongation to
failure decreased very significantly in the composite specimens.

Table II. A summary of the tensile properties at room temperature.

Material YS (MPa) UTS (MPa) Elongation to failure (%)
Before After Before After Before aging After
aging aging aging aging aging
WE43 185+ 270+15 29348 34846 17.7£1.02 16+3
8.66 [17] [18]
WE43+6 | 189+17 | 281458 193+18 281451 1.2+0.5 0
vol%
B4C

Modulus Measurements
Table IIT compares the elastic modulus of the alloy with that of the reinforced composite. The
modulus of WE43 obtained in this study matched with the values reported in another study [18]

and is listed in Table 3. A marked improvement of the modulus in the composite (about 41%)
was observed as compared to the base material. The B4C phase has an elastic modulus which is
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an order of magnitude higher than that of the matrix alloy and this accounts for the increased
stiffness of the composite. The rule of mixture calculation suggest the WE43-6 vol.% B4C
composite modulus should be ~ 51 GPa (assuming, WE43 ~ 25 GPa, B4C ~ 460 GPa). The
current results show the improvement in modulus is consistent with the rule of mixture approach
and indicate an effective load transfer. The force vs indentation depth curves for various
readings are shown in Fig. 4, and these were used for modulus measurement of WE43 with and
without reinforcement.

Table III. A summary of the modulus values for both the base material and the composite.

Material WE43 WE43+6 vol.% B4C

Elastic modulus (GPa) 26.54+0.23 43.47+2.87
25.0 — (F temper) [18]
25.8 — (T5 temper) [18]
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Fig. 4. A graph showing force vs indentation depth for various modulus readings of WE43+6
vol.% of B4C composite.

Conclusions

Friction stir processing fabricated the composite successfully with a uniform dispersion of the
reinforcements in the matrix which resulted in uniform and consistent properties. Following
conclusions can be drawn based on foregoing discussion.

I.  Grain refinement was observed as compared to base material. A decrease in grain size
was also observed with overlapping passes.
II.  An appreciable increase in hardness of about 19% as compared to the base material.
III.  An improvement in modulus of about 41% was observed in the composites as compared
to the base material by addition of 6 vol% of reinforcements.
IV.  Though an improvement in ultimate tensile strength was observed for the composites, the
yield strength remained unaffected.
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Considerable reduction in ductility was observed for the composites.
The composites show a similar aging response as that of the base material.
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Abstract

The initial microstructure plays an important role in determining the spatial and temporal
evolution of the microstructure during friction stir welding (FSW). The overall kinetics of
microstructural evolution is location sensitive and the effect of the process strain, strain rate and
thermal cycle creates complexities. In the present study, magnesium based WE43 alloy has
been welded employing two different welding conditions. Joint efficiency has been
subsequently evaluated. The results have been correlated with detailed microstructural
information obtained from SEM and OIM-EBSD. The influence of microstructural evolution on
strength has been analyzed. This framework provides an approach to maximize joint efficiency.

Introduction

The onset of many desirable features like fuel efficiency and high specific strength are driving
Mg alloys towards potential structural applications in the future. Strengthening is often a key
property for material selection in a majority of applications. As a result, the specific strength
advantage of the Mg alloys over their counterparts has triggered intensive effort for their use in
engineering applications. WE43 is currently touted to be one of the most promising Mg alloys
due to its good elevated temperature properties, creep performance, flammability resistance and
relatively higher strength [1,2]. However, welding of Mg alloys is a major challenge and limits
the ability to fabricate large and complex components [3]. Therefore, joint efficiency can have
significant impact on expanding its applicability towards various sectors in the near future.
Extensive study on Al alloys and a lucid understanding of microstructural evolution during the
friction stir process has been formulated and is available in the literature [4,5]. Starting from Al
alloys, a variety of Mg alloys have also been studied.

Feng et al. [6] studied the effect of friction stir processing(FSP) on an AZ91 alloy and reported
the dissolution and breakup of coarse eutectic Mg 7Al;» phase. Park et al. [7] demonstrated the
importance of texture and related it to the mechanical properties of an AZ61 alloy subjected to
FSP. Ma et al. [8] suggested that FSP plays the role of solution treatment in AZ91 and saves
time. Cao et al. [9] reported values of 69-78% for joint efficiencies in an AZ31-H24 alloy with
failure occurring predominantly between stir zone(SZ) and thermo mechanically affected
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zone(TMAZ). Several studies has been completed on the precipitation strengthened Mg alloys
and indicate a strong dependency of strength on the evolution of strengthening precipitates
[10,11,12,13] However, there is a strong demarcation with respect to the global value of
strength, contributing factors and evolution path as a function of alloy chemistry during FSW.
The thermal stability of the precipitates strongly determines the process conditions to be
employed for achieving a desired microstructure. In comparison to the dissolution of precipitates
in the AZ series, strengthening in Mg-Al-Ca and rare earth containing alloys like GWZ and
WE43 is determined by the ability to control the intermetallic phases [6,11,12,13].

Freeney et al. [12] showed enhancement of the mechanical properties by breakage and
dissolution of the second phases in a cast EV31 alloy. Xiao et al. [11] showed a large increase in
the strength of a cast GW103 alloy after post FSP ageing. This was achieved by dissolving the
MgsGd intermetallics during processing. However, Zhang et al. [13] showed that the breakage
and homogeneous distribution of Al,Ca increased the strength and recommended faster welding
speeds and lower heat input. Considering a variety of intermetallics (Mg,Y, Mg24Y's, Mg41Nds)
that form in a WE43 alloy during casting and remain during subsequent shaping operations, it is
interesting to study their response as a function of welding parameters [14,15,16]. Investigations
indicate that different starting tempers can have significant impact during processing and result
in different final values of strength. Freeney et al. [17] studied the effect of FSP on a cast WE43
alloy and obtained a nugget strength equivalent to 120% of the base material. Though a large
extent of literature exists on the friction stir welding of Mg alloys, the industrially important
WE43 alloy has not been evaluated much. To the best of our knowledge, no report exists on the
microstructure-joint efficiency relationship in a wrought WE43 alloy.

The present study aims at correlating the effect of process parameters on the microstructure and
mechanical property of a T5 temper WE43 alloy.

Experimental Details

For this study, 3.5 mm thick sheets of WE43 alloy in the rolled condition was provided by
Magnesium Elektron. The nominal composition of the alloy was 4% Y-3% Nd-0.5% Zr-bal Mg
(all in wt%). The alloy was subjected to ageing at 210 "Cfor 48h to maximize the base strength.
The samples were longitudinally friction stir welded by employing a conical threaded pin made
of tool steel with a concave shaped featureless shoulder. The pin height, pin diameter at the tip
and root of the pin were 1.4 mm, 3.4 mm and 5.6 mm, respectively. A single pass FSW was
performed at tool rotation rates of 600 and 800 rpm and a constant traverse speed of 102
mm/min.

The specimens for microstructural examination were cross sectioned perpendicular to the FSW
direction. A standard sequential metallurgical procedure such as cutting, mounting and polishing
with alcohol based diamond polishing compound was employed. Structural features were
subsequently revealed by etching for duration of 10s in a mixture of acetic glycol (20 mL), (1
mL) HNO;, (60 mL) ethylene glycol, and (20 mL) water, and washing with ethanol.
Microstructural analysis and characterization was extensively carried out by employing a
scanning electron microscope (FEI Nova NanoSEM 230). Samples for EBSD analysis were
prepared using diamond based compounds to a final polishing step of 0.02 pm. These samples
were subsequently electro-polished (40% H3;PO4 and 60% ethanol at 20°C) using a voltage of 2—
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3V for 10-15s and washed using ethanol. A FEI Nova NanoSEM 230 (20 kV, 3.1 mA, tilting
70°, 0.3 um step size) was used to record the EBSD patterns for stir zone.

The Vickers microhardness measurements were done at a load of 1.961 N with a 10 s dwell time.
These measurements were performed through the center of the transverse cross section in the SZ
and extending into the base matrix on either sides for a distance of 15 mm. Quantitative analysis
was done using the Image] software package. The grain size determination was done using the
linear intercept method.

Results and Discussion

Initial microstructure: As rolled + TS

The as-rolled microstructure was subjected to ageing based on the optimal conditions reported in
literature. This heat treatment has been reported to precipitate strengthening f” and B’ phases
[18,19,20]. Extensive analysis of the microstructure depicted three interesting features: shear
bands, intermetallic clusters of RE and precipitation gradients. Fig (la) shows patches of
inhomogeneity in the rolled structure suggesting preferential shear localization during rolling.
Jin et al. [21] studied the deformation behavior of a coarse grained AZ31 alloy and observed
such inhomogeneous structures. The observation was reasoned based on dissimilar
recrystallization magnitude of different grains owing to their orientation with respect to the
compressive stress. Serajzadeh et al. [22] employed modeling and related the microstructural
inhomogeneity to the inherent and inevitable strain gradients. The study also suggested that the
extent of inhomogeneity would be directly proportional to the reduction per pass. In the present
case, a greater reduction per pass at lower temperature substantiates the microstructural features.
Another plausible reasoning could be the persistence of the solute that segregated to the
interdendritic spaces during solidification. This mechanism of chemical partitioning can lead to a
local supersaturation and subsequent precipitation of non-strengthening precipitates. Thus, the
prior microstructure plays a crucial role in the subsequent evolution of microstructure and
mechanical variables during isothermal ageing. The average grain size was 35+15 pm.

> . < - . i ‘f
Fig. 1. (a) SE micrograph depicting shear localization and precipitation gradients (b) BSE
micrograph showing cuboidal Mg, YZr, 3 and plate shaped Mg4;NdsZr intermetallics

Fig. 1(b) shows the presence of large cuboidal intermetallic of Mg,Y and plate like Mg Nds.
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These intermetallics have been reported to form during the solidification stage and persisted
during subsequent rolling operations [14-15]. Such cuboidal precipitates have been reported by
numerous researchers in Gd containing alloys [11]. High thermal stability of these precipitates
has been reported and their melting point has been quoted to be around 620 °C.The presence of
such coarse particles(~4-5 um) would be inefficient in serving as an obstacle to dislocation
motion. Therefore, it would be interesting to note the behavior of these particles subjected to
FSW.

FSW

This study aims at reasoning the evolution of microstructure as a function of welding parameters
and resultant thermal cycle. The major contributing factors to strengthening in a WE43 alloy are
grain size and precipitate descriptors. Therefore, it is necessary to understand the competing
aspects of strain, strain rate and temperature. The deformation strain, peak temperature and the
grain size are correlated employing the Zener-Holloman parameter, Z (s'l). Table I summarizes
the mathematical equations employed to establish the Zener-Holloman parameter from the
literature.

Table 1. Equations for process parameters based calculations [23-26].

z=cen(Z) ) | c=()+ |n (ED)|@ | t=zres [ @

€= g/t (4) 1= APR (s) Ind = A1 — A2InZ (6)

where € is the strain rate, R the gas constant, T the temperature, Q the activation energy, ! the
maximum deformed length, APR the tool advance per revolution, 7" the tool pin radius, X the

perpendicular distance to welding direction from retreating side to advancing side of the tool, v
the welding speed (mm s™) and d is the grain size.

The peak temperature is determined by employing the Arbegast empirical relationship: [27]

T K w? @

a - (2.362!.‘)( 10“) 0
Where, T, is the melting temperature (893 K for WE43), o the tool rotation rate(rpm.) and v the
tool traverse speed(mm s_l). In the present study the values of K and a were averaged over the
reported values by Chang et al. [28] and Commin et al. [29] for AZ 31 and Mg alloys. The

activation energy was assumed to be the lattice diffusion of Mg and taken to be 135 Jmol ™. Table
II summarizes the process parameter based calculations employing equations from Table 1.
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Table II. Summary of process parameter based calculations.

Rotational | Welding speed | Strain | Strain rate Peak Zener-Holloman
speed (mm/min) (s'l) temperature (K) | parameter, Z (s'l)
(RPM)
600 102 8.0 80 621 2x10"
800 102 8.6 115 660 6x10"

(©)
Fig. 2. EBSD micrographs of (a) 600/102, (b) 800/102 and (c) IPF color code

Examination of OIM micrographs reveal fine grained structures indicating extensive dynamic
recrystallization. This is indicative of extremely high deformation rates calculated in Table II.
Figures 2(a) and (b) show the grain size in specimens welded at 600/102 and 800/102 to be
around 1.7 and 2.7, um respectively. This observation can be rationalized based on the Z
parameter and peak temperature. A welding parameter of 600/102 results in a lower peak
temperature and a higher Z parameter. In comparison to the 800/102 sample, the increase in the
Z magnitude for a 600/102 sample by an order results in a finer grain size. Freeney et al. [13]
reported the grain size to be 6.1 pm for a cast EV31A processed at 400/102. Investigations for a
T5 WE43 shows a grain size of 1.5-2.5 um subjected to a higher heat input as compared to
EV31A. A higher grain refining sensitivity in a WE43 alloy could be reasoned based on a greater
extent of second phases and Zr content that would impact pinning and higher extent of solute
elements. In comparison to the cast WE43 alloy processed at 400/102, T5 temper exhibited a
finer grain size substantiating the importance of initial microstructure. Though, DRX is
unanimously accepted, there is a conflict over the mechanistic mode triggering recrystallization.
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e . P —
Fig. 3. SEM micrographs of different conditions ; (a) AR+TS (210 °C/48h), (b) 600/4 SZ, (c)
600/102 TMAZ, (d) 800/102 SZ, () 800/102 TMAZ

Figures 3 (a-e) indicate the various zones and the characteristic features embedded in the
microstructure obtained from SEM examination. The area fraction of the precipitates was
evaluated using imageJ and decreased from 24.1% in the T5 state to 16.1 and 17.4% in 600/102
and 800/102, respectively. Friction stir welding has led to partial homogenization as compared to
the T5 condition (Figs. 3b and d). For a sample processed at a higher rotational rate (Fig. 3d), it
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showed preferential precipitate coarsening at the grain boundaries as compared to 600/102. Since
coarsening is dependent on the thermal profile and mechanical cycle, the evolution becomes a
complex function of the competing factors. For an 800/102 sample, the peak temperature is
above the dissolution temperature of strengthening precipitates and would soften the matrix to a
greater extent. Non-equilibrium reprecipitation would then favor the formation of non-
strengthening [ precipitates at grain boundaries. Figs. 3(c) and (e) depict formation of necklace
structures and fragmentation of prior grains leading to finer grains by recrystallization and break
up. This is due to high bulk diffusivity of Mg at a particular temperature in comparison to Al
alloys.

Mechanical properties and effect of Post weld heat treatment (PWHT)

Differences exhibited by 600/102 (Fig. 3b) and 800/102 (Fig. 3d) in terms of precipitate
characteristics and grain size markedly affected the strength levels, by 6-7 HV in the HAZ, and
by 5 HV in the nugget as shown in Fig. 4 (a). A W shaped curve was observed and can be
reasoned based on the effect of shoulder. The shoulder diameter (d)/Sheet thickness (t) ratio was
approximately three resulting in greater accumulation of heat. This is analogous to a heat
pumping source possessing a greater temperature field over a smaller distance. Thus the HAZ
would experience higher temperatures with a knockdown in properties. PWHT increased the SZ,
TMAZ and HAZ strength and marginally lowered the strength of the base metal. Therefore, the
joint efficiency values considerably increased after aging.

100 100 ; o s
o5t o5 | —=— 60014 + PWHT (210°C 48h)
L & o 8004 TR e 800/4 + PWHT (210°C48h)
S 90 A | S 90}
z S, Y [\"\# £ I
= 8¢ ' ' ¥ = 85p  gom) :'._ 5 LN
'3 - - -
g ® " il 3 T -"-Fi, o
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Distance from weld center (mm) Distance from weld center (mm)

Fig. 4. Microhardness data for as processed and PWHT samples.
4. Conclusions

The effect of processing conditions on the joint efficiency of a T5 temper WE43 alloy was

investigated. Based on the study, the following conclusions are made:

1) The FSW of WE43 resulted in grain refinement, breakage and dissolution of second phase
particles leading to homogenization. The grain size reduced from 35 + 15 um in the T5 state
to 1.7+ 0.2 um and 2.7 £ 0.26 pm in a 600/102 and 800/102 samples.

2) The shoulder diameter to sheet thickness ratio was 3 resulting in a concentrated temperature
field. This lead to a wide HAZ extending from the periphery of the TMAZ to the base metal.

3) The HAZ served as the weakest link with a joint efficiency of 73.5% and 67% for a 600/102
and 800/102 samples. These values increased to 85 and 79.5% after PWHT respectively. A
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15.

16.

17.

better understanding of microstructure evolution coupled with aging optimization needs to be
done.
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Abstract

In the current study, the formation of intermetallic compounds in dissimilar friction spot welding
(refill friction stir spot welding) of AA5754 aluminum alloy to AZ31 magnesium alloy has been
investigated by applying a stop action technique. The welding cycle was forced to stop during
the dwell time, and subsequently, the weld was quenched by pouring a mixed solution of ice and
water to freeze the microstructure. A large volume of eutectic structure was observed in the weld
center of the stop action sample due to mutual diffusion of Al and Mg atoms induced by plastic
deformation. During the sleeve retraction, a redistribution of eutectic structure and Mg alloy, and
extensive diffusion led to an inhomogeneous intermetallic phase distribution in the Al top sheet.

Introduction

Friction spot welding (FSpW) also known as refill friction stir spot welding (RFSSW) is a
variant of the friction stir welding process for joining materials in a spot-like configuration, as
shown in Figure 1. The tool consists of two rotating parts of pin and sleeve, and one stationary
clamping ring. The clamping ring holds the materials against the backing bar. In the present
study, the rotating sleeve plunges into the top material while the pin moves in the reverse
direction. The tool introduces intense plastic deformation and generates frictional heating which
plasticizes the materials. During sleeve plunging, the softened material is squeezed into the
cavity left by the pin. Then, the softened material is extruded back into the joint as the sleeve and
pin return to their initial position leaving the weld without a keyhole. Due to some advantages,
such as good mechanical properties and good weld surface quality, i.e., no keyhole, FSpW is
being considered for applications in the automotive and aircraft industries in order to reduce
structural weight.

FSpW has been employed for joining similar Al alloys [1,2] and Mg alloys [3]. Sound welds of
similar Al and Mg alloys have been successfully produced. This process was also considered to
produce dissimilar welds of Al to Mg alloys [4,5]. Blosmo et al., [4] have studied the effect of
interlayer materials (such as alumina, Sn and Cu) between the Al and Mg sheets and compared
them with a sample without an interlayer. Their results showed the lap shear strength of the bare
material to be slightly lower than the strongest weld produced using an alumina-coated Al
sample. Several studies have shown that the dissimilar friction-based joining of Al and Mg alloys
led to the formation of intermetallic compounds (IMCs), such as Al;;Mg;7 [5-8], AlsMg> [7,8],
and Mg, Si [8].
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Sleeve

Clamping
ring

Figure 1. Schematic illustration of the friction spot welding process

In the present study, the microstructure of dissimilar friction spot welds of AA5754 and the Mg
alloy AZ31 have been studied. To obtain an insight into the microstructure development, a stop
action technique was adopted. In this technique, the process cycle is stopped during the dwell
time. Subsequently, the weld was quenched to preserve the microstructure.

Experimental Procedure

2mm-thick AA5754 and Mg alloy AZ31 were used in this study. The chemical composition of
both materials is shown in Table 1. The tool used for welding has dimensions of 14.5 mm, 9 mm,
and 6 mm in diameter for the clamping ring, the sleeve, and the pin, respectively. The Al sheet
was welded on top of the Mg sheet with the following welding parameters: 1900 rpm tool
rotational speed, 1.6 mm plunge depth, 2s dwell time, and 12 kN clamping force. The plunging
and retracting speeds of the sleeve were 0.8 mm/s. At the end of the process, the sleeve and the
pin were maintained in the rotating state on the surface for 1 s to improve the weld appearance.
To measure the temperature cycle during welding, the two K-type thermocouples were
embedded in the stir zone at a depth of 2.5 mm from the bottom of the Mg sheet.

Table 1. The chemical composition in wt.% of Mg alloy AZ31 and AA5754.

Base Material Al Mg Fe Zn
AZ 31 2.52 Balance - 2.03
AA 5754 Balance 3.66 0.59 0.43

The stop action experiments were carried out to obtain more insight into the grain structure
development. The welding cycle was forced to stop during the dwell period. Subsequently, a
mixture of ice and water was poured onto the sample to freeze the microstructure, hereafter
referred to as a “quenched sample”.

The welds were cut across the weld center, then ground and polished for microstructural
analysis. Weld samples were observed using an optical microscope and a scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS).
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Results and Discussion

As-welded Sample

A macrograph taken from a cross section of a welded sample is presented in Figure 2. No
obvious thickness reduction is visible in the welded zone. Some areas with different contrast
could be observed (highlighted by “a”, “b”, and “c”) which are discussed in detail below.
Regions “a” and “c” are located below the sleeve near the surface of the weld and in the weld
center at the interface, respectively, whereas region “b” resides in a region between “a” and “c”

as shown in Figure 2.

Figure 2. Macrograph taken from the cross section of the weld.

Region “a” has a chemical composition of 31.36 at.% Mg and 68.64 at.% Al. Region “b” has a
non-homogenous microstructure (Figure 3a) which is associated with a different composition of
Al and Mg alloys, as shown in Figure 3b. The layer in the middle has the highest Mg content
compared to other neighboring layers. According to the Al-Mg phase diagram, region “a” should
be comprised of a-Al and 3-AlsMg», while the phases across the layer in region “b” should have
a phase sequence of Al — (B AlsMg, + vy Al;;Mg7) — (E +3) — (y AlipMgi7 + E)—(E+8) - (B
Al3Mg, + v Al12Mg;7) — Al Formation of such heterogeneous phases in the Al top sheet should
be related with the transport of the Mg alloy (i.e., bottom sheet or Mg-enriched Al material)
towards the Al top sheet induced by tool movement at high temperature, followed by mutual
diffusion of Al — Mg atoms.
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Figure 3. Micrograph taken from the region b as shown in Figure 2 (a) and chemical composition
distribution taken from line as shown in (a) (b).
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Region “c” has a different grain structure distribution compared to those observed in the previous
regions (Figure 4). The region close to the Al base material (top) consists of a gray phase and the
region near the Mg base material (bottom) has a mixed structure of gray and black phases. The
middle region (i.e., between top and bottom regions) has a mixed structure of both those
observed in the top and bottom regions. A chemical composition distribution of the phases and
possible phases according to the Al-Mg phase diagram (and phase identification of some phases
by integration of EDS and EBSD [5]) are summarized in Table 2. The total thickness of the
phases is about 500 pum. In a previous study [9] on dissimilar Al-Mg alloys joined by the
diffusion bonding process, the thickness of the intermetallic phases at the interface was shown to
be less than 70 pm when the samples are heated in the temperature range of 460 - 480 °C for
about 40-60 min. Apparently, the diffusion rate during FSpW is much faster than that during
diffusion bonding. The effect of deformation on the diffusion rate during welding will be
discussed later.

Figure 4. Microstructure taken from region ¢ as shown in Fig.2 (a) in top, middle and bottom (a-
¢), and the chemical composition distribution taken from line as shown in (a-c) (d-f),
respectively.

Table 2. Phase distribution at the center of the weld along with the chemical composition and

possible phases.
. Chemical composition (at.% Possible phases
Region Phase Mg A (Al : (Phase diggram)
Top Gray near Al <40 > 60 B-AlsMg,
Gray 40 - 60 60 — 40 B-AlsMg, +y-Al;,Mg,;
Middle Gray 59 - 65 41-35 y-Al;;Mg,7 + Eutectic
Gray + Black 65— 80 35-20 Eutectic + 5-Mg
Bottom Gray + Black 65-90 35-10 Eutectic + 5-Mg

A schematic illustration of the thermocouple placements and the thermal cycle during FSpW are
presented in Figure 5. During sleeve plunging, the temperature increases rapidly up to 450°C for
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a short period, and subsequently decreases to 370°C. Then, the temperature rises and decreases
with different heating and cooling rates towards the second peak temperature of 440°C. The
maximum temperature achieved during welding probably corresponds to the solidus temperature
of the eutectic phase. According to the equilibrium Al-Mg phase diagram, the solidus
temperature of the eutectic structure is about 437°C. Such a temperature profile during welding
probably corresponds to the liquation and solidification of the eutectic structure during the
process. The simultaneous liquation and solidification processes resulted in a non-equilibrium
solidus temperature induced by high rates of heating and cooling.

500
a. Sleeve trace b. Fungrg 1 Dwes Retractng Surfecel
: 1 Dweadl

dare |

T
Cocling
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200 4
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Figure 5. Thermal cycle measured during welding, (a) illustration of the thermocouple position
during welding and (b) the temperature profile during welding.

Quenched sample

A macrograph taken from the cross section of the quenched sample is presented in Figure 6a.
The Al alloy under the sleeve including the Mg alloy at the interface was squeezed into the
cavity left by the pin. During sample removal from the welding tool, cracks developed beneath
the pin across the weld center, probably along a brittle layer.

A large volume of eutectic structure and grey phase were formed in the center as shown in
Figure 6b. Quantitative chemical analysis by EDS showed the composition of the grey phase in
the region A as 63 at.% Mg and 37 at.% Al, while the eutectic structure has 73 at.% Mg and 27
at.% Al. According to the Al-Mg phase diagram, the phases in structure A and B correspond to
B-Al;xMgi; and a eutectic structure consisting of y-Al;Mg;; and 8-Mg, respectively.
Apparently, during the process, the materials reached the solidus temperature of the eutectic
structure. This is in agreement with the temperature measurement. The thermal cycle
measurement reveals that the material exposed to the non-equilibrium solidus temperature,
induced by high heating and cooling rates, was associated local melting. However in region ¢
(crack area), no eutectic structure could be observed. This layer has a chemical composition of
42 at.% Mg and 58 at.% Al. Thus, during sleeve retracting, some of the plasticized Mg alloy was
ejected into the Al sheet. According to Al-Mg phase diagram, this layer consists of B-Al; Mg,
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and y-Al;2Mg;7 phases. Meanwhile in region ¢, a 5-um-thick layer was formed at the interface
between the Al and Mg alloys. Line scanning across the interface shows a chemical composition
gradient representing mutual diffusion of the Al and Mg atoms into Mg and Al base materials,
respectively.

Figure 6. Quenched sample, (a) micrograph and (b-d) enlarged maps taken from regions as
highlighted in (a).

In the dissimilar FSSW process, prior studies reported the presence of an intercalated layer of
base material in the stir zone [10,11]. Figure 7a presents a SEM micrograph taken from the
Al/Mg interface near the center of the quenched sample. Chemical composition along the white
line is presented in Figure 7b. According to the Al-Mg phase diagram, the phase sequence across
the line should be Al — eutectic structure — Mg-enriched Al — Mg layers. Likely, during the
process a Mg layer has been transported into the Al base material due to deformation imposed by
the axial and radial movement of the sleeve. Thus, the interfacial area between the Al/Mg alloys
becomes greater accordingly enhancing the diffusion rate during the process. From Figure 7a,
fine grains can be observed at the interface of the eutectic structure. Friction based joining
processes produce welds having a fine grain structure due to simultaneously continuous and
discontinuous recrystallization [12,13] and also a high density of low angle boundaries due to
severe plastic deformation. Grain boundaries (low and high angle) are associated with a more
open structure in which the migration of atoms is easier than diffusion through the lattice [14].
Therefore, the diffusion rate in the grain structure having fine grains should be higher than that
having larger grains.
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Figure 7. Enlarged map taken from Al-Mg interface (a), chemical composition distribution along
line as highlighted in (a) (b), and effect of grain boundary diffusion combined with volume
diffusion (c) (after R.E. Reed-Hill[15]).

Both formation of intercalated layers and a high density of grain boundaries enhance the
diffusion rate during welding. In general, interfacial diffusion plays an important role, larger than
grain boundary diffusion [14]. However, since the total grain boundaries should be much larger
than the total interfacial area in the intercalated layer (Figure 7c), grain boundary diffusion
becomes a more important factor affecting the diffusion rate.

During sleeve retraction, the soften material was extruded back into the weld by the pin. Some
Mg alloy from base material and eutectic structure somehow was distributed into the Al top
sheet, as shown in figure 2. During this stage, redistribution of the Mg alloy from base material
or eutectic structure and extensive diffusion resulted in the typical structure shown in figure 2.

Conclusions
In the present study, the microstructure in dissimilar friction spot welds of Al to Mg alloys was
observed by a stop-action technique. A large volume of eutectic structure was formed during the

process in the weld center, due to mutual diffusion of Al and Mg atoms induced by plastic
deformation. Formation of intercalated layers of base materials and a high density of grain
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boundaries including low and high angle boundaries enhances the diffusion rate at high
temperature. Temperature measurement revealed that the material was exposed to a non-
equilibrium solidus temperature induced by high heating and cooling rates due to solidification
and liquation of the eutectic structure. During the sleeve retracting process, the eutectic structure
and Mg material from the base material were transported into Al top sheet. Extensive diffusion
and redistribution of the Mg material resulted in an inhomogeneous intermetallic phase
distribution in the Al top sheet.
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Abstract

Friction stir welding (FSW) is used to join metal matrix composites (MMCs) which are
increasingly used as a structural material in aerospace, automotive, and marine systems. The
welded zone of the composite offers a more homogeneous distribution of reinforcement particles
with a fine recrystallized grain structure resulting in both enhanced mechanical and wear
properties. In this paper, the dry sliding wear behavior of the stir zone of friction stir welded
AA6061-B4C composite is presented. The relationships between the wear rate of MMCs and
friction stir welding process parameters were established using a mathematical model. The
developed regression model was optimized to minimize the wear rate using the generalized
reduced gradient (GRG) method.

Introduction

Aluminum metal matrix composites (AMCs) reinforced with a variety of hard ceramic
particles exhibit improved wear resistant, good chemical and physical properties. The potential
applications of AMCs are realized in aerospace, automotive, and marine industries [1]. Apart
from traditionally used Al,O3 and SiC reinforcements, several new ceramic particles are being
added to aluminum alloys to develop superior AMCs [1]. B4C is a robust material having
excellent chemical and thermal stability, high hardness (HV = 30 GPa), and low density (2.52
g/cm3) and it is used for manufacturing bullet proof vests, tank armor, etc. In nuclear power
plants, Al- B4C composites (Boral and Metamic) are used as a neutron absorber [2]. In order to
make larger structural components, joining to other components made of a similar composite or
other metallic materials is often required. Joining of AMCs by fusion welding results in major
weldability problems such as porosity formation or cracking, solidification shrinkage, and a
deleterious reaction of the matrix with reinforcement [3,4]. Hence, a solid state joining process
(FSW) is preferred to overcome the above problems. Studies on the wear behavior of friction stir
welded B4C reinforced aluminum AMCs are very limited. In the present study, the dry sliding
wear behavior of a FSW zone of Al/B4C composite is investigated. A mathematical model has
been developed to predict the wear rate of a friction stir welded AA6061-B4C composite by
incorporating welding parameters such as rotational speed (N), welding speed (S), axial load (F),
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and % of reinforcement using design of experiments. The developed model is optimized to
minimize the wear rate of the welded composite.

Experimental Procedure

The materials used in this study are AA6061-B4C composites. The MMCs have different
weight percentages (4, 6, 8, 10, and 12) of B4C and were fabricated by a modified stir casting
method. The details of fabrication are previously reported in the literature [5]. The fabricated
AMCs were sliced into plates of size 100 mm x 50 mm x 6 mm to subsequently join by FSW.
Four factors five level central composite design was used in this study. Based on the trial
experiments, the range and level of process parameters shown in Table I were considered to
produce defect free welds. Using a FSW machine, 31 butt joints were welded on the sliced
composite plates according to the design matrix. The typical scanning electron microscope image
of the composite before and after FSW is shown in Figure 1. The wear test pin specimens of size
6 mm X 6 mm X 30 mm were prepared from the weld zone of the friction stir welded plates. The
test pin was kept perpendicular to the disc such that the surface of the stir zone contacts the disc
surface. The tests were carried out at room temperature with fixed sliding wear parameters at a
constant load of 20 N, sliding speed of 1 m/s for 50 min, and a distance of 3000 m for all tests.
The wear rates are estimated and are presented in the Table II.

Development of a Regression Model

The response (wear rate) obtained in the design matrix is highly influenced by rotational
speed, traverse speed, axial force, and percentage of B4C reinforcement. The response function
representing the wear rate (WR) of friction stir welded Al-B4C joints can be expressed as
follows:

WR=f(N,S,F,R) (eY]

The second order polynomial (regression) equation used to represent the response surface for
four factors, could be expressed as:

WR:b0+b1N+bzs+b3F+b4R+b11N2+b22Sz+b33F2+b44R2+b12NS+b13NF
+ b4 NR + byz SF + bay SR + b3y FR 2)

All the coefficients (b, by, ba,.... bss ) were evaluated and the initial model was developed using
a statistical software package (SYSTAT 12). After determining the significant coefficients, the
final model was developed by eliminating least and insignificant terms. The developed
mathematical model for predicting the wear rate of Friction Stir Welded Al-B4C composite is
given below.

WR (mm®/m) = 347.000 + 5.375 N + 0.042S + 0.375F - 68.208R + 8.615N? + 7.240S” + 6.740F>
-5.510R? (3)
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The adequacy of the developed model is tested by analysis of variance (ANOVA) shown in
Tables TV and V with the help of SYSTAT software. In this case, the value of R” is 0.983 and
adjusted R?is 0.977. Higher values of R? indicate that the regression model is quite accurate.

Optimization of FSW Parameter

The developed regression equation was optimized using GRG method which is available
in MS Excel solver module. The optimized welding parameters to minimize the wear rate are:
tool rotational speed (N) = 968.80 rpm, tool traverse speed (S) = 1.29 mm/s, and axial force (F) =
59.94 3kN, and % of reinforcement(R) = 12%; and the predicted wear rate (WR) =187.7003 x 10

mm’/m.

Results and Discussion

Based on the model developed, the various graphs are plotted to detail the significant
effect of process parameters on the wear rate of the FSW composite joint. The trends obtained
for each FSW parameter set on wear rate are represented in Fig. 2. The process parameters are
independently influenced by the dry sliding wear behavior of the welded composites. As shown,
the wear rate decreases with increasing wt. % of B4C content in the MMCs. This may be
attributed to the presence of the higher amount of particles which decreases the matrix grain
boundary, resulting in brittleness as well as high hardness of the composites.

Conclusion

The dry sliding wear test has been successfully conducted on friction stir welded AA6061-B,C
composite with the following conclusions:
e A mathematical model was developed incorporating the friction stir welding parameters
to predict the wear rate.
e The mathematical model was optimized using GRG method.
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Fig. 1 SEM images of Al-4% B4C composite: a) before FSW and b) after FSW.
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Table 1. FSW parameter range and levels.

Process . . Levels
parameter Notation | Unit -2 -1 0 1 2
Rotational speed N rpm 800 900 1000 1100 | 1200
Welding speed S mm/s 0.3 0.8 1.3 1.8 2.3
Axial force F kN 6 8 10 12 14
Reinforcement(B4C) R wt.% 4 6 8 10 12
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Table II. Design matrix and estimated wear rate.

Design matrix .
Trial Estimated
Run Process parameter we_zs\r ratBe
(x10° mm*/m
N S F R
1 -1 -1 -1 -1 434
2 +1 -1 -1 -1 418
3 -1 +1 -1 -1 423
4 +1 +1 -1 -1 444
5 -1 -1 +1 -1 417
6 +1 -1 +1 -1 437
7 -1 +1 +1 -1 429
8 +1 +1 +1 -1 440
9 -1 -1 -1 +1 294
10 +1 -1 -1 +1 290
11 -1 +1 -1 +1 295
12 +1 +1 -1 +1 301
13 -1 -1 +1 +1 282
14 +1 -1 +1 +1 299
15 -1 +1 +1 +1 278
16 +1 +1 +1 +1 300
17 -2 0 0 0 374
18 +2 0 0 400
19 0 -2 0 0 391
20 0 +2 0 0 372
21 0 0 -2 0 373
22 0 0 +2 0 386
23 0 0 0 -2 464
24 0 0 0 +2 197
25 0 0 0 0 344
26 0 0 0 0 356
27 0 0 0 0 340
28 0 0 0 0 359
29 0 0 0 0 354
30 0 0 0 0 334
31 0 0 0 0 342
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Table III. Statistical result for the developed model.

Response Multiple Squared Adjusted squared Standard
P R Multiple R Multiple R Error of Estimate
Wear rate 0.991 0.983 0.977 9.666

Table IV. Analysis of variance (ANOVA).

Sum of Degree Mean Calculated | Tabulated
Response Source square of square F-ratio F-ratio
d freedom q
Regression | 118,077.794 8 14,759.724 157.964 2.40
Wear rate
Residual 2,055.625 22
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Abstract
Material flow is a key phenomenon to obtain sound joints by friction stir welding (FSW). This
paper introduces the material flow three-dimensionally visualized during FSW using two pairs of
X-ray transmission real-time imaging systems. The material flow was investigated by following
the locus of a tiny tungsten tracer obtained at various tool rotation rates.

As the next step, a new method of freely designing the microstructure of a structure is
introduced. The method called FSPP (Friction Stir Powder Processing), is the friction stir
processing over a gap which is filled with a powder. In this method, depending on the
requirements, the modification and alloying can be flexibly carried out through complicated
metallurgical phenomena, such as stirring, dispersion, diffusion, solid-solution and precipitation.

Introduction

Friction stir welding [1] has a variety of excellent advantages that have already been used for
various industrial applications, such as trains, ships, automobiles, and civil engineering structures
involving Al alloys [2-10]. During this solid-state joining technique, a rotating tool is inserted
into the interface at the butt line of metal plates and produces a highly plastically deformed zone.
The metal plates are joined by the travel of the rotating tool along the interface. It is well known
that the FSW joint shows excellent mechanical properties because of the recrystallized fine and
equiaxed grains in the stir zone.

The material flow around the rotating tool during the FSW/FSP is the one of the most
important phenomena for obtaining a sound joint. Accordingly, the material flow has been
studied using various approaches because an accurate understanding of the material flow can
lead to optimization of the process conditions.

The material flow was first investigated by Colligan using small steel shots placed at
different positions in an aluminum sheet [11]. Many researchers have also investigated the
material flow by the tracking of a tracer [12-15], observation of the flow pattern in a weld of
dissimilar materials [16-19], analysis of the crystallographic texture in a weld [20], measuring
the eutectic Si distribution [21] and using a transparent material [22]. The X-ray computer
tomography technique has also been used to observe the dispersion of various tracers after the
FSW [12, 23]. However, it is still not fully understood despite many such investigations and
models. It is difficult to understand the accurate material flow using these approaches because
the obtained experimental results show only one part of the process.

In-situ observation of the material flow by an X-ray radiography technique seems to be a
very effective approach to reveal the material flow. Recently, the authors reported that the
material flow during the FSW can be three-dimensionally visualized using a tiny spherical
tungsten tracer [24]. The three-dimensional material flow was obtained using the locus of the
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tungsten tracer observed by two pairs of x-ray transmission real-time imaging systems.

Unlike the conventional welding methods, FSW is an asymmetric welding method. The side
where the movement and rotational directions of the tool are the same is called the advancing
side, and the side where the movement and rotational directions are opposite is called the
retreating side [3, 4]. This unsymmetrical property may affect the flow pattern during the FSW.

3D visualization experimental setup

A schematic illustration of the experimental setup for the X-ray radiography during the
FSW is shown in Fig. 1 [24]. A pure aluminum (A1050) plate was used as the work-piece. The
thicknesses of the work-piece and the back plate were both 5 mm. The unthreaded tool, which
has a columnar shape (¢15.0 mm) with a probe (96.0 mm, length: 1.9 mm), was used for the
FSW. A2017 and SizN4 were chosen as the materials of the back plate and the tool for the FSW,

. . Travel direction
Image intensifier ®

Si;N, tool X-ray

A1050

High-speed camera A2017

Image intensifier

Figure 1. Schematic illustration of the experimental setup for the X-ray radiography during the
FSW [24].

From lower side From upper side
W tracer W tracer

Figure 2. X-ray transmission images obtained by the x-ray transmission real-time imaging
systems. (a): image from the upper side of the plate, (b): image from the lower side of the plate
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respectively.

The X-rays can transmit through the work-piece, the back plate and the tool due to their
low relative densities (Al: 2.7 g/em’, SisNu: 3.4 g/cm®) [24]. The two pairs of x-ray transmission
real-time imaging systems were used in order to fix the perspective center in the middle of the
stir zone. Both lines of the X-rays passed through the horizontal A1050 plate at an angle of
30°each. The X-ray transmission images were recorded by two high-speed video cameras at the
frame rate of 500 fps. These video cameras were synchronized in order to obtain a three-
dimensional graph using the locus of the tracer observed by the two imaging intensifiers.

Figure 2 shows the two X-ray transmission images. The tungsten tracer, which was under
the tool shoulder, can be clearly observed in both images. It was set at | mm from the top surface
of the A1050 plate before the FSW. The diameter of the tungsten tracer was about 300pum. Image
(a) was taken from the upper side of the plate with the X-ray tube voltage of 100 kV and tube
current of 8 mA. On the other hand, image (b) was taken from the lower side of the plate with the
X-ray tube voltage of 180 kV and tube current of 1 mA.

Material Flow

Figure 3 shows the three-dimensional movement of the tungsten tracer at various tool rotation
rates. WD, TD, and ND show the welding direction of the FSW, transverse direction of the
A1050 plate, and normal direction of the A1050 plate, respectively. The FSW was carried out in
the positional control mode. The travelling speed and the tilt angle of the tool were 400 mm/min
and 3°, respectively. The rotating rate was changed from 200 rpm to 1000 rpm in order to
investigate the effect of the heat input.

Surprisingly, the tungsten tracer rotated around the probe several times under all welding
conditions. This result implied that the conjecture of the material flow based on the final position
of the tracer contained inaccuracies. The velocity of the tungsten tracer and the peripheral
velocity of the tool were not same as will be shown later. The flow zone of almost the same 2
mm width around the probe, regardless of the rotating and travel directions of the tool, could be
confirmed. There was no significant difference between the advancing side (AS) and retreating
side (RS).

600rpm

1000rpm

| Welding dir
“ | RS\ |1

ection |

ND axis, mm
ND axis, mm

WD axis, mm

Figure 3. A three-dimensional graph and various two-dimensional graphs obtained using the
coordinates of the tungsten tracer.
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The velocity of the tungsten tracer at RS, AS, the backward side (BS), and the forward
side (FS) were calculated by the change in the coordinate every 0.002 s on the WD-TD plane.
Figure 4 shows the results for the 1000 rpm and 400 mm/min conditions. The tungsten tracer
gradually moved to the outer side of the stir zone due to the centrifugal force. There was no
significant difference in the velocity on all sides, and it increased with the increasing distance
from the center of the probe. The velocity near the probe was lower than the peripheral velocity
of the probe which was 314.0 mm/s. However, the velocity on the RS reached 339.0 mm/s which
was higher than the peripheral velocity of the probe. It is considered that the velocity of the
horizontal material flow was affected by both the probe and the shoulder [13, 24]. Therefore, the
velocity on the outer side was higher than that of the inner side in the stir zone. The peripheral
velocity at the periphery of the shoulder was 785.0 mm/s. Indeed, all the calculated velocities
were lower than the peripheral velocity at the periphery of the shoulder.

The velocity on the RS was slightly higher than that on the AS at the same distance from
the center of the probe. The difference of 6.7 mm/s (400 mm/min) can be easily explained by the
relative velocity between the travel direction and the rotation of the tool. However, the difference
between the velocity on the RS and AS seems to be ~20 mm/s which is larger than 6.7 mm/s.
The relative high pressure by the tool traveling at the front of the probe should be one of the
reasons for the lower velocity on the AS.

Figure 5 shows the two-dimensional tracer coordinates on the ND-WD plane. It is worth
noting that the horizontal material flow around the probe was tilted against the travel direction.
The flow goes upward when it goes to backside of the tool. This tilt direction is opposite to the
direction of the tool tilt. The tilt of the horizontal flow can be explained by the resultant flow of
the horizontal flow and the convectional flow which was generated at the rear of the probe by the
shoulder [13, 24].

°
®: RS O: AS
A:BS A:FS
300 .
~
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250 0%
i~ i
€
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Q
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A
a R
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2 3 4 5 6

Distance from center of the probe , mm

Figure 4. Velocity of the tungsten tracer [24].
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Figure 6 shows the two-dimensional tracer coordinates on the TD-WD plane. The
material flow zone had almost the same width around the probe from 600 - 1000 rpm, regardless
of the rotating and travel directions of the tool. It is also worth noting that the horizontal material
flow around the probe was also tilted on the ND-TD plane. The flow goes downward when it is
going from the retreating side to the advancing side.

600rpm 800rpm 1000rpm
141 Weldine di . 14 14]
121 e ni irection 1] 1]
101 ] 10 10
Ts| mpiiomder- |Es] €8]
=6 a 6 | la) 6
z,] Z,] z,]
2 2 ] 2]
0 N 0 0
02 4 6 8 10 12 14 0 2" 4 6 8 10 12 14 0 2 4 6 8 10 12 14
WD(mm) WD(mm) WD(mm)

Figure 5. Two-dimensional tracer coordinates on the ND-WD plane (side view).
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Figure 6. Two-dimensional tracer coordinates on the ND-TD plane (back view).
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Friction stir powder processing (FSPP) for freely controlling the microstructure

Friction stir powder processing (FSPP) is a method of friction stir processing over a gap which is
filled with a powder [25, 26], as shown in Fig.7. Using this method, modification and alloying
can freely be carried out, depending on the applications, through complicated metallurgical
phenomena. In this method, sufficient material flow, material diffusion and other metallurgical
reactions are utilized, which is different from producing composite materials through the FSP
[25, 26].

The addition of powder improves the mechanical properties of the processed region, but
the material flow is very important in this process. Figure 8 shows the Vickers hardness
distribution on a cross section of a pure Al plate (AA1050) with pure Cu powder perpendicular
to the processing direction. The tool rotation rates and travelling speed were 400 rpm and 100
mm/min, respectively. The horizontal axis is the distance from the interface. Because the Al-Cu
alloy is a typical precipitation strengthening system, the strength can be increased by dispersing
fine precipitates in the matrix after the Cu is once dissolved in the pure Al by the FSPP. Whereas
the Vickers hardness in the base material is about 40Hv, it increased to about 80Hv in the stir
zone after the FSPP [25]. In particular, the hardness is uniformly distributed and doubled
throughout the stir zone after the second pass.

Figure 8 is a TEM bright field image of the stir zone obtained from1500rpm-
100mm/min-2pass during which the hardness significantly increased. Many fine intermetallic
compounds caused by the precipitation are observed. Focusing on the size and shape of the
precipitates, about 150nm bulk-shaped and about 10nm plate-shaped precipitates are observed.
This result indicates that both a dynamic recrystallization and precipitation occur during the
FSPP, and the precipitation is affected by the recrystallization behavior. Thus, in this method, the
modification and alloying can be flexibly carried out through complicated metallurgical
phenomena, such as stirring, dispersion, diffusion, solid-solution and precipitation.

Moreover, it is very interesting that a similar result is obtained even when using Fe
powder which has a limited solid solubility in Al, as shown in Fig.10 and 11 [26]. These results
are important as a unique phenomenon of the FSW (FSPP), in which heating and severe
deformation is simultaneously produced by the rotating tool.

Figure 10 shows the Vickers hardness distribution on a cross section of a pure Al plate
(AA1050) with pure Fe powder perpendicular to the processing direction. The tool rotation rates

Rotation direction

Welding direction
Powder

Figure 7. Friction stir powder processing (FSPP) [25].
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Figure 8. Hardness distribution on a cross section of a pure Al plate (AA1050) with pure Cu
(1500rpm-100mm/min) [25].

Figure 9. TEM bright field image of the stir zone after FSPP of a pure Al plate (AA1050) with
pure Cu (1500rpm-100mm/min-2passes) [25].

and travelling speed were 400 rpm and 25 mm/min, respectively. The FSPP was performed
twice. The horizontal axis is the distance from the interface. Regardless of the limited solubility,
the hardness increased to about 70 Hv in the stir zone after the FSPP [26].

Figure 11 is a TEM bright field image of the stir zone obtained for the conditions of
1500rpm-25mm/min-2pass during which the hardness significantly increased. Many fine
intermetallic compounds caused by the precipitation are observed, as in the Al-Cu system. Many
fine precipitates are observed. This result indicates that the solubility was significantly increased
due to the severe deformation by the rotating tool during the FSPP and many precipitates were
formed during cooling. This is a very unique phenomenon for the FSW (FSPP).

These ideas can be extended to many industrial applications. Generally speaking, a strong
material is difficult to shape. Accordingly, it is a good idea to construct a large structure first
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using deformable materials and then the structure can be partially strengthened after the
construction by this new method depending on users’ purposes. For steel, as another example,
the processed part can be significantly hardened through the stir-dispersion-diffusion-
transformation, when you add carbon powder [27]. The final composition can be changed by
controlling the gap width or added powder compositions.

90
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Figure 10. Hardness distribution on a cross section of a pure Al plate (AA1050) with pure Fe
(1500rpm-25mm/min-2passes) [26].

200nm

Figure 11. TEM bright field image of the stir zone after FSPP of a pure Al plate (AA1050) with
pure Fe (1500rpm-25mm/min-2passes) [26].
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Conclusions

The material flow during the FSW was successfully visualized by X-ray radiography. A three-

dimensional graph was obtained using the locus of a tungsten tracer observed by two pairs of x-

ray transmission real-time imaging systems. The profile of the material flow around the tool was

clearly observed. The visualization produced the following conclusions.

1) There was a flow zone with a uniform width around the probe.

2) The horizontal round flow around the probe was tilted by the convectional flow.

3) The velocity of the material flow on the outer side was higher than that on the inner side in
the stir zone.

4) The velocity on the RS was slightly higher than that on the AS at the same distance from the
center of the probe, but the difference was very small.

FSPP (Friction Stir Powder Processing) is also introduced as a new technique for material
designs. In this method, the modification and alloying can be flexibly carried out through
complicated metallurgical phenomena, such as stirring, dispersion, diffusion, solid-solution and
precipitation. Accordingly, a large structure is first constructed using deformable materials and
the structure can then be partially strengthened after the construction, depending on users’
requirements.
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Abstract

Temperature control has been implemented in Friction Stir Processing and has demonstrated the
ability to give improved process control. In order to have optimal control of the process, the
parameters of the system must be accurately identified. The system parameters change with tool
geometry and materials, workpiece materials, and workpiece holding system. This paper
presents the use of the relay feedback test to determine the thermal parameters of the FSP
system. The relay feedback test is easy to use and promotes system stability during its use. The
results from the relay feedback test can be used to establish tuning constants for a feedback
temperature control. The use of this method, as well as the quality of the resulting control is
demonstrated in this paper.

Introduction

Friction stir welding is a solid state metal joining process developed by TWI in 1991. Control of
the process can be very important for extending tool life and preventing defect formation. For
this reason, temperature is one of the most important control variables.

Temperature is a process driven response. It is primarily affected by the spindle power entering
the system. A controller must be used to maintain a steady temperature. Various controllers
could be used, but a PID controller based on Ross’s work was used because it is capable of
providing a stable temperature, and is intuitive to use [1].

With a PID controller, the PID gains are the primary factors that affect how well it controls a
system. The PID gains are often determined either through trial and error, or through tuning
rules based on a system model. This paper demonstrates the use of the relay feedback test to
determine the system model.

Background

Good process control is often essential to ensure defect free welds, and to promote tool life.
Temperature seems to be especially important for this. Temperature control has been used by the
Swedish Nuclear Fuel and Waste Management Company (SKB) to help reduce weld defects, and
to help prevent tool failure. They found in welding large copper canisters, that if the tool
temperature dropped below 790 degrees Celsius, they would produce welds with defects, and if
they allowed the temperature to rise above 910 degrees Celsius, then failure of the pin commonly
occurred [2].
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Mayfield and Sorensen proposed a temperature control algorithm, which uses a controller to
adjust the weld power to control the tool temperature [3]. This algorithm was later implemented
by Ross [1].

Using a temperature control algorithm like Ross’s can work well, assuming that the system is
known and understood. With a PID controller, it is essential to pick controller gains which
optimize the controller for that system. These gains can be found either through trial and error,
or through system models. System identification is a field that works to identify the system
model through experimental techniques. Once the system is identified, tuning rules can be used
to find the PID gains which best control the system.

The PID controller used in this paper is a non-interacting series form of controller. It is of the

form:

d l
U = kp e + ki [ e dt +kd dUTtool) M

Where:

u(t) — the change in power commanded by the PID controller

kp — the proportional gain

e(t) — the current tool temperature minus the set point temperature
ki — the integrator gain

kd — the derivative gain

Ttool(t) — the current value of the tool temperature

The Relay Feedback Test is a frequency domain system identification method. It uses a
continuous cycle of high and low step responses to yield an output from which the ultimate gain
(ku) and ultimate period (pu) can be calculated. The output for this system is an oscillating
wave. The shape, magnitude, and period of the output response change depending on the system
type and its parameters. A typical input and output signal can be seen below in Figure 1.
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First Order Plus Dead Time Relay Input and Response
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ﬂ This response is for a
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i i 1
: Time :
| Delay | When O/t = .1,
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1
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| |
| |
| 1 Ultimate
: : : Period 8
| I (pu)

T

h

Input u(t) ﬁ

Nominal Power
Level

| Figure 1 depicts the typical First Order Plus Dead Time response observed during athe relay test, and the typical input.
This response is only correct for a FOPDT with a time delay to time constant ratio of .1.

The relay feedback test was developed by Astrém and Hagglund [4]. Tt is different than most
other methods because it is a feedback method. The relay test provides a different input value to
the system depending on the system response. Yu [5] identified some main advantages to the
relay test, they are:
1) The useful process information given by the relay feedback test is close to the ultimate
frequency.
2) The process is closed loop, which keeps it from being driven away from the nominal
operating point.
3) This method is a more time efficient method for processes with a long time constant.
4) The experimental time is short, around two to four times the ultimate period.
In the case of friction stir welding, when the system temperature crosses the specified set point
value, the relay controller adjusts the power. If the temperature is above the set point, the system
is given a power input which is 5-10% below the nominal value for the set point temperature.
When the temperature drops below the set point temperature, the power is set to 5-10% above
the nominal value for the set point temperature.

The input value is being constantly adjusted in response to the output; this causes a wave form
output response to be created. From this wave form, the ultimate gain and frequency may be
calculated, and subsequently, the model parameters may be determined. In order to calculate the
ultimate gain (ku) and ultimate frequency (wu), a, pu, and # must be found. The value a is the
amplitude of the wave signal and / is the amplitude of the square wave input signal. Pu is called
the ultimate period; it is the period of the output wave signal. The ultimate gain is calculated
as[5]:
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Ku = — (0]
na
The ultimate frequency is calculated as:
2m
wu = }; (3)

With the parameters, Ku, wu and Pu, the model parameters may be calculated. Experimental
results and Ken Ross’s work demonstrate that the process model for friction stir welding between
the spindle and the tool thermocouple can be considered a First Order Plus Dead Time (FOPDT)
process. The basic FOPDT model is:

y(s) = e% s u(s) “@

Ts+1
Where:

y(s) — process output

u(s) — process input

Km —model or process gain

7 — model or process time constant

© —model or process dead time or time delay

Km can be calculated for a model as:
m o JYdt
fu(t)dt

®)

Where y(2) and u(?) are the real time output and input signals respectively. The process time
constant 7 can be calculated with Ku, wu, and Km[5].

L J(EmKu)? -1 0)

wu

The time delay © can be found by seeing how long it takes for the temperature to respond when
the relay is first activated, but depending on the % ratio, it can sometimes be calculated as 6 = %.

For the intent of this paper, it will be assumed that the time delay is one fourth of the ultimate
period.

The tuning rules can now be used with the system models to calculate the PID gains. Tuning
rules are available in books like Aidan O’Dwyer’s, “Handbook of PI and PID Controller Tuning
Rules.” The tuning rules used for these welds were Chien 0% overshoot rule, and the minimum
ITAE tuning rule. Chien’s tuning rule is used for servo control, and the minimum ITAE tuning
rule is used for regulator control. Servo tuning rules are used when a larger error is expected
between the tool temperature and the set point temperature. This error may be due to the initial
startup error, or due to changes in the set point. While these tuning allow large errors, they
sacrifice set point tracking and disturbance rejection by using smaller integrator and proportional
gains. The values for the Chien 0% overshoot tuning rule are calculated as followed [6]:

067
T Kmo

kp @
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=71 ®)
d = 0.56 O]

Since the form of PID controller being used requires ki and kd, the values can be converted as
follows: ki = i—f, and kd is equal to kd = kp * td.

Regulator tuning rules are to reject disturbances. The regulator tuning rules have the tendency to
cause large overshoot, oscillation, and potentially severe oscillation and instability to even a
small difference in the set point and tool temperature. Ideally these tuning rules should be
running when the tool temperature is within a few degrees of the set point temperature. The PID
gains are calculated using the minimum ITAE tuning rule as follows [6]:

1.357 ,7,0947
— s 10
kp = ———(5) (10)
T 6 0.738
i= — (= 11
"= 0842 (r) an
0.995
d = 03817 (;) (12)
Methods

All welds for this paper were run on Brigham Young University’s TTI model RM-2 friction stir
welding machine. The machine code was modified to allow relay test welds to be run. A
derivative of Ross’s temperature control algorithm, and power control algorithm were also used.
All temperature data was collected by an Omega K type thermocouple located within the tool.
All data was recorded by the PLC and a data logging program.

Weld Setu,
All relay and temperature control welds referred to in this paper were run in .25” thick 7075-T6

Aluminum. All welds plates were approximately 6” in width, and 48” in length. The backing
plate used was .25” thick ASTM A-36 hot rolled steel. The weld plate and backing plate were
held in place by 1” tall by 1/2” wide rectangular bars running lengthwise along the top outside
edge of the aluminum plate. The rectangular bars were held in place by toe clamps, which were
spaced roughly 8-10” apart.

Tool

The tool used in these experiments is a CS4 tool design made out of H-13 steel. The tool has a
diameter of 25 mm, a pin length of 5.08 mm and a pin cone angle of 32.5 degrees. The tool was
heat treated prior to use, and had a hole for a thermocouple machined in. The thermocouple hole
is about .09” in diameter, and extends down to approximately .125” away from the end of the
tool pin.

Relay Welds
All relay welds were run in a consistent manner. They all had a weld length of 22 with a feed

rate of 6 IPM. The first 2 inches after the weld plunge were run in position control at 300 rpm.
After the first two inches, a 10 inch power control section was run. The power value that was
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used was equal to the spindle power being applied to the work piece right before the controller
switched from position control to power control.

At the end of the power control section, both the tool temperature, and spindle power were
recorded and used for the relay. The tool temperature at the end of the power control section is
used as the set point temperature, and the spindle power is used as a nominal power for the relay
control. As the temperature drops below or rises above the set point temperature, the relay
controller would respond. The relay controller used a 10% adjustment to the power. The relay
section was run for 10 inches. At the end of the relay section, the tool would extract, and all data
was saved to a data file for later access.

The formulas required to calculate the system parameters from the relay weld results are
mentioned above in the background section. All relay calculations were made in Microsoft
Excel. The data was imported, and calculations were made in a partially automated process.
The process or system gain, Km was calculated using the midpoint integration method to
integrate both the temperature data (output), and also the power data (input). All parameters
were calculated using both an a value for cooling, and also an a value for heating.

It was noticed early on that the relay welds for friction stir welding are asymmetric. Load
disturbances can cause asymmetry, and it is possible to adjust their effects by providing an
asymmetric power input, but with friction stir welding, it is assumed that this asymmetry is
related to the heating and cooling and is actually important to the process.

When the parameters are calculated, the system, either heating or cooling, which has the smallest
7 value (the faster system), is used for tuning. This is used because a larger 7 value will result in
more aggressive PID tuning gains, which could cause the faster system to become unstable. PID
gains were calculated for both the Chien 0% overshoot tuning rule, and the minimum ITAE
tuning rule.

Temperature Control Welds

Temperature controlled welds, 22 inches in length, were run using a set of specified PID gains.
These welds were run with a feed rate of 6 IPM. The first 2 inches were a position controlled
section with a spindle speed of 300 rpm. After the 2 inch position controlled section, the PID
controller took over, and attempted to bring the tool temperature to the set point temperature. If
necessary, the set point temperature can be adjusted to reduce the error size between the tool
temperature and the set point temperature, or shift the set point value.

Three relay test welds were run for the tool described above. A typical relay weld with this tool
can be seen in Figure 2. The system parameters were calculated for the relay welds. They can
be seen in Table 1.

Results and Discussion
Three relay test welds were run for the tool described above. A typical relay weld with this tool

can be seen in Figure 2. The system parameters were calculated for the relay welds. They can
be seen in Table 1.
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Figure 2 Relay Weld 8-23-0000 is a typical relay test response for friction stir processing.

Table 1 shows the system parameters calculated for the three relay welds which were run.

Weld Number Type Set Point Temperature K T Heating | TCooling| ©
8-22-0001 Power Control Before Relay 446.85 139.21| 10.24 32.56 | 4.82
8-23-0000 Power Control Before Relay 444.40 139.15| 17.00 18.77 1.15
8-23-0001 Power Control Before Relay 436.82 141.69| 10.74 14.53 1.02

A temperature controlled weld was run for each of the three relay welds.

The PID gains used for

each temperature controlled weld corresponded to the system parameters from one of the relay
welds. The PID gains used an average of the heating and cooling constants for their calculation,
rather than using either just the heating or cooling values. The minimum ITAE tuning rule was

used.
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Figure 3 shows temperature weld 08-24-0000. It was the first weld run after relay tuning. It experienced integrator
windup which caused oscillations to occur. These oscillations were removed by moving the set point temperature from
425 degrees Celsius to 475 degrees Celsius.

These three temperature control welds all demonstrated instability on weld startup. The
instability can be seen in the form of oscillation. Weld 08-24-0000 was the weld first run (see
Figure 4). There was only about 4 degrees of error between the tool temperature and the set
point temperature. After startup, the oscillations quickly grew until the power limits prohibited
further growth. The initial set point temperature was 425 degrees Celsius. After the oscillation
began, the set point temperature was moved up 50 degrees to 475 degrees Celsius. At this
temperature, the oscillations began to settle out and eventually disappeared.

Weld 08-24-0001 and weld 08-24-0002 were similar to weld 08-24-0000. Both required an
increase in set point temperature to reduce the oscillations. Table 2 lists the PID gains, initial
error, and final set point used in these three temperature controlled welds.

Table 2 includes the PID gains, initial temperature error and final set point values for the three temperature controlled

welds which were tuned using the mini ITAE regul tuning rule.
PID Gains for Welds Run
Weld Number| Corresponding Relay Weld Initial Error Final Set Point kp ki kd
9-19-0002 8-22-0001 4 deg. C 475 deg. C 0.1205 0.0340 0.0703
9-19-0003 8-23-0001 7 deg. C 465 deg. C 0.1009 0.0295 0.0588
9-19-0004 8-23-0000 4 deg. C 445 deg. C 0.0670 0.0218 0.0390
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It was seen that the minimum ITAE tuning rule didn’t control the temperature controlled welds
well from the beginning despite relatively small temperature errors when the controller was
activated. It was decided that a servo tuning rule should be used for additional welds. The Chien
0% overshoot rule was chosen.

Three temperature controlled welds were run using the Chien 0% tuning rule. The PID gains
were calculated off an average of the heating and cooling system parameters. All three were run
with the set point set at 437 degrees Celsius. All three demonstrated good control. They started
with a larger temperature error, but the controller was able to move the tool temperature to the
set point without introducing unstable oscillations. Weld 9-19-0003 is typical of the response. It
can be seen in Figure 5.

445

440 \ TN |
X\_ TN~ S 33

—
435 / M AT A A A A L 20
430

/ e
425

/ o
420

415 7 \

4.0

Filtered Tool Temperature (deg C)

410 / /7 ‘ - 10
405 \ - 0.5
400 0.0
50 60 70 80 90 100 110 120 130 140 150
Weld Time (s)
—— Temperature Set Point Temperature = === Power CMD (HP)

Figure 4 Temperature Control Weld 9-19-0003 used the Chien 0% overshoot rule for tuning. It was tuned based on an
average of the heating and cooling system parameters.

In all three, the tool temperature stays steady around the set point after settling out. The PID
gains for these three welds can be seen in Table 3.

Table 3 includes the PID gains, initial temperature error and final set point values for the three temperature controlled
weld tuned with Chien’s 0% overshoot servo tuning rule.

Weld Number| Corresponding Relay Weld | Initial Error | Final Set Point kp ki kd
9-19-0002 8-22-0001 26.5deg.C| 437deg.C 0.029 0.003 0.015
9-19-0003 8-23-0001 24 deg.C | 437deg.C 0.048 0.003 0.028
9-19-0004 8-23-0000 26deg.C | 437deg.C 0.052 0.003 0.034
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It was assumed that integrator windup was the cause of the oscillation observed in welds 08-24-
0000, 08-24-0001, and 08-24-0002, rather than having to large of a proportional gain. To test
this theory, another temperature controlled weld was run. It was given the gains of kp = 0.0926,
ki =0.00435, and kd = 0.0463. The proportional gain is approximately an average of the
proportional gain for all three welds, being closest to the second, which had a gain of kp =
0.1009. The integrator gain was an order of magnitude smaller than the values used in the three
welds, and the derivative gain is very close in value. On weld startup, there was a much larger
temperature error (see Figure 6). The set point temperature was set to 437 degrees Celsius, and
the tool temperature when the controller took over was 417 degrees Celsius. Despite the 19.3
degree Celsius temperature error, no oscillations were observed. In fact, the controller caused
the tool temperature to climb to the set point value quickly. There was an overshoot of 6 degrees
Celsius, but then it quickly returned to the set point value.
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Figure 5 shows temperature weld 9-19-0006, which demonstrates that the welds run with disturbance rejection welds
were unstable due to integrator windup, rather than too large of a proportional gain.

Conclusions

This paper demonstrates the use of the relay test with the friction stir welding process. It
demonstrates that the relay test allows for good system identification tool for friction stir welding
in aluminum alloys. The relay test can be run in a material and it will yield system parameters
which can be used for controller tuning even without a prior knowledge of the system
parameters. Overall, the relay test allows for system identification to aid in controller tuning.
This allows the user to specify controller parameters which will result in stable temperature
control, whether the desire is to maintain a steady temperature or if it is to allow step changes in
temperature.
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Abstract

A temperature control algorithm has been developed that contains an inner loop to control power
and an outer loop to command power based on temperature feedback. The foundation of the
control algorithm used in this work is the fact that spindle power leads tool temperature. This
fact will be proven through analytical models and experimental data. Commanding spindle
power to control temperature is a significant paradigm shift for some members of the friction stir
processing (FSP) community.

The anticipated benefits of temperature control during FSP include: decreased variation in
properties throughout the length of the weld, increased repeatability, increased tool life and
extension of the application of FSP. This paper summarizes previous research, and investigates
theory relevant to temperature control in FSP. Subsequently, the current state of temperature
control technology and experimental data are presented.

Introduction

Controlling the weld temperature throughout the length of the weld is an important undertaking
because weld properties (Nelson, et al. June, 2000) (Richards, et al. 2010) (Reynolds, Long and
Tang 2007) (Sato, Urata and Kokawa 2002), such as fracture toughness and corrosion resistance,
vary with weld temperature. If specified properties are desired throughout the weld, the weld
temperature must be adjustable and in control throughout the length of the weld.

As the application of FSP in industry increases, more is demanded of the process. We believe
that temperature control will increase the quality, repeatability and robustness of FSP. We
anticipate the advent of temperature control will accelerate and expand the use of FSP in
industry. This paper is an overview of research performed by Ross and Sorensen (K. A. Ross
2012) (Ross and Sorensen, Development and Implementation of a Robust Temperature Control
Algorithm 2012).

Previous Work
The first efforts to control weld temperature used passive control techniques. Researchers
considered that the weld temperature was proportional to weld pitch (spindle speed)/(travel
speed) or various “pseudo heat indexes” which are functions of spindle speed and travel speed

(Chimbli, Medlin and Arbegast 2007) (Kalya, et al. 2007). Passive control techniques assume
that the process has reached a self-limiting equilibrium condition.
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Passive control techniques are not adequate for temperature control because equilibrium
conditions may not exist along the length of a weld. Causes of temperature changes along the
length of the weld include: inadequate cooling of the tool or backing plate, changes in the
thermal boundary condition and insufficient time to reach equilibrium. Passive control
techniques are not versatile because they do not adjust for process disturbances.

Cederqyvist et al. (Cederqvist, et al. 2009) noted a clear relationship between spindle power and
tool temperature. It was suggested that this this relationship could be used to more accurately
control the process.

Fehrenbacher et al. present the results of using a closed-loop temperature control system in the
FSW of aluminum (Fehrenbacher, et al. 2010). Spindle speed was adjusted in response to
temperature feedback. The results indicate that closed-loop control can reject small disturbances
and reduce the error associated with larger disturbances introduced by changes in backing plate
material.

Mayfield and Sorensen (Mayfield and Sorensen 2010) observe torque leads tool temperature for
welds run at constant spindle speed. This is shown explicitly in experimental data presented. A
common assumption in the FSP community has been that changes in temperature lead changes in
torque. Data presented by Mayfield and Sorensen disproves this assumption.

In order to increase understanding of the system, a simplified thermal model of the stir zone was
developed from a simplified thermal balance of the stir zone and is shown in Figure 1. This
model suggests that the temperature of the stir zone can be controlled by the power input to the
stir zone.

Power flowing into the stir zone is given by torque multiplied by the rotational velocity of the
tool. Under constant spindle speed, a disturbance in torque causes a disturbance in power which
changes the temperature of the stir zone. Spindle speed can be adjusted in response to
disturbances in torque to maintain constant power. If thermal boundary conditions are constant,
a constant spindle power results in a constant temperature.

Spindle work in l

Cool material in Hot material out

—>| Control Volume e

Heat lost to conduction
and radiation

Figure 1: Thermal balance in an isothermal control volume representative of the stir zone presented by
Mayfield and Sorensen

Mayfield and Sorensen present an improved temperature control algorithm (Mayfield 2010). The
model proposed is a two-stage control model containing an inner and outer loop. The inner loop
adjusts spindle speed to keep power constant, while the outer loop sets the desired power based
on temperature. A simple feasibility test was performed by manually adjusting spindle speed in
response to changes in torque. Decreased temperature variation was achieved.
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It is expected that the temperature control algorithm presented by Mayfield and Sorensen will
provide a faster response to disturbances than previously developed temperature control
methods. The inner power control loop responds to thermal disturbances faster than they are
registered by the temperature measurement system. Therefore, the advantage of using the
improved temperature control algorithm increases as the time delay of the temperature
measurement increases.

Cederqvist et al. (Cederqvist, Garpinger, et al. 2012) implemented the control scheme proposed
by Mayfield and Sorensen for the welding of copper canisters containing nuclear waste. In 2012
they reported that a cascade control scheme kept the temperature within £10 °C of desired
temperature for their process.

Control of the Spindle Axis

Inner Loop

Power control is best achieved by controlling torque (Ross and Sorensen 2013) rather than
spindle speed (patent pending). When spindle speed is used to control power, motor toque
feedback is used as the control signal. Motor torque feedback is a poor control signal due to the
large spikes in motor torque that occur when changes in spindle speed are commanded. When
these torque spikes occur, the motor torque cannot be used to approximate spindle torque. When
torque is adjusted to control power, spindle speed is used as the control signal. Uncertainty in
spindle speed measurement is small. Motor torque can be used to approximate spindle toque
when spindle torque is adjusted to keep power constant.

Outer Loop

Proportional-integral-derivative (PID) controllers are the most commonly used type of closed-
loop feedback controller (Astrom and Murray 2008). PID control uses the magnitude, integral
and derivative of the error to control the process. The outer loop uses a PID algorithm to
command power based on tool temperature feedback. PID gain tuning can be used to achieve a
desired temperature response.

Identifying the Form of the System Transfer Function

Spindle power leads tool temperature. Thermal modeling and experimental results show that
when a weld is run at constant power a steady state temperature is achieved. When the power is
changed, there is a time delay, followed by a characteristic change in temperature resulting in a
new steady state temperature. Thermal modeling and experimental results indicate that the
temperature response of the tool can be approximated by a first-order transfer function with time
delay.

The temperature response is dominated by thermocouple location. Experimental data and
numerical modeling show that both time delay and time constants increase with distance from
the thermocouple to the tool-workpiece interface. Second-order dynamics could not be seen in
welds run in aluminum. Numerical solutions indicate that second-order dynamics become
increasingly significant as distance between the tool-workpiece interface and the thermocouple
increases.
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Thermal Modeling

The 1-D heat diffusion equation is used to investigate the thermal response of the tool to changes
in weld power. Figure 2 shows the calculated temperature rise of a weld due to an increase in
weld power. Previous to time 0 the temperature and power are constant. At time 0 there is a step
increase in weld power. The time between the step change in power and the time the
temperature begins to change is the time delay, ts. Thermocouple locations are defined by the
distance from the thermocouple to the tool-workpiece interface.

Figure 2 shows that the temperature response of the tool is dominated by thermocouple location.
When the thermocouple is located close to the tool-workpiece interface, time delay and time
constants are small and only first-order dynamics are visible. As the thermocouple is located
further from the tool-workpiece interface, time delay and time constant increase. Dynamics
become increasingly second-order, immediately after the time delay, as distance increases.
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Temperature rise (*C)
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Figure 2: (a) Simulated temperature rise at various thermocouple locations using the heat diffusion equation
with a linear initial temperature profile (b) Magnified view to show time delay

System identification was performed for all thermocouple locations shown in Figure 2 using the
System Identification Toolbox™ in MATLAB. For all thermocouple locations shown, first-order
models with time delay had a fits above 96% and second-order models with time delay had fits
greater than 97%. In each case the second-order fit was slightly higher. Because all the fits are
above 95%, the heat diffusion equation suggests that tool dynamics can be modeled using a first-
order system with time delay.

Experimental Results

Results for a power step from 2.24 kW (3.00 HP) to 2.54 kW (3.40 HP) are shown in Figure 4.
This figure shows that as distance from the tool-workpiece interface to the thermocouple
increases the time constant, t, increases. Steady state temperature increases with thermocouple
distance. Thermocouple locations are defined in Figure 3. The time constants for thermocouple
locations 1, 2 and 3 are 25.9 s, 38.5 s and 58.3 s respectively. The steady-state temperature for
thermocouple locations 1, 2 and 3 are 493°C, 467°C and 438°C respectively. This suggests that
the time constant and steady state temperature are dominated by the thermocouple location. .
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Figure 4: Power step from 2.24 kW (3.00 HP) to 2.54 kW (3.40 HP) temperature response

The time delays for thermocouple location 1, 2 and 3 are 0.80, 1.26 and 2.06 seconds
respectively. The plot used to calculate the time delay is shown in Figure 4b. This figure
indicates time delay is dominated by thermocouple placement.

A graph showing the first and second-order approximations and response data from TC1 is
shown in Figure 5. The System Identification Toolbox ™ in MATLAB is used to obtain first and
second-order approximations of the temperature response to changes in power. The goodness of
fit is calculated as the percentage of output variation that can be explained by the model. Both
first and second-order models had fits of 95.72%. Therefore the response can be classified as

first-order.
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Figure 5: 1st and 2nd order fits of temperature response to step change in power from 2.24 kW (3.00 HP) to
2.54 kW (3.20 HP)
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Validation of Controller

This section investigates the performance of a dual loop temperature control algorithm where the
inner loop modulates torque to maintain a desired power and the outer loop modulates desired
power to achieve a desired temperature. Experimental results are presented for welds run in both
aluminum and steel.

Performance metrics

Setpoint tracking is the method this work will focus on for testing the temperature control
algorithm. The metrics most commonly used to determine how well a controller can track
setpoint changes are rise time, overshoot, settling time and steady-state error. Rise time is the
time it takes the response to rise from 10% to 90% of the difference between the setpoint and
current temperature. Overshoot is the maximum amount the system overshoots the setpoint
divided by the difference between the setpoint and the initial temperature. The settling time is
the time required for system transients to decay. This is typically defined as the time it takes for
the temperature to stay within 1% of the difference between the setpoint and starting temperature
from the setpoint. Due to the noise in temperature measurement 10% will be used for
determining settling time in this paper. This corresponds to +/- 1°C degree for the gain study in
aluminum where most changes in setpoint is 10°C and +/- 2°C for the gain study in steel where
the change in setpoint is 20°C.

Aluminum

A gain study was performed by running welds in aluminum with various PID control gains. For
each weld, the commanded temperature experienced a step change from 470 °C to 480 °C. The
data collected indicates changes in PID gains affect the performance metrics in a manner
constant with PID control theory. Therefore manual PID tuning can be used to achieve desired
performance metrics. The temperature response and corresponding PID gains for various welds
using in the gain study are shown in Figure 6. Welds shown in Figure 6 are run in 6.35 mm
(0.25 in) thick AA 7075-T735, have a feed rate of 150 mm/min (6.0 IPM) and plunge 5.8 mm
(0.23 in) into the material. Temperature measurements and control are taken from TC1, shown
in Figure 3.
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Figure 6: Effect of PID gains on temperature response

Data from a weld run in thicker material at a slower speed rate shows that temperature response
to a step change is similar across varying plate thicknesses and feed rates for a given set of PID
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gains. A weld was tested using a 9.53 mm (0.375 in) plate and a feed rate of 101.6 mm/min (4.0
IPM) and is shown in Figure 7. The weld shown in Figure 7 uses a Kp 0f 0.07, a Ki of 0.01 and
aKd of 0.06. A weld with these gains is also shown in Figure 6.

The weld started in RPM control mode and reached a temperature over 51°C higher than the
setpoint. When temperature control was engaged, the system responded with an overshoot of
29%, rise time 3.33 seconds, 10% settling time of 17.30 seconds and 1.0°C settling time of 29.5
s. The temperature response of this weld is similar to that of weld with identical gains shown in
Figure 6, despite a different material thickness, feed rate and larger difference between the
setpoint and measured temperature previous to the setpoint command. The similar temperature
response of the two welds is significant because it indicates that a given tool with a given
thermocouple location can use the same gains with varying thermal boundary conditions and
obtain similar temperature responses.
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Figure 7: Kp=0.06, Ki=0.01, Kd=0.03 in 0.375" AL 7075 at 101.6 mm/min

Data collected from the weld shown Figure 7 indicates that steady state error is negligible. After
the 1.0°C settling time, the temperature was held at 425°C with a standard deviation of 0.72°C
for non-filtered temperature and 0.31°C for filtered. The average value for all temperature data
collected after the 1.0°C settling time is 424.997°C for unfiltered temperature data and
425.020°C for filtered data. Both values can be expressed as 425.0°C.

Noise seen for air welds is similar to noise seen in temperature control welds. For air welds, the
standard deviation in temperature is 0.775°C for non-filtered temperature and 0.217°C for
filtered temperature. These values represent instrumentation noise and are approximately the
same as the temperature deviations reported for temperature control in aluminum after the
settling time. The performance of the temperature control algorithm may be limited by
instrumentation noise.

Steel

Large temperature variation occurs when running welds in steel without temperature control.
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Figure 8a shows a weld run with a constant spindle speed. The temperature varies by over 20°C
in only 254 mm (10.0 in). The temperature control algorithm can maintain a temperature within a
degree and a half of the setpoint in steels, as shown in Figure 8b.
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Figure 8: (a) 254mm segment of constant RPM weld in steel demonstrating large temperature variation (b)
254mm segment of a temperature control weld in steel demonstrating the algorithms ability to hold
temperature within a degree and a half of a given setpoint

While temperature remains constant, the RPM changes throughout the weld, indicating that the
algorithm is successfully rejecting thermal disturbances. After the settling time for the weld
shown in Figure 8b the standard deviation for temperature was 1.27°C and 1.42°C for filtered
and unfiltered temperature respectively. The average values during steady state are 899.692°C
and 899.726°C for filtered and unfiltered temperature respectively. Steady state error is
negligible.

A PCBN tool with a thermocouple in the locking collar is used for welds run in steel. The time
constant and time delay for temperature measurement in the PCBN tool are 38.76 and 2.64s
respectively. These values are significantly higher than the thermal response of TC1 in aluminum
welds. Therefore, less aggressive PID gains are used. Manual tuning techniques were used to
obtain a rise time of 12.65 seconds, overshoot less than 20.63% and settling time of less than
89.20s.

Performance metrics in PCBN tools could be increased by isolating the thermocouple from the
thermal mass of the locking collar and decreasing the distance between the thermocouple and
tool-workpiece interface.

Conclusions
Spindle power leads tool temperature. Experimental results show that when a weld is run at
constant power, a steady state temperature is achieved. When the power is changed, there is a
time delay followed by a characteristic change in temperature resulting in a new steady state
temperature.
First-order with time delay is an appropriate model for temperature response. Experimental and

numerical results indicate that the temperature co the tool can be approximated by a first order
function with time delay.
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The temperature response of the tool is dominated by thermocouple location. Experimental
results and numerical modeling show that both time delay and time constant increase with
distance from the thermocouple to the tool-workpiece interface. Second-order dynamics could
not be seen in welds run in aluminum. Using the PCBN tool, the second-order model had a
slightly higher fit than the first-order model. Numerical solutions indicate that second-order
dynamics become increasingly significant as distance between the tool-workpiece interface
increases.

Standard PID gain tuning can be used to achieve a desired temperature response. Experimental
data shows that changes in PID gains affect the temperature response as expected for welds run
in aluminum and steel.

The algorithm has negligible steady state error. For a weld run in aluminum, after the settling
time, the standard deviation from the setpoint was 0.717°C for non-filtered temperature and
0.312°C for filtered temperature. The difference between the average temperature and the
setpoint is 0.003°C for unfiltered temperature data and 0.020°C for filtered data. Using unfiltered
temperature data, the difference between the setpoint and the average temperature at steady state
is 0.003°C for aluminum and 0.274°C for steel. The steady state error for aluminum is 7.066%
of the setpoint and 0.0304% of the setpoint of steel.

Noise seen for air welds is similar to noise seen in temperature control welds. For air welds used
to calculate spindle inertia, the standard deviation in temperature was 0.775°C for non-filtered
temperature and 0.217°C for filtered temperature. These values represent instrumentation noise
and are approximately the same as the temperature deviations reported for temperature control in
aluminum after the settling time. The performance of the temperature control algorithm may be
limited by instrumentation noise.
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Abstract

An innovative heuristic force model has been developed to characterize material flow induced by
the Friction Stir Welding (FSW) process. When the rotating weld tool travels inside the
plasticized material, the leading interfacial surfaces of the tool experience the prevailing pressure
field (PPF) due to the tool travel motion. Furthermore, a plasticized shear layer of material is
periodically extruded from the leading side to the trailing side of the weld tool by the rotational
and travel motions of the weld tool. This periodic material flow introduces revolving pressure
field (RPF) around the weld tool. Due to PPF and RPF, the tool feedback forces grow and
evolve during the FSW process. A relationship between the pressure fields and the tool feedback
forces was identified by the heuristic force model. The model has been simulated and the actual
weld data was analyzed with regards to the simulation results.

Introduction

The present study introduces a heuristic force model to characterize tool feedback forces with
regards to the material flow induced by the friction stir welding process. The model uses the tool
feedback forces, such as the drag force (Fy or X force) and the transverse force (Fy or Y force),
based on the assumption that they contain crucial information about the material flow dynamics.

F,

Tool Rotation c

Tool Center Point Fy
F X
/7"00/ Travel Direction

Figure 1. Tool feedback forces.
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Feedback forces from the weld tool are measurements of the material resistance forces induced
by the rotational and travel motions of the weld tool. The feedback forces including F, Fy, and
F7, in the directions shown in Figure 1 can be acquired through pressure transducers installed on
the weld head assembly of the weld tool.

When the rotating tool travels inside the plasticized material during the welding process, the
leading surfaces of the tool experience the prevailing pressure field (PPF) attributed to the
material resistance in response to the tool travel motion. Furthermore, the rotational and travel
motions of the weld tool induce a plasticized shear layer of material to periodically move from
the leading side to the trailing side of the weld tool. The periodic nature of the material flow was
observed by many researchers [1-8]. Colligan [1] showed highly cyclical plasticized material
flow around the weld tool from the leading face to the trailing face using steel markers placed in
butt-weld joints. London [2] and Reynolds [3] have verified this experiment using different
marker materials. Chen et al [4], Schmidt et al [5], Schneider et al [6], and Arbegast [7] showed
that a cyclic shear material layer is periodically deposited at the trailing side of the moving weld
tool. The periodic nature of the material flow during friction stir welding (FSW) was also
indicated by the tool feedback forces as demonstrated in [8]. All these research results reported
are related to friction stir welding of aluminum alloys, and lead to an assumption that the
material flow during friction stir welding is highly periodic and the period of that process is
defined by the tool rotation speed.

In this study, it was hypothesized that the periodic material flow introduces a revolving pressure
field (RPF) that is resulted from instantaneous pressure differences between two opposing sides
of the weld tool. The revolving pressure field (RPF) revolves around the weld tool when a
plasticized shear layer of material is periodically extruded from the leading side to the trailing
side of the weld tool in the direction of the tool rotation. The prevailing pressure field and the
revolving pressure field play important roles for defining the dynamics of the tool feedback
forces and may provide an important insight into the process nature.

In the next section, a two dimensional (2D) friction stir welding (FSW) model is introduced and
then its simulation settings are presented. In the results and discussion section, the simulation
results of the 2D model are discussed and compared with actual weld data.

Two Dimensional (2D) Friction Stir Welding Model

Understanding the dynamics of the tool feedback forces in conjunction with the dynamics at the
tool-material interface may give crucial insight into the welding process and help to facilitate in-
process quality monitoring for friction stir welding (FSW). To date, due to the highly nonlinear
process nature, no significant model has been developed to characterize the dynamics carried out
at the tool-material interface. A preliminary approach to modeling the dynamics at the tool-
material interface was reported in [8]. However, the model proposed in [8] uses only the
shear/tangential stress component, and does not count impact of the radial pressure component.
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Figure 2. Prevailing pressure field (PPF) and revolving pressure field (RPF). Note that tool XY
coordinate system is stationary and the tool UV coordinate system rotates around the tool along
with the RPF at the revolving speed of @.

An innovative 2D FSW model proposed herein uses PPF and RPF for representing the nonlinear
dynamics that takes place at the tool-material interface. A schematic view of the 2D model is
illustrated in Figure 2. For the sake of simplicity, the 2D model uses a circular weld tool with
the unit radius, uniform PPF, uniform RPF, and a constant rotation speed, @, of RPF. It is
assumed that the simplified 2D model provides approximate representation of the nonlinear
nature of the actual FSW process.

In Figure 2, the leading surface of the tool experiences uniform PPF, p, attributed to the material
resistance in response to the tool travel motion. In addition, uniform RPF, g, revolves around the
weld tool at a rotation speed of @ (@ < tool spindle speed) as an indication of a plasticized shear
layer of material periodically extruded from the leading side to the trailing side of the weld tool
in the direction of the tool rotation (Figure 2).

Since the tool used in the 2D model is circular, a pressure field imposes radial stress component
and the shear stress component on the tool surface as illustrated in Figures 3 and 4. It is intuitive
to assume that the radial and shear stress components are proportional to each other and the shear
coefficient of the shear component is represented by 7 (7 > 0) in Figures 3 and 4. Also, the
shear components are oriented in the opposite direction of the tool rotation due to the material
resistance. The radial stress components of PPF and RPF are p cos@ and g cosg, respectively,
and the shear stress components of PPF and RPF are 7p cos@ and rg cose in the respective
order. The angular variable @ is used for integrating PPF in the tool XY coordinate system, and
the angular variable ¢ is used for integrating RPF in the tool UV coordinate system. Note that
tool XY coordinate system is stationary and the tool UV coordinate system rotates around the
tool along with RPF as shown in Figure 2.
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Furthermore, analytical equations for the drag force (Fy or X force) and the transverse force (Fy
or Y force) of the weld tool are integrated from the uniform pressure field components according
to Equations 1, 2 and 3. Note that Equations 1, 2, and 3 are for the unit circle tool.

2 .
fx_f’z/zpcosze d9+fﬂ/zr7pcosesm6d6 = "

|='~|~§

2
fy= _n/zr]pcos 6d9+f /2 pcosBsinfdf =
Equation 1 demonstrates analytical calculations of the XY force components of uniform PPF.

fu—fn/zqcos (pdgo+f_n/znqcosgosm(pd(p—— @
f,,—fn/znqcos (pd(p+fﬂ/2qcoszpsm<pd(p— -

Equation 2 provides analytical calculations of the UV force components of uniform RPF as
shown in Figure 4.

Fy\ _ (fx coswt —sinwt\ (fu
(Fy) N (fy) + (sin wt  coswt ) (f,,) 3)
Equation 3 is the matrix form of the 2D FSW model that includes the 2D tool feedback forces
integrated from the uniform pressure field components. The parameter # is time in Equation 3.

The 2D model takes four parameters, which are the prevailing pressure p, the revolving pressure
q, the shear coefficient 7, and the rotation speed w.

e The prevailing pressure field (PPF) is attributed to the travel motion of the weld tool.
The assumption is that higher travel speed produces higher prevailing pressure on the
leading surface of the weld tool.

e The revolving pressure field (RPF) is related to how much material is extruded from the
leading side to the trailing side of the weld tool. The revolving pressure g is assumed to
be higher if the advance per revolution (APR) of the weld tool is higher.

e The shear coefficient 77 (17 > 0) is a proportional coefficient (slope) of the relationship
between the radial pressure and the shear stress. The shear coefficient is defined by the
material types and thermo-mechanical conditions at the tool-material interface. It is
assumed that greater sticking condition at the tool-material interface corresponds to
greater shear coefficient. Further research is needed to investigate stick and slip
conditions associated with FSW.

o In general, the rotation speed @ of RPF is equal to or less than the tool spindle speed. In
this study, it was assumed that the rotation speed w is equal to the tool spindle speed.

Based on the assumptions listed above the parameter values listed in Table I were arbitrarily
selected and used for simulation of the 2D FSW model shown in Equation 3. The simulation
settings are also included in Table I.
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Table I. Selected arbitrary parameter values and simulation settings for 2D FSW model.

Parameters Values

P 400 psi, 500 psi, 600 psi

q 100 psi, 200 psi, and 300 psi

n 0,0.5,and 1

[0} 1200 rpm

Start time 0 sec

End time 0.048 sec (one tool-rotation period)
Sampling rate 250 Hz

Results and Discussion
The periodic nature of the FSW process can also be observed from the XY force plots of the tool
feedback forces. They usually exhibit cyclic trajectories resulted from the fluctuation of the tool
feedback forces [8]. Similar cyclic patterns can be observed from the XY force plots generated

by the simulation of the 2D FSW model (Figures 5, 6, and 7). The simulation parameters are
listed in Table 1.
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Figure 5. Effect of shear coefficient on XY force trajectory. Note: p = 500 psi, g = 100 psi.
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In Figure 5, the shear coefficient 77 was varied and the prevailing pressure p and the revolving
pressure g were kept constant during the simulation. It looks like the force trajectory rotates
more in the counter clockwise direction around the coordinate origin while the shear coefficient
is increased from O to 1. Note that the values of the shear coefficient were arbitrarily selected to
investigate the impact of the shear coefficient on the tool feedback forces. It is assumed that
greater shear coefficient corresponds to greater sticking condition at the tool-material interface.
In addition, a slight increase in the size of the force trajectory was observed after each increment
in the shear coefficient.

2006+
16004
1600

12004

—+-p=400

-+p=500
B0 '\\—‘.\ p=600

Tool ¥ Force, Ibf

-400 -200 200 400 00 800 1000 1200 1400 1600 1800 2000

T
Tool X Force, Ibf

Figure 6. Effect of prevailing pressure on XY force trajectory. Note: ¢ = 200 psi, 7=0.5.

In Figure 6, the prevailing pressure p was varied and the revolving pressure g and the shear
coefficient 77 were kept constant during the simulation. The force trajectory moves away from
the coordinate origin along the radial line when the prevailing pressure is increased from 400 psi
to 600 psi. The assumption is that higher prevailing pressure on the leading surface of the weld
tool corresponds to higher travel speed.

In Figure 7, the revolving pressure g was varied and the prevailing pressure p and the shear
coefficient 7 were kept constant during the simulation. In this case, only the size of the force
trajectory increases when the revolving pressure ¢ is increased from 100 psi to 300 psi. The
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revolving pressure ¢ is assumed to increase when the tool advance per revolution (APR) is
increased.
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206+

-400 -200 200 400 600 800 1060 1200 1400 1600 1800 2000

Tool X Force, Ibf
Figure 7. Effect of revolving pressure on XY force trajectory. Note: p = 500 psi, 77=0.5.

The simulation results demonstrated in Figures 5, 6, and 7 indicate that the location, size, and the
orientation of the force trajectory are the functions of the prevailing pressure p, the revolving
pressure ¢, and the shear coefficient 77. This outcome offers a crucial insight into the relationship
between the tool feedback forces and the flow dynamics carried out at the tool-material interface.
The force trajectories from actual welds can be evaluated using the heuristic 2D FSW model
assuming that the model is an ideal case of the FSW process.

In Figure 8, force trajectories from two friction stir joints generated by Buller [9] are illustrated.
Two tools with slightly different probe features were used for making the joints. The tools are
labeled as Tool 1 and Tool 2. The geometries of the two tools are almost identical except Tool 1
has more aggressive probe flats than Tool 2.

The angular location of the Tool-2 trajectory is less than the angular location of the Tool-1
trajectory as shown in Figure 8. The simulation results of the 2D FSW model indicate that the
shear stress components of Tool 1 are higher than that of Tool 2 according to Figure 5. This

318

www.EngineeringBooksPdf.com



indication is in a good agreement with the tool features of the weld tools whereas Tool 1 had
more aggressive probe flats than Tool 2.
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Tool X Force, Ibf
Figure 8. Actual weld data [9].

Furthermore, the Tool-2 trajectory is located further away from the coordinate origin compared
to the Tool-1 trajectory. This can be explained by higher prevailing pressure p caused by higher
travel speed in accordance with Figure 6. In fact, the Tool-1 joint was produced at the travel
speed of 3 in/min while the Tool-2 joint was made at the travel speed of 9 in/min. In addition,
the area of the Tool 2 trajectory is somewhat less than that of Tool 1, which may suggest that
RPF of Tool 1 might be greater than RPF of Tool 2 in accordance with Figure 7.

In conclusion, further investigation is necessary to characterize the location, size, shape, and
orientation of the force trajectories in terms of different process parameters and also with respect
to weld quality in order for developing an advanced in-process monitoring tool for FSW.
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Abstract

Previous work has demonstrated the value of a cascaded control loop to control tool temperature,
with an inner high-speed loop controlling spindle power, and an outer, low-speed loop
controlling temperature by adjusting the power setpoint. Such control schemes have
demonstrated the ability to control process temperature.

Traditional power control schemes produce a relatively noisy power signal, which potentially
decreases the stability of the control scheme and leads to unnecessary stress on the FSP tool and
equipment. Rethinking the fundamental physics of power control has led to a revised power
control loop. The revised loop has much less noise and provides improved temperature control
of the process.

This paper presents the revised power control method, along with the model supporting it. It also
presents both analytical and experimental demonstration that the revised method is superior to
the original method.

Previous Work

Mayfield and Sorensen (Mayfield and Sorensen 2010) present an improved temperature control
algorithm. The model proposed is a two-stage control model containing an inner and outer loop.
The inner loop adjusts spindle speed to keep power constant, while the outer loop sets the desired
power based on temperature.

A simplified component block diagram of the improved temperature control algorithm is shown
in Figure 1 where T is temperature o is spindle speed, M is torque and P is power. Power is
calculated using Equation (1). The plant is the combination of the spindle motor and the stir
zone. For the outer loop the reference is desired temperature, the controlled variable is
temperature and the manipulated variable is power. For the inner loop the reference is
commanded power and the controlled variable is power.

P =wM 1)

Mayfield and Sorensen do not specify controllers for the inner and outer loop. They do specify
that the inner loop adjusts spindle speed to maintain constant power. The following sections
present development of controllers for the inner and outer loops.
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Figure 1: Simplified component block diagram for the temperature control algorithm presented by Mayfield
and Sorensen

Ross and Sorensen (Ross and Sorensen 2011) investigated control for inner loop by modulating
spindle speed as shown in Figure 1. Spindle motor torque is used as the control signal. Filtering
was used to prevent the system from going unstable due noise in the torque signal. Therefore
and all torque data used for control and presented was filtered data.

Figure 2 shows process data from a power control weld presented by Ross and Sorensen with the
addition of unfiltered power. When power control is enabled, the torque is high and the RPM is
low. As the weld progresses the plate heats and softens causing a decrease in torque. As torque
decreases, the RPM increases maintaining constant power. Large spikes in power persist
throughout the weld. Thesis power spikes occur because the spindle motor attempts to accelerate
the spindle instantaneously to achieve the commanded RPM.
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maintaining commanded power
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Figure 2: Power control by adjusting spindle speed results with filtered
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The linear fit shows that the average power is held constant throughout the weld. The error
between the linear fit of the reported power and power desired is 0.05%. Adjusting spindle
speed to control power results in large power spikes throughout the weld. The average of these
power spikes is the desired power value. Ross and Sorensen were displeased with noise and
uncertainty in torque and power values and stated that further investigation be done to improve
power control

Cederqyvist et al. have written various publications on the use of the scheme proposed by
Mayfield and Sorensen in the FSW of thick section copper canisters for nuclear waste storage.
In their most recent publication (Cederqvist, et al. 2012) their implementation of the control
scheme proposed by Mayfield and Sorensen kept the temperature within £10 °C of desired
temperature for their process.

Ross and Sorensen develop a revised power control method. This revised method is foundation
of the robust temperature control algorithm reported by Ross and Sorensen (K. A. Ross 2012)
(Ross and Sorensen 2012). This paper presents the revised power control method, along with the
model supporting it. It also presents both analytical and experimental demonstration that the
revised method is superior to the original method.

Power Control by Adjusting Torque

This control scheme uses the relationship between torque and power, Equation (1), to calculate
the torque required to achieve the desired power (patent pending). The spindle motor is a
variable frequency AC induction motor. When running under torque control the motor driver
commands and maintains a constant torque using flux vector control. The desired torque is
obtained by controlling the current fed to the induction motor. This control method is shown in
Figure 3.
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P— Y0 M ] Lsl  Limits |—M g StirZone
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Wrea——°
(Functions) (tHERY)
M motor
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Figure 3: Power control by adjusting torque block diagram

It is important to note that torque control without spindle speed feedback is unstable. A constant
torque can only be maintained for a short time. The torque can only be controlled when the load
supports the torque. Torque that is greater than the natural process torque leads to greatly
decreasing loads causing an exponential increase in spindle speed. This is because when both
spindle speed and torque are increasing, the power increases and the material softens.
Conversely, if the torque is lower than the natural process torque, the spindle speed will decrease
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exponentially as the material cools and hardens. Process variation causes the commanded torque
to be either too low or too high to maintain equilibrium causing the spindle to rapidly decelerate
until it stops or accelerate until machine safety limits are triggered.

Power control achieved by adjusting torque in response to changes in spindle speed is a stable
process. Torque increases in response to decreasing spindle speed to maintain a constant power.
Torque decreases in response to increasing spindle speed to maintain a constant power.
Therefore power control achieved by adjusting torque in response to spindle speed is a stable
process.

Results from a weld where torque is adjusted to maintain constant power is shown in Figure 4.
As the workpiece is heated, the material softens. The torque and RPM signals are mirror images
of each other. The spindle speed increases as the material softens. The torque decreases with
increasing spindle speed to maintain the constant power. Figure 4 shows that power control
achieved by torque control is a stable process.
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Figure 4: Constant power weld at 2.238 KW where torque is adjusted to keep power constant

Torque Resolution

When spindle speed is adjusted to control power, the commanded spindle speed is determined by
the torque reported by the spindle controller. When torque is adjusted to control spindle speed, a
commanded torque signal is sent to the spindle controller. The difference in resolution between
reported and commanded torque affects the design of the power control loop.

Torque measurements used in this work are reported by the spindle motor controller. The
measurement is reported as a fraction of half the motor rated torque via a +/-10 Vdc +/-9 bit
signal. Therefore the resolution for torque measurement is 5.984 N-m. The commanded torque
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is sent as a fraction of the motor rated torque to the spindle controller via a +/-10 Vdc +/-11 bit
signal. Therefore the resolution for commanded torque is 0.748 N-m. Because changes in torque
during temperature and power control are small spindle torque will be assumed to be equal to
commanded torque.

Torque Control vs. Spindle Speed Control

A dynamics analysis was performed (K. A. Ross 2012) to compare adjusting spindle speed to
adjusting torque to maintain constant power. A free body diagram of the spindle motor and
spindle is given in Figure 5 where M, is the motor torque, Mgy, is spindle torque, Dy, is the
diameter of the motor pulley, Dgyy, is the diameter of the spindle pulley, M, is torque lost due to
bearings, wgpy, is the rotational velocity of the spindle, and J is the mass moment of inertia of
associated with the spindle. The gear ratio, R, is given by:

Dspn
R=— @)
Dmtr
Spindle
Motor Dgpn

ok

negligible strech in belt

] d’spn

Spindle

Figure 5: Free-body diagram of spindle and spindle motor

The model derived from Figure 5 shows that torque has a derivative relationship with spindle
speed and spindle speed has an integral relationship with torque. Experimental results for step
changes in spindle speed and torque validate that torque has a derivative relationship with
spindle speed, and spindle speed has an integral relationship with torque. Figure 6a shows the
effective motor torque response to a step change in RPM. At the instant the change in desired
spindle speed is made, the motor attempts to instantaneously accelerate the spindle in order to
achieve the desired spindle speed. This results in a large spike in motor torque.

Figure 6b shows the spindle speed response to a step increase in power where power control was
obtained by adjusting torque. When the change in power is commanded, the torque instantly
increases slightly to obtain the desired power value. Due to the increased power the material
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begins to soften causing the spindle speed to increase and the motor torque to decrease. The
spindle speed response to torque contains no discontinuities.
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Figure 6: (a) Step increase in spindle speed (b) step increase in power adjusting torque to control
power

Experimental data shown in Figure 6 indicate that higher spindle speeds correspond to lower
torques and lower spindle speeds correspond to higher torques. The relationship between torque
and spindle speed will be addressed in more detail in later sections.

The control methods presented assume the motor is approximately equal to the spindle torque.
Torque has derivative relationship with spindle speed. When a change is RPM is commanded,
the spindle motor attempts to instantaneously accelerate the spindle to a new RPM causing a
spike in motor torque. A near instantaneous acceleration of the spindle motor would cause a
large difference between motor torque and spindle torque. The motor torque is not
approximately equal to spindle torque when a change in RPM is commanded.

Experimental data shows that when torque is adjusted to keep power constant, the difference
between motor torque and spindle torque is much smaller that when spindle speed is used to keep
power constant. The model developed from Figure 5 and experimental data from welds shown
in Figure 6 are used to compare the error between motor torque and spindle torque.

When a step change in power is commanded, Figure 6a, the torque error during the spindle spike
is 203.0 Nm (149.7ft-1b) which corresponds to a 406% error in power at the high power level and
a 565% error at the low power level. For power control by adjusting torque, Figure 6b, the error
associated with the spindle acceleration after the change in power, where acceleration is greatest,
is 7.4 Nm (5.46ft-1b) which corresponds to 10% error in power.

Adjusting spindle speed to keep power constant is undesirable because reported torque is a poor
control signal. Torque spikes cause the difference between motor and spindle torque to always

be at least 400%. The reported torque signal has low resolution, adding to the error.

The main advantage of using torque to control power is the avoidance of artificial torque spikes
caused by attempting to change the RPM instantaneously. Using torque control to control power

326

www.EngineeringBooksPdf.com



results in a smooth power signal with low uncertainty. The difference between the motor torque
and actual spindle torque is proportional to the acceleration of the spindle. Low uncertainty
exists because under torque control, power and spindle speed changes slowly. Power control by
adjusting torque provides a more accurate torque measurement due to the resolution difference
between the commanded and reported torque signals.

Use of torque control in temperature control algorithms

Torque, spindle speed power and temperature response to step increases in desired temperature
are shown in Figure 7. When a higher temperature is commanded, the torque is increased to
increase the power. This causes an increase in temperature and spindle speed. As the material
softens the spindle speed continues to increase and the torque must be reduced to maintain
constant power. When the steady state at the higher temperature value is reached, the power and
spindle speed are higher and the torque is lower than at the previous steady state temperature.

The converse is true if a lower temperature is desired. When torque decreases, the power drops
and material cools. This causes increase in torque that is offset by a larger reduction in spindle
speed. The steady state at a lower temperature is a higher torque, lower spindle speed and lower
power. The non-intuitive finding is that in order to achieve a desired temperature, the torque
must initially increase in the direction opposite of its steady state value.
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Figure 7: Torque, spindle speed power and temperature resp to step changes in desired
temperature

The reported torque and the commanded torque are approximately the same except for the instant
a new temperature setpoint is commanded. Immediately after that step, there is one data point in
reported torque that is extremely high. There is no physical justification for the single point
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spike in reported torque. Therefore it will be treated as an error and ignored until the anomaly is
further investigated.

Conclusions

Power control is best achieved by controlling torque rather than spindle speed. When spindle
speed is used to control power, motor toque feedback is used as the control signal. Motor torque
feedback is a poor control signal due to the large spikes in motor torque that occur when changes
in spindle speed are commanded. When these torque spikes occur, the motor torque cannot be
used to approximate spindle torque. When torque is adjusted to control power, spindle speed is
used as the control signal. Uncertainty in spindle speed measurement is small. Motor torque can
be used to approximate spindle toque when spindle torque is adjusted to keep power constant.
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Abstract

A coupled thermal/material flow model of friction stir welding was developed and
applied to the joining of Sc-modified aluminum alloy (7042-T6) extrusions. The model reveals
that surface material is pulled from the retreating side into the weld zone where it is interleaved
with in-situ material. Due to frictional contact with the shoulder, the surface material is hotter
than the in-situ material, so that the final weld microstructure is composed of bands of material
with different temperature histories. For this alloy and the associated FSW heating rates,
secondary phase dissolution/precipitation temperatures are in proximity to the welding
temperatures. Therefore, depending on the surface and in-situ material temperatures in relation to
these transformation temperatures, disparate precipitate distributions can develop in the bands of
material comprising the weld nugget. Based on the numerical simulation and on thermal analysis
data from differential scanning calorimetry, a mechanism for the formation of onion rings within
the weld zone is presented.

Introduction

Over the last twenty years, numerous investigations have sought to characterize the
principles of friction stir welding (FSW) and to model the material flow behavior, the
temperature distribution and the microstructural evolution within the weld. The review papers of
Nandan et al.[1] and Threadgill et al.[2] provide an excellent account of past and current FSW
research. Early numerical simulations focused on the temperature distribution during welding
and studied its potential influence on the weld microstructure and precipitation kinetics. More
recently, researchers have modeled both the material flow behavior and temperature
characteristics during FSW despite the complex material flow associated with the process. The
current investigation presents a coupled thermal/flow model of friction stir welding applied to
Sc-modified Al-Zn-Mg—Cu extrusions (Al alloy 7042-T6).

Additions of scandium (Sc) and zirconium (Zr) stabilize the microstructure at
temperatures greater than 150°C and increase strength of 7000 series alloys through the
formation of coherent nanometer-sized Al;(Sc,Zr) particles.[3,4] These Als(Sc,Zr) particles also
stabilize the microstructure formed during hot working operations and inhibit recrystallization
during heat treatment, thus potentially enhancing the residual properties after joining operations
such as FSW.[5,6] These additions also affect the kinetics of precipitation and growth of the
primary strengthening precipitates (GP zones, 1), thus modifying heat treatment conditions for
enhancing the mechanical properties of these alloys.[7] The numerical simulation proposed here
gives insight into the material flow and temperature distribution of the weld zone during the
joining of 7042-T6 extrusions. Combined with thermal analysis data from differential scanning
calorimetry (DSC), the precipitation behavior within the weld is discussed in terms of the
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volume fraction of metastable (GP zones and n") and the equilibriumn[ (MgZn ;) and/or T
(Al;Mg3Zn3)] strengthening particles found in the 7042 aluminum alloy.[8] It is assumed that
FSW does not change the size and volume fraction of the Al3(Sc,Zr) precipitates due to their
high thermal stability.[9]

DSC is a powerful technique for the investigation of precipitation and dissolution
processes in Al alloys.[7,10,11] Results of the DSC thermal analysis of the FSW regions of the
7042-T6 Al alloy, together with a developed coupled thermal/material flow model of FSW, were
used to propose a mechanism of onion ring formation of within the weld zone. The model
reveals that surface material is pulled from the retreating side into the weld zone where it is
interleaved with in-situ material.

Experimental Procedure

The chemical composition of the 7042-T6 Al alloy used in this work is given in Table 1.
For this investigation, a 76 mm diameter 7042 billet was produced by direct chill casting and
then hot extruded into a bar with a rectangular cross-section of 50.4 mm x 6.35 mm. Following
extrusion, the bar was heat treated to a T6 temper through the following schedule: (1) solution
heat treat at 460°C for one hour followed by an additional hour at 480°C, (2) rapid quench in
water to room temperature and (3) age at 120°C for 19 hours.

Table 1 - Chemical Composition of 7042

- " Weight Percent
7042, this work 7042, nominal

Zn 7.11 6.5-79
Mg 2.14 20-2.8
Cu 1.56 1.3-19
Mn 0.25 02-04
Zr 0.17 0.11-0.20
Sc 0.38 0.18 - 0.50
Cr <0.05 <0.05
Ti - -

Other, Total 0.35 <0.55
Al Balance

After heat treatment, the bar was sectioned, and six longitudinal friction stir welds
produced. The diameter of the FSW tool shoulder was 17.8 mm, the pin diameter tapered linearly
from 10.3 mm at the tool shoulder to 7.7 mm at the tip, and the pin depth was 6.1 mm. With a
weld velocity of 2.1 mm s™ and an applied force of 22 kN, welds were produced at the following
pin rotation speeds (PRS): 175, 225, 250, 300, 350 and 400 rev min™". The temperature profile
across the weld surface was recorded using a Mikron M7815 Infrared Thermal Imaging Camera.
These data were used to verify the temperature predictions of the simulation developed during
this investigation. The uncertainty in these measurements was + 2%.

Small samples (approximately 20 to 50 mg) were extracted from the T6-tempered
baseline material and from the weld center of each welded sample for thermal analysis. The
samples were sealed in Al pans and analyzed in a Perkin Elmer Jade differential scanning
calorimeter (argon atmosphere). Samples were heated from room temperature to 400°C at a
constant heating rate that ranged from 10°C min™ to 100°C min™'. Polarized optical microscopy
was used to study the microstructure of the welds. To enhance the appearance of precipitate
distributions and grains, the surfaces of the weld samples were polished and anodized in an
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electrolitic solution of 1.8% fluoroboric acid in water at room temperature and electric current of
0.15 A. Anodizing time was 2.5 to 3 minutes.

Results and Discussion

A coupled thermal/flow simulation of friction stir welding was developed utilizing
Comsol multi-physics software. The model defines a flow-capable region between the advancing
and retreating sides in which the temperature and action of the tool plasticizes the aluminum
workpiece, and material flow occurs. The inlet velocity into the flow region is the weld velocity,
uywelq- The boundary condition for the velocity field between the flow region and the advancing
side, the retreating side and the backing spar is no slip, and these interfaces have mirrored
meshes to ensure continuity in the thermal distribution. The velocity boundary condition for the
surface of the flow region is:

U= Uy, V=0,w=0 8
where u, v and w are the velocity magnitudes in the x, y and z-directions, respectively. There are
effectively four boundaries between the tool and the flow-capable region: 1) the tool shoulder, 2)
the fillet radius between the shoulder and pin, 3) the pin side and 4) the pin bottom. The velocity
field boundary conditions for the tool shoulder, the fillet radius and pin bottom are the same and
are given in the following equation:

u= wy,v=—-wx,w=0 2)
where o is the angular velocity of the tool. The pin is threaded with a pitch value, p, of 1.27 mm;
therefore, the boundary condition for the pin side can account for the vertical displacement of
material per tool revolution due to the threads and is given by:

w
U= wy,v=—wx,w=-p (ﬁ) 3)

To solve for the velocity field within the flow region, the viscosity of the region, x, must
be known. The viscosity is determined from the flow stress, o, and the effective strain rate, &,

through the following relationship:
[

p=2 @)
The maximum strain rates within the flow region occur adjacent to the weld tool where the
velocity gradients are greatest. The strain rates decrease rapidly away from the tool since the
material flow velocities also decrease quickly away from the tool. In their work on aluminum,
Frigaard et al.[12] estimated the maximum effective strain rate under the tool shoulder to be 20 s
! while Nandan et al.[13] calculated the maximum strain rate as 100 s near the tool shoulder
and as 30 s™' approximately 4 mm below the shoulder. More recently, Arora et al.[ 14] computed
the maximum strain rate in aluminum 2524 as 9 s for their FSW parameters and tools.

In this study, the calculation of viscosity and flow stress is simplified by assuming a
constant, maximum value for the effective strain rate calculated at the tool shoulder that is then
applied to the entire flow-capable region. This approach overestimates the strain rates away from
the tool shoulder and pin, but still accurately captures the material flow behavior in the vicinity
of the tool. As noted by Colgrove [15], the tool surface dominates both heat generation and
process kinematics; therefore, using a constant, maximum strain rate value derived from the tool
shoulder provides a good approximation of the phenomena occurring in the entire weld region.
To determine this value, the velocity components # and v are assumed to decrease linearly from
the tool shoulder to the bottom of the workpiece as suggested by Heurtier et al.[ 16] and that the
velocity component w remains constant. The velocity field in the area under the tool shoulder
and adjacent to the pin then becomes (with z = 0 located at the workpiece bottom):
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w= wy() - waav = —ox(G).w = -p(5) 9
where 4 is the workpiece thickness. Nandan et al.[13] provide the expanded form of the effective
strain rate as a function of the velocity gradients. Applying this to Eq. 5 and evaluating at the tool
shoulder radius, #souider, yields the following expression for the maximum effective strain rate:

&= rshm;l;ilerﬁw (6)
For the process parameters utilized in this investigation, the maximum effective strain rate varies
from 20.9 s at 175 rev min™ to 47.9 s™ at 400 rev min™.

Sheppard and Wright[17] proposed the familiar formulation for the flow stress utilizing
the Zener-Hollomon parameter that captures the temperature influence on the effective strain
rate. The constants for this formulation, O, 4, a and n, are presented in Table 2 and were taken
from Colegrove et al.[15] for aluminum 7449. During the simulation, the Zener-Hollomon
parameter is recalculated for each iteration based upon the predicted welding temperature. As
such, the model captures the temperature dependence of the effective strain rate, the flow stress
and the viscosity during friction stir welding.

Table 2 — Material constants for the Sheppard and Wright flow stress equation and Zener-
Hollomon parameter.

Material Constant Value Units
0 134158.4 Jmol”!
A 126 x 10° s
a 0.03055 MPa’!
n 3.24644 n/a

Within the flow-capable region, the heat transfer and material flow behavior are coupled.
The thermal properties, i.e. the thermal conductivity, k, and the specific heat capacity, c,, within
the flow region are identical to those within the retreating and advancing sides of the aluminum
workpiece. These thermal properties, as well as those of the tool and backing spar, and their
temperature dependence can be found in [18]. The tool/workpiece slip behavior and heat flux
calculations for the tool shoulder and pin bottom, the primary sources for heat generation during
FSW, are also presented in this reference.

A thermal insulation constraint is applied at each interface of the flow-capable region
with the non-flow areas of the model. These constraints assure temperature continuity across the
flow-capable boundaries into the other areas of the model. Thermal insulation constraints are
also applied to the tool shoulder/workpiece and pin bottom/workpiece interfaces. For the
boundaries exposed to ambient conditions, i.e. workpiece top, workpiece side and tool side, the
convective heat transfer coefficient is set to 15 W/m*K to approximate free convection on these
surfaces. As suggested in [18] and [19], convection coefficients of 200 W/m*K and 250
W/m>K are applied to the tool top and spar bottom, respectively. For the underside of the
workpiece and the sides of the backing spar, a convective coefficient of 100 W/m>K is used to
represent the dissipation of heat into the backing plate. Heat dissipation due to radiation is
ignored in this model.

Figure 1 from the simulation shows the three-dimensional flow behavior of surface
material “tracers” (representatively shown for the 400 rev min™ condition). The color shading
indicates the tracer temperature during the material flow. Ahead of the advancing tool, surface
material is swept toward the retreating side of the weld. From here the tracers follow three
primary paths: 1) tracers are carried on the surface along the tool shoulder toward the advancing
side and deposited behind the tool, 2) tracers are trapped by the rotating tool and remain on the
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surface under the tool shoulder and 3) tracers are pulled by the pin/shoulder from the retreating
side of the surface down into the weld zone.

A 416.35

] 400
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300
250
200
150

Tracer d‘q‘\osikxi 100
Behind ol 50

I'racers rotating

e with tool andior
e pulledinto weld

& o ¥ 40.94

Figure 1 - Flow and temperature (°C) behavior of surface material tracers during FSW

These numerical results of material flow are consistent with the experimental
observations of other researchers. Hamilton et al.[20], studying the friction stir welding of 6101-
T6 extrusions plated with tin, observed the unique presence of tin within the weld nugget and the
lack of tin within the TMAZ and concluded that the nugget forms as surface material is extruded
from the retreating side into the weld region. Colligan[21] in his study of 6061-T6 concluded
that surface material extrudes from the retreating side of the pin and deposits in the wake of the
tool. Guerra et al.[22] in their study of 6061 similarly hypothesized that material from the front
of the retreating side of the pin extrudes between deformed surface material rotating with the tool
and parent material into the area behind the pin.
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Figure 2 - Flow and temperature (°C) behavior of: a) mid-plane tracers and b) bottom
plane tracers

Figure 2a shows the simulated three-dimensional material flow behavior of mid-plane
(relative to the workpiece) material tracers (also representatively shown for the 400 rev min™
condition). Here, “in-situ” tracers are primarily trapped by the rotating pin and either remain at
the mid-plane level rotating with the pin or are pulled toward the bottom of the workpiece.

333

www.EngineeringBooksPdf.com



Similarly, Figure 2b shows the simulated flow behavior of bottom-plane material tracers and
reveals that these tracers also rotate with the pin or migrate under the pin bottom and rotate with
the tool at this level. These numerical results of material flow show good agreement with
Reynolds” model of FSW.[23]

Table 3 - Estimated endothermic and exothermic peak transformation temperatures for
different weld conditions at the weld edge (retreating side) and weld center.

Welding Endothermic Exothermic
Condition Transformation Transformation
(rev min™) Temperature (°C) Temperature (°C)

Weld Edge (Retreating Side)
175 275 329
225 277 330
250 278 331
300 281 335
350 283 336
400 284 336

Weld Center
175 290 344
225 292 345
250 293 346
300 296 350
350 298 351
400 298 352

In their differential thermal analysis, Hamilton et al.[24] demonstrated that three phase
transformations occur in the 7042-T6 alloy during heating at 10°C/min between room
temperature and 400°C. These are (i) an endothermic transformation occurring near 165°C and
caused by the dissolution of the non-equilibrium GP zones and 1" particles, (ii) an exothermic
transformation occurring near 216°C and caused by the formation and growth of the equilibrium
n and/or T phases, and (iii) an endothermic transformation occurring above ~250°C due to
dissolution of these equilibrium phases.[7,8,9,10] Hamilton et al.[24] further noted that the
positions of the endothermic and exothermic peaks, corresponding to the maximum rates of the
reactions, will shift to higher temperatures with increasing heating rates. During FSW, therefore,
the high heating rates can shift these phase reaction temperatures to values in the proximity of
the welding temperatures, significantly impacting the final microstructure. Table 3 presents the
estimated endothermic and exothermic peak transformation temperatures for each weld condition
at both the weld edge and the weld center. With an increase in the pin rotation speed from 175 to
400 rev min”, the peak temperature of the dissolution of the non-equilibrium GP and 1" phases
increases from 275°C to 284°C in the weld edge and from 290°C to 298°C in the weld center,
while the peak temperature of formation and growth of the n and/or T phases increases from
329°C to 336°C in the weld edge and from 344°C to 352°C in the weld center. One may
therefore conclude that at the same welding condition the maximum rates of the phase reactions
in the weld center occur at slightly higher (~15°C) temperatures than in the weld edge.

Figure 3a presents the material flow behavior of surface material tracers during the 250
rev min”' condition with color shading indicating the temperature history. Surface tracers under
the shoulder and near the weld edge, can reach temperatures of 345°C, temperatures just greater
than or approximately equal to the weld edge exothermic reaction temperature (331°C) for this
weld condition. As such, the material represented by these tracers becomes enriched in the
equilibrium 1 and/or T phase particles before being pulled by the pin from the retreating side into
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the weld zone. These n/T particles are much coarser than non-equilibrium GP zones and n’
particles. Upon cooling, the equilibrium phase particles are retained, forming bands of material
that appear “particle-rich” under light microscopy within the weld zone.

w an 0
a b

Figure 3 - Flow and temperature (°C) behavior of: a) surface material tracers pulled into
the weld zone and b) mid-plane tracers that rotate around the pin (250 rev min’! shown)

In contrast, the in-situ, mid-plane material tracers of the weld zone (Figure 3b) only reach
temperatures of ~320°C near the pin surface and close to the weld center during the 250 rev min”
! condition. These temperatures are greater than the weld center endothermic reaction
temperature (293°C), but certainly less than the weld center exothermic transformation
temperature (346°C). As such, the in-situ weld material becomes depleted in the non-equilibrium
N’ phase (due to dissolution of GP zones and n" particles) and also becomes supersaturated with
solute elements upon cooling since the precipitation of the n and/or T phases never takes place.
Upon cooling, re-precipitation of fine GP zones occurs within the in-situ weld material, forming
bands of material that appear “particle-poor”” under light microscopy within the weld zone. The
final weld microstructure, therefore, is comprised of coarse-particle-rich bands of material pulled
from the surface’s retreating side and interleaved with coarse-particle-poor bands of the in-situ
weld material, as revealed in the SEM image of the 250 rev min weld presented in Figure 4a.

The potential for onion ring formation in the 7042-T6 alloy, therefore, depends on the
surface and in-situ material temperatures relative to the endothermic and exothermic reaction
temperatures in these regions for the given weld conditions. If both the surface and in-situ
material temperatures are less or both are greater than the exothermic temperature, then the
appearance of onion rings is minimized. In the first case, no coarse particles will form in both
regions, while in the second case, similar coarse particles will form in both regions; thus low
optical contrast between the regions will develop. If, however, one of the surface and in-situ
material temperatures is below and another is above the peak exothermic transformation
temperature, then onion ring formation is maximized since each material zone will exhibit
unique precipitation characteristics.

For welding at 175 rev min™, the in-situ material’s temperature is ~ 60°C and the surface
material’s temperature is ~20°C below the respective exothermic reaction temperatures. This
suggests that no visible coarse 1/T particles would form in either region and thus onion rings
would not develop for this weld condition. Indeed, the metallographic image of the 175 rev min’
'weld zone presented in Figure 4b reveals a primarily uniform microstructure. However, a faint
onion pattern can still be seen, which probably indicates that precipitation of the n/T particles has
already started at the surface region. At 225 rev min™, the in-situ material temperature is greater
than the endothermic reaction temperature but about 45°C smaller than the peak exothermic
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temperature. On the other hand, the surface material temperature corresponds to the peak
exothermic reaction temperature. The in-situ material will again be free of the n/T particles.
However, the rate of formation of these particles now reaches a maximum value in the surface
material before it is pulled from the retreating side down into the nugget. These stable secondary
phases are retained in the microstructure upon cooling, thus creating the potential for onion ring
formation due to the difference in precipitation behavior between the material zones.
Examination of the metallographic image of the 225 rev min” weld reveals the emergence of a
more prominent onion ring pattern.

Figure 4 — a) SEM image of the 250 rev min” weld and b) metallographic images of the
weld zone for each weld condition (top images were anodized and observed under polarized
light to enhance the onion appearance)

The onion rings are most pronounced for the 250 and 300 rev min™ welds. As previously
discussed, at 250 rev min" the surface material slightly exceeds the peak exothermic
transformation temperature, while the in-situ material reaches a temperature in between the
respective endothermic and exothermic temperatures. Before being introduced into the weld
zone, the surface material will experience a strong precipitation of stable n and/or T phases, and
the in-situ material will dissolve fine GP and n’, which will re-precipitate upon cooling and
holding at room temperature. The resulting microstructure will have defined bands of particle-
rich surface material and particle-poor in-situ material comprising the weld. Similarly at 300 rev
min, the surface material now exceeds the exothermic temperature by 52°C, and the in-situ
material temperature is effectively equal to the peak exothermic temperature. As such, n and/or T
phases in the surface material will coarsen and begin to dissolve while they approach the
maximum rate of precipitation in the in-situ material. Suggesting that the volume fraction of
these phases is the same for these two conditions, the surface material would have a smaller
particle number density and a larger average particle size than the in-situ material. Mixing the
bands of surface material containing coarser 1/T particles with the bands of in-situ material
containing finer /T particles again imparts a strong onion ring pattern due to the optical contrast
in precipitation.

For pin rotation speeds greater than 300 rev min™', both the in-situ and surface material
temperatures exceed the respective peak exothermic phase transformation temperatures. For the
surface material, whose temperature now exceeds 400°C, the trend will be toward complete
dissolution of the n and/or T phases and GP zone formation upon cooling and holding at room
temperature. The in-situ material will experience limited dissolution of the n and/or T phases as
well, but since the temperature lags behind that of the surface material, some overaged n and/or
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T phases can be retained at room temperature. As a result, the onion ring pattern will become
fainter for pin rotation speeds beyond 300 rev min™. The microstructural images for the 350 and
400 rev min"' welds in F igure 4b show faint onion patterns, but they are certainly less distinct
than those in the 250 and 300 rev min™ welds.

Conclusions

A coupled thermal/material flow model of friction stir welding was developed and
utilized to simulate the joining of Sc-modified aluminum extrusions (7042-T6). Within the weld
zone, the model demonstrates that surface material approaching the rotating tool is swept to the
retreating side. The material then either 1) rotates with the tool under the shoulder and is
deposited behind the tool toward the advancing side or 2) rotates under the shoulder and is
captured by the tool or 3) rotates under the shoulder and is pulled into the weld zone by the
threaded pin. Mid-plane and bottom plane material rotate with the tool and show some
downward migration. The extrusion of “hotter” surface material into the weld nugget where it
interleaves with “cooler” in-situ material gives rise to the formation of onion rings in the 7042-
T6 alloy. If the surface material temperature is greater than the exothermic transformation
temperature of the alloy, then the surface becomes enriched in stable 1 and/or T phases before
being pulled into the weld nugget. If, at the same time, the in-situ material temperature is greater
than the endothermic reaction temperature, but less than the exothermic reaction temperature, the
in-situ material becomes depleted in the non-equilibrium 1" phase and supersaturated. Upon
cooling, GP zones form in the in-situ material, such that bands of particle-rich surface material
interleaved with particle-poor in-situ material comprise the weld nugget and impart the
characteristic onion ring appearance.
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Abstract

Friction extrusion is a solid state process that can produce high quality, fully consolidated wire
from metal chips, powder or billet. In order to broaden the understanding of consolidation and
material flow during this process flow visualization experiments were conducted during friction
extrusion of AA6061 wire with AA2195 as a marker insert. Variations in material flow with
changes in die geometry, rotation rate and extrusion force and location of marker insert are
presented and discussed with reference to metallographic cross-sections of resulting wire and
remaining billet. The shape of marker material in the wire and hence material flow and
consolidation during extrusion is highly dependent on die rotation rate and extrusion force. Grain
size and crystallographic texture development and their variation during wire extrusion of
AA6061 and AA2195 are also elucidated.

Introduction

In the early 1990’s, the friction extrusion technique was invented at The Welding
Institute (Cambridge, UK). M The friction extrusion die consolidates the material in the billet
chamber prior to extrusion by rotating about the center axis and squeezing down with constant Z-
force for deformation. The process may be an industrially useful technique for the achievement
of several purposes, e.g. recycling of machining waste, consolidation of powder products,
manufacturing wire feedstock for additive manufacturing processes and, potentially, as a method
of producing nanograin structure in bulk materials and developing novel alloy compositions. 21

As for other friction based processes, friction extrusion does not require melting material
for consolidation. Therefore, compared with conventional recycling processes, it can bring about
considerable saving of material, energy and labor when recycling metal chips to produce useful
products. With the current situation of high energy costs and the desire to conserve material, the
potential of this green and economical process has become increasingly relevant.

In a previous study ), by use of a marker insert technique, the material flow and strain
level has been deduced. It was shown that die geometry has an effect on the flow pattern but
does not modify the consolidation mechanism fundamentally. ™ In this paper, similarly, AA2195
wire is employed as the marker in an AA 6061 cylinder charge. The variations of the material
flow as functions of die geometry, die rotation rate, and extrusion force have been studied by
using various experimental parameters. To examine the approach to steady state of the friction
extrusion process, a long wire (over 210.0 mm) has been extruded and analyzed by inspecting
both transverse cross-sections and longitudinal cross-sections. Grain size and its variation during
wire extrusion of AA6061 and AA2195 is also elucidated.
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Experiment Preparation

In this work, ®25 mm X 19.2 mm AA 6061 aluminum alloy cylinder is adopted as the
extrusion billet charge, and ©2.54 mm AA 2195 wire is adopted as the marker. Through holes
from top to bottom were drilled at 1/3 cylinder cross section radius (1/3r) from center of AA
6061 cylinder and AA 2195 wires were embedded into those holes.

Figure 1. AA6061 Cylinder Samples with AA 2195 markers 1/3 radius position

The friction extrusion devices are composed with the following three parts: dies, chamber,
back plate and Process Development System. The dimension of extrusion die is ®25 mm X
114.3 mm with a ®2.5 mm through hole at the center, which defines the size of extruded wire.
There are two die tip patterns utilized: one has a scrolled surface which is similar to friction stir
welding tool shoulder designed for operation at a 0" angle of attack. The scroll die is rotated in a
clockwise direction (From top view) so that the scroll pattern can gather plastic material toward
the center hole. The other die has a flat smooth surface. This flat die is also rotated in a
clockwise direction to facilitate comparison with the scrolled die. All dies were fabricated with
H13 too steel. Both die tips are shown in Figure 2.

&

Figure 2. Friction extrusion scroll die (left) and flat die tips (right)

The inner diameter of stationary ‘billet’ chamber is 25.4mm, which is little bigger than
un-extruded AA 6061 cylinder samples and dies. The chamber has a wider shoulder ring outside
with two semicircle breaches for being fixed on the back plate. The chambers were fabricated
with Ol tool steel.

A stainless steel plate is adopted as the back plate for supporting the chamber and
cylinder samples. In order to preventi slipping between the back plate and cylinder sample, a
short bar with 4 mm height is set on the back plate inside ‘billet’ chamber, this prevents the billet
charge from rotating.
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For parameter comparison experiments, the USC FSW PDS (University of South
Carolina Friction Stir Welding Process Development System) was used to implement the
extrusion process. Using this machine, the extrusion process is performed under extrusion force
control. Unlike conventional rate controlled extrusion processes, this force control mode can lead
to varying die advance speed and extrusion rate. Because of the limited headspace above the die
in the FSW PDS, only a small part of the aluminum cylinder would be extruded out to form a
wire with 150mm length.

For making longer wires and to study the approach to a steady state condition, a modified
milling machine is employed. The milling machine spindle is used to produce die rotation while
a hydraulic cylinder mounted on the knee is used to drive the billet chamber charge into the
spindle. The milling machine has a hollow drawbar enabling the extrusion of longer wires than
is possible on the FSW PDS. Wire lengths of up to 10 feet have been produced.

Friction Wire Extrusion Process

The first step in setting up for extrusion is to shift the die right above the chamber
containing the sample and make sure the Z-axis of the machine is coincident with the extrusion
axis: hence the Z-force is equivalent to the extrusion force. Move the die down until it contacts
with the sample, and then start to spin the die. The heat generated by the friction between the die
and aluminum charge increases the temperature immediately. As a result, the aluminum alloy
close to the die tip is turned to a plastic state and will flow. With the downward pressure and heat
input, the aluminum cylinder expands towards the chamber wall to fill in the small gap (~0.4
mm) between the sample and chamber. When sufficient temperature is reached the wire starts to
extrude out. In this friction extrusion processes, the rotation speed, die position and Z-force
(extrusion force) were recorded by the FSW system control computer with 10Hz sampling rate.
The rotating torque and power were recorded by a torque transducer mounted on the machine
spindle (which drives the die rotation): these data were recorded with at least 40Hz data
collection rate.

For comparison of parameters, extrusion runs were performed using 3 different rotating
speeds combined with 3 different Z forces. Both the scroll die and the flat die were used. See
table 1.

Table 1 Adopted friction extrusion parameters (SD: Scroll die; FD: Flat die)

Rpm
Z-force(N) 200 300 400
22250 FD SD, FD FD
44500 SD, FD SD, FD SD+FD
66750 FD SD, FD FD

For long wire extrusion, the constant die rotation rate is 300 rpm.
Post-extrusion
Since the geometry of the FSW PDS spindle limits the length of aluminum wire that can

be extruded, only the upper part of the cylinder has been extruded out. Meanwhile, pressed and
stirred by the spinning die, some aluminum was squeezed up through the gap between the die
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and chamber. After the friction extrusion, the remnant cylinder became a deformed disk in the
chamber. By analyzing the deformation of the disk and tracing the distribution of the marker
material, AA 2195, the flow pattern of the material can be determined.

The wire extruded by the FSW PDS was about 150mm long, and it was cut into 6
segments of approximately 25 mm each. Each aluminum wire segment was mounted in epoxy so
that transverse cross sections could be observed. The transverse cross-section of every segment
was ground, polished and then etched with Keller’s Reagent (190ml water, 2ml HF, 3ml HCI,
and 5Sml HNOs3). The distribution of AA2195 marker in the AA6061 wire cross sections was
examined by optical microscopy. The remnant disk was carefully removed from the chamber and
necessary machining was applied on top side to form a flat and smooth surface. After that, it was
ground and polished. Keller’s Reagent was applied on the machined surface. With the etchant
chemical attack, AA2195 turned dark while AA6061 remained the same color. Pictures were
taken by an optical microscope and by a flat bed scanner. Furthermore, multiple grinding,
polishing, etching and picturing procedures were applied to expose successive layers of the disk
with each layer being 0.25mm thick. Hence, deformation and flow pattern at different heights
were obtained (a form of mechanical tomography). By assembly of all pictures in sequence of
height, a three-dimensional image of the marker positions was established. Therefore, the
material deformation/flow before entering into the extrusion die hole can be observed.

The extruded wires from the modified milling machine were 2.21m and 2.13m by scroll
die and flat die respectively. The first extruded 7.6cm wire was cut off, then, the rest was cut into
7 segments with about 30.5¢m lengths. The same examination procedures were employed for
analyzing FSW machine wire segments. Besides, the grain size of recrystallized AA2195
markers in the extruded wire was measured using the mean linear intercept method.

Results and discussion

Good quality wire was obtained from all of the extrusion parameter sets except 400 rpm
and 22250N Z-force. Transverse cross sections (12.7mm to the beginning of wire) of all 1/3r
marker wires extruded by flat die are shown in figure 3. All AA2195 showed coaxial multi-
spirals pattern. The cross sections at same position of scroll die wire are shown in figure 4. With
different rpm and Z-axis force, the number of spiral revolutions and inner radius (the distance
from center of cross-section to the inside end of spiral line) are different. Inspection of several
transverse cross sections of a single wire indicates that these two values are also varying along
the longitudinal direction of the wire. See figure 5.

The effects of process control parameters and length of wire extruded on the number of
marker material spiral revolutions and inner radius of the marker are shown in figure 6 and 7,
respectively.
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rpm 200 300 400

Figure 3. Transverse cross sections of 1/3r marker wires extruded by flat die,
12.7¢m from the beginning of wire

rpm 200 300 400
Z-force(N)

22250

44500

66750

100pm

Figure 4. Transvers cross sections of 1/3r marker wires extruded by scroll die,
12.7¢m from the beginning of wire
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(a) 2.54cm from the beginning  (b) 7.62cm from the beginning (c) 12.7cm from the beginning
Figure 5. Spiral changes along the length of the wire extruded using the flat die with 400 rpm
and 44500N Z-force

Number of sprials 1200, 5K
18 1300, 5K
16 i A 200, 10K
14 A 300, 10K
12 t ©400, 10K
= a
10 A 200, 15K
8 ® W 300, 15K
o ‘ = @400, 15K
4
2 l: Distance
. from the
0 : ' I : ' ' beginning
0 2 4 6 8 10 12 14 of wire
(cm)

Figure 6. The variation trend of number of spiral revolutions along longitudinal direction of flat
die wire with different control parameters
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Figure 7. The variation trend of inner radius along longitudinal direction of flat die wire with
different control parameters

Several binary pictures of different layers in the remnant disc of a flat die extrusion are
presented in figure 8. The outside circle is the edge of the remnant disc; the white shapes inside

the disc are 2195 marker. The initial stages of deformation process can be deduced from these
images.
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Figure 8. Binary picture of 4.30mm, 3.80mm, 3.30mm, 2.80mm (from left to right) depth of
remnant disc

The cross sections of long wire made using the milling machine with the flat die are

shown in figure 9. The variation trend of AA 2195 spiral along wire is in accord with flat die
wire from FSW PDS machine. Obviously, even such long wire hasn’t reached steady state yet.

m 38.1cm
- —p=voa

1295 cm 160.0 cm
o

BB.6cm

K

1905 cm 213.4 cm (end of wire)

Figure 9. Cross sections of flat die wire made by Supermill machine from 7.6cm to 213.4cm
to the beginning of wire (cm)

The grain sizes in the 2195 markers on the cross sections shown in figure 9 were
measured. See figure 10. As in FSW, it has been observed that larger grain size in friction
extrusion results from higher extrusion temperature. [
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Figure 10. The grain size variation along flat die wire made by Supermill machine
Conclusions

Based on trend of AA2195 spirals on wire cross sections with different positions and
series of parameter (figure 3 to 7), the following conclusion can be draw: (1) since rpm and Z-
force are constant during the friction extrusion process but the flow pattern is varying along the
wire, the ratio of extrusion rate to rotation rate is changing (this parameter is somewhat
analogous to the advance per revolution in FSW); (2) flat die and scroll die generate qualitatively
similar but quantitatively different material flow; (3) the material at 1/3 radius of the cylinder
moves gradually to the center via a spiral path.

Long wire with AA2195 marker has been made by modified milling machine. Results
demonstrate that even a 2200 mm long wire has not reach steady state yet. The trend of AA2195
pattern in the long wire is in accord with the short wires from FSW PDS machine. The pattern at
end of wire shows very limited tangential movement indicating that the extrusion rate per die
revolution is quite large in the latter stages of the wire extrusion. The results of grain size
variation along wire indicate that the temperature of material entering the die exit is increasing as
the friction extrusion process progresses. This conclusion can also explain the variation trend of
AA2195 pattern in different position of wire. When temperature increases, the flow stress of the
metal decreases, which leads to better mobility and higher extrusion rate for a given rotation rate
and die pressure. For more detailed analysis, orientation imaging microscopy will be adopted to
inspect the texture distribution along the wire in future.
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Abstract

Friction Stir Welding (FSW) is a solid - state welding technique used for joining of metals and
alloys to avoid problems associated with fusion welding. Acoustic Emission (AE) technique had
been successfully used to monitor processes like metal cutting, grinding and electron beam
welding. An attempt has been made to study the feasibility of application of AE technique to
monitor FSW process. Experiments were carried out using aluminium alloy AA 7020-T6 by
continuously varying the FSW input process parameters namely tool rotational speed and
weld traverse speed during welding. Variation in pattern of AE signals was observed when
FSW input parameters were varied. The pattern were found helpful in identifying the defect
occurred during welding, as well in developing a model for online monitoring of FSW
process to produce quality welds. The developed model has been successfully used to
monitor FSW process during welding of aluminum alloy AA6082-T4.

Introduction
FSW was invented at The Welding Institute (TWI) United Kingdom in 1991 as a solid-state
joining technique [1]. The basic concept of FSW is remarkably simple. A non-consumable
rotating tool with a specially designed pin and shoulder is inserted into the abutting edges of
sheets or plates to be joined and subsequently traversed along the joint line as shown in Figure 1
along with FSW terminology.

Direction of Dhrection of

tool rtption welding

Figurel. A schematic diagram showing the FSW process and its terminology
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The advancing side is the side where the velocity vectors of tool rotation and traverse direction
are similar and the side where the velocity vectors are opposite is referred as retreating side [2].
The FSW process makes use of: (i) The adiabatic heat generated by localized deformation, and
(i1) The friction heat generated between the shoulder of the rotating tool and the surface of the
material, to plasticize the material immediately beneath the shoulder. A gradual traverse of the
rotating tool along the weld line progressively transfers the material from the leading edge to the
trailing edge and this material flow is considered to be a chaotic process. The temperature
developed due to friction is found to be about 80% of the melting point of the work piece metal
during welding process. The defects associated with solidification of fusion welds, such as
porosity, slag inclusion, dendrite structure, etc., are not likely to form in the weld metal produced
by the FSW process [3]. Authors in their initial studies made investigation on the role of tool pin
profile on tensile strength of welded joints by considering the important FSW parameters like (i)
Tool rotational speed, (i) Weld traverse speed and (iii) Plunge depth, which control the quality
of the weld [4].

Acoustic Emission is the class of phenomena whereby transient elastic waves are generated by
the rapid release of energy from a localized source or source within a material, or the transient
elastic wave generated when a material undergoes deformation [5]. AE testing is different from
other non- destructive testing techniques in two regards: (i) It pertains to the origin of the signal.
Instead of supplying energy to the object under examination, AE technique simply listens for the
energy released by the object. AE tests are often performed on structures while in operation, as
this provides adequate loading for propagating defects and triggering AE and (ii) AE testing
deals with dynamic processes or changes in a material. This is particularly meaningful because
only active features (e.g. crack growth) are highlighted [6].

An advantage of using AE technique as a process monitoring tool is that the frequency range of
AE is much higher than that of machine vibrations and ambient acoustic noise. Sources
generating AE in different materials are unique due to properties of materials [7]. Lee et.al
studied the tensile behavior of low Carbon Steel welds by means of AE technique to observe the
AE characteristics at base metal, heat affected zone and weld metal of welded joint [8]. Chen
et.al used A E sensing for in-process tool wear monitoring to correlate the machining process
and AE signals [9]. Sokolkin et.al studied the use of AE in testing bottoms of welded vertical
tanks used for storing oil and oil derivatives to assess the conditions of bottoms, based on the
corrosive activity resulting AE [10]. Sharma et.a/ used AE for online monitoring of Electron
Beam Welding of TI6AL4V alloy to detect the formation of defects in a material accompanied
by dissipation of energy in the form of acoustic waves [11]. V. V. Korchevskii made studies on
measurement of the parameters of the AE when metals are stretched [12]. Huanca Cayo et.al
made the comparative analysis in time domain and frequency domain to the acoustical pressure
generated by the electric arc to determine which of the two analysis methods are better to evaluate
the stability in Gas Metal Arc Welding process [13]. Ser’eznov et.al studied the possibilities of
localizing flaws of a welded steel joint (grade CT3) during cooling using AE [14].
Muthukumaran er.a/ made studies on electromagnetic property during friction stir weld failure.
During their study electromagnetic radiations emitted during tensile failure of welds were
measured, recorded and analyzed by Fuzzy model to study tensile failure of welds [15]. Preetish
Sinha et.al studied the condition monitoring of first mode of metal transfer in friction stir
welding by image processing technique for uniformly welded plate, pin failure while welding
and for lesser pin depth [16]. Zang et.al studied the effect of tool wear on microstructure,
mechanical properties by AE technique during Friction Stir Welding of aluminum alloy AA6061
[17].
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It has been observed that AE technique has been successfully adopted in many fields, namely
laser welding, health monitoring of aerospace structures, study of tool wear during drilling,
turning, milling, etc. Zang et.al have used AE technique as an online technique to monitor tool
wear in FSW process [17]. However, it was observed that, there is no published information
about the use of AE to detect the defects online during FSW process. In this study an attempt has
been made to study the feasibility of application of AE technique to identify the occurrence of
defects to monitor FSW process, followed by developing a model for online monitoring of
FSW process to produce defect free welds.

Experimentation

Experimental details comprises of three stages: (i) Conduction of experiments and sensing of AE
signals during welding (ii) Study the behaviour of AE parameters derived from AE signals when
FSW parameters are varied to check the applicability of AE technique during FSW and (iii)
Development of a model based on threshold values of AE parameters to distinguish between
good and bad welds.

The base material used in this study is aluminum alloy AA7020-T6 which is a medium
strength precipitation hardenable Al-Zn-Mg alloy, used in aerospace industry for structural
applications. These alloys (7000 series) are not recommended for conventional fusion welding.
But these alloys can be successfully welded by FSW process. The nominal chemical
composition and mechanical properties of the alloy is presented in Table I and Table II
respectively. Plates of 5 mm thick were cut to a dimension of 300 mmx75 mm with square
edges. Plates were fixed firmly on the FSW machine using suitable clamps. Welding was carried
out using conical threaded tool made out of oil hardened steel. The important process parameters
considered during the study are tool rotational speed, weld traverse speed and plunge depth.
Welds were prepared by varying tool rotational speed and weld traverse speed individually by
keeping other parameters constant during welding. This has been done to observe the pattern of
AE signals when an input process parameter is varied during welding. Based on experiments
conducted earlier by the authors the broad range of process parameters selected to weld is shown
in Table III [4].

Table 1. Nominal composition (wt %) of Aluminum alloy AA 7020-T6
Zn Mg Cu Cr Mn Ti Si Al
4.0-5.0 |1.0-14 |0.20 |0.1-0.35 | Max 0.40 | 0.08-0.20 | Max 0.35 | 92.10- 93.80

Table II. Mechanical properties of Aluminum alloy AA 7020- T6
Ultimate Tensile strength (N/mmz) Yield Strength (N/mmz) Elongation %
375 370 5-8
Table III. Process parameters used during welding of AA 7020-T6
Weld Tool Rotational Weld Traverse Plunge depth
No. Speed (rpm) Speed (mm/min) (mm)
1. 700-1200 50 4.75
2. 1000 50-100 4.8

AE sensor was mounted on the work piece by using a suitable couplant followed by connecting
the sensor fixed to computer through preamplifier and band pass filter. The position of sensor
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was confirmed by Hsu-Nielsen method as per ASTM E 976-05. Acoustic Emission data was
acquired for the selected FSW input process parameters and stored in the computer using AE
data acquisition system setup (PCI-2 “ 2 channel AE system on card” make: MISTRAS
,Physical Acoustic Corporation, USA) as shown in Figure 2 and processed to determine various
AE parameters using AEwin software. The important AE parameters acquired during the studies
are RMS, Energy, Amplitude and Counts. Welded joints were subjected to X- ray radiography
test to know the position of defects produced during welding. Tensile specimens were prepared as
per ASTM - E8 / E8M-08 using Electronic Tensometer (model: PC 2000, make: Kudale
Instruments, Pune) by choosing the portion of the welded joint where there were no defects
revealed from X —ray radiography image.

Figure 2. Schematic diagram showing FSW with AE data acquisition system
(Courtesy: MISTRAS, Physical Acoustic Corporation, USA)

Results and discussion
The photographs of FSW joints prepared with varying tool rotational speed and traverse speed are
shown in Figures 3 and 4 respectively.

Figure 4. Photograph of FSW joint with varyin weld traverse speed (Weld 2)
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The screen shots of AE signal pattern of AE parameters acquired during welding for varying tool
rotational speed and weld traverse speed are shown in Figures 5 and 6 respectively.
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Figure 5. Screen shot of AE signal patterns generated during welding using varying tool rotational
speed (weld 1)
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Figure 6. Screen shot of AE signal pattern generated during welding using varying weld traverse
speed (weld 2)
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In this study the time taken for complete plunge and dwell is about 40 sec. After plunging the
tool traverses with the set speed resulting in welding till the preset length of weld is obtained. X-
ray radiography test showed defects in the weld at a few places. It was observed that the RMS,
Energy, Amplitude and Counts were found to increase marginally during 40 to 135 sec of
welding for weld 1 and during 40 to 140 sec of welding for weld 2. It was observed that for a
specific value of FSW input process parameters; the values of AE parameters acquired during
welding remain almost same for all welds. It was also observed that at the location of the defect,
there was sudden increase in RMS, Energy, Amplitude and sudden decrease in Counts. This has
been shown as encircled marks in Figures 5 and 6. Similar trends were observed in AE
parameters during welding of aluminum alloy AA7075-T6, AA6082-T4, AA6061-T6 and AA
2024-T3 [18].

The details of variation in AE parameters when defects occurred while welding of AA7020-T6
are presented in Table IV. The results of tensile test conducted at defect free location revealed
from X- ray radiography image indicate that:

(i) The tensile specimens of weld 1 failed within the stirred zone. The average tensile strength
was found to be 292.70 N /mm?’. This was found when the speed was approximately between
1100 and 1200 rpm and the corresponding joint efficiency was found to be 78.05 %.

(ii) The tensile specimens of weld 2 failed within the stirred zone. The average tensile strength
was found to be 221.70 N / mm> This strength was at a traverse speed approximately
between 75 and 100 mm/sec and the corresponding joint efficiency was found to be 59.12 %.
The reduction in tensile strength may be due continuous increase in weld traverse speed.

Table IV. Values of AE parameters at location of defect / defects in weld joints for AA 7020-T6

Variation of input Sudden change in value of AE parameter
Weld | Parameter keeping _ Joint
Nf) other two RMS Energy | Amplitude | Counts Efﬁcif(:)rllréy (%)
" | parameters ) ) x10° (dB) x10°
constant
| | Varying 00l 1 60910022 | 161027 | 721084 |2010 15 78.05
rotational speed
o |Vaving  weld | 354,080 | 501065 | 850100 | 231022 59.12
traverse speed

Development of model for Online Monitoring

It can be observed from the previous discussion that the AE parameters obtained during welding
can be effectively used to identify the occurrence of defect. An Online Line FSW Monitoring
System (OLFSWMS) model was developed to produce defect free welds by suitably interpreting
the values of AE parameters. Plates of aluminum alloy AA 6082-T4 of 5 mm thick were used to
prepare welded joints. The process parameters selected during the studies are tool rotational
speed of 1000 rpm, weld traverse speed of 100 mm/min and plunge depth of 4.85mm based on
the reported information available for welding of AA 6082-T4 [19 - 21]. The X ray radiography
test has revealed that, out of three welds prepared weld 1 and weld 2 were found to be defect
free. It has been observed for weld 3 between 95 sec and 120 sec that there was a sudden
increase in RMS, Energy, Amplitude and sudden decrease in Counts resulting in defect. This has
been shown as encircled marks in Figure 7. The details of sudden increase in values of RMS,
Energy and Amplitude and sudden decrease in Counts during preparation of weld of AA 6082-
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T4 (weld 3) are shown in Table V. During online monitoring of FSW process, to produce defect
free weld, after noticing the defect, welding was stopped and tool was taken back by 20mm and
re- welding was done in the region where the defect had occurred earlier. The screen shot of AE
signal pattern acquired during re-welding is shown in Figure 8, wherein there was no sudden
variation in RMS, Energy, Amplitude and Counts resulting defect free weld. Tensile specimens
were cut in welded region and also in re-welded region. The results of tensile test conducted at
defect free location in welded region and re - welded region are based on X- ray radiography test.
The efficiency of welded joint at welded region was found to be 79.20 %, while at re - welded
region it was 101.90 %. This variation may be attributed to formation of fine grains in the re-
welded region.

The pattern of AE signals generated was used to determine threshold values of AE parameters
for distinguishing good and bad welds and the same has been presented in Table VI. Based on
the threshold values of AE parameters along with action to be taken, OLFSWMS model to
distinguish between good and bad welds is shown in Figure 9.
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Figure 7. Screen shot of E signal pattern generated during welding of AA6082-T4

(before retracing /re-welding)

Table V. AE parameters at location of defect / defects in weld joints along with joint efficiency
for aluminum alloy AA6082-T4

Sudden change in value of AE parameter Remarks
Weld - Joint Efficiency
No. RMS Energy (v) | Amplitude | Counts (%)
W) x1000 (dB) x 1000
Before re -
3 |03t03.5 22 to 68 80to 100 | 28to 18 79.20 welding
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Table VI. Details of threshold limits of AE parameters for aluminum alloy AA6082-T4
AE parameters Remarks

RMS Energy | Amplitude | Counts

) (v) x1000 (dB) x 1000

Higher threshold 0.3 0 30 27 Weld defect occurs if AE
limit parameters are more than
higher threshold limit
Lower threshold Weld defect occurs if AE
limit 0.1 12 75 18 | parameters are less than

lower threshold limit
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Figure 9. OLFSWMS model showing details of AE parameters and necessary action to be taken
during welding of AA6082-T4

Conclusions
It can be concluded from the above studies that:

e The values of AE parameters varied when FSW input parameters were varied, indicating the
existence of relationship between them.

e The quality of welded joints can be predicted by studying the pattern of AE signals
generated during welding.

e AE technique can be effectively used for online monitoring of FSW process by suitably
setting the threshold values of AE parameters to distinguish between good and bad welds.

e The model developed is helpful in identifying the occurrence of good and bad welds along
with the suggested action to be taken to produce defect free weld.

e At location of defect in the weld, the process of retracing or re- welding was found useful in
producing defect free weld with increased strength of welded joint.

e The outcome of results can be extended to other materials of different thickness during
online monitoring of FSW process using AE technique after making repeatability and
reliability studies.
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