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Preface

These proceedings represent the tenth symposium on Friction Stir Welding and
Processing (FSW/P) held under the auspices of TMS. The continued interest and
participation in this symposium is an indirect testimony of the growth of this field.
For 2019, a total of 73 abstracts were accepted, which include 8 oral sessions and
13 unique posters. There are 25 papers included in this volume, which when
combined with the previous nine proceedings' publications represent more than 300
papers over a 20-year period. These submissions cover all aspects of friction stir
technologies including FSW of high melting temperature materials, FSW of
lightweight materials, FSW of dissimilar materials, simulation of FSW/P, controls
and inspection of FSW/P, and derivative technologies like friction stir processing,
friction stir spot welding, additive friction stir, and friction stir extrusion.

Friction stir welding was invented by TWI (formerly The Welding Institute),
Cambridge, UK and patented in 1991, although the real growth in this field started
several years later. In the last 27 years, FSW has seen significant growth in both
technology implementation and scientific exploration. The original patent has led to
hundreds of additional patents issued globally, as various solid-state processing
techniques have derived from the original FSW concept. In addition to the
tremendous number of derivative technologies that have been developed based on
the concept of friction stirring, thousands of papers have been published charac-
terizing and documenting the commercial and scientific benefits of the same.

The organizers would like to thank the Shaping and Forming Committee of the
Materials Processing and Manufacturing Division for sponsoring this symposium.

Yuri Hovanski
Rajiv Mishra
Yutaka Sato

Piyush Upadhyay
David Yan
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Part I
Dissimilar Materials



Comparison of Dissimilar Aluminum
Alloys Joined by Friction Stir Welding
with Conventional and Bobbin Tools

Paul Goetze, Mateusz Kopyściański, Carter Hamilton and Stanisław Dymek

Abstract Dissimilar aluminum alloys 2024-T351 and 7075-T651 were friction stir
welded utilizing a conventional tool and a bobbin-style tool. The welds produced
with the conventional tool yielded higher mechanical properties than those produced
with the bobbin tool, and fracture of all tensile specimens occurred on the 2024 side
of the weld regardless of the tool or weld configuration. Temperature data andmodel-
ing demonstrated that the temperature distribution from either tool skews toward the
advancing side. Ultimately, the mechanical properties and hardness profiles across
the welds correlated with the temperature distribution and the associated precipita-
tion behavior of the alloys. Optical microscopy revealed distinct layers of the alloys
interwoven within the stir zone and identical grain sizes in both alloys. Grain bound-
ary orientations from the stir zone followed theMackenzie plot, suggesting complete
recrystallization and a lack of texture within this zone.

Keywords Friction stir welding · Dissimilar metals · Tool comparison
Material comparison
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Introduction

The process of friction stir welding (FSW) is relatively unique and was first devel-
oped in the early 1990s. It was primarily intended for the joining of aluminum alloys
and the process has become very cost-effective in several transportation industries.
Standard friction stir welding, friction stir processing, and friction stir spot weld-
ing are beginning to displace traditional welding methods because of their tendency
toward lower heat inputs and the longevity of tooling. In the case of welding alu-
minum, a hardened steel tool may last millions of cycles and can be considered
non-consumable.

The tool enters the material with a controlled velocity and transverse speed, pro-
ducing heat through friction and plastic deformation of the material. This heat allows
the material to flow around the tool creating a mixed zone, known as the weld nugget
or stir zone, along the centerline of the weld. Because the material is stirred with a
unidirectional rotating tool, there are distinct regions around the weld that exhibit
various material properties. The heat input and physical deformation of the material
produce the weld zone where stirring occurs (SZ), a thermo-mechanically affected
transition zone (TMAZ) where there are both thermal and mechanical changes, and
a heat affected zone (HAZ) where the heat input alters the properties of the mate-
rial. Additionally, due to the distinct material flow associated with tool rotation and
advancement on either side of theweld, the tool produces an advancing and retreating
side that have different characteristics.

The low heat input of friction stir welding makes it an attractive method for
joining high strength aluminum alloys such as the 2XXX and 7XXX series that are
very difficult to join with traditional fusion welding. Thus, much prior work has
been done to characterize the properties of these alloys joined with FSW. Works by
Mahoney, Jones, and Mishra [1–3] outline these topics well.

Dissimilar alloy welding is a developing interest within the field of friction stir
welding. It is the process of joining two different alloys together such as 2024 and
7075. This technique is potentially useful for creating structures that utilize the
properties of multiple alloys. Da Silva, Cavaliere, and Khodir and Shibayanagi [4–6]
provide useful bases for this topic. However, there is a need to examine the effects
of certain variables on the process because of the asymmetric nature of the produced
joints. Specifically, there is limited research comparing the conventional and bobbin
tool geometries and the effects of material placement on either the advancing or
retreating side of the weld line.

Experimental Procedure

The objective of this study was to examine the properties of friction stir welded butt
joints of 2024-T3 and 7075-T6. The design of the experiment contains two primary
elements. First, performance characteristics are compared between the bobbin and
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Table 1 Summary of
experimental configurations
and welding trial designations

Trial AS Mat. Tool

AS-2024B 2024 Bobbin tool

AS-7075B 7075

AS-7075C 7075 Conv. tool

AS-2024C 2024

conventional tool geometries when they are used with dissimilar alloys. Second, the
effect of the placement of the 2024 and7075 alloys on the retreating (RS) or advancing
side (AS) was assessed. Table 1 summarizes the experimental configurations and
provides identifying nomenclature for each welding trial.

Tensile testing, micro-hardness maps, and optical microscopy were used to fully
characterize each weld trial and compare the effect of tool choice and material place-
ment on weld quality. Aluminum sheets of 2024-T351 and 7075-T6 were selected,
conforming to the ASTM B209 standard, at a thickness of 6.35 mm. Each sheet
was 101.6 mm wide by 609.6 mm long before processing and the mating surfaces
were machined for proper alignment. The welding was done in two stages at the
University of South Carolina on an MTS ISTIR PDS machine to ensure the process
validity for each material and tool configuration. After the first half of each trial was
completed, a three-point bend test was done to test for process defects. Then, each
trial was finished using the same or corrected parameters if needed. In practice, a
crosshead feed of 127 mm/min and a spindle speed of 120 RPM was used for all
material configurations with the bobbin (self-reacting) tool. A feed of 203.2 mm/min
and speed of 300 RPMwas used with the conventional tool geometry for all material
configurations. The machine operated with a 0-degree tool tilt angle. The bobbin
tool was designed with 17 mm shoulders and 6.35 mm pin and the conventional
tool had a 17.78 mm shoulder diameter with a 4.1 mm scroll pitch and a 6.35 mm
threaded pin. Temperature measurements were made in configurations with the bob-
bin tool by embedding a thermocouple in the base sheet near the weld nugget and
the conventional tool had a thermocouple embedded in the center of the tool body.

A Zeiss Axio Imager M1 light optical microscope was used to observe the
microstructural features of a cross section from each weld configuration. Each spec-
imen was prepared through standard polishing practice and etched with Barker’s
Reagent (1.8 ml HBF4 and 100 ml H2O) for 2 min at 20 V DC. For all welding
configurations, the advancing side is always presented on the left-hand side of the
image.

Vickers micro-hardness testing of the weld cross sections for each configuration
was performed using 1 kg load for 10 s on a Wolpert-Wilson Tukon 2500 machine.
For the conventional tool configurations, one measurement row was taken along
the mid-thickness line of each cross section. Measurements with a 1 mm spacing
interval were taken to a 20 mm distance on each side of the weld centerline. A total
of three measurement rows were taken for each bobbin tool configuration: 1 mm
below the top surface of the cross section (upper shoulder), the mid-thickness line,
and 1 mm above the bottom surface of the cross section (lower shoulder). As before,
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a 1 mm spacing was used between indentations out to 20 mm on each side of the
weld centerline.

Tensile specimens were machined transverse to the weld direction on a Haas
TM-1 CNC milling machine. A sub-size sheet-type specimen design was selected
to conserve space on the welded sheets and to ensure the tensile trials could be
accomplished on an MTS Exceed E44 with flat, mechanical grips. The specimen
design conformed to the ASTM E8-04 standard. Five specimens were machined for
each material configuration and each was engraved with a serial number for later
identification. The tensile testing was performed after four months of natural aging
at a strain rate of 0.012/min. An MTS 634.12E-54 extensometer with a gage length
of 25.4 mm was used during each trial. All welded material and samples were kept
below 0 °C after completion of the tension testing to prevent further natural aging
before or during the subsequent hardness experiments.

Results and Discussion

Optical Microscopy

The microstructures of the welds utilizing the bobbin tool geometry are presented in
Fig. 1a and b where 2024 is on the advancing side and retreating side respectively.
Figure 1 shows the 2024 as optically darker compared to the 7075. Both configu-
rations contain the typical stir, thermal mechanical, heat affected and base material
zones that characterize most friction stir welds. Fine grain refinement occurs in the
stir zone, likely due to dynamic recrystallization as described by Reynolds [7]. Both
configurations show abrupt transitions between the SZ and TMAZ on the AS com-
pared to the RS which do not depend on material location. However, the AS TMAZ
in the AS-2024B configuration is reduced in size compared to the same feature in the
AS-7075B weld. Measurements of the grain transformation between the recrystal-
lized and base zones on the AS in the AS-2024Bweld occurs within 0.4 mmwhereas
the AS-7075Bweld transitions for 1.5 mm. A similar trend is seen on the RSwith the
AS-2024B transition being more gradual than that of AS-7075B. Here the transfor-
mation occurs over 6.5 mm and 5.0 mm respectively, measuring on the midsection
lines of each cross section. Overall, the optical microscopy shows the 2024 alloy
transitions between fine recrystallized grains in the stir zone to unaffected grains
over less distance on both the AS and RS than the 7075 alloy. Little material mixing
is observed in bothmaterial configurations, with themost complete mixing occurring
along the midsection line. Bands of material are present throughout the stir zone,
indicating that some material traversed across the centerline during processing.

The optical micrographs of the conventional tool welds show similar patterns to
the micrographs of the bobbin tool configurations. Figure 2 presents these results
with 2024 appearing darker than 7075. The advancing side transition between the
SZ and TMAZ is more abrupt than the corresponding retreating side for both the AS-
2024C and AS-7075C welds. Like the welds in the bobbin tool configuration, the
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Fig. 1 Optical micrograph for: a the AS-2024B configuration, b the AS-7075B configuration

2024 microstructure transitions over less distance than that of 7075 when compared
on the same side. Figure 2a shows that it takes around 0.1 mm for 2024 to transition
on the AS and 3.0 mm for 7075 to transition on the RS. Conversely, the opposite
configuration shown in Fig. 2b indicates the 7075 takes between 0.7 mm in the
shoulder affected region and 0.2 mm near the bottom of the pin to transition on the
AS. The 2024 transitions over 1.5 mm on the RS.

In all welding configurations, the 2024 transition from stir zone to base material
grain structure occurs over less distance than that of 7075, regardless of advancing or
retreating side placement. The bobbin tool configuration produced a wider region of
dynamically recrystallized grains due to the symmetric shoulder affected regions and
simplermixing patterns of the dissimilar alloys compared to the conventional tooling.
However, grain size and orientation within the stir zone are identical for both tool
geometries. Similar patterns are found in the TMAZ zones of configurations of both
tool geometries where the advancing side exhibits a significantly more abrupt tran-
sition between the stir zone and base material than the retreating side. Additionally,
both tool configurations show advanced stir patterns in the shoulder affected region
of the advancing side when 2024 is placed on the retreating side before welding. In
these configurations, bands of 2024 are observed penetrating deeper into the center
of the cross sections and may indicate more thorough material mixing in these cases.
Works from Reza-E-Rabby et al. [8] and Koilraj et al. [9] support these observations
by concluding that in dissimilar welding situations, placing the harder material on the
advancing side can reduce stirring defects and can improve mechanical properties of
the joint.
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Fig. 2 Optical micrographs for: a the AS-2024C configuration, b the AS-7075C configuration

Micro-hardness Distributions

Themicro-hardness profiles of the bobbin tool configurationAS-2024Bare presented
in Fig. 3a. Twohardnessminima are recognized on the advancing and retreating edges
of the weld with values of 110 HV and 120 HV, respectively. Their locations indi-
cate that the maximum material softening occurs near the edge of the SZ, otherwise
marking the HAZ of the weld. Moving toward the outward edges of the profiles,
the material gradually returns to the material properties of the base material. Addi-
tionally, the profiles indicate a degree of hardness recovery in the SZ from dynamic
recrystallization and the material reaching the solidus temperature of 2024 and/or
7075. Figure 3a shows a distinct hardness step across the weld centerline from AS
to RS. The shoulder dominated profiles mark the midpoint step as biased 3–4 mm to
the AS from the centerline while the midsection profile records the step occurring
1–2 mm toward the AS from the centerline. The range of measurements taken across
the midsection step is less severe than in the shoulder dominated profiles, indicating
better material mixing in the region. This is reinforced by the optical micrographs
above.

The micro-hardness profiles of the bobbin tool configuration AS-7075B are pre-
sented in Fig. 3b. This weld configuration produced profiles similar to its counterpart
(AS-2024B) with two hardness minima near the edges of the SZ with values of 121
HV and 108 HV on the advancing and retreating sides, respectively. The precise
locations of the minima are shifted slightly toward the AS and the base material on
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Fig. 3 Vickers hardness profiles for: a the AS-2024B configuration, b the AS-7075B configuration

the 7075 side of the weld achieves better recovery compared to the counterpart weld.
In both the AS-2024B and AS-7075B configurations, the lowest hardness minimum
was found accompanying the 2024 side of the weld. The same hardness step occur-
rence is present in Fig. 3b but shows better dynamic recovery of the 7075 and gradual
decline of the 2024. Again, a less severe step is present along the midsection profile
than in the shoulder dominated regions.

The conventional tool configuration AS-2024C produced themidsection hardness
profile shown in Fig. 4a. Here, one absolute hardness minimum was recorded on the
2024 side of the weld near the edge of the pin diameter with a value of 129 HV. A
smaller localminimum is also present on the 7075 side outside of the pin diameter but
within the shoulder diameter. Inside the SZ, measurements varied significantly and
indicate some material mixing along the midsection of the weld. This is supported
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Fig. 4 Vickers hardness profiles for: a the AS-2024C configuration, b the AS-7075C configuration

by the optical micrograph showing bands of material present across the width of the
stir zone.

Themidsection hardness profile for theAS-7075Cconventional tool configuration
exhibits similar characteristics to theAS-2024Cweld, shown in Fig. 4b. One absolute
hardness minimum is present on the 2024 side measured at 120 HV and a local
minimum is present on the 7075 side between the extents of the shoulder and pin
geometries. The profile of this configuration also shows a hardness step across the
midsection of the weld, highlighting the interface between 2024 and 7075. The same
trend is likely to present in the AS-2024C weld, but the presence may be hidden
because of measurements in different material bands across the SZ obscuring the
bulk trend.
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Both conventional weld configurations show one absolute hardness minimum on
the 2024 side and a local minimum in the 7075. This is distinctly different from the
bobbin tool configurations where there is a hardness minimum on both the 2024 and
7075 sides. This difference is likely due to contrasting heat inputs by the two tool
geometries. A higher machine input power was recorded during the conventional
tool trials than the bobbin tool trials which suggests a higher heat input into the
weld. Temperature data taken at the center of the conventional tool was near 450 °C
and very close to the solution treatment temperature for 7075. This may explain the
smaller hardness reduction of the 7075 in the conventional configurations compared
to the bobbin tool trials. If the peak temperature in the bobbin tool did not approach
the solution temperature for 7075, significant precipitate coarsening is expected in
theHAZof theweld. Future complete temperaturemodels of both tool configurations
will help to fully explain and confirm the material hardness profiles shown above.

Tensile Testing

The average result for the tensile testing of each welding configuration is presented
below in Table 2. All trials produced failures on the 2024 side of the weld. The
conventional tool welds with 2024 on the advancing side had higher yield (YS) and
ultimate tensile strength (UTS) values than those with 2024 on the retreating side.
The failures occurred inside the shoulder width and close to the edge of the stir zone
for both material configurations.

The bobbin tool configuration testing produced higher UTS results with 7075
on the advancing side than with 2024, but the YS values were similar across both
material configurations. The failures in the bobbin tool configuration also occurred
along the edge of the SZ. Additionally, the standard deviations among the sampling
groups suggest that the conventional tool welds weremore consistent than the joining
performed with the bobbin tool.

Table 2 Tensile testing results for all material and tool configurations

Trial Description UTS (MPa) YS (MPa) Fracture
location

St. dev.

AS-2024B Bobbin, 2024
AS

359 245 Edge of SZ
2024

2.46

AS-7075B Bobbin, 7075
AS

383 246 Edge of SZ
2024

2.41

AS-2024C Conventional,
2024 AS

444 302 Edge of SZ
2024

0.44

AS-7075C Conventional,
7075 AS

426 287 Edge of SZ
2024

0.20
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Conclusions

A comparative study investigating the effects of material placement (AS vs. RS)
and tool type (conventional vs. bobbin) on the joining of dissimilar alloys 2024-
T3 and 7075-T6 has been performed. The friction stir welds were examined through
optical microscopy, micro-hardness measurements, and tensile testing. These results
indicate that placement of 2024 on the retreating side during processing for both tool
geometries produces more material banding in the shoulder dominated stir regions.
Identical grain size is also foundwithin the SZ regardless of tool type. Conversely, the
different geometries and process parameters for each tool produced contrasting heat
inputs to the weld. This affected the hardness profiles across the weld cross section
especially with respect to hardness minima and location. As a result, the tensile
testing results showed higher joint strength in welds processed with the conventional
tool and placement of 2024 on the advancing side. Further work on temperature
modeling of each weld configuration may help explain the trends shown in hardness
and tensile results.
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Promising High-Speed Welding
Techniques for Joining Polymers
to Metals and Underlying Joining
Mechanisms

F. C. Liu and P. Dong

Abstract Strong dissimilar material welds (DMW) of PA66 and 6061 Al was pro-
duced by friction lap welding (FLW) at welding speeds as high as 5 m/min. The
temperature difference at various locations of the welds did not affect the local join-
ing strength. In an attempt of explaining the joint strengths, special samples were
made by evaporation of aluminum oxide onto a polyamide 66 (PA66) substrate
to form metal/polymer interface. X-ray photoelectron spectroscopy (XPS) analysis
showed that the key chemical bond developed across the PA66/alumina interface is
of Al–O–C type which would have very likely contributed to good joint strengths
in such metal/polymer joints. Elevated temperatures are not essential for formation
such chemical bonds as long as a fully intimate atomic contact between the PA66
and Al plates can be achieved.

Keywords Dissimilar material welds · Friction lap welding · High welding speed
X-ray photoelectron spectroscopy · Joining mechanism

Introduction

Lightweight and high performance are the emerging trends of tomorrow’s vehicles.
Carbon fiber reinforced polymers (CFRP), as a new engineering polymer composites,
have been used and are expected to have more application in aerospace, automotive
and naval architecture due to their lightweight and high performance. Welding of
CFRP to the traditional metallic workpiece allows exploiting the advantages of each
material of the hybrid components. The metal in the hybrid components can provide
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high stiffness and strength while the plastic material can offer excellent functional
integration. However, it is still a great challenge to produce sound hybrid welds of
metal and plastic because metal and plastic materials have a significant difference
in physical and chemical properties at both room temperature and elevated welding
temperatures [1, 2].

Traditionally, mechanical fastening and adhesive bonding have been used to join
metal and plastic components together in some applications. Both methods have
their unique advantages but also have their limitations. The structural integrity can
be assured by mechanical fastening when well-established prediction methods and
analysis was applied [3]. Therefore, mechanical joints are commonly used in highly
critical and safety-rated components, such as aircraft frames, automotive, etc. [4, 5].
However, the third component in mechanical joins, such as rivets or bolts, increased
the structure weight. The stress concentration around the fastener is also a critical
issue in practical application. Adhesive bonding is also an option for joining dissim-
ilar materials in some applications. It enables sealing and good surface finishing [6].
Nonetheless, this process is very time-consuming as extensive surface preparation
before joining and long curing time is necessary for achieving strong adhesive bonds.
Also, accidental disassembly may occur in service as adhesive suffers from thermal
and environmental degradation [1, 6].

Various welding processes, such as friction lap welding (FLW) [1, 7], Laser direct
joining (LDJ) [8], resistance spotwelding [9], refill friction stir spotwelding [10], and
ultrasonic spot welding [11], have been developed recently to produce metal/plastic
dissimilar materials welds. Among these welding methods, only FLW and LDJ pro-
vide can produce strong liner lap welds. The lap joints produced by LDJ usually
contains a high volume of bubbles along the joining interface [12, 13], which is not
allowed in some of the highly required industry applications. In contrast, FLW can
squeeze out most of the bubbles out of the weld zone under the forging effect of the
FLW tool [7].

The concept of joining metal and thermoplastic using FLW is schematically illus-
trated in Fig. 1. A nonconsumable cylindrical tool is set to rotate at a desirable speed
(Fig. 1a) and then moved to press against the metal sheet sitting on the thermoplastic
plate (Fig. 1b). Once the desired pressure and temperature are attained, the cylindri-
cal tool is set to travel along the welding direction at a fixed speed (Fig. 1c). The
primary function of the cylindrical tool is to generate frictional heat while exerting a
sufficient local pressure to form a sound joint between the plastic and metal piece. A
strong bond forms at the interface after the melted plastic solidifies under pressure
(Fig. 1d).

The investigations about the dissimilar materials welding of metal and polymers
have been limited at linear velocities of less than 1m/min [14–16]. It is in urgent need
to develop a high-speed dissimilar welding technology for metal and polymer joints
that could enable the more excellent use of dissimilar material welds in high-volume
production applications.
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Fig. 1 Schematic illustration of friction lap welding: a rotating tool prior to contact with the plate;
b rotating tool presses against the plate while expanding the hot zone; c the rotating tool moves
relative to the plates, creating local heating and high pressure at the interface between metal and
polymer; and d the rotating tool moves away from the plates, producing a strong bonding between
metal and polymer

Experimental Procedures

6061-T6 aluminum alloy and polyamide 66 (PA66) sheets with dimensions of 600×
75×2 mm were subjected to welding. A specially designed cylindrical tool with an
embedded thermocouple was used to make the welds. The tip of the thermocouple is
1 mm away from the tool bottom surface. The tool diameter was 20 mm. The overlap
width was 16 mm. The FLW processes were operated under position control. The
plunging depth was set to be 0.45 mm. The cylindrical tool remained perpendicular
to the workpiece surface during FLW. The FLWmachinemonitored the forging force
during welding. The rotation rate (R) was set to be 3000 rpm for all the welds.

Lap shear tensile samples with a width of 20 mm were removed from the as-
welded samples for testing. The tensile shear test was carried out using a tensile test
machine (Instron 3366) at a tensile speed of 0.5 mm/min. The grip inserts were used
to align the grip centerline with the joining interface. The cross section of the welded
samples and fracture surfaces of the tensile samples were subjected to scanning
electron microscopy (SEM) analyses.

The simulated interface between 6061Al and nylon was made by depositing alu-
mina onto the PA66 plate surface through physical vapor deposition (PVD). The
PA66 plates with alumina coating were taken into another laboratory for XPS anal-
ysis. Argon ion beam sputtering was applied in the XPS vacuum chamber before
XPS measurement. XPS experiments were carried out in a Kratos Axis Ultra XPS
system using monochromatic Al X-ray source at room temperature. All the spectra
were calibrated by setting the C1s hydrocarbon peaks to the positions of binding
energy of 285.0 eV. All the data were analyzed by the Casa XPS software using the
Shirley-type background.
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Results and Discussion

The forging forces at the welding speed of 1, 3, and 5 m/min were summarized in
Fig. 2. It shows that the forging force applied to each weld maintained the same in
the stage of pin plunge and dwelling. This indicated the FSW welder executed the
command well in the tool plunge period as the tool plunge speed, plunge depth, and
dwelling time before tool traveling have been set to be the same for all the welds.
Figure 2 also shows that the forging force during quasi-steady state was significantly
affected by the welding speed. With an increase in the welding speed from 1 to
5 m/min, the average forging force increased from ~1 to ~6 kN (Fig. 2). The high
forging force at high welding speed could increase the pressure at the metal/polymer
interface which is highly desired during FLW to ensure the intimate materials contact
and to squeeze the bubbles out of the joining interface. A welding machine with high
stiffness is required for high-speed FLW due to the high forging force.

As very high welding speed as selected in this study, it is necessary to check
whether the tool indeed traveled at the designed speed. For this purpose, the variation
of tool position with time was recorded for validation. Figure 3 shows that the tool
indeed has reached the designed welding speed andmaintain constant in the majority
of the welding route.

Fig. 2 Variation of forging
force at different welding
speed from the beginning to
the end of the welds

Fig. 3 Variation of tool
position with time for
difference welding speed
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Fig. 4 Variation of tool
surface temperature with
position for difference
welding speed

Fig. 5 Tensile shear load for
sample extracted from
various locations of the weld
produced at 5 m/min

The temperature at the tip of the rotating tool was measured by the embedded
thermocouple, which was a reference of the local welding temperature. Although
the welding speed and forging force maintains constant during the whole path of the
liner welding, the welding temperature raised along the welding path during welding
(Fig. 4). For all the welds, the temperature increased rapidly in the first 100–200mm.
Following the sharp temperature increase is a moderate increase until the end of the
welds. Even after a welding path of 600 mm, the welding temperature did not reach
constant at all the invested welding conditions.

Lap shear tensile specimens were extracted at various locations of the weld pro-
duced at 5 m/min to investigate the effect of welding temperature on joining strength.
The results were summarized in Fig. 5. Al the tensile samples failed along the joining
interface instead of a cross-sectional failure, indicating the surface modification of
plates is necessary for further increasing the joining strength. Although the local
welding temperature increased along the liner direction of the weld, no clear trend of
increase or decrease of the joining strength along the welding path was observed. As
melted polymer squeezing out of the welding interface has been observed along all
the welding path, it is reasonable to believe that the polymer adjacent to the welding
interface was melted during welding. These indicated that as long as the welding
temperature is high enough to melt the nylon at the welding interface locally, the
welding temperature is no longer the dominant factor affecting the joining strength.
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Fig. 6 Cross-sectional macroscope observation of FLW joints produced at a 1 m/min, b 3 m/min,
and c 5 m/min

Fig. 7 Cross-sectional SEM
observation of FLW joints
welded at 5 m/min

The typical cross sections of the samples welded at different welding speeds were
summarized in Fig. 6. As the tool diameter (20 mm) is larger than the overlap width
of the sample (16 mm), the joining interface maintained straight and was generally
parallel to the top Al surface. Bubbles which commonly existed in samples produced
by low welding speed [7] FLW or Laser [8, 16] was not observed along the joining
interfaces. An SEM examination at higher magnification along the joining interface
shows that the nylon and 6061 Al plates were tightly bonded together along the
joining interface (Fig. 6). The bonding cannot be mainly ascribed to the mechanical
interlocking as a deep groove or a sharp protrusion was not observed at most parts of
the interface, and the tight boning was evident at locations with the relative smooth
interface (Fig. 7).

X-ray photoelectron spectroscopy (XPS) has been shown to be a valuable tool for
characterizing chemical reactions at themetal/polymer interface [17, 18]. The typical
spatial resolution of XPS is larger than several tens of micrometers while the interfa-
cial reaction layer of metal/polymer welds could be less than 1 nm. Thus, interfacial
chemical bonds cannot be discerned through a cross-sectional XPS examination of
the metal/polymer welds due to the low proportion of the retraction layer in an XPS
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Fig. 8 XPS survey spectrum (a) and Al2p core level spectrum (b) from a 15 nm thick Al2O3
coating on PA66 plate

Table 1 Chemical atomic composition obtained through XPS scan on PA66 with various thickness
of coating (without considering hydrogen atoms)

Alumina
thickness

O1s (at.%) N1s (at.%) C1s (at.%) Al2p (at.%) N1s/C1s
(at.%)

(O1s −
N1s)/Al2p
(at.%)

3.2 nm 45.45 3.25 22.10 29.20 0.147 1.45

1.5 32.84 5.98 41.28 19.90 0.145 1.35

spot. In addition, a typical XPS analysis depth is about 3–10 nm. It is very difficult
to precisely thin down either the metal or the polymer plates of metal/polymer joints
to that size. Due to great difficulties exists in using XPS for determining the inter-
facial chemistry in polymer/aluminum joints, alumina coatings were deposited onto
polyamide 66 (PA66) plates through a physical vapor deposition (PVD) process to
form an aluminum alloy/PA66 interface.

The PA66 plate with 15 nm thick alumina deposition was analyzed by XPS first
(Fig. 8) to determine the FWHM of the Al2p peak of alumina. Only the peaks of
O1s, Al2s, Al2p, and O2s were visible in the XPS survey. No C or N peak was
detected, indicating the 15 nm alumina is thick enough so that the photoelectron
emitting from PA 66 and possessing characteristic emission energies did penetrate
the alumina coating and did not contribute to any peak of the spectrum in Fig. 8.
The relative content of components O1s and Al2p was determined by the area under
the corresponding components (Fig. 8a). The results were summarized in Table 1
which shows that the atomic percentage of O1s and Al2p are consistent with the
content of O and Al atoms in Al2O3, confirming that the coating is pure Al2O3. As
Al2p spectrum in Fig. 8b is solely the result of the Al atoms in Al2O3 coating, only a
single component Al2O3, in which Al atoms are linked to oxygen, was resolved from
the Al2p spectrum at 74.6 eV. The FWHM of the Al2O3 component is determined
to be 1.5 eV.

Figure 9 shows the XPS survey spectra of the samples with a different thickness
of alumina coatings.With a decrease in the thickness of the alumina coating, the O1s,
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Fig. 9 XPS survey spectra (0–600 eV) as a function of Al2O3 coating: a 3.2 nm and b 1.6 nm

Fig. 10 Al2p core level spectra recorded as a function of Al coating: a 3.2 nm and b 1.6 nm

Al2s, and Al2p intensities declined while emission signals of N1s and C1s became
stronger. The attenuation of O1s, Al2s andAl2p intensities is ascribed to less alumina
to emit photoelectrons. The intensification of N1s and C1s peaks can be explained by
the screening effect that is more photoelectrons possessing characteristic emission
energies come from the PA66 surface have penetrated the thinner alumina coating.

The fittedAl2p spectra obtained from the PA66 plateswith 3.2 and 1.5 nm alumina
coatingwere shown in Fig. 10. The FWHMof all the resolved components fromAl2p
spectra is 1.5 eV. Figure 10a shows that in addition to the component of Al2O3 at
74.6 eV, a distinct component at 75.2 eV also appeared in the Al2p spectrum of the
sample with 3.2 nmAl2O3 coating. This new component was in the form of Al–O–C
bonds and expressed as Al–O–C. Another new component at 73.0 eV was observed
the spectrum collected from the samples with 1.5 nm alumina coating (Fig. 10b).
This new component involving the Al atoms linked directly to C atoms was denoted
as Al–C.

An increased proportion of Al–O–C components were detected when the alumina
coating became thinner (Fig. 10). This phenomenon indicated that more photoelec-
tron possessing characteristic emission energies of the Al–O–C bonds formed at the
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Fig. 11 Appearance of FLW sample welded at 5 m/min

PA66/alumina interface could penetrate the thinner alumina coating. All the Al2p
spectra in Fig. 10 have confirmed that the dominant new bond developed across the
interface of PA66/alumina is of the Al–O–C type. It should be noticed that such
Al–O–C components formed the PA66/alumina interface at room temperature PVD
process, demonstrating that elevated temperature is not necessary for the formation
of such chemical bonds. To build a strong FLW joint of PA 66 and Al plate, locally
melting of PA 66 is still necessary for developing Al–O–C components at the joining
interface as the two materials need to achieve a fully intimate atomic contact along
the join interface to develop enough Al–O–C bonds.

This study shows that metal and thermal plastic cab be joined together at very
high welding speed by FLW. In addition to mechanical interlocking, the high joining
strength can be contributed to the formation of Al–O–C components at the joining
interface. In addition to boosting productively, high-speed welding also exhibited
other advantages, such as reducing the bubble volume in the joints (Fig. 6) and
reduced welds distortion (Fig. 11).

Conclusion

1. Strong dissimilar materials welds of PA66 and 6061 Al was produced by friction
lap welding at welding speeds as high as 5 m/min.

2. The average plunge force remained at the same level over the entire weld at a
fixed welding parameter but increased with an increase in the welding speed. A
welding machine with high stiffness is required for high-speed FLW.

3. The temperature at the surface of aluminum plates increased as the tool trav-
eled along the path of the liner welding. The temperature variation at different
locations of the weld did change the joining strength of the weld as elevated
temperatures are not essential for forming Al–O–C bond at the joining interface.
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Ultrasound Enhanced Friction Stir
Welding (USE-FSW) of Hybrid
Aluminum/Steel Joints

Marco Thomä, Guntram Wagner, Benjamin Straß, Bernd Wolter,
Sigrid Benfer and Wolfram Fürbeth

Abstract Ultrasound Enhanced Friction Stir Welding (USE-FSW) is an innova-
tive hybrid method for solid-state joining. This process resulted in remarkably pos-
itive findings in the successful realization of hybrid aluminum/magnesium joints
as well as in first investigations on the microstructure of aluminum/steel joints
due to the parallel and synchronous transmission of power ultrasound into one
of the joining partners. The present work investigates the impact of additional
power ultrasound on the mechanical properties of AA6061/SAE1006-joints by
comparing FSW and USE-FSW. Therefore, light microscopy, as well as scan-
ning electron microscopy, was carried out for examining the microstructure of the
joints. Furthermore, mechanical tests on the microhardness of the weld zone of
the joints as well as tensile and first fatigue tests were examined. The investiga-
tions proved an influence of the power ultrasound by a change in the morphol-
ogy of the nugget. It showed to be more cleared up and also contains a thinner
intermetallic phase of FeAl3 at the interface aluminum to steel. Furthermore, an
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increase in the tensile strength of the joints of about 15% could be observed. First
stepwise load increase tests resulted in slightly different stress levels for the estimated
fatigue limit.

Keywords Friction stir welding · Ultrasound enhancement · Dissimilar metals
Fatigue

Motivation

The need for innovative and powerful joining techniques for joining high-
performance materials or realizing material compounds of different materials is
steadily increasing. Therefore, established conventional joining methods such as
fusion welding or brazing and soldering do not fulfill the necessary requirements for
joiningmaterials of different groups or categories like dissimilar metals [1]. Thereby,
the formation of brittle intermetallic phases (IM phases) due to a high heat input is
the main problem. Facing this challenge new joining techniques have been devel-
oped. Thus, the pressure welding process of friction stir welding (FSW) showed
great potential for realizing such dissimilar joints of metals as well as polymers
or composites due to its characteristic reduced heat input [2]. Industrial interesting
material combinations are aluminum/steel joints due to their big differences in phys-
ical properties. Considering their densities of 7.8 g/cm3 for steel and 2.7 g/cm3 for
aluminum the substitution of steel through aluminum at relevant areas of components
will result in a significant decrease in weight. This is of great interest for lightweight
and ecological efforts in several industrial areas like the transportation sector. Using
friction stir welding several scientific investigations have been made regarding the
microstructure of Al/steel joints as well as their mechanical properties and the pro-
cess parameters themselves [3–8]. The majority of the research work concentrates
on the presence of intermetallic phases at the interface of aluminum/steel joints due
to their high mostly negative impact on the resulting mechanical properties [4–6].
This shows that the comparatively low heat input of FSW reduces the amount of IM
phases compared to, e.g., fusion welding, but cannot avoid them completely. Mostly,
the intermetallics occur as a continuous layer over the whole thickness of the joints at
the interface [7, 8], whereas different morphologies and thicknesses lead to different
results for the mechanical properties. By studying the literature, it is obvious that
a small intermetallic phase results in the highest tensile strengths [3, 6, 8]. So by
optimizing the process parameters values of 86 and 80% of the tensile strength of the
weaker basematerial, aluminum could be observed [6, 8]. For increasing the possible
tensile strengths of Al/steel joints and making them more attractive for the industrial
field’s new approaches of hybrid joining techniques were developed like gas tungsten
arc welding assisted FSW [9], laser-assisted FSW [10] or electrically assisted FSW
[11]. All of these hybrid versions are based on an additional heating or preheating of
the base materials. This leads to reduced welding forces as well as higher feed rates.
Another promising approach is the additional transmission of power ultrasound in the
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friction stir welding process. For this, several transmission methods were developed
[12–17]. The patented ultrasound enhanced friction stir welding (USE-FSW) intro-
duces the power ultrasound in one of the sheet base materials and was carried out on
aluminum/magnesium—as well as on aluminum/steel joints [18–20]. Thereby, the
welding results were mostly positive regarding microstructure as well as mechanical
properties. USE-FSW joints showed a better stirring of the nugget for Al/Mg joints
as well as a reduction of continuous brittle intermetallic phase layers at the interface
nugget/magnesium [21]. Furthermore, the fatigue limit could be increased by a factor
of 3.5 using additional power ultrasound [22]. Regarding the corrosion characteris-
tics of these dissimilar joints, the enhanced stirring led to a stronger corrosive attack
[23]. For aluminum/steel USE-FSW showed a similar impact. The nugget appeared
more cleared up and an IM phase of FeAl3 developed at the interface of the base
materials was reduced in its thickness. Here, the transmission of power ultrasound
showed no significant influence on the resulting corrosion properties [20].

The present work investigates the influence of additional power ultrasound on
the resulting aluminum/steel joints of AA6061 and SAE1005. For these joints, the
microstructure was investigated by light and scanning electron microscopy (SEM).
The quasi-static mechanical properties of the joints were investigated by micro hard-
ness mappings and tensile tests. In addition to this, first, dynamic stepwise load
increase tests were carried out as well.

Experimental Procedure

The deep-drawing steel SAE1006 (1.0338; cold rolled) and the aluminum wrought
alloyAA6061T6 (AlMg1SiCu; cold rolled) were used to realize the dissimilar joints.
They were cut into a sheet geometry of 280 mm length, 100 mm width and 3 mm
thickness. A four-axis universal machining center DMU80T from DMG Mori was
used to realize the friction stir welding. It is additionally equipped with four load
cells from Kistler to run the process force-controlled and uses a pneumatic clamping
to fix the metal sheets in a butt joint configuration. For the aluminum/steel joints,
the steel was always placed on the advancing side. The FSW tool had a diameter of
16 mm for the shoulder, a 2.8 mm probe length with a metric thread of M6 and it
consisted of a tungsten-based alloy with 1% lanthanum oxides (Fig. 1b). The design
of experiment method of Taguchi was used to find parameters maximizing the tensile
strength of the joints [24]. Therefore, the rotational speed, the feed rate, the tilt angle
and the lateral offset of the probe surface to the faying surface were considered. The
final parameters were a rotational speed of 1250 rpm, a feed of 30 mm/min, a tilt
angle of 2°, a welding force of 2.5 kN in vertical direction (Z) and a lateral offset of
the center of the probe to the faying surface of the steel of 3 mm. A scheme of the
hybrid method of USE-FSW is shown in Fig. 1.

An ultrasonic roll seammodule of Schunk Sonosystemswas installed additionally
on the universal machining center. It runs synchronously and parallel to the FSW tool
within the process and introduces the power ultrasound with a resonance frequency
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Fig. 1 a USE-FSE setup and b used FSW-Tool

of 20 kHz, a generator maximum power of 3000 W and an amplitude of 38 μm. The
advancing side of the joints was always chosen for the transmission of the ultrasound.
The tensile tests were performed on a 20 kN Zwick Roell tensile testing machine
at room temperature. The specimen geometry was shape E of DIN 50125 and three
specimens of each joint were tested. For the determination of the estimated fatigue,
limit stepwise load increase testswere performedon a servohydraulic testingmachine
MTS Landmark 100 kN. The fatigue tests ran force controlled at room temperature
with a stress ratio of R�0.1, a frequency of 5 Hz and a number of 10,000 cycles for
each step before increasing the load by 2.5 MPa per step. The initial stress level was
estimated from the respective stress–strain curves. The elongation of the specimens
was determined using a clip gage. The geometry of the specimens was designed
following DIN EN 3987. The materials measured for the estimated fatigue lifetime
of 2 × 106 cycles was the plastic strain. Whenever no explicit reaction for the plastic
strain curve could be detected, a third-degree polynomial was used to fit the values
to a mathematical function. Afterward, the first derivative was calculated and used
to place tangents at its minimum (linear rise) and maximum (exponential rise). The
intersection point of these two tangents was presumed as the estimated fatigue limit
[25].

Results and Discussion

Light microscopic investigations were used for a first comparison of the microstruc-
ture for FSW- and USE-FSW joints. Figure 2 depicts the cross section of the
AA6061/SAE1006-FSW joint.
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Fig. 2 Cross section image of an AA6061/SAE1006-FSW joint

Fig. 3 Cross section image of an AA6061/SAE1006-USE-FSW joint

The image shows a complete bonding over thewhole interfacewithout anydefects.
The upper part of the interface runs under an angle α of about 50° against the hori-
zontal. It is assumed that the characteristic higher heat input in the upper region leads
to an enhanced material softening resulting in the depicted morphology. Moreover, a
clearly visible about 1 mm long hook (white arrow) from the steel base material has
developed at the center of the interface aluminum/steel, which assures a mechanical
interlocking. Concentrating on the nugget of the joint particles in different sizes and
with different morphologies is present which are assumed to consist of the basemate-
rial SAE1006. Figure 3 shows the cross section image of an ultrasound-enhanced
joint.

Also for the USE-FSW joint, a complete through-weld was achieved without
visible failures. The interface appears more uniform than for the FSW joint with an
almost perpendicular shape. So, the behavior differs from the FSW joint. Regarding
the nugget, zone particles are also present, but this time smaller and less. So the USE-
FSW joint in general is more cleared up. This microstructural differences caused by
the additional transmission of power ultrasound in the welding zone corresponds
with the findings of Thomä et al. [20]. Taking a closer look on the interface of the
aluminum/steel joints, scanning electron microscopy was carried out. A comparison
of both joints is depicted in Fig. 4.
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Fig. 4 Scanning electron microscopy image of a FSW joint and b USE-FSW joint

Image (a) shows the presence of a continuous intermetallic phase layer between
aluminum and steel which was typically expected and is in accordance with the
literature [3, 6, 8, 20].VariousEDXspotmeasurements lead to the assumption that the
IM phase layer with a thickness of about 1 μm consists of the aluminum-rich FeAl3.
This finding is also in good accordance with earlier research work and is assumed to
be a dominating factor for the resultingmechanical properties of the dissimilar joints.
In comparison to FSW, the ultrasound enhancement (Fig. 4b) also shows a continuous
intermetallic layer, also assumed to consist of FeAl3. But this time it is considerably
thinner reaching only about 40% of the thickness of FSW. Furthermore, the particles
in the nugget found in light microscopic investigations were determined to consist of
the steel base materials SAE1006. To get information about the quasi-static behavior
of the Al/steel joints with and without power, ultrasound tensile tests were carried
out leading to the diagram for the comparison of tensile strengths depicted in Fig. 5.

The diagram also contains the tensile strengths for the two base materials
SAE1006 with 294 MPa as well as AA6061 with 203 MPa. The FSW joint reached
122 MPa which correspondents to about 60% of the aluminum base material. Addi-
tional power ultrasound increases the tensile strength up to 139 MPa, leading to an
improvement of about 15%. Compared to the findings in the literature, the achieved
strengths are slightly lower, whereas it is important to look after the specific alloys
which were joined in the concerned investigations. Beside quasi-static tensile tests
first dynamic examinations have been carried out through first stepwise load increase
tests on the different joints. Figure 6 shows the behavior of the AA6061/SAE1006-
FSW joint under cyclic loading.

The stepwise load increase tests started each at a stress level of 10 MPa due to the
brittle failure character of the joints. The FSW joint reached a stress level of about
50 MPa where its fatigue limit is assumed to be regarding the reaction behavior
of the plastic mean strain. This correspondent to about 41% of the tensile strength
of the FSW joint. Regarding the literature Straß carried out similar investigations
on aluminum/magnesium joints, whereas his FSW joint reached a lower assumed
fatigue limit of 22.5 MPa [21]. For the USE-FSW joints of Straß a fatigue limit of
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Fig. 5 Comparison of tensile strengths of base materials, FSW-and USE-FSW joints

Fig. 6 Stepwise load increase test of a FSW joint
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Fig. 7 Stepwise load increase test of an USE-FSW joint

25 MPa was assumed. Figure 7 shows the stress cycles diagram for the USE-FSW
joints of AA6061/SAE1006.

The estimated fatigue limit is detected to be at around 42.5MPa, which is 7.5MPa
lower than the value for the FSW. This is in contrast to the findings of the quasi-
static tensile tests of AA6061/SAE1006 where USE-FSW reached higher strengths
in comparison to the investigations of Straß, who found a higher fatigue limit for his
USE-FSW joints. The reason for this could be on one hand that the joints have a very
brittle failure characteristic resulting in a bigger scattering of the measurements and
on the other hand that this method gives an assumption about the fatigue limit, which
was in good accordance to previous investigations in the literature. Only monotonic
load tests can determine the real fatigue limit.

Summary and Outlook

The present work investigated the influence of additional power ultrasound during
friction stir welding on the microstructure as well as on the mechanical properties of
dissimilar AA6061/SAE1006 joints. The optical microscopic investigations showed
defect free welds for both joint types. Additionally, differences in the developing
microstructure were obvious regarding the nugget, which appeared more cleared
up for the USE-FSW joint. The power ultrasound enhanced joint contained less
and smaller particles of the steel base material SAE1006. Furthermore, a differ-
ent morphology of the interface aluminum/steel was found in the form of a nearly
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perpendicular form for USE-FSW compared to an angle of about 50° against the
horizontal for the FSW. During SEM examinations, a continuous intermetallic layer
probably consisting of the aluminum-rich FeAl3 could be detected for both joint
types, whereas the thickness was reduced by about 40% for the ultrasound enhanced
joint. The tensile tests showed that the realized FSW joint reached about 60% of the
strength of the aluminum basematerial, whereas the addition of power ultrasound led
to an improvement in the tensile strength of about 15% for the mean values. Regard-
ing the behavior of the joints under cyclic loading through stepwise load increase
tests slightly different assuming fatigue limits were achieved, where the FSW joint
reached higher values of 50 MPa compared to 42.5 MPa for USE-FSW. This finding
will be investigated by further cyclic monotonic load tests, to examine the fatigue
limits of both joint types and verify their accordance with the assumed values.
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Effect of Stress Concentration
on Strength and Fracture Behavior
of Dissimilar Metal Joints

Tianhao Wang and Rajiv Mishra

Abstract Dissimilar metal joints tend to fracture along the welded interface during
tensile testing, particularly in butt joint configuration. A common explanation relates
formation of brittle intermetallic compound layer at dissimilar weld interface to crack
initiation and propagation. This typically leads to lower strength and ductility of the
dissimilar material joint. However, another critical aspect determining strength and
fracture behavior of dissimilar material joints is the existence of stress concentration
at the welded interface during mechanical loading. Mismatch of elastic modulus of
dissimilar materials creates stress concentration at the initial stage of mechanical
loading, which facilitated crack initiation at the welded interface. In this overview,
factors leading to stress concentration and their impact on dissimilar joint strength
and fracture behavior have been highlighted.

Keywords Dissimilar joining · Fracture · Stress concentration

Introduction

Joining of the dissimilar metals can increase the design flexibility in industries [1].
Dissimilar metals can be divided into two main categories: miscible or immiscible
systems. For miscible system, brittle intermetallic compound (IMC) layer generally
form,which led to crack initiation and propagation during deformation-based testing.
Therefore, solid-state joiningmethods have been applied formiscible systems, which
require less heat input and resultant thin IMC layer. For instance, ultrasonic welding
[2], roll bonding [3], diffusion welding [4], friction welding [5], and friction stir
welding (FSW) [6, 7] have been applied for Al/steel joining. A widely accepted
conclusion is that thicker IMC layer leads to lower joint strength [8]. While for
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immiscible system,weak interactions resulted in poor joints. Immiscible combination
of magnesium alloy and steel was bonded via either high-power density welding
process such as laser welding [9] or ultrasonic spot welding with zinc interlayer [10].
In addition, FSW has proved to be an effective method for immiscible combination
of magnesium/steel [11] and copper/steel [12, 13].

Result shows that joints generally fracture at the weld interface even when dissim-
ilar materials are immiscible and no IMC layer existed at welded interface. In such
cases, stress concentration is the main factor resulting in interfacial failure [12]. In
this analysis, three combinations: copper/steel,magnesiumalloy/steel, and aluminum
alloy/steel are summarized to separate the effect of IMC and stress concentration on
joint strength and fracture behavior.

Experimental Procedures

110-O copper, AZ31 magnesium alloy, and AA2024-T4 aluminum alloy sheets
(thickness~6.0 mm) and 316 stainless steel (316 SS) sheet (thickness~5.75 mm)
were friction stir butt welded using aW-Re tool. During FSW, steel sheet was placed
on the advancing side (AS), while Cu (Mg, Al) sheet was positioned on the retreating
side (RS) (Fig. 1a). The tool offset was positioned from the Cu (Mg, Al)/steel inter-
face to favor the Cu (Mg, Al) side by 2.2 or 2.5 mm. The W-Re tool had a threaded
conical pin of pin length, pin diameter at root and tip, and shoulder diameter of
4.0 mm, 7.6 mm, 5.0 mm, and 16.0 mm, respectively. And, image of the tool was
shown in a previous study [14]. Standard tensile testing (ASTME8-04) and mini ten-
sile testingwere conducted to evaluate Cu (Mg,Al) alloy/steel joint strength andweld
stir zone (SZ) strength, respectively (Fig. 1b). The width, thickness, and gage length
of the mini tensile samples were 1.0, 1.0, and 3.0 mm, respectively. The chemical
compositions of all the base materials are listed in Table 1. Welding parameters for
joints 1–4 including rotation rate (R), traverse speed (T), plunge depth in steel (Pd),
tool tilt angle, and tool offset are listed in Table 2. Scanning electron microscopy

Fig. 1 Schematic of a friction stir butt welding of Cu (Mg, Al) and steel sheets and b fabrication
of standard and mini tensile samples
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Table 1 Chemical composition of base materials

Base materials Elements (wt%)

Al Zn Cu Mg C Mn Si Cr Ni Mo Fe

110-Cu – – Bal. – – – – – – – –

AZ31 2.83 0.80 0.002 Bal. – – – – – – –

AA2024 Bal. – 4.4 1.5 – 0.6 – – – – –

SS316 – – – – 0.08 2.0 0.03 17.0 12.0 2.50 Bal.

Table 2 Welding parameters for joints 1–4

Joint
number

Composition R (RPM) T (in./min) Pd (mm) Tilt angle
(˚)

Tool offset
(mm)

1 110 Cop-
per/SS316

500 1.0 4.75 2.5 2.5

2 AZ31/SS316 600 1.0 4.75 2.5 2.5

3 AA2024-
T4/SS316

400 2.0 4.75 2.5 2.5

4 AA2024-
T4/SS316

400 2.0 4.75 2.5 2.2

(SEM) was used to investigate the microstructure of cross section of welded joints
and welded interface.

Results and Discussion

Mechanical properties including elastic modulus, yield strength, and ultimate tensile
strength of base materials are plotted in Fig. 2. As compared with SS316, 110 Cop-
per, AZ31 magnesium alloy, and AA2024-T4 aluminum alloy have lower modulus,
yield strength, and ultimate tensile strength. Therefore, strain concentrated on 110
copper, AZ31, and AA2024-T4 part during testing on welded 110 copper/SS316,
AZ31/SS316, and AA2024-T4/SS316.

Cross sections of butt joints 1–4 are displayed in Fig. 3a–d. There is no IMC
layer at 110 copper/SS316 (joint 1) interface due to immiscibility between Cu and
Fe (enlarged picture in Fig. 3a). For AZ31/SS316 (joint 2), there is a very thin IMC
layer at the interface due to the fact that AZ31 magnesium alloy contains 3 wt% Al
in the matrix which can diffuse to weld interface and react with Fe forming Al–Fe
IMCs [11]. For AA2024/SS316, IMC layer thicknesses are~0.2 and~0.6 µm for
joints 3 and 4, respectively, at AA2024-T4/SS316 interface. Reduced tool offset in
Al and resultant excess deformational heat on steel results in increase of IMC layer
thickness. In addition, the amount of steel fragments increase with decreasing tool
offset in Al (Fig. 3c, d).
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Fig. 2 Mechanical properties of base 110-O copper, AZ31 magnesium alloy, AA2024-T4 alu-
minum alloy, and 316 stainless steel

Fig. 3 Cross section of a joint 1 (110 copper/SS316), b joint 2 (AZ31/SS316), c joint 3
(AA2024/SS316), and d joint 4 (AA2024/SS316)
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Fig. 4 Stress–strain curves
of welded
110-copper/SS316,
AZ31/SS316, and
AA2024-T4/SS316
specimens

Tensile testing of butt-welded joints 1–4 shows that joint 1 fractured along the
copper next to weld interface and joints 2–4 fractured along the weld interface. As
shown in Fig. 4, joint 1 shows ductility due to no IMC existing at weld interface.
Additionally, joints 2–4 show limited ductility due to IMC layer at the weld interface.
As comparedwith joint 3, joint 4 has a thicker IMC and a higher joint strength. This is
contrary to a well-accepted conclusion that higher IMC layer thickness leads to lower
joint strength. The increase in joint strength of joint 4 results from the strengthened
SZ, which was due to the existence of steel fragments [14]. Yield strength and
ultimate tensile strength of base materials, joints 1–4 and SZ of joints 1–4 are plotted
in Fig. 5. It displays that the joint strength is influenced by strength of SZ. Since SZ
of joint 4 has higher strength than SZ of joint 3, the crack initiation in joint 4 was
delayed due to lower stress concentration at the interface. It is important to consider
the elastic modulus mismatch. The SZ with dispersed steel fragments (joint 4) make
the transition smoother and result in better overall distribution of plastic strain. This
finding can guide further development of dissimilar material joining.

Conclusions

(1) Joint strength for dissimilar materials was determined not only by IMC layer
thickness but also by strength of the SZ when the joints fractured along the
welded interface.

(2) Stress concentration at the weld interface initiated the crack, and joint strength
increased with strength enhancement of the SZ.
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Fig. 5 Comparison of yield
strength and ultimate tensile
strength of base materials
and dissimilar joints

(3) SZ strength was enhanced via dispersal of steel fragments, which reduced
mechanical property mismatch between two sides of the welded interface.
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Friction Stir Welding
of Fibre-Reinforced Titanium
Composites for Aerospace Structures

Jonathan Martin, Craig Blacker, Kathryn Beamish and Advenit Makaya

Abstract Composite materials consisting of a titanium alloy reinforcedwith contin-
uous silicon carbide fibres, called TiSiC, are currently being investigated to enhance
performance for applications where titanium alloys are used. Conventional fusion
welding techniques create difficulties due to the detrimental impact of high temper-
ature on the fibre/metal interfaces. This study describes the application of stationary
shoulder friction stir welding (SS-FSW) technique to join TISIC components to
monolithic titanium. Microscopic investigations had shown flaw-free welding, until
the SSFSW tool started to mechanically interact with the SiC fibres. When subjected
to tensile testing, the weld properties were superior to the parent monolithic titanium.
The comprehensive investigation of fracture toughness, residual stress and fatigue
properties of the weld components are presented and potential advantages discussed.
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Background

Titanium composite materials consisting of a titanium alloy reinforced with con-
tinuous silicon carbide (SiC) fibres, called ‘TiSiC’, are currently being investigated
to enhance performance in applications where conventional titanium alloys are cur-
rently used. The silicon carbide fibres are lighter, stronger and stiffer than themetallic
matrix, thereby offering the possibility of significant weight savings when manufac-
turing aerospace components such as xenon propellant tanks. TiSiCmeets or exceeds
the performance ofmany high-strength titanium alloys, is equally corrosion resistant,
with superior fatigue properties and crack arrest capabilities. Components can be 30
to 70% lighter than monolithic titanium versions based on how much the design is
tailored for the composite material [1].

Joining of the composite tomanufacture components is challenging. Conventional
fusionwelding techniques create difficulties due to the detrimental impact of elevated
temperatures on the fibre/metal interfaces. Decomposition of the SiC allows for a
reaction of titanium with silicon and carbon, resulting in the formation of brittle
phases which significantly reduce joint strength.

Hot isostatic press (HIP) diffusion bonding techniques have been used success-
fully in research demonstrator components [2]; tooling cost, complexities and size
limits have hindered further practical application of the TiSiC material to date. As
such, potentially lower cost alternative solid-state joining techniques such as friction
stir welding (FSW) are being investigated.

The TiSiC used in this study consists of layers of 140-micron diameter SM3256
silicon carbide (SiC) fibres with a 14-micron tungsten core supplied by TISICS Ltd.
The fibres are arranged in layers embedded in a matrix of titanium alloy Fig. 1.
The fibre orientation provides directional improvement in mechanical strength. This
material is also commonly referred to in other literature as TMC or Ti-MMC.

Fig. 1 Layers for SiC fibres
in a titanium alloy matrix:
TiSiC composite [3]
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Fig. 2 Comparison of typical specific properties for monolithic and uniaxial TiSiC (i.e. TMC)
materials [4]

The specific strength and specific modulus of Ti-6Al-4 V and Ti-3Al-2.5 V with
and without fibres are compared in Fig. 2. The specific properties of TiSiC are at
least 50% higher than monolithic material.

This paper describes the feasibility of using FSW to join TiSiC to a monolithic
titanium alloy without damaging the reinforcing fibres and resultant weld properties.

Friction Stir Welding

Friction stir welding was invented by TWI in 1991 [5]. It has been demonstrated that
FSW can join monolithic titanium alloys with very good mechanical performance
across the weld and very narrow heat-affected zones. This offers the potential for
narrow mass efficient weld regions for attaching TiSiC to monolithic design features
and for closure of composite pressure vessels and tanks. Due to the lower thermal
conductivity of titanium, the use of conventional FSW tools is problematic, due to
uneven heat generation leading to component surface overheating. TWI developed
a new technique in 2005 [6] called stationary shoulder FSW (SS-FSW). The near
vertical weld nugget interface offers the potential to present a consistent thermal
profile to the fibres in the TiSiC material being joined.
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Initial FSW Trials

The initial work undertaken aimed to establish the effect of the SS-FSW technique
on the TiSiC fibres and the impact of fibre orientation. Two TiSiC plates (3mm thick)
with both TiSiC and monolithic regions were fabricated, consisting of eight layers of
SiC fibres in a Ti-3Al-2.5 V matrix. In one panel, the fibres were orientated parallel
to the welding direction (Panel ‘W5’) and the other perpendicular (Panel ‘W6’), as
shown in Fig. 3.

At the start of the weld, the outside diameter of the probe was positioned 7 mm
away from the fibres and then traversed through the plate, such that it was 7 mm into
the fibres at the weld end. The advancing side of the weld was placed on the TiSiC
side of the panel.

Macrograph samples and tensile specimens were extracted from each panel and
assessed every 1–2 mm in tool position change, relative to the fibres, throughout the
weld length. The results of the visual assessment are shown in Fig. 4 and the tensile
results are shown graphically in Fig. 5.

The tensile specimens where the FSW probe was +7 to +1 mm away from the
fibres failed within the TiSiC region. This was not unexpected, since tensile strength
perpendicular to SiC fibres has previously been shown to be weaker than equivalent
monolithic material.

The results from Panel W6 are shown in Fig. 6. The tensile specimens where the
FSWprobewas +7 to−1mmaway from the fibres failedwithin the parentmonolithic
plate. This conforms to the expected failure position since the TiSiC panels are
longitudinally reinforced, and therefore stronger than the monolithic material. This
also demonstrated that theweld regionwas also stronger than themonolithicmaterial.

In both trials, the FSW probe exhibited severe tool wear, due to the abrasive
action of the SiC fibres as it entered and welded in the TiSiC region. From this
initial investigation, it was decided that subsequent trials would focus on TiSiC laid
perpendicular to the weld, with the FSW tool probe traversing at a position +2 mm
from the SiC fibre ends.

Fig. 3 Fibre orientation in the two test panels
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Fig. 4 Macrographs taken from Panels W5 and W6

Fig. 5 UTS plotted as a function of distance of the FSW probe from the fibres

Manufacture of Test Panel

The configuration of the test panel (butt weld) is shown in Fig. 7. This consisted of
monolithic Ti-3Al-2.5 V plates for the run on and run off tabs and the plate on the
weld retreating side. To ensure a consistent fibre end termination position, a TiSiC
panel was initially fabricated and thenwire cut to exact dimensions, incorporated and
subsequently hipped into a monolithic frame producing a hybrid panel with a 7 mm
wide Ti-3Al-2.5 Vmargin to abutt to the monolithic plate on the weld retreating side.
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Fig. 6 UTS plotted as a function of distance of the FSW probe from the fibres

Fig. 7 Schematic of the test panels. Red zone indicating TiSiC material and blue monolithic Ti-
3Al-2.5 V

As the FSW probe diameter was 10 mm, this would place its edge 2 mm from the
fibre ends when traversing the tool in the joint line of the abutting plates.

Three plates were fabricated for assessment using a tool probe rotation speed of
900 rpm and a welding speed of 100 mm/min.

Plate Assessment

The following section presents properties of the friction stir welded specimens. All
test specimens were extracted from the welded plates via wire EDM.
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Tensile Strength

Tensile tests were performed on three specimens according to ASTM standard E8-
15a (WMTR W6 ‘dog bone’ specimen design). The specimens were each extracted
from the three different weld plates and had a nominal gauge width of 6.0 mm and a
25.0 mm gauge length. Strains were measured using a dual averaging extensometer
and an optical strain measuring device for measurement for the total duration of the
test. The testing was carried out in strain rate control at an initial rate of 0.0025
strain/min, beyond yield, a second rate of 0.050 strain/min was adopted and the
extensometer removed.

Table 1 shows a summary of the results from the three FSW specimens and
Table 2 shows a summary of the baseline testing results on diffusion bonded (DB)
specimens. The tensile strength of the FSW was on average 6.4% (yield) and 5.89%
(UTS) stronger compared to the equivalent DB specimens. The FSW results also
indicated a net 12% increase in joint stiffness compared with the DB joints. This is
unlikely to be the genuine weld material modulus and is most likely an artefact due to
the specimen configuration (i.e. artificial reduction in specimen gauge length). These
relative results are promising; however, they highlight the need for further work if
the absolute properties of the welded alloy are to be determined. Part-level testing
may be a more appropriate engineering method for identifying weld performance in
real-world components.

Figure 8 presents a comparison of the stress versus strain curves for both the diffu-
sion bonded (DB) and friction stir welded (Friction Stir Welding (FSW)) specimens.
In general, the consistency of both sets of results is good, but compared with the DB
specimens, there is a slightly broader spread amongst the data for the friction stir
welding (FSW) specimens (5.7 versus 17 MPa UTS standard deviation). The TiSiCs
friction stir welding (FSW) process development is in its early stages and such vari-

Table 1 Tensile test results for Ti-3Al-2.5 V alloy to TiSiC friction stir welded joints

Sample ID Modulus
(GPa)

0.2% PS
(MPa)

UTS (MPa) Total elong.
(%)

R of A (%)

W17 128 620 723 9.68 41.7

W18 131 623 737 10.11 38.8

W19 129 597 696 10.26 41.8

Average: 129 613 719 10.0 40.8

Stdev: 1.2 11.6 17.0 0.2 1.4

Table 2 Tensile test results for Ti-3Al-2.5 V alloy to TiSiC diffusion bonded joints

Sample ID Modulus
(GPa)

0.2% PS
(MPa)

UTS (MPa) Total elong.
(%)

R of A (%)

T1 118 588 676 19 47.6

T2 114 575 687 20.1 47.3

T3 114 564 674 17.6 47.8

Average: 115 576 679 18.9 47.6

Stdev: 1.9 9.8 5.7 1.0 0.2



50 J. Martin et al.

Fig. 8 Comparison of stress versus strain behaviour for monolithic Ti-3Al-2.5 V to TiSiC friction
stir welded or diffusion bonded joints

ations in strength would be expected depending on the proximity of the peak stress
relative to the weld heat-affected zone (HAZ).

The FSW joint results also suggested a 43% reduction in strain to failure com-
pared with the DB specimens. This is a significant reduction, but at 10% strain to
failure, the FSW specimen behaviour is still relatively ductile and is, in fact, a closer
match to the typical 1% strain to failure of 0° reinforced TiSiCs. However, as with
the modulus data, this measurement is most likely an artefact due to the specimen
configuration. Obtaining representative elongation/stain measurement on FSWs is a
known challenge. Due to the non-homogenous nature of the weld HAZ, specimen
deformation tends to be concentrated in a localised area, thus artificially reducing
the effective gauge length and resulting in lower overall elongation measurement
compared with more homogenous materials (i.e. diffusion bond).

Fatigue

Fatigue testing was performed to ASTM standard E466-07. Testing was undertaken
at four load levels, specifically, 80%, 70%, 60% and 50% of the load corresponding
to the ultimate tensile strength of the material, with three repeat tests at each level.
As shown in Fig. 9, the FSW fatigue performance was found to be comparable to
that of the baseline monolithic Ti-3Al-2.5 V alloy.
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Fig. 9 Comparison of fatigue behaviour for friction stirweldedTi-3Al-2.5V joints versus as-HIPed
Ti-3Al-2.5 V alloy and TiSiCs materials

Residual Stress

Surface residual stress characterisation was completed on a Ti-3Al-2.5 V flat plate
friction stir weld using the centre hole drilling technique (Table 3). Five residual
stress measurements were performed in the weld nugget, HAZ and parent material
of a Ti-3Al-2.5 V flat plate friction stir weld. The highest tensile residual stresses
were measured in the weld nugget. These measured between 312 MPa and 318 MPa
in the longitudinal direction and 25 MPa and 67 MPa in the transverse direction.
Residual stressmeasurements in theHAZandparentmaterialwere low, themaximum
principal stresses were measured between −23 MPa and 16 MPa.

Table 3 Residual stress measurement results

Results: Ti6AL4 V flat plate FSW

Measurement
position
(hole—region)

Residual stress, (MPa) Principal stress
angle measured CW
from transverse
direction (degrees)Max Min Transverse Longitudinal

Hole depth�0.5–0.8 mm Hole diameter�0.75–0.85 mm

1—Weld nugget 318 67 67 318 89

2—HAZ −23 −71 −28 −67 18

3—Parent material 11 −8 11 −8 2

4—Weld nugget 315 22 25 312 96

5—HAZ 16 −23 14 −21 14
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Fracture Toughness

Three compact tension (CT) specimenswith SiCfibreswere sent for J-integral testing
per ASTM E1820-17a. The specimens were wire eroded and machined to a nominal
width (W) measuring 10.16 ×10.16 mm and were fatigue pre-cracked to a final a/W
of approximately 0.5. The results from the baseline diffusion bonded specimens are
shown in Table 4, whilst the latest results from the friction stir welded specimens
are shown in Table 5. It should be reiterated for J1C testing that the J parameter is a
measure of energy needed to drive a crack under monotonic loading conditions. This
value is calculated at several points along a loading curve. The load line compliance
and the area under the load versus clip gauge opening displacement curve are used
in calculating the crack length and J values. A plot of J versus the change in crack
length is then plotted. A least squares curve is then plotted through the valid data
set. Where this regression line crosses an offset line, a qualification J is chosen and
called Jq. A series of nine validity checks are then run. If these checks pass, the
qualification J is then termed J1C.

For most of the specimens tested, both baseline and FSW, the test results obtained
did not pass all criteria to qualify as J1C values. However, one of the FSW results,
fromW18, passes all criteria, and thus represents a J1C data point. Due to the one-off
aspect of this result, all fracture data have been presented as Jq values, although a
comment is placed in Table 5 stating which value passed the J1C validity checks.

The three-specimen average for the FSW samples was 137.14 MPa
√
m which

is an approximate 18.5% increase over the diffusion bonded specimen average of
115.75 MPa

√
m. However, given the spread in the data and accounting for standard

deviations, this result cannot be described as a significant difference. Due to the high
level of variation in fracture toughness data, it is recommended that a larger number

Table 4 Baseline fracture toughness data for TiSiCs to monolithic Ti-3Al-2.5 V DB joints

Specimen Testlog no. JQ (kJ/m2) KJQ (MPa
√
m) Unstable

J1 25709H 141.58 131.69 No

J2 25701H 102.22 108.63 No

J3 25702H 89.92 106.91 No

Average 111.24 115.74

Stdev 22.03 11.30

Table 5 Fracture toughness for FSW joints between TiSiCs and monolithic Ti-3Al-2.5 V

Specimen Testlog no. JQ (kJ/m2) KJQ (MPa
√
m) Unstable Comments

W17 3579H 120.99 122.53 No

W18 3580H 122.48 123.88 No J1C data

W19 3581H 210.57 165.02 No

Average 151.35 137.14

Stdev 41.88 19.72



Friction Stir Welding of Fibre-Reinforced Titanium … 53

of specimens be tested in future studies. What this initial data does suggest is that
the FSW has a beneficial impact with regards to fracture toughness of the joint and
is at least just as good as the diffusion bonded baseline. Due to the nature of the test,
the variation observed is likely due to the specific nature of how the cracks deflected
during the test. For example, the TiSiCsmaterial has superior crack arrest capabilities
compared with monolithic materials, thus, any cracks trying to propagate through
the TiSiCS side of the joint would likely be deflected, resulting in higher toughness
values. Such results have not been excluded from the average calculation because,
ultimately, this is the nature of this joint configuration. From inspection of the failed
specimens, all fractures appeared normal.

Fatigue Crack Growth Rate (FCGR)

One compact tension (CT) specimen was subject to fatigue crack growth rate testing
per ASTME647-15. The specimenwas initially wire eroded and thenmachined from
thewelded platematerial to awidth and lengthmeasuring 30×30mm. The specimen
was pre-cracked and then tested at room temperature in laboratory air, with a stress
ratio of 0.1 at a cyclic frequency of 30 Hz. An electric potential system consisting
of a constant current supply was used to continuously monitor the physical crack
length (a) on the specimen. Electric potential probes were attached to the front face
of the specimen on either side of the specimen’s notch. Test results from both the
FSW specimen and diffusion bond specimen can be seen in Fig. 10.

In general, both sets of results are consistent with each other, which are also
consistent with the expected behaviour for the monolithic Ti-3Al-2.5 V alloy. This
provides excellent confidence in the fatigue behaviour of the fibre termination region,
as this is a frequent area of concern of TiSiC components.

Structural Component Comparison

As a minimum, the material performance of the FSW joint as implemented into
the structural component (xenon tank) should meet or exceed that of the current
technology (i.e. diffusion bonding). As such, the structural component performance
requirements are the same as the diffusion bonded, i.e. baselinematerial performance.
Table 6 presents both the baseline and FSW joint performance data for comparison.
The FSW joint meets or exceeds the diffusion bond in all aspects apart from strain to
failure; therefore, the FSW joint can be considered to satisfy the structural component
requirements in each of these areas. When considering the strain to failure, the
structure itself will consist of both composite body and monolithic ends. Given that
the composite has a strain to failure of 1% despite the FSW joint being 50% that of
a diffusion bond, in absolute terms, a strain to failure of approximately 10%, as with
the FSW joint, would be satisfactory.
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Fig. 10 Comparison of fatigue crack growth rate for diffusion bonded and friction stir welded
TiSiCs to monolithic Ti-3Al-2.5 V joints

The quantitative property values obtained for the FSW joint can now be used in
future studies to help select the appropriate thickness of themonolithic regions. Since
the performance of the FSW has been shown to be comparable or superior to that of a
diffusion bond, there is no specific requirement for an additional knockdown factor to
account for the presence of the FSW. In other words, the thickness of the monolithic
regions does not need to be increased beyond what is required for a diffusion bonded
joint. A two-step manufacturing route to diffusion bond a monolithic Ti-6Al-4 V
strip onto the edge of a pre-consolidated TiSiC panel is recommended. The TiSiC
preform should be wire eroded for controlled fibre termination and position control.
The thickness of the Ti-6Al-4 V monolithic strip should be greater than that of the
bulk TiSiC plate, with a gradual taper leading from the TiSiC plate to the maximum
monolithic thickness. The thickness increase will be such that the tensile failure
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Table 6 Comparison of WP5 results against the baseline and structural component requirements

Parameter Baseline FSW Target component
requirement

Acceptable

Visual Seamless Slight distortion Properties dictate N/A

Microstructure Homogenous,
coarse grains

Non-
homogenous, fine
grain

Properties dictate N/A

Micro-hardness (Hv) 280 290 Non-critical Yes

Ultimate tensile (MPa) 679 719 Same or higher Yes

Yield strength (MPa) 576 613 Same or higher Yes

Strain to failure (%) 20%+ ~10% 1%< Yes

Young’s modulus (GPa) 115 129 Same or higher Yes

Fatigue See Fig. 9 Comparable Same or higher Yes

Fracture Toughness
(MPa

√
m)

115 137 Same or higher Yes

Fatigue crack growth rate See Fig. 10 Comparable Same or higher Yes

Residual stress (MPa) 11 318 Up to 450 MPa Yes

load of the monolithic region will exceed that of the higher strength TiSiC plate.
The Ti-6Al-4 V monolithic plate for welding should be purchased from commercial
suppliers. Any run on and run off required should be provided by separate monolithic
plates. In addition, the process development trials have identified that a 2 mm probe
to fibre distance is satisfactory when welding 3 mm thick material with a 10 mm
diameter probe.

Two weld configurations are available; the first is to have a double taper, where
there is a transition to a thicker monolithic region on both faces of a TiSiC plate.
This is a more balanced configuration, but the initial plate manufacture and fixturing
would be more complex. Option 2 is to have a sufficiently large taper on only one of
the TiSiC panel faces. This is not symmetrical, but would be easier to manufacture
and fixture during the FSW process (see Fig. 11).

Conclusions

• The SSFSW technique successfully produced sound welds in monolithic Ti32.5
to TiSiC plates, with the highest ultimate tensile strength of 768 MPa achieved.

• The monolithic width of 7 mm on the abutting edge of TiSiC plates is sufficient
to avoid any damage to SiC fibres during welding.

• The control over dimensional accuracy of TiSiC plates is critical to the successful
performance of the SSFSW process.

• Friction stir welded joints between TiSiC and monolithic Ti-3Al-2.5 V plates have
been characterised using a range of tests. The FSW results were comparable or
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Fig. 11 Recommended TMC panel configuration for FSW: a Option 1 double taper; b Option 2
single taper

higher than the baseline (i.e. diffusion bond) in every metric tested apart from
strain to failure, which was approximately 50% that of the baseline.

• A comparison between the FSWperformancewas done to target structural compo-
nent performance needs for a xenon tank. The structural component requirements
are based on the baseline performance, thus, as expected, the FSW results satisfied
the necessary criteria in every tested metric. This also included strain to failure
because, although the FSWwas approximately 50% that of a diffusion bond, given
that the TiSiCs material has a strain to failure of 1%, a strain to failure higher than
this would still be satisfactory.
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Wear Mechanism for H13 Steel Tool
During Friction Stir Welding of CuCrZr
Alloy

Pankaj Sahlot, R. S. Mishra and Amit Arora

Abstract Wear affects shape and size of the friction stir welding (FSW) tool, and
leads to unexpected weld properties and shorter tool life. Understanding wear mech-
anisms during FSW is important to prevent or reduce tool wear and ensure longer tool
life for joining of high melting point metallic (HMPM) materials. Severe tool wear
is a consequence of extreme thermo-mechanical environment around the tool during
welding. The macroscopic and microscopic investigations of wear mechanism are
conducted by performing 3D profilometer and scanning electron microscopy (SEM)
with energy dispersive spectroscopy (EDS). Analysis of the scratch formation on the
tool surface is used to ascertain the presence of abrasive wear mechanism. Adhesive
wear is confirmed by investigating the tool–workpiece interface layer, which features
diffusion of copper. This understanding of tool wear mechanism during FSW of high
melting point metallic materials will enable selection of better tool materials and
improved weld properties.
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Introduction

Friction stir welding (FSW) is gaining wide acceptance due to solid state and eco-
friendly joining process [1]. This technique is very promising for welding of low
strength materials such as aluminum and magnesium alloys. However, tool wear
continues to thwart the commercial application of FSW to join high-strength mate-
rials such as steel, copper alloys (CuCrZr), and titanium alloys [2–4]. Wear affects
the shape and size of the FSW tool, and thus leads to unexpected weld properties
and shorter tool life [5–7]. Understanding tool wear and wear mechanism during
FSW is important to obtain consistent weld properties, as well as longer tool life
for joining of high-strength materials. Tool wear during FSW of materials such as
aluminum alloys (AMG5 M alloy), metal matrix composites (MMC), steel, copper
alloy, and titanium alloys has been studied [7–10]. These studies focus mainly on
measurement of wear during the process and the effect of process parameters on tool
wear and wear rate. Researchers also investigated the wear mechanism for various
sets of materials such as MMC, steel, aluminum alloys and titanium alloys.

Tarasov et al. [11] investigated tool wear mechanism of steel tool during FSW of
aluminum alloy (AMG5 M alloy) and observed wear due to diffusion of aluminum
and steel at high temperature. Prado et al. [5] reported severe wear during FSW of
metal matrix composite (Al6061+20%Al2O3) using a steel tool. Tool wear occurred
mainly due to the interaction of abrasive particles with the steel tool. The major wear
mechanism during FSW of MMC is abrasive wear due to the interaction of abrasive
particleswith the toolmaterial.Wang et al. [12] investigatedwearmechanismofWC-
Co tool for FSWof Ti-6Al-4 V and observed an adhesive wear mechanism during the
process. An interaction layer was formed due to decarburization of WC. Farias et al.
[13] conducted awear study forWC tool during FSWof commercial titaniumTi-6Al-
4V. They observedwear due to hot adhesion and noticed strong sticking ofworkpiece
material over the tool surface. Weld qualities were also affected by tool wear during
the process. Park et al. [3] investigated the tool wear study of polycrystalline cubic
boron nitride (pcBN) tool for FSW of stainless steel and observed the effect of
tool wear on the formation of boron and nitrogen due to severe stresses at elevated
temperature. Tool wear leads to the formation of Cr-rich borides as a result of the
reaction between boron and nitrogenwithmatrix. Choi et al. [41] compared the effect
of tool wear on mechanical weld properties and studied wear mechanism during
FSSW of low carbon steel by using two WC-alloy tools. They investigated three
main mechanisms of tool wear—oxidation wear of WC, fatigue of Co binder and the
formation of a ternaryW-Fe-O compound. They also reported that joint strength was
influenced by a change in the shape of the tool due to wear. However, currently no
wear mechanism study is available for H13 steel tool during FSW of copper alloys
such as CuCrZr alloy. Since understanding tool wear mechanism for these materials
is important, here we conduct a wear mechanism study during FSW. Our research is
intended to reveal the mode of the wear mechanism during the process.
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Experimental Methodology

The material used in the present study was CuCrZr alloy (Cu-0.8 wt%Cr-0.1 wt%Zr)
plates with 6 mm thickness. CuCrZr was used in peak aged condition by aging a
solutionized plate at 450 °C for 3 h, followed by water quenching [14–16]. H13 steel
(Fe-5.27 wt%Cr-1.25 wt%Mb) tool was used to perform bead-on-plate method to
investigate wear study during FSW of CuCrZr alloy. The tools had a tapered pin
length of 4.6 mm and pin diameter of 10.4 mm and 4.4 mm at pin root and pin
tip, respectively; with a shoulder diameter of 19.6 mm. Complete experiment details
have been reported [14]. The microstructural study was carried out by performing
SEM with EDS. 3D profile projector were also used to analyze surface features. For
abrasive wear mechanism, the tool surface was investigated to observe the scratches
and grooves using 3D profile projector. A section view is used for the adhesive wear
study to investigate tool–workpiece interface layer. In this study, themicrostructure of
the tool–workpiece interfacewas investigated to determine themodeof adhesivewear
mechanism in this system. The main focus was to examine tool–workpiece interface
layer. Mirror polishing was done for tool–workpiece interface microstructural study
by SEM-EDS. The elemental study was also performed at tool–workpiece interface
and generated line and area elemental maps.

Results and Discussion

Figure 1a shows the H 13 steel tool used for welding of CuCrZr alloy and Fig. 1b
shows the used tool after removal of sticking workpiece material. Surface morphol-
ogy of used tool is analyzed to investigate abrasive wear mechanism. The scratches
and grooves form due to the interaction of flowing workpiece material with the

Fig. 1 Tool images a unused tool b used tool after removal of sticking copper alloy
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Fig. 2 3D profile projector image of the used tool a surface map, b color contour map and c
formation of scratches and grooves

tool at high axial pressure and elevated temperature. Sticking of workpiece over the
tool and the formation of scratches and grooves lead to adhesive and abrasive wear
respectively.

The 3D profile projector is used to generate a 3D profile of unused tool. Figure 2a,
b show 3D surface and color contour map of the used tool surface. The 3D contours
or profile show the formation of micro-machining grooves at all surfaces as shown
in Fig. 3c. Micro-grooves are localized locations of stress concentration to initiate
wear. The initial grooves consist of peak and valleys and behave like a cantilever
beam. These cantilever beams like features are weak and fail during material stirring
at high temperature. The flowingmaterial also follows the trajectory of some of these
grooves and increases the size of grooves. These formations of scratches and grooves
result from the abrasive wear.

The tool–workpiece interface is also investigated to understand adhesive wear
mechanism and the features which increasewear during FSW. The sticking of copper
alloyon steel occurs due to diffusionbondingbetween copper and steel [14]. Figure 3a
shows BSE image of adhered CuCrZr alloy with the steel at the tool–workpiece
interface. The interface layer is highlighted to distinguish between steel and copper.
EDS elemental line and area map scans are performed to investigate diffusion of
elements across the interface line as shown in Fig. 3b, c. The EDS line scan across
the interface shows diffusion of both copper and iron into each other with a diffusion
length of 3 µm [14]. This diffusion length depends on the diffusivity of the copper
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Fig. 3 Tool–workpiece interface images of the used tool at sticking copper location aBSE image at
the tool–workpiece interface, b EDS line scan elemental distribution perpendicular to the interface
location and c EDS elemental area map at the tool–workpiece interface [14]

and steel in each other at the processing temperature and conditions. Copper and
iron also significant diffusivity within this temperature range to form a diffusion
bond [17].

Conclusions

Some key findings from this study are given below.

1. Severe tool wear is observed for H13 steel tool during FSW of CuCrZr alloy due
to high stresses at elevated temperature.

2. Macroscopic surface investigation shows copper alloy gets stuck at localized
locations over the used tool surface due to diffusion bonding. Scratches and
grooves were also observed at localized locations at the used tool surface.

3. Microscopic investigation of tool surface shows formation of grooves and
scratches due to interaction of flowing workpiece material with a rotating tool.
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The machining grooves behave like localized wear areas and interaction of flow
material with tool results in abrasive wear.

4. The sticking of copper alloy over tool material surface occurred due to diffusion
bonding between copper and steel.
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High-Speed Friction Stir Lap Welding
of Al Alloys

Piyush Upadhyay, Xiao Li and Tim Roosendaal

Abstract Friction stir lap welding (FSLW) with linear speed of 1 m/min or higher
can open up opportunities for industrial implementation. This paper will provide an
overview of several challenges and mitigation strategies to produce effective joints
between several Al alloys. FSLW of Al alloys at high speed presents challenges
including interface hook features and defects at the interface. 5xxx, 6xxx, and 7xxx
Al alloys were joined and characterized. Load-bearing capacity in excess of 80%
of base material strength has been demonstrated at the welding speed of 2 m/min
for 6xxx and 5xxx similar lap joints. The effects of parameters like welding speed,
RPM, tool geometry in material flow features, void volume, and hook geometry is
investigated and this knowledge base is applied to improve the joint strength of 7xxx
lap welds.

Keywords Friction stir lap welding · High speed · AA7xxx · AA5xxx · AA6xxx

Background and Introduction

Unlike butt joint, friction stir lap joint interface is oriented perpendicular to the
axis of tool rotation. Consequently, FSLW has a tendency for inadequate mixing of
the multi-sheet stack-ups. Furthermore, undispersed surface oxide at the interface
can lead to undesirable material upturn on either side of the nugget, often referred
to as “hooks”. Additionally, the bonded area for FSLW is more dependent on pin
diameter rather than the much larger shoulder diameter as is the case in butt joining;
thus material flow around the bottom of the pin (i.e., faying interface) is critical
for FSLW. Lap geometry inherently has crack-like structures at both the edges of
the overlap. This hook feature can either deviate towards top or bottom of the joint,
reducing the effective sheet thickness concurrently, acting as a site for crack initiation
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Fig. 1 Different welding
speeds for FSLW reported in
the literature versus scope of
this work
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and propagation, thus affecting mechanical properties of the joint. Management of
this interface is key to obtaining acceptable static and dynamic joint performance.

While first-order estimates regarding how weld parameters can affect the above-
mentioned joint morphology are understood, functional relationships between con-
trol parameters, tool design and the resulting interface that are critical to joint strength
remain elusive. It is observed that in some instances the presence of hook features
are especially detrimental when on the advancing side of the joint. The problem is
exacerbated when the hook is deviated towards the sheet with a lower load carrying
capacity.

Certain combinations of welding control parameters and tool geometries have
been shown to produce superior welds in the literature; however these parameters
are highly specific to a chosen material stack-up [1–3]. The reported joint strength
values have large scatter and can range anywhere between 20 and 60% of the base
metal. Aside reported variation in weld strength, another important issue persists as a
primary obstacle to commercialization. The welding speeds reported in the literature
are relatively low (Most of the welds are performed at around 0.3–0.6 m/min while
only few show capabilities up to 1 m/min (See Fig. 1) and do not justify commercial
investment nor a switch to FSLW technology unless a significant improvement in
welding speed can be demonstrated.

An ongoing project at Pacific Northwest National Laboratory (PNNL), in close
collaboration with an original equipment manufacturer and a material supplier is
focused on evaluating and developing FSLW such that Al alloys relevant to auto-
motive assembly line can be effectively lap welded. We present an overview of the
process, progress made, and challenges associated with lap joining at high speeds.
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Threads only Threads+ FlatsFlats only 

Fig. 2 Representative FSLW tools with different shoulder and pin features

Materials and Experimental Details

FSL welds were made between similar aluminum sheets. The pair of FSLW reported
in this paper include 7055–7055s and 5754–5754.All the toolsweremade using heat-
treated H-13. Tools with various designs were employed in this study. Examples of
a few tools used in this work is shown in Fig. 2. Joints were produced on a high
precision Manufacturing Technology, Inc., gantry-type FSWmachine at PNNL. The
FSW system canmeasure several process responses in real time including tool forces
in all three directions, tool torque, and position. All the welds were~280 mm long,
made with 100 mm×300 mm flat panel sheets with an overlap of 20 mm.

After welding, the joints were cut transversely into metallographic and lap shear
test specimens using water jet milling. Select weld cross sections were then ground
and polished for optical macro/micrographs. A series of unguided lap shear tensile
tests were performed using a universal test frame. For each case, several samples
from different regions of the joints were tested. Appropriate shims were added to the
grips to ensure that samples were aligned during testing and bending stress in the
samples was minimized. For the sake of simple comparison with the base material,
load-bearing capacity per unit joint length is used in this work.

Results and Discussion

Owing to inherent asymmetrical material flow, the top sheet of a lap welded sample
can be either loaded on (1) advancing side or (2) retreating side. Usually, the two
configurations can be obtained by placing top sheet’s trim edge on either retreating
or advancing side respectively. Figure 3 shows a sequence of images during lap shear
test of a FSLW made between 7055 (2.5 mm) and 7055 (2.5 mm). Strain evolution
during the lap shear test was captured using Digital Image Correlation (DIC). The
color map on the first two images shows distribution of Lagrangian strains on the
edge of the sample. As the test progresses, strain localizes at two locations on either
side of the lap weld. Except in the case of interfacial fracture, the joints fracture
in these two regions. The performance of the joint in mechanical test consequently
depends on local mechanical properties and macro-structure in these two areas.
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Fig. 3 Images obtained from lap shear test of AA7055 (2.5 mm)–AA7055 (2.5 mm). The first two
images show Lagrangian strain overlay obtained using VIC3D utilizing digital image correlation.
The last image shows weld fracture

A series of welding trials were conducted in both material sets by varying param-
eters including welding speed, tool rotation rate, and tool geometry. A large number
of welding conditions were thus obtained. Figure 4 shows an overview of different
types and extent of joint defects observed in this study. Several observations have
been made about the types of defects. For instance, the hook-type interface is typi-
cally observed on the retreating side of the weld for both 7xxx and 5xxx series alloys.
There are cases where a hook feature is present on the advancing side (see Fig. 4a)
however, the extent of retreating side hooking (towards the root, thus decreasing the
effective thickness of top sheet) is significantly higher. Additionally, the use of a
shorter pin (2.7 mm) resulted in a lack of material mixing and defective interface
(Fig. 4b). Inadequate/excessive material mixing both resulted in wormhole defect in
the advancing side. While higher power weld (0.25 m/min at 1950 rpm) resulted in

Fig. 4 An overview of types of weld defects observed in FSLW. a 5754-0 Lap joints, b 7055-T76
lap joints, c 7055 crown surface
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large adv. side wormhole defect (Fig. 5b), no such defect was observed in welds ran
at 3 m/min, 1950 rpm using an identical tool (Fig. 5b).

A load-bearing capacity of~84% corresponding to the base material was obtained
at the welding speed of 3 m/min (See Fig. 6). The top sheet was loaded on the
advancing side such that the fracture occurred via the advancing side root region
traveling up to the crown.

Adv

0.25m/min 3m/min

Fig. 5 FSLW made between 5754 (2.5 mm) and 5754 (2.5 mm) sheet at 1950 rpm using identical
tooling at the welding speed of 0.25 m/min and 3 m/min
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Fig. 6 Load-bearing capacity of AA5754-O lap joint (2.5–2.5 mm) compared with that of base
AA5754-o (2.5 mm) sheet. Full weld panel and a close up the joint interface is also shown. The
sheet was loaded on advancing side (left on the cross section)
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Fig. 7 Joint cross section showing hook upturn and effective sheet thickness for welds made
between AA7055 (2.5 mm) and AA7055 (2.5 mm) using a 3.1 mm long pin b 3.4 mm long
pin

Effect of Pin Length

Figure 7 demonstrates the effects of pin length on resulting interface/hook geometry.
All other things being equal, a joint made with effective pin length of PL�3.4 mm
(Fig. 7b) resulted in a significant hook upturn compared to that made using PL�
3.1 mm (Fig. 7a). The shorter pin length resulted in an adequate amount of interface
mixing without being affected by the vertical flow field of the tool. In contrast,
for welds made with PL�3.4 mm, the retreating side was significantly affected
by vertical flow field as a result of greater engagement into the bottom sheet. An
approximate, effective thickness of the top sheet was measured and is indicated on
the respective figures for each of the two cases. A direct effect of this is observed
in the lap shear testing. Whereas sample shown in Fig. 7b showed a load-bearing
capacity of 581±30 N/mm, the sample in Fig. 7b with EST�1.9 mm showed a joint
strength of 466±15 N/mm.

AA 7055 Lap Joints

Owing to its high hardness AA 7055 presented a unique set of challenges in Friction
stir lap welding. As is well known compared to 5xxx and 6xxx series, 7xxx series
material required significantly greater power input. The welding parameters and tool
design that produced “good” welds in 6xxx and 5xxx series resulted in various types
of defects including advancing side wormhole defect either near the root region
(Fig. 4b1) or near the crown (Fig. 4b2). At greater welding speeds (2 m/min and
beyond), an intermittent crown surface breach indicative of incipient melting in 7xxx
series was also observed. In many cases, this type of crown defect resulted in nugget
fracture of the top sheet with poor mechanical property. Nevertheless, the use of less
aggressive shoulder features in concert with lower power input allowed to minimize
surface defect.
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Figure 8 shows the result of lap shear test performed for FSLW between
7055(2.5 mm) and 7055(2.5 mm). At a welding speed of 0.5 m/min and 1200 rpm,
a joint load-bearing capacity of 49±5% (standard deviation based on three samples
extracted from near start, middle, and end of the weld) was achieved. The fracture
mode was similar to the one shown in Fig. 2 (far left). The fractured sample is also
shown in Fig. 10. For comparison, a bead on plate tensile test result is also shown in
Fig. 8. 20% knockdown in load-bearing capacity is observed by simply friction stir
welding through the base material (Fig. 9).

Full field hardness distribution of the FSLW joint discussed above is plotted in
Fig. 10. The fracture location is coincident with the location of HAZ minimum
hardness location on the advancing side. While not shown, some high performing
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samples have also fractured through the bottom sheet on the retreating side (also
consistent with HAZ minimum location on the retreating side. This indicates that
fracture propagation can be limited by increasing the strength around the interface
region. One of the ways to increase the joint strength beyond the demonstrated
50% is to increase the welding speed [4]. Increase in the welding speed has been
shown to increase the HAZ minimum hardness by decreasing level of coarsening of
precipitates. Figure 11 shows hardness traverse from two beads on plate weld sample
showing that a significant improvement in HAZ minimum hardness can be attained
welding speed increasing welding speed (from 0.5 to 3 m/min in this case). The
current challenge is to increase the welding speed beyond 0.5 m/min while avoiding
surface and wormhole type defects. Efforts are underway in evaluating several tool
design and parameters set towards this goal.

Fig. 10 Micro-hardness traverse on bead on plate 7055 sheet showing significant improvement In
HAZ minimum hardness with the use of higher welding speed everything else remaining constant

-3.50

-3.30

-3.10

-2.90

-2.70

-2.50

-2.30

-2.10

-400-300-200-1000
-10000

-5000

0

5000

10000

15000

20000

Z 
po

si
tio

n,
 m

m

X Position, mm (weld length)

Fo
rc

e,
 N

X-force Y-Force

Z-force Z postion

-60.00

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

-400-300-200-1000
0

2

4

6

8

10

12

To
rq

ue
, N

m

X Position, mm (weld length)

Po
w

er
, k

W

Power Torque

Fig. 11 Process forces plotted against weld distance. Weld power and torque plotted versus the X
position



High-Speed Friction Stir Lap Welding of Al Alloys 75

Summary

This project aims to develop Friction stir lap welding technique in automotive Al
sheets such that effective joints can be made at industrially viable welding speed
for commercialization. By studying a wide variety of welding parameters including
tool geometry, welding speeds and rotational speeds, correlations between weld-
ing parameters, FSLW microstructure and mechanical property is being evaluated.
Thus far, a joint efficiency corresponding to 84% (at the welding speed of 3 m/min)
AA5754-O–AA5754-O (2.5–2.5 mm) and 50% (at the welding speed of 0.5 m/min)
for AA7055-T765–AA7055-T765 (2.5–2.5 mm) have been attained in lap shear test-
ing.
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Friction Stir Welding of Lap Joints Using
New Al–Li Alloys for Stringer-Skin Joints

Egoitz Aldanondo, Ekaitz Arruti, Alberto Echeverria and Iñaki Hurtado

Abstract The aeronautic industry is continuously looking for new structural con-
cepts with the aim of reducing dangerous gas emissions as well as reducing man-
ufacturing costs and times. The development of advanced lightweight structures is
an effective alternative to achieve the mentioned goals. Reinforced panels produced
by the third generation aluminum–lithium alloys and Friction Stir Welding (FSW)
can bring new solutions for more efficient aircrafts. This work presents the results
obtained in the development and characterization of FSW joints directed to rein-
forced panel manufacturing. FSW lap joints were produced using aluminum–lithium
alloys AA2099-T83 extrusions and AA2060-T8E30 sheets. Several welding param-
eter combinations and FSW tool designs were used to produce the joints. Joint prop-
erties were investigated by metallographic examination, microhardness tests as well
as mechanical strength testing. The appropriate FSW conditions to optimize joint
properties were established.

Keywords Friction stir welding · Lap joints · Al–Li

Introduction

Riveting has been the dominant joining technology for reinforced panel manufac-
turing for aircraft structures. However, there are some disadvantages in the riveting
processes such as low productivity and lack of potential for weight reduction [1].
Welded integral structures represent benefits such as reductions in the number of
necessary parts, weight saving potential as well as significant reductions in man-
ufacturing times and costs. The main welding technologies developed have been
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Laser BeamWelding (LBW) and Friction Stir Welding (FSW) [2, 3], resulting in the
implementation of some applications in real aircrafts [4–6]. Thus, FSW technology
was proposed and investigated as alternative joining technology to riveting for lap
joints in stringer to skin applications [7, 8].

Joining stringers to skin by FSWgenerally requireswelding in the lap joint config-
uration, which has been investigated and reported by several authors using aeronautic
aluminum alloys [9–16]. Probably the most important conclusion of these investi-
gations is the importance of the FSW tool design to minimize the main welding
imperfections [17] that are typical in FSW lap joints: Hook features and cold lap
defects.

Another important aspect to be considered in aircraft structure innovation is the
maturation and launch of third-generation aluminum–lithiumalloys,which offer high
strength, low density and excellent corrosion resistance [18]. These Al–Li alloys
such as AA2099 extrusions and AA2060 sheets have been promising candidates
for stringer-skin applications and, although some recent investigations have been
reported on FSW of these alloys [19], further work is needed to understand the FSW
process applied to them.

The work presented in this article reports on investigations of the FSW process
applied to lap joints using AA2099-T83 extrusions and AA2060-T8E30 sheets, the
understanding of the joint formation mechanism and the evaluation of the resulting
lap joint properties.

Experimental Details

Z-shaped extrusions of aluminum alloy AA2099-T83 and sheets of alloy AA2060-
T8E30 were used in this work as stringer and skin materials to perform FSW joints
in the overlap configuration. The chemical composition of these alloys is shown
in Table 1. The thickness of the extrusion in the joining zone was 2 mm and the
thickness of the sheet was 2.5 mm. Two different tools were employed to produce
the lap joints as shown in Fig. 1. The general dimensions of both tools were similar
having a plain shoulder of 10 mm in diameter, a probe diameter of 4 mm and a
probe length of 2.5 mm. The difference between the tools was the probe design, one
having a conventional threaded cylindrical probe (Fig. 1a) and the other a probe with
three flats and a mixed neutral thread (Fig. 1b). Lap joints were produced combining
several welding parameters, using rotational speeds between 800 and 1200 rpm and
welding speeds between 150 and 250mm/min. All investigated joints were produced
in force control using an I-STIR PDS 4 FSW system adjusting the axial force for
each welding parameter condition. Thus, FSW lap joints were produced using weld
pitches between 0.125 and 0.31 mm/rev. The type of FSW lap joints produced is
shown in Fig. 1c.

Samples for metallographic examination were cut perpendicular to the welding
direction, polished to a mirror like finish, etched using Keller’s reagent, rinsed in
water and dried in a warm airflow. Weld cross-sectional features of the FSW lap
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Fig. 1 FSW tools used to produce the FSW joints; a conventional threaded cylindrical tool; b three
flats+neutral thread tool; and c FSW lap joint formed by AA2099-T83 extrusion and AA2060-
T8E30 sheet

joints were examined by optical microscopy using an Olympus GX51 light optical
microscope.

Microhardness tests were performed using a Vickers indenter, a load of 500 g
and load application time of 15 s. Scans of indentations of approximately 20 mm in
length were carried out, investigating the extension of about 10 mm from the weld
centerline in both directions. The spacing between indentations was 0.5 mm. The
scans were located in the mid-thickness of the AA2099-T83 extrusion as well as
at a distance of 0.5 mm from the joint interface of the AA2060-T8E30 sheet. The
microhardness testswere performed in the aswelded condition and allowing a time of
approximately 60 days between the production of the welds and the measurements.

The static mechanical strength of the FSW lap joints was investigated by pull-out
tests, using a special fixture to hold the AA2060-T8E30 sheet firmly and pulling
from the AA2099-T83 extrusion in the vertical-perpendicular direction to the sheet
surface. All tests were performed at room temperature using a Zwick Roell Z100
tensile testing machine at a constant speed of 1.6 mm/min.

Results and Discussion

The quality of the FSW lap joints produced using different tools and welding param-
eters was evaluated based on their as welded surface quality, severity of welding
imperfections as well as mechanical properties. The following sections summarize
the main results obtained in this work:



Friction Stir Welding of Lap Joints Using New Al–Li Alloys … 81

Fig. 2 Close-up images showing the surface quality of welds performed by a tool with three flats
at 800 rpm and 250 mm/min; b tool with three flats at 1200 rpm and 250 mm/min; c conventional
threaded tool at 800 rpmand250mm/min; d conventional threaded tool at 1200 rpmand250mm/min

Surface Quality

The surface appearance of FSW lap joints produced by the two tools and different
welding parameters is shown in Fig. 2. As a general result, the joints produced by the
tool with three flats presented a superior surface quality than those produced with
a conventional threaded tool. This can be concluded seen in the images shown in
Fig. 2a, b which contain a minimal amount of toe flash in comparison with Fig. 2c,
d, which were produced with the conventional threaded tool and presented a larger
amount of flash. Thus, it could be concluded that the implementation of flats on the
probe produced favorable material flow and consolidation capacity of the FSW tool.
This conclusion is in agreement with previous results obtained in FSW lap joining
[12, 13], showing that the weldability window and the quality of the lap joints can
be higher for tools featuring flats.

Metallographic Examination

Cross-sections of FSW lap joints produced under different welding parameters with
both tools are presented in Figs. 3, 4, and 5. No volumetric defects were observed in
the welds performed within the range of investigated welding parameters. However,
significant differences were observed in typical FSW imperfections [17] of lap joints
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Fig. 3 Cross-section of FSW lap joint produced at 1200 rpm and 250 mm/min by a conventional
threaded tool

Fig. 4 Cross-section of FSW lap joint produced at 1200 rpm and 250 mm/min by a tool with three
flats

Fig. 5 Cross-section of FSW lap joint produced at 800 rpm and 250 mm/min by a tool with three
flats

such as hooks and cold lap defects. Relatively large hook features were observed
in both the advancing and the retreating side in joints produced by the conventional
threaded tool as it is shown in Fig. 3. The magnified images of the sides show
the hook features in the thermomechanically affected zone (TMAZ) regions in the
advancing side (or H1) in the left as well as the hook in the retreating side (or H2) in
the right. The highly deformed grain orientations of AA2060-T8E30 sheet material
of the TMAZ regions are indicative of the vertical material flow induced by the
conventional threaded tool, which is the main formation mechanism of the hook
features. In addition to this, a cold lap defect feature was observed in the retreating
side progressing from the tip of the hook towards the stir zone (SZ).

A reduction on the severity and size of the hook features was observed in FSW
lap welds performed by the tool with three flats as shown in Figs. 4 and 5. In addition
to that the hook size remained practically the same regardless the rotational speed
used to perform the joints. This effect can be observed comparing the hook features
in Figs. 4 and 5, which show equivalent FSW lap joints performed at 1200 rpm and
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800 rpm, respectively. Thus, it is feasible to increase the rotational speed, without
increasing the hook size, in order to produce a higher deformation at the interface,
promoting a more extensive mixing of material and limiting the cold lap defect
formation. Similar conclusions were obtained in previous works carried out with
other aeronautic aluminum alloys [12].

The hooks (H1, H2) of FSW lap joints performed using the two tools previously
described herein, and several welding parameters are represented as a function of
the weld pitch in Fig. 6. It is clearly shown that the hook features produced by the
conventional threaded tool are significantly larger, especially when low weld pitch
values are employed. The hook size decreases as the weld pitch increases for the
conventional threaded tool due to the less intensive vertical material flow induced at
lower rotational speeds and higher welding speeds. This is not the case for the tool
with three flats+neutral thread as the hook remains equivalent for all the investigated
weld pitch range. The globally neutral nature of the three sections of threads present
on the probe eliminates a preferential vertical flow of plasticized material resulting
in limited hook formation.

Fig. 6 Representationof the hook sizemeasured inFSWlap joints producedusingdifferentwelding
parameters and weld pitches
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Microhardness Testing

The microhardness distribution of different microstructural regions of FSW lap
joints in the extrusion AA2099-T83 and the sheet AA2060-T8E30 are presented in
Figs. 7 and 8 respectively. The obtained results are in agreement with the conclusions
reported byHuang et al. [19], where FSW lap joints with AA2099-T83 andAA2060-
T8E30 were investigated. A significant hardness reduction in the HAZ, TMAZ and
SZ regions was observed which is typical in FSW of precipitation hardening alu-
minum alloys [13]. Microstructural phenomena such as dissolution, coarsening and
precipitation of the precipitates, which are induced by the complex thermomechani-
cal cycle by the FSWprocess, directly influence the hardness. Therefore, the hardness
distribution usually depends on the FSW parameters used to produce the joints.

A nonsymmetric hardness distribution was observed in the scans performed in the
AA2099-T83 extrusion as shown in Fig. 7. AHAZ extension of approximately 9mm
was observed at the advancing side, while the retreating side showed a larger HAZ.
The heat accumulation at the edge of the stringer in the retreating side could be the
reason for a larger HAZ, producing a more severe overaging effect at this region. In
addition to that, the FSW lap joint produced using a weld pitch of 0.21 mm/rev also
presented a larger HAZ in comparison with the one performed at 0.31 mm/rev.
The higher temperatures and heat accumulation produced by the weld pitch of
0.21 mm/rev could be again the reason for that. This effect was not observed at
the advancing side of these FSW lap joints. A maximum hardness reduction of 74
HV0.5 was measured, from 168 HV0.5 of the base material to 94 HV0.5 of the
minimum hardness at the HAZ at the advancing side, which represents a~44% drop.

Figure 8 shows the hardness distribution of the AA2060-T8E30 sheet, where a
symmetric HAZ of approximately 16 mmwas observed. A maximum hardness drop

Fig. 7 Microhardness value distributions in the AA2099-T83 extrusion of FSW joints performed
using 0.21 mm/rev and 0.31 mm/rev weld pitches and a tool with three flats
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Fig. 8 Microhardness value distributions in the AA2060-T8E30 sheet of FSW joints performed
using 0.21 and 0.31 mm/rev weld pitches and a tool with three flats

of~38% was estimated from 172 HV0.5 of base material to 106 HV0.5 measured at
the SZ region boundaries. No significant differences were observed between FSW
lap joints performed at 0.21 and 0.31 weld pitches.

Mechanical Strength Testing

Pull-out tests were performed with the aim of evaluating the static mechanical
strength of the FSW lap joints produced using several welding parameters and both
tools. Figure 9 shows two limit cases that represent the critical influence of the FSW
lap joint quality on the joint strength. A maximum pull-out load of 2.8 kN was
observed for the FSW lap joint produced by the tool with three flats+neutral thread
and welding parameters of 1200 rpm and 250 mm/min. The small hooks and the
effective reduction of the cold lap defect shown in Fig. 4 are representative of an
appropriate stirring and mixing of materials, producing a good quality weld that pre-
sented a failure in the stringer outside the weld. On the other hand, a FSW lap joint
produced by the conventional threaded tool at 800 rpm and 150 mm/min presented
an interfacial failure, as shown in the top-right image in Fig. 9, with an ultimate
pull-out load of 1.95 kN. In this case, the larger size of the hooks and the presence
of the cold lap defect in the weld were found to be the main factors that reduced the
joint quality and load carrying capacity.

In general, FSW lap joints produced by the tool with three flats+neutral thread
presented superiormechanical strength in comparisonwith the conventional threaded
tool, with average ultimate pull-out load values of 2.62 kN and 2.18 kN, respectively.
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Fig. 9 Pull-out strength and failuremode of FSW lap joints produced by different tools andwelding
parameters

Thus, it could be concluded that superior weld quality and load carrying capacity
can be obtained by the tool with three flats+neutral thread.

Conclusions

In this work, FSW lap joints were performed with AA2099-T83 extrusions and
AA2060-T8E30 sheet materials, using different tools and welding parameters, and
the joint properties were investigated. The following conclusions could be obtained:

• The tool with three flats+neutral thread can produce FSW lap joints with superior
surface quality than the conventional threaded tool.

• The FSW lap joints produced by the tool with three flats+neutral thread present
superior weld quality (reduced hooks and cold lap defects) than the ones produced
by the conventional threaded tool.

• The tool with three flats+neutral thread allows to increase the rotational speed
without promoting vertical flow of plasticized material nor increasing the hook
size.

• Hardness drops of approximately 44% and 38% were observed for AA2099-T83
extrusion and AA2060-T8E30, respectively.

• An average ultimate pull-out load of 2.62 kN with a failure outside the joint was
achieved in FSW lap joints produced by the tool with three flats+neutral thread.
This is a~20% higher than the values obtained with the joints performed by the
conventional threaded tool.
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Thus, the main conclusion is that the tool with three flats+neutral thread has the
capability to produce FSW lap joints of superior quality and higher load carrying
capacity, showing a larger weldability window. Within this window, 1200 rpm and
250 mm/min were identified as the best welding parameters that resulted in the
highest weld quality.
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Probing Tool Durability in Stationary
Shoulder Friction Stir Welding

B. Vicharapu, H. Liu, H. Fujii, N. Ma and A. De

Abstract The effect of process parameters on temperature distribution in station-
ary shoulder friction stir welding (SSFSW) and conventional FSW of AA7010-T6
alloy are studied using a three-dimensional heat conduction analysis. The computed
results are validated from experimentally measured results reported in independent
literature. The tool torque, traverse force and the mechanical stresses on the FSW
tool were evaluated analytically using mechanics based principles. The estimated
results showed that the tools used in the SSFSW process were more likely to early
failure.

Keywords Stationary shoulder friction stir welding · Torque · Traverse force
Tool durability factor

Introduction

Friction stir welding (FSW) is increasingly considered as an alternate joining tech-
nology for welding of Al–Cu and Al–Zn alloys since solidification cracking and
hot cracking in joints, which are common in fusion welding of these alloys, can be
avoided in FSW [1–4]. Several variants of FSW were attempted in the recent past
[2]. Stationary shoulder friction stir welding (SSFSW) is found as an efficient variant
that involves the rotation of only the tool probe with its shoulder remaining stationary
during welding [5–7].

The SSFSW offers several potential advantages over the conventional FSW pro-
cess that include improved joint properties, lower level of residual stresses, and nar-
rower stir zone (SZ), thermo-mechanically affected zone (TMAZ) and heat affected
zone (HAZ) [5–7]. SSFSW improves the surface finish of the weld and reduces the
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workpiece thinning with a further energy saving of 20–30% over the conventional
FSW process [5–7]. However, the stationary tool shoulder resulted reduced rate of
heat generation in comparison to the conventional process and thus, the tool probe
would experience colder and stronger alloy. As a result, the longevity of the FSW tool
in SSFSW process could remain a concern. [5–11]. For example, Wu et al. [7] used a
very high tool probe rotational speed of 1500 rpm in SSFSWof 6.3mm thickAA7050
plates to avoid the tool failure in contrast to a tool rotational speed of 700 rpm in the
conventional process [6]. Sun et al. [8] employed nearly 25% larger-diameter tool
probes to avoid tool failure in SSFSW of 6.35 mm thick AA7050. These tools were
selected by trial and error approach [6–8]. Very few studies are dedicated till date
to assess the stresses experienced by tool probe based on principles of mechanics in
FSW and no such studies are reported for SSFSW [9–11].

A prior estimation of the peak temperature and mechanical stresses experienced
by the tool probe is found useful in design for FSW process and a similar approach
is required for SSFSW [9–11]. The well designed tools could ensure uninterrupted
welds, and more importantly, these tools could offer great cost savings. Therefore,
an attempt is made here for the assessment of torque, traverse force and tool life in
SSFSW and the results are compared with the FSW.

Numerical Modeling

A transient three-dimensional heat conduction based numerical model, JWRIAN©
is developed indigenously at Joining and Welding Research Institute (JWRI)© is
utilized to simulate the FSW process [12]. The governing equation can be stated as

∂

∂x

(
k
∂T

∂x

)
+

∂

∂y

(
k
∂T

∂y

)
+

∂

∂z

(
k
∂T

∂z

)
+ Q̇ � ρCp

∂T

∂t
(1)

where k, ρ, Cp, T and t represent thermal conductivity, density, specific heat, tem-
perature and time variable, respectively. The x-, y- and z-coordinates represent the
longitudinal, transverse and thickness directions, respectively. The term, Q̇, accounts
for the rate of volumetric heat generation and can be expressed as [13–15]

Q̇ � ηh × [ηm(1 − δ)τy + δμ f PN ](ωr −U1 sin θ )(A/V ) (2)

where ηh and ηm refer to percentage of heat transferred to the workpiece andmechan-
ical efficiency, respectively, and δ and μ f depict fractional sliding and coefficient
of friction, respectively. The τy , PN , ω and r refer to the shear yield strength of
workpiece as function of temperature, axial pressure, angular velocity of the tool
and radial distance from the tool center, respectively, U1 is the welding speed, θ

is the orientation of the tool with the welding direction, and A and V are the tool
pin–workpiece contact area and the presumed shear volume around the tool pin. The
local variations in δ and μ f are considered as [13–17]
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δ � −0.026 + 0.31 exp(rω/1.87); (3)

μ f � 0.51 exp(−δrω) (4)

The heat generation due to the viscous dissipation of the plasticized workpiece
material is neglected.

The solution domain is discretized using a three-dimensional eight node brick
elements with the temperature as the nodal degrees of freedom.

The torque (M) experienced by the FSW tool is estimated analytically as M �
ML + MT where ML and MT refer to the sliding and sticking components of the
torque and are given as [13, 14]

ML �
RS∫

RP

r × δμfPN × (2πrdr) +

RP∫
0

r × δμfPN × (2πrdr) (5)

MT �
RS∫

RP

r × (1 − δ)τy × (2πrdr) +

L∫
0

r × (1 − δ)τy × (2πrdl)

+

RP∫
0

r × (1 − δ)τy × (2πrdr) (6)

where, RS, RP, L and τy refer to the shoulder radius, tool probe radius, probe length,
and the temperature dependent shear yield strength of the deformingmaterial, respec-
tively. The sum of the first two terms in Eqs. (5) and (6) contributes to the shoulder
torque (MS) and the remaining terms represent the probe torque.

The traverse force (F) experienced by the tool is estimated as F � FS + FP where
FS and FP refer to the components of forces on the tool shoulder and the pin, and can
be given as [13, 14]

FS �
RS∫

RP

[(1 − δ)τy + δμfPN] × (2πrdr); (7)

FP �
L∫

0

σy × (dA) +

RP∫
0

[(1 − δ)τy + δμfPN] × (2πrdr) (8)

where dA refers to the projected area of the probe.
The mechanical stresses on tool probe are estimated considering the pin as a

cantilever beam [13, 14] undergoing a combined bending and torsion due to the
traverse force and torque, respectively. As a result, the components of stresses acting
on the tool pin include the normal and shear stresses due to bending (σB, τB), and
the shear stress (τT) due to torsion. The resultant maximum shear stress (τmax) at any
point on the pin profile can be expressed analytically as [11, 13]
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τmax �
√(σB

2

)2
+ (τB + τT cosβ)2 + (τT sin β)2 (9)

where β is the angle between τT and τB, measured in a counter-clockwise direction
from τT to τB.

The tool durability index (I) is defined as the ratio between themaximum resultant
shear stress at the tool probe root to the shear yield strength of tool material at the
computed peak temperature (TP). Thus, I becomes a non-dimensional variable.

The solution domain with a size of L (300) × W (70) × Th (6.35) mm3 is dis-
cretized with an eight noded brick element with temperature as the nodal degrees of
freedom. Only a half-symmetric model was considered here by considering the sym-
metry along the original weld joint interface. Finer mesh (~0.9 mm3) in the vicinity
of the tool and gradually coarser mesh away from the tool are used to reduce the
computation time. To account the heat loss from the solution domain, heat transfer
coefficients, 60 W/m2 and 10 W/m2 are used respectively from the workpiece bot-
tom surface, and the rest of the surfaces. The heat loss along the symmetric plane is
arrested.

Materials and Methods

Table 1 shows the tool dimensions and the process input conditions considered for
the current study. Table 2 shows the thermo-physical properties employed for the
numerical simulations and analytical calculations. The thermal cycles were extracted
approximately 5.0 mm away from the weld center line and 2.0 mm below the work-
piece top surface on the advancing side and used for validation of the computed
results [6].

Results and Discussion

Figure 1 compares the computed isotherms between FSW and SSFSW. The tool
rotational speeds 700 rpm and 1500 rpmwere used respectively for FSWand SSFSW
at a constant welding speed of 100 mm/min. The computed isotherms shown in

Table 1 Tool dimensions and input process conditions considered for the study [6]

Variant Tool dimensions (mm) Welding conditions

DSH DPR DPT LP N (rpm) v (mm/min)

FSW 18 6.2 4.0 6.1 700 100

SSFSW 1500

DSH, DPR and DPT refer to shoulder, pin root and pin tip diameters, respectively, and LP is pin
height. The N and v refer to tool rotational and welding speeds, respectively
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Table 2 Thermo-physical
properties of AA7010-T6 [13] Density (kg/m3) 2750

Solidus temperature (K) 775

Th. conductivity (W/m K) 83.86+0.20×T−
3.413e−7×T2

Sp. heat (J/kg K) 859.02+1.21×T−
4.13e−4×T2

Yield strength (MPa) 3.22+4846.31×
exp(−T/118.48)

T is temperature in Kelvin

Fig. 1 Computed isotherms at tool rotational speed (rpm) of a 700 during friction stir welding,
and b 1500 during stationary shoulder friction stir welding, at a welding speed of 100 mm/min

Fig. 1a are apparently wider in FSW due to the additional heat generated along
the tool shoulder—workpiece interface, whereas heat generated by the shoulder
is none in SSFSW due to the stationary shoulder. Therefore, the computed peak
temperatures are also higher in the conventional FSW. For example, the computed
peak temperatures in conventional FSW and SSFSW are 748 K and 660 K, which are
~0.8Ts and~0.7Ts, respectively,whereTS is the solidus temperature of theworkpiece
material. The peak temperatures between ~0.7Ts and ~0.9Ts are widely reported in
FSW of aluminum alloys [11, 13]. Figure 2 shows the computed and corresponding
measured thermal cycles for two different welding conditions. In both FSW and
SSFSW, the computed peak temperatures at the measured locations are found to be
lower than the corresponding measured ones. The percentages of error between the
computed and corresponding measured results are well below 10% that is attributed
to simplified assumptions in the model. For example, the rate of heat generation due
to viscous dissipation is neglected, and the effect of tool tilt angle on the rate of heat
generation is also not considered in the calculations. The computed thermal cycles
are in fair agreement with the corresponding measured results.
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Fig. 2 Computed and corresponding measured thermal cycles at tool rotational speed (rpm) of a
700 during friction stir welding, and b 1500 during stationary shoulder friction stir welding, at a
welding speed of 100 mm/min

Table 3 shows the computed torque and traverse force in both FSW and SSFSW.
The computed tool torque and traverse force in FSWand SSFSWare around 24.3Nm
and 6.0 Nm, and around 0.9 kN and 1.2 kN, respectively. Wu et al. [7] reported the
measured toque value of ~29 Nm in FSW of 6.35 mm thick AA7050-T6 plates for
the similar welding conditions [6]. The difference in torque is attributed to the differ-
ence in yield strength of these two alloys at the computed peak temperature and the
difference in contact conditions between the tool workpiece [13]. It is worth men-
tioning here that the slip (refer Eq. (3)) between tool workpiece varies significantly
within aluminum alloys, and the torque is more sensitive to the slip [13]. Therefore,
the computed values shown in Table 3 are reasonable.

Figure 3 shows the analytically estimated components of stresses (σB, τB, τT,
τmax) on the tool probe. All four components of stresses on tool probe are found to be
higher in SSFSW, since the torque and force experienced by the tool probe are higher.
Figure 3 depicts the normal stress due to bending is maximum at 0° and 180°, and
shear stress due to bending is maximum at 90° and 270°, in both FSW and SSFSW.
Since, shear stress due to bending at the tool probe periphery is constant, the highest
maximum resultant shear stresses are found at 90° (refer Eq. 9), where the normal
stress due to bending is 0.0. The highest maximum resultant shear stresses are found
as 92MPa and 122MPa, respectively in FSW and SSFSW. Table 3 further compares

Table 3 Computed peak temperature, torque, traverse force, maximum resultant shear stress and
tool durability index (I) in both FSW and SSFSW

Variant TP (K) Toque (Nm) Traverse force (kN) τMax
(MPa)

I

MS MP M FS FP FT

FSW [7, 13] 750 21.3 3.0 24.3 0.3 1.11 1.45 92 5.7

SSFSW 660 0.0 6.0 6.0 0.0 1.61 1.61 122 4.1

MS and MP refer to the shoulder torque and probe torque, and M�M S +MP. FsT and FPT refer to
the shoulder force and probe force, and FT = FS + FP. I refers to the estimated tool durability index
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Fig. 3 Analytically estimated values of the components of stresses around the tool probe root at
tool rotational speed (rpm) of a 700 during friction stir welding, and b 1500 during stationary
shoulder friction stir welding, at a welding speed of 100 mm/min

the estimated maximum resultant shear stress (τmax) and tool durability index (I) in
FSW and SSFSW. The computed I in FSW and SSFSW are 5.7 and 4.1, respectively
for the given welding conditions. The computed values of I is much lower in SSFSW
since the tool has to traverse through the colder and stronger alloy thereby experi-
encing greater stresses and susceptibility to early failure. It is presumed that the early
fracture of tool is the most likely with the computed value of I tending towards lower
than unity, i.e. when the maximum resultant shear stress acting on the tool probe is
higher than the shear yield strength of the tool material [10]. Therefore, as per the
calculations provided in Table 3, the tools considered for the experiments are safe.
However, at higher welding speeds and lower tool rotational speeds, the tool mate-
rial should advance through colder and harder workpiece material. Therefore, the
tool probe in SSFSW is more susceptible to premature failure under such conditions.
Buchibabu et al. [13] also opined same in FSW of 9.5 mm thick AA7075-T6. Further
studies which focus on the influences of tool probe rotational speed, welding speed
and plate thickness and workpiece alloy strength on tool durability factor will be use-
ful. The detailed investigation on coupled experimental and numerical investigations
on the above mentioned subject in SSFSW of AA7xxx series is underway.

Conclusions

In stationary shoulder friction stir welding, the traverse force experienced by the tool
probe is ~45% higher in comparison with the friction stir welding for the welding
conditions considered here. As a result, the maximum resultant shear stress is ~33%
higher, and tool durability index is ~31% lower in stationary shoulder friction stir
welding. Apparently, the tool durability is presumed to decrease further at higher
welding speeds and lower tool rotational speeds, which increases the susceptibility
to early failure of tools in stationary shoulder friction stir welding. Therefore, it is
concluded that the susceptibility of the tools to failure is higher in stationary shoulder
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friction stir welding even when the probe rotational speed is more than twice to that
in friction stir welding.
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On the Material Bonding Behaviors
in Friction Stir Welding

Gaoqiang Chen, Han Li and Qingyu Shi

Abstract The material bonding defects such as root flaws have been an important
kind of welding defects in friction stir welds. In recent years, the growing application
of friction stir welding (FSW) in fabricating many critical components, e.g., rocket
fuel tank, renewed the need for in-depth understanding for the formation of material
bonding defects. This study provides a quantitative investigation to access the mate-
rial bonding behavior via numerical simulation. It is found that the rapid growth of
the bonded fraction is developed owing to the localized thermal-mechanical process-
ing during FSW. The thermal-mechanical condition at the root region is deteriorated
greatly as the tool rotation rate decreases. The validity of the simulation results
at different welding parameters is confirmed by our microstructural observation.
The concepts that we develop open up quantitative prospects for the elimination of
defects due to insufficient solid state bonding in FSWand similar material processing
approaches.

Keywords Friction stir welding · Material bonding
Thermal-mechanical condition · Defect prediction

Introduction

Friction stir welding (FSW) [1] is one typical solid state welding approach for joining
many structural materials, such as high strength aluminum alloys [2]. In FSW, the
material is welded without fusion. This is crucially important for avoiding solidifica-
tion defects and reducing the heat input. Although many defects in the welds, such as
root flaws [3–5], have been attributed to insufficient material bonding, the material
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bonding behaviors, regarding how the FSW joins the initial surfaces, have not been
fully understood. Insufficient material bonding leads to residual voids or crack at
the bonding interface, which results in significant degradation of both the strength
and ductility of the welds and thus limits the application of the FSW products. For
successful solid state welding of metal surfaces, it is generally required to satisfy
certain thermal-mechanical criteria in order to collapse the interfacial asperities and
thus heal the interfacial void at the interface between the contacting initial surfaces.
If residual interfacial void exists, the material bonding defect occurs. However, very
little is known about how the originally separated materials are bonded during FSW
due to the lack of observation approaches for the material bonding behaviors and the
complex nature of the thermal-mechanical process during FSW. Recent years, the
growing application of FSW in fabricating many critical components with exhaus-
tive quality requirement renewed the need for investigation on the material bonding
behaviors in FSW. A great interest in the development of reliable technical concept
in control the welding defect is greatly desired. Therefore, the clarification of the
material bonding behaviors between the initial surfaces would be critically impor-
tant in order to support the development of new technical concepts for more reliable
FSW.

In this paper, we use the three-dimensional numerical simulation to explore the
interfacial bonding behavior between the initially separated surfaces (initial butting
interface) during FSW. The evolution of the thermal-mechanical state variables such
as temperature and pressure, as a function of timeduring theFSWprocess is analyzed.
This model is shown to predict the bonding state in the welds at different welding
parameters which is validated by the experimental observation.

Methods

In the experiment, the butt welding of 3 mm AA2024 plate was carried out. The
dimensions of each workpiece were 145 mm×55 mm×3 mm (length×width×
thickness). The welding tool shoulder was 13 mm in diameter, and length of the
pin was 2.4 mm. The pin had a cylinder-like geometry. The diameter of pin was
4 mm near the shoulder and 3.5 mm at the tip. The welding process was conducted in
different welding parameters. The tool rotation rate ranges from 500 rpm to 800 rpm,
while the welding speed was 40 mm/min in each experiment. The position control
is employed during the welding process. The employed plunge depth was 0.5 mm,
and no tilt angle was adopted. The specimens for examination of the cross-sectional
macrostructure were grounded, polished, and etched with Keller’s solution (95 ml
water, 1.5 ml hydrochloric acid, 2.5 ml nitric acid, 1 ml hydrofluoric acid) for 60 s.
After that, the cross-sectional macrostructure of specimens was observed by optical
microscope.

Numerical simulationwas carried out to analyze the temperature andmaterial flow
field during FSW. The analysis is based on computational fluid dynamics (CFD). In
the numerical simulation, the processing parameters, the dimensions of the work-
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piece, and the geometry of welding tool were taken as the same as those in the
experiment. The three-dimensional simulation method was published in our previ-
ous paper [6]. The simulated 3D temperature field and velocity field are denoted as
a function of the spatial coordination,

Temperature : T (x, y, z) (1)

Velocity :

⎧
⎪⎨

⎪⎩

vx (x, y, z)

vy(x, y, z)

vy(x, y, z)

(2)

The analysis of flow path is required to generate the thermal-mechanical condi-
tion experienced by the original butting interface. For a specific point located at
[xw0, yw0, zw0] in the workpiece in the front of the tool before FSW, the flow path is
represented by the location of the point [xw(t), yw(t), zw(t)]T as a function of time,
which is calculated by using
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(3)

where the [xw0, yw0, zw0]T is the coordinate of the original location, and the second
term at the right side is the integral term calculating the locations along the flow
path. Integration along the flow paths is employed to calculate the bonded fraction
by using the mathematical approaches in Ref. [7].

Results

Material Flow Pattern at the Butting Interface

The primary goal of welding is to join the initially separate surfaces of different
parts. When the separate material surfaces at the butting interface flows through the
vicinity of the welding tool, the separate surfaces are joined as a result of the thermal-
mechanical processing. Figure 1 shows the material flow paths for the material at the
butting interface in the vicinity of the welding tool. It can be found that the material
flow path is influenced by the tool rotation, and thus the material flows around the
welding tool from the retreating side. Finally, the deposition location is quite different



102 G. Chen et al.

Fig. 1 Material flow paths at the butting interface. The start location of the flow paths are located
at a 0.5 mm below the shoulder, b 1.5 mm below the shoulder and c 0.4 mm below the pin bottom

Table 1 Start and end locations of the material path analysis for material bonding

No. Probing location Start location (mm) End location (mm)

Y Z Y Z

1 0.5 mm below shoulder 0.00 1.00 −0.60 (AS) 1.06

2 1.5 mm below shoulder 0.00 0.00 2.24 (RS) 0.08

3 0.4 mm below pin
bottom

0.00 −1.30 0.71 (RS) −1.30

from the start locations of butting locations because of the complexity of the flow
field. The start and end locations of these flow paths are shown in Table 1.
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Fig. 2 Morphology of the butting interface during FSW. The corresponding tool rotation and
welding speed during FSW is 800 rpm and 40 mm/min. AS denotes the advancing side, while RS
denotes the retreating side

Morphology of the Butting Interface

Due to the complexity of the flow field, the butting surfaces at different positions in
the FSW process, the 3D morphologies of the original butting interface before and
after the FSW has been significantly changed. In this part, based on the analysis of
the material flow path on the original butt interface, the 3D morphology of the entire
butting surface in the welding process is reconstructed, as shown in Fig. 2. It can be
found that in the FSW process, the material at the butting interface is extruded by
tool pin and deposited behind the pin thus forming the weld. The butting interface in
the weld is not a flat and straight surface, which has a very complex curved geometry.
The predicted geometry here is similar to the experimental morphology [8] of the
Zigzag line in the weld, which has been considered as the remnants of the oxide layer
of the initial butting surface [9].

Thermal-Mechanical Condition for the Material Bonding
at the Butting Interface

The influencing thermal-mechanical condition for the material includes the temper-
ature, pressure, and bonding time. In the manufacturing processes, such as FSW, the
temperature and pressure at the butting interface are not constant. Figure 3 depicts
the predicted temperature evolution at the butting interface during FSW of materials.
Figure 3a, b shows the temperature as a function of time at the two positions near
the shoulder and under the pin bottom, which are 0.5 mm below the shoulder and
0.4 mm below the pin bottom respectively. It could be found from Fig. 3a that the
material at the butting interface experience a continuous heating and cooling process
during FSW. The peak temperature and the heating/cooling rate are quite similar at
different tool rotation rates, while the hold time at high temperature is influenced by
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Fig. 3 Temperature evolution at the butting interface. a 0.5 mm below shoulder; b 0.4 mm below
pin bottom

the tool rotation rate. In comparison, the material that is located at the pin bottom
experiences similar temperature histories at different tool rotation rates, but the peak
temperature increases with the increase of the rotation rate of the welding tool.

The interfacial pressure is another important factor that influences the material
bonding behaviors for the solid state material. The material under the welding tool
is mechanically loaded due to the axial welding force, which induces an anisotropic
stress condition under the welding tool. The equation, which is used to determine
the interfacial bonding pressure as a function of the spatial orientation, is given as

pbonding �
{
paxial · cos θZ , under the shoulder

0, outside the shoulder
(4)

where paxial is the axial welding pressure and θZ is the orientation difference between
the interface normal and the Z+ direction. Figure 4a, b shows the change of interfacial
bonding pressure over time at different locations at the bonding interface. As shown
in Fig. 4a, the interfacial pressure at the bonding interface in the vicinity of the shoul-
der for different rotation rates has a certain similarity. The material at the bonding

Fig. 4 Bonding pressure at the butting interface. a 0.5 mm below the shoulder. b 0.4 mm below
the pin bottom
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interface undergoes an increasing period of the interfacial pressure starting from 0,
and then enters a period of intense oscillation; finally, the material stops flowing and
is still under the shoulder, so it undergoes a period of relatively stable interfacial
pressure. As shown in Fig. 4b, the interfacial material at the space between the pin
bottom and the backing plate experiences relatively lower pressure for the material
bonding. This is caused by the insufficient plastic flow of the bonding surface and
thus the reduced change of spatial orientation.

Material Bonding Behaviors at the Butting Interface

Figure 5 shows the evolution of the bonded fraction at the butting interface under
the action of the thermal-mechanical processing during FSW. Figure 6 compares the
bonded fraction after welding of the butting surface near the shoulder and the backing
plate. It can be seen from the figure that the bonded fraction on the butting surface of
the FSW is significantly influenced by the thermal-mechanical process experienced

Fig. 5 Bonded fraction evolution during FSW. a 0.5 mm below shoulder; b 0.4 mm below pin
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Fig. 6 Bonded fraction after FSW

during the welding process. In the area near the shoulder, the plastic flow results in
significant change in the spatial orientation of the butting surface, which induces an
increased interfacial pressure under the combined action of temperature and pressure.
We found that full bonding can be achieved at the butting surface near the shoulder
in a wide range of welding parameters. On the contrary, when the tool rotation rate
is low, the plastic flow between the pin and the backing plate is insufficient. This
is because the space orientation of the butting interface changes little due to the
material flow difficult [6], which results in the fact that the pressure on the interface
is insufficient. It could be found from Fig. 4b that the bonded fraction on the butting
interface near the backing plate decreases with the tool rotation rate. The numerical
prediction is also confirmed by the experimental micrograph at the weld root shown
in Fig. 7. It is indicated that the bonding difficulties in the vicinity of the backing
plate are induced by the insufficient interfacial bonding, which is further attributed
the inadequate bonding pressure caused by the adverse orientation of the local butting
interface due to the material flow difficulty.

In addition, it should be clarified that the real FSW process is complex and the
material bonding behaviors may be influenced by many factors. For example, the
plunge depth plays a very important role in governing the formation of the root flaw.
When the plunge depth is insufficient, the distance between the pin bottom and the
backingplate increases,whichmay further increase the length of root flaw in theweld.
In the case that the heat input is low during FSW, the material flow becomes difficult.
The flow difficulty causes increase in the axial load on the welding tool, which may
lead to small deformation of the welder body because the welder is not ideally rigid.
This must have occurred in our experiment, which explains why the length of the
root flaw is longer than the gap (which is supposed to be 0.1 mm) between the pin
bottom and the backing plate. In the present work, we investigate the effect of the
tool rotation rate on the material bonding behaviors by numerical simulation while
the plunge depth is assumed to be 0. The numerical model succeeded in predict the
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Fig. 7 Micrograph at the root region. The tool rotation rate is a 500 rpm, b 600 rpm, and c 700 rpm
and 800 rpm. The welding speed is 40 mm/min

formation of the root flaw but may cause overprediction on the length of root flaw. In
future work, we will include more processing factors, such as the plunge depth, and
enlarge the range of the welding parameter range in the numerical simulation thus
making a better computational tool for analyzing the material bonding behavior in
FSW.

Conclusions

Solid state bonding (SSB) occurs at a relatively short time scale in FSW and similar
SSB technologies. The material bonding behaviors during FSW is studied in this
paper. It was demonstrated that the bonded fraction at the initially butting interface
could be predicted by analyzing the evolution of the interfacial thermal-mechanical
variables during FSW. Significant orientation change of the original butting inter-
face in companion with the material flow in FSW was reported, which had major
impact on the bonding pressure at the butting interface. The temporal evolution of
the temperature and the pressure at the butting interface was obtained to analyze their
roles in the growth of the bonded fraction. By numerical simulation, it was shown
that bonding difficulties in the vicinity of the backing plate were induced by the
insufficient interfacial bonding, which is further attributed the inadequate bonding
pressure caused by the adverse orientation of the local butting interface due to the
material flow difficulty.
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Investigation of Interfacial Diffusion
During Dissimilar Friction Stir Welding

Nikhil Gotawala and Amber Shrivastava

Abstract The objective of this study is to predict the thickness of intermetallic
compound at the weld interface of dissimilar friction stir weld of Al 1050 and cop-
per. The mechanical properties of the dissimilar friction stir weld are significantly
affected by the intermetallic compounds formed during the process. The formation
of intermetallic depends on the concentrations of the dissimilar materials, which
are determined by their diffusion across the weld interface. A numerical model is
developed which consists of Fick’s second law based diffusion model in conjunction
with a thermo-mechanical model. The numerical model captures the movement of
the interfaces between intermetallic species due to the diffusion of the Al. A repre-
sentative friction stir butt weld is performed with Al 1050 alloy and pure copper. The
thickness of the intermetallic layer at the weld interface is determined by scanning
electron microscopy and energy dispersive spectroscopy mapping of the weld cross
sections. Predicted intermetallic compound thickness is compared well against the
experimental observation.

Keywords Friction stir welding · Dissimilar joining · Intermetallic compounds
Interfacial diffusion

Introduction

Friction stir welding (FSW) is a joining method in which workpieces are plastically
deformed and mechanically intermixed under mechanical pressure at elevated tem-
peratures. However, these joints are created below the solidus temperature of the
workpiece, which makes FSW a solid state welding process. This ability of FSW
process to join materials without melting allows the venues for welding/joining of
dissimilar materials [1]. Researchers have studied the dissimilar FSW of different
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combinations of materials, such as aluminium alloys with Cu alloys, Mg alloys, steel
and Ti alloys, etc.

Lan et al. [2] studied the FSW of TRIP 780 steel to Al 6061 alloy. To encour-
age the mixing of steel and Al alloy, FS tool probe was partially present in the
Al alloy. Unevenly distributed steel particles with intermetallic compounds at the
particle periphery were observed throughout the stir zone. Similarly, Xue et al. [3]
noticed many intermetallic compound particles in the friction stir welded joints of
Cu and Al 1060 alloy. The authors acknowledged that the formation of the inter-
metallic compounds during FSW of dissimilar materials is inevitable. The stir zone
showed relatively high tensile strength and increased hardness. This observation was
attributed to the strengthening effect of the Al–Cu intermetallic compound particles.
In an interesting work, Xue et al. [4] attempted to vary the extent of the material
mixing by varying the FS tool probe offset across friction stir welds of Cu and 1060
Al alloy. The authors reported that defect free welds were obtained for the larger FS
tool offset into the Al 1060 alloy. This observation was attributed to the relatively
easy conditions for the material movement, with the large FS tool probes offset into
the Al alloy. In order to avoid excessive material mixing, Lee et al. [5] performed the
FSW of Al 6056 and 304 steel, with FS tool probe completely offset into the Al side.
A very thin (~250 nm) intermetallic layer of Al4Fe was reported at the steel-Al alloy
interface. Similarly, Fe2Al5 intermetallic compound was observed in the friction stir
welded joints of Al 6181 and high speed steel.

Girard et al. [6] performed FSW of Al 1050 and A284 steel and Al 1050 and
C12200 H01 copper. The FS tool probe was positioned tangential to the interface
of the dissimilar materials in these friction stir welds. The material mixing was
not observed in these welds. And the formation of intermetallic compounds due
to diffusion at the dissimilar material interface was reported. The presence of Fe2Ti
intermetallic in friction stir lapwelded joints of Ti6Al4Vand304 steelwas confirmed
by Campo et al. [7]. The authors also suggested that the intermetallic compounds
formed due to the diffusion of the elements at the interface.

Bisadi et al. [8] investigated the influence of the rotational speed on the weld
quality of FSW of Al 5083 alloy and copper (lap weld configuration). Relatively
low and high stir zone temperatures (rotational speed) during FSW resulted in the
formation of defects in thewelds. Also, a reduction in tensile strengthwith increase in
the stir zone temperature was attributed to higher intermetallic compound formation.
The defect formation at low rotational speeds (temperature) was due to inadequate
material movement. There have been many attempts at modelling the temperature
distribution during FSW. These attempts range from solving a moving coordinate
system based thermal model using finite difference method [9] to solving thermo-
mechanical model using finite element method with Lagrangian [10, 11], arbitrary
Lagrangian [12] or coupled Eularian lagrangian mesh [13].

There have been many parametric studies of dissimilar friction stir welding of
different material combinations. These studies indicate that the material mixing and
intermetallic compound formation (type and quantity) are the major factors which
affect the quality of the friction stir welded dissimilar joints. However, limited litera-
ture is available on the prediction/modelling of the intermetallic compound formation
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Fig. 1 Schematic diagram of FSW of Al and Cu

during dissimilar FSW. Beside other parameters, intermetallic compound formation
primarily depends on the atomic diffusion at the weld interface, which is driven by
the temperature during FSW. The objective of this study is to numerically predict
the thickness of intermetallic compound at the weld interface of dissimilar friction
stir weld of Al 1050 and copper.

Methodology

Figure 1 shows a schematic of the FSWof dissimilarmaterial, with copper on advanc-
ing side and aluminium 1050 on retreating side. The FS tool probe is completely in
the aluminium 1050 and clear from the Cu–Al 1050 interface. This position of the
FS tool is chosen purposefully to avoid the material mixing. So that only diffusion
during FSW and associated intermetallic compounds can be investigated. FSW of
copper and Al 1050 is performed, and the thickness of the intermetallic layer is mea-
sured and compared against the numerical estimation. The details of the numerical
model and experimental methods are presented in the following subsections.

Numerical Methodology

First, a thermo-mechanicalmodel is developed to predict the temperature distribution
during dissimilar FSW of copper and Al 1050. Next, a diffusion-based model is
presented to estimate the thickness of the intermetallic compounds layer.

Thermo-mechanical Model

The steady state velocity field is calculated by solving the momentum conservation
equations. The pressure variation in the stir zone is assumed to be negligible. The
equations for conservation of momentum are as follows:
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where u, v and w are the velocity components in x-direction, y-direction and z-
direction. τi j is the shear stress tensor. A zero-velocity boundary condition is applied
at the side ends of the workpieces. The velocity boundary conditions at the FS tool
shoulder and probe surfaces are as follows:

u � (1 − δ)

(
2πN

60

)
rcosθ − V (4)

v � (1 − δ)

(
2πN

60

)
rsinθ (5)

w � 0 (6)

where δ is slip factor between tool and material surface. A value of 0.4 for δ is
used in this study [14]. N is the FS tool rotational frequency in revolutions per min.
r is distance from the FS tool centre. θ is the angle between an FS tool velocity
component and feed direction (x-direction, Fig. 1). V is the FS tool feed in m/s. The
strain rates are calculated from the velocity field as below:

ε·
i j � ∂ui

∂x j
+

∂u j

∂xi
(8)

and the strain rate tensor is related to the stress tensor as per the following relationship:

τi j � με·
i j (7)

where μ is the dynamic viscosity of material during FSW and is given by

μ � σ̄

3ε.
(9)

where σ̄ is the effective stress and ε. is the effective strain rate. The effective strain rate
is calculated using Eq. 10 and the effective stress is estimated from the Johnson–Cook
model (Eq. 11).
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Table 1 Johnson-Cook parameters [15]

Material A (Mpa) B (Mpa) C n m Tm (K)

Al 1050 110 150 0.014 0.36 1 918

Pure copper 90 292 0.025 0.31 1.09 1331

In Eq. 11, ε.
o is the reference strain rate (taken as 1), T is the temperature of

material, T0 is the room temperature and Tm is the melting temperature. A, B, C, n
and m are the material constants. For Al 1050 and pure copper, material constants
are given in Table 1.

The conservation of energy equation (Eq. 12) is solved to determine the temper-
ature field.
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where k is the thermal conductivity, c is the specific heat and ρ is the density of
material. These material properties for Cu and Al 1050 are listed in Table 2. qg is
the heat dissipation due to the plastic deformation during FSW. It is assumed that
90% of the plastic deformation work is dissipated in the form of heat and the same
is calculated as below

qg � 0.9σ̄ ε. (13)

The heat transfer coefficients of 1000 W/m2K and 10 W/m2K are used at the
bottom surface and at the surfaces exposed to air, respectively. The initial temperature
of the Cu and Al 1050 workpieces is 298 K.

Diffusion Model and Intermetallic Layer Thickness

Figure 2 shows the phase diagram of Al and Cu [16]. It can be noticed that the maxi-
mum solubility of Cu in Al and Al in Cu is approximately 2% and 20%, respectively.
So Al2Cu and Al4Cu9 are primarily formed due to limited solubility of Cu and Al
in each other (Fig. 2). For the formation of other Al–Cu intermetallic compounds,
it would require relatively larger incubation periods (time spent at elevated temper-

Table 2 Material properties of Cu and Al 1050

Material Thermal conductivity
(W/mK)

Specific heat (J/kgK) Density (kg/m3)

Al 1050 205 900 2700

Pure Copper 385 376.812 8960
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Fig. 2 Phase diagram of Al and Cu [16]

ature). However, in FSW, the incubation time is very limited. Xue et al. reported
that Al2Cu and Al4Cu9 are the most common intermetallic compounds formed at
the weld interface of friction stir welded joints of Al 1060 and copper [4]. So it is
assumed that Al2Cu and Al4Cu9 are the only intermetallic compounds which are
formed during FSW of Cu and Al 1050 in the current work.

Initially, it is assumed that very small layer thicknesses (0.03 µm) of Al2Cu
towards the Al side and Al4Cu9 towards the Cu side of the Cu–Al 1050 interface are
present. This leads to three interfaces: Al–Al2Cu, Al2Cu–Al4Cu9 and Al4Cu9–Cu.
A concentration boundary condition of 100%Al at the side end of theAl plate (Fig. 1)
and 0% at the side end of the Cu plate are applied. The initial concentrations of Al and
Cu at all the interfaces are estimated in accordance with the phase diagram (Fig. 2).
A Fick’s second law of diffusion-based one-dimensional equation (in y-direction,
Eq. 14) is solved at the Al side of Al–Al2Cu and the Cu side of Al4Cu9–Cu interface,
to determine the Al concentration profile along x-direction with respect to time.

∂C

∂t
� ∂

∂y
(D

∂C

∂y
) (14)

where C is the Al concentration and D is the diffusion of Al (Table 3). It is
assumed that the Al concentration varies linearly in between the Al–Al2Cu and
Al2Cu–Al4Cu9 interfaces and Al2Cu–Al4Cu9 and Al4Cu9–Cu interface. And as
stated earlier, the Al concentration at the interfaces is determined in accordance with
the Al–Cu phase diagram. Next, Kajihara’s model (Eq. 15) is used to determine the
movement of the interfaces in y-direction with respect to time [17].

(
Ci j − C ji

)dyi j
dt

� Ji j − Jji (15)
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Table 3 Diffusion coefficient
of Al

Diffusion coefficient of Al
(m2/s)

Reference

DAl
Al 0.137 ∗ 10−4 ∗

exp(− 14866.490
T )

[18]

DCu
Al exp(− 22162.38

T − 11.60) [19]

DAl4Cu9
Al 1.7 ∗ 10−7 ∗ exp(− 13921.113

T ) [20]

DAl2Cu
Al 0.4 ∗ 10−4 ∗ exp(− 14501.160

T ) [20]

where Ci j is the concentration of Al at interface, y is the location of the interface
during intermetallic compound formation and Ji j is the diffusion flux such that Ji j �
Di

∂C
∂y . Table 3 shows the diffusion coefficients of Al in different intermetallic phases.

Experimental Methodology

In order to validate the thermo-mechanical model (Sect. 2.1), a representative friction
stir weld of Al 1050 and Cu was performed on a 3-axis CNC mill (Hardinge VMC
600 II: 13 kW—maximum spindle power and 8000 rpm—maximum spindle speed).
Al 1050 and Cu workpieces were 250 mm long, 90 mm wide and 3 mm thick. FS
tool made of H13 tool steel with 12 mm shoulder diameter, 3 mm probe diameter
and 2.5 mm probe height was used to perform the weld. The FS tool tilt angle was
zero degree from the vertical axis. The FS tool offset was 2 mm into the Al 1050
side from the Al–Cu interface. The 220 mm long weld was performed at feed of
50 mm/min, tool rotation frequency of 1000 rpm and plunge depth of 0.3 mm. A
mild steel backing plate was placed below the workpieces during the weld. During
FSW, temperatures were measured with k-type thermocouple at two points on the
workpieces: 10 mm both ways (perpendicular to feed direction) from the tool centre
at mid-length of the workpieces. Scanning electronmicroscopy samples are prepared
by sectioning the friction stir weld at the mid-length andmechanical polishing till the
mirror finish is achieved. The scanning electron microscopy and energy dispersive
spectroscopy are performed using Zeiss Gemini 300 system.

Results and Discussion

Figure 3 shows the temperature distribution at the top surface of the workpiece, as
predicted from the thermo-mechanical model. It can be noticed that within stir zone,
temperatures are higher in the Al 1050 side as compared to the Cu side. This is
expected as the FS tool probe is completely in the Al 1050 side. However outside
the stir zone, at the locations equidistant from the tool centre, the temperatures are
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Fig. 3 Predicated temperature distribution during FSWof Cu andAl 1050 at 1000 rpm, 50mm/min
feed and 0.3 mm plunge depth

higher in the Cu side as compared to the Al 1050 side. This is primarily due to higher
thermal diffusivity (higher thermal conductivity, lower specific heat, Table 2) of Cu
as compared to Al 1050. Due to relatively higher thermal conductivity, heat travels
faster through the bulk of copper workpiece as compared to the Al 1050 workpiece.
And due to lower specific heat, it takes relatively lower amount of heat to raise the
temperature at any location in Cu as compared to the Al 1050.

The temperature history at two locations (10 mm on either side of the tool cen-
tre and the mid-length of the workpieces, Fig. 3: T1 and T2) is extracted from the
three-dimensional temperature distribution. Figure 4 compares the numerical and
experimental temperature histories at these locations. It can be noticed that the tem-
perature history matches well for the Cu side. However, the peak temperature is
over-predicted at the Al 1050 side. There are multiple assumptions involved with the
simplemodel developed in this study,which can result in the observedover-prediction
of the temperature. All the thermo-physical properties are treated as constant val-
ues (at room temperature of 298 K). However, these properties vary with change
in temperature. Particularly, the thermal diffusivity decreases with increase in the
temperature. A significant decrease in thermal diffusivity would lead to decrease in
the experimentally observed peak temperature, which the current numerical model
would not capture. Also, the slip factor would vary for different materials. How-
ever, a constant slip factor value of 0.4 is used in the current model. This can also
contribute to the discrepancy between the numerically and experimentally observed
peak temperatures.
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Fig. 4 Predicted and measured temperature at a Al 1050 side (T1, Fig. 2). b Cu side (T2, Fig. 2)

Fig. 5 Predicted layer thicknesses of Al2Cu, Al4Cu9 and total intermetallic

The diffusion model (Sect. 2.1.2) in conjunction with the thermo-mechanical
model is used to predict the location of the Al-Al2Cu, Al2Cu–Al4Cu9 and
Al4Cu9–Cu interfaces with respect to time. The distances between these interfaces
provide the thicknesses of the intermetallic compound layers at any instance. Figure 5
shows the predicted values of the Al2Cu layer thickness, Al4Cu9 thickness and total
intermetallic layer thickness (Al2Cu thickness+ Al4Cu9 thickness) at themid-length
of the friction stir weld, with respect to time. The total intermetallic layer thickness
is predicted to be 0.52 µm. Figure 6 shows the scanning electron microscopy (SEM)
image, and the Al and Cu mapping images obtained from the energy dispersive
spectroscopy (EDS). An average intermetallic compound layer thickness of 1 µm is
measured from the SEM image. It can be noticed that the intermetallic layer thickness
from numerical model compares well against the experimental result from the SEM
image. The Al and Cu mapping from the EDS shows the significant presence of Al
and Cu at the interface, strongly indicating the presence of intermetallic compounds.
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Fig. 6 a SEM, b EDS-Al mapping and c EDS-Cu mapping of friction stir welded Cu–Al 1050
interface

Conclusions and Future Work

In this work, a numerical model is presented to predict the intermetallic layer thick-
ness at the weld interface of dissimilar friction stir weld of Al 1050 and copper. The
numerical model consists of a fick’s second law based diffusion model in conjunc-
tion with a thermo-mechanical model. The numerical model captures the movement
of the interfaces between intermetallic species due to the diffusion of the Al. For a
representative friction stir weld of Al 1050 and copper, the intermetallic layer thick-
ness from the numerical result compares well against the experimental result. This
work shows the significance of the atomic diffusion at the weld interface, towards the
intermetallic layer formation. Also, the diffusion phenomenon significantly depends
on the temperature during the process.

Further TEM studies are required to confirm the intermetallic species formed
during friction stir welding. This will allow the comparison of the layer thickness
of individual intermetallic compounds. In this study, the numerical result is com-
pared against the experimental result for a representative friction stir weld. Further
validation of the numerical model is required by comparing the predicted results
and experimental results, for a series of experiments performed at different weld
conditions and different combinations of the dissimilar materials.
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Developing and Deploying FSW&P
Through Standardization

Dwight A. Burford

Abstract Key advancements in friction stir welding and processing (FSW&P) have
been chronicled in these biennial symposia. Insights gained through fundamental
and applied research published in symposia proceedings hold significant value in
maturing and furthering the development and deployment of FSW&P. However, not
all of this research can be replicated scientifically to enable this purpose due to
insufficient information provided in the published articles. Providing more complete
process information in symposium papers will serve to advance broader acceptance
of FSW&P by industry and regulatory agencies. This objective can be facilitated by
including appropriate detail required by national and international standards in pub-
lished research. Without such detail, the maturity of FSW&Pwill remain in question
throughout the different industry sectors due to a lack of uniformity and consistency
in published results. A study carried out in coordination with the Metallic Materials
Properties Development and Standardization (MMPDS) handbook steering commit-
tee illustrates the value of such discipline. The studywas undertaken to investigate the
potential for developing design data for FSW. Also, because successful implementa-
tion of FSW&P is reliant upon understanding and controlling the local metalworking
conditions around the weld tool (both thermally and mechanically), utilizing process
feedback signals is needed to confirm the consistency and effectiveness, and thus the
maturity, of these technologies to organizations and agencies charged with quality
assurance.
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Motivation

Over the past 20 years, significant advancements in friction stir related technologies
have been chronicled in the proceedings of symposia held at TMS Annual Meetings
and Exhibitions. In the nine previous biennial friction stir welding and processing
(FSW&P) symposia in particular [1–9], papers have been presented which cover
a wide scope of research and development, ranging from experimental studies to
case histories for a diverse array of applications. Critical insights have been gained
especially through fundamental research involving modeling and advanced mea-
surement techniques. The accumulation of this body of knowledge and information
brings opportunities to further advance the development and deployment of the var-
ious friction stir processes and derivatives.

Not all of the work presented in the FSW&P symposia can be replicated in a sci-
entific manner, however, due to the lack of sufficient detail in information defining
critical aspects of the process or processes reported on in individual papers. For those
papers which are meant mainly to showcase an application of the technologies while
yet maintaining the proprietary nature of the work, the limitation of detail presented
is understandable. However, for those papers that are presented to examine certain
engineering and scientific aspects of FSW&P, there is often a lack of sufficient pro-
cess information to replicate the work presented according to the scientific method.
In either case, proprietary or nonproprietary, the application of certain process con-
trols and analysis disciplines is needed to advance the reliability and credibility of
the FSW&P literature for broader acceptance of the technology by industry and
governing agencies.

A prominent measure of the maturity of a given technology is whether or not there
are mature industry standards and specifications in place to outline and guide its use.
Such documents are directed at ensuring that manufacturing goods and services meet
their designated purposes. How published standards and specifications represent
that the technology is crucial to the maintenance and further deployment of that
technology.Not only are existing engineering andmanufacturing entities impacted by
industry-wide standards and specifications, but also potential newareas of application
may be enabled or hindered depending upon the information contained within these
documents.

In the United States, standards and specifications which provide requirements and
guidelines for friction stir welding (FSW) of aluminum alloys, the most widely fric-
tion stir processedmaterials, have beenpublished inAWSD17.3:2016, “Specification
for Friction Stir Welding of Aluminum Alloys for Aerospace Applications” [10], and
in Section 7 of AWSD1.2:2014, “Structural Welding Code—Aluminum” [11]. Addi-
tional AWS specifications are on track to be published in the near term, e.g., AWS
C6.3/C6.3M, “Recommended Practices for Friction Stir Welding” [12], and AWS
D8.17M, “Specification for Automotive Weld Quality—Friction Stir Welding” [13].
International standards for aluminum alloys include ISO 25359:2011, “Friction stir
welding—Aluminium,” Parts 1 [14] through 5, and ISO/FDIS 18785, “Friction stir
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spot welding—Aluminium,” Parts 1 [15] through 5, which is currently in the final
stages of publication.

Manufacturing companies that build marine shipping vessels and aerospace
launch vehicles have incorporated friction stir welded structures in their products
for two decades now [16, 17]. Enabling this extended period of use has been the
establishment and maintenance of requirements and guidelines that outline the safe
and best practices for the incorporation of FSW in these industries. Examples include
the American Bureau of Shipping “ABSGuide for the Approval of Friction Stir Weld-
ing in Aluminum, 2011” [18], and The National Aeronautics Space Administration
(NASA) “PRC-0014 Rev. D, Process Specification for Friction Stir Welding” [19].
While other specifications could be cited, the standards and specifications listed
above demonstrate that friction stir welding is a maturing technology, partly because
it offers reduced manufacturing costs and efficient product designs [20, 21].

Such standards and specifications also hold the potential for adversely influencing
the implementation of FSW. AWS D17.3:2016 and ISO 25359:2011, for instance,
include tabulated values that intentionally guide and thus influence design engineers.
Consider Table 6.4 of AWS D17.3:2016 and Table 3 of ISO 25359:2011 (Part 4).
Joint efficiencies (based on transverse tensile strength) are listed in these tables as
low as 0.6 and 0.7 tempers for “heat treatable alloys.” It should be kept in mind that
AWS D17.3:2016, in particular, is written specifically for use within the aviation
and aerospace industries which rely heavily on this general class of high strength
aluminum alloys. As such, this is a document that airframe designers are expected
to consult when considering designing and sizing structural components with FSW
joints. In trade studies including FSW and other joining technologies, the low allow-
able property minimums for FSW joints of “heat treatable alloys” listed in Table 6.4
of AWS D17.3:2016 may be expected to influence a designer to favor other, more
well-known joining technologies that perhaps do not have such an adverse effect
on the microstructure of high strength heat treatable aluminum alloys. This may be
anticipated for at least several reasons.

Given the lean (tight) margins of safety in aircraft and aerospace design, relatively
low joint efficiency values are indicative of added weight to a given component or
structure. This concern is somewhat complicated by a footnote to Table 6.4 of AWS
D17.3:2016 which suggests that a significant amount of work would be required
by designers if they were to pursue incorporating FSW in designs utilizing 2000
and 7000 series aluminum alloys. Footnote “g” clarifies that the joint efficiency
values listed in the table apply only to 6000 series “heat treatable alloys” in the
respective tempers. Because 6000 alloys are typically considered more weldable
than the other “heat treatable alloys” listed in footnote “g” (i.e., 2000 and 7000 high
strength aerospace alloys), these other aluminum alloys could be viewed as having
even lower joint efficiencies than the values listed for 6000 series alloys by way of a
footnote. This directly adds to risk assessment considerations for deciding whether
or not FSW joints (having low published efficiencies) should be incorporated in a
given aircraft or aerospace design.

Since joint efficiency minimums are not given for 2000 and 7000 series alloys
in Table 6.4 of AWS D17.3:2016, the needed values must come from other sources.
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Footnote “g” states that the stated values must be “in accordance with the Referenc-
ing Document” (e.g., the engineering drawing). In practical terms, this means that
designers and engineers must locate and/or generate the needed values from one or
more other sources, such as a design data allowables program, or “point design,”
focused on their specific application and alloys. Such a program may be expected to
cause delays and additional costs to an overall product development program.

Furthering a potentially adverse view of FSW joints by designers may come from
the general values included in Table 6.4 of AWS D17.3:2016 and Table 3 of ISO
25359:2011 (Part 4) simply because they are not categorized by parent material
thickness. As a result, designers new to FSW may be left with the impression that
FSW joint efficiencies are independent of material thickness and therefore the same
knockdown factors must be applied to all joint thicknesses in their designs. In reality,
joint properties are typically highest in thinner gauge sections of heat treatable alu-
minum alloys and decrease with an increasing joint cross section [22, 23]. This trend
most often results from a decrease in achievable weld travel speeds for increased
material thickness. The slower travel rates required for thicker materials result in
longer exposure times of the joint material to the transient thermal peak as the tool
passes along the joint line.

None of the above discussion is intended to discredit in any way the referenced
specifications or standards or the subcommittees or subcommissionswhodevelop and
update these documents. Each has done a commendable job which has enabled their
publications. Stated another way, the low joint efficiency values listed in Table 6.4
of AWS D17.3:2016 and Table 3 of ISO 25359:2011 (Part 4) do not stem from a
deficiency in developing either specification. Rather, these deficiencies stem from a
lack of vetted data to be incorporated in the table from reproducible processes. In
an effort to address the concerns with tabulated data, the members of working group
IIW C-III-B-WGB1 have proposed a change to Table 3 of ISO 25359:2011 (Part 4)
which lists higher joint efficiencies for heat treatable alloys equal to and below 5 mm
weld penetration [24]. This level of precision is still recognized to be too coarse
based on the technical papers presented in these symposia proceedings and other
publications.

A number of researchers have reported significantly higher joint efficiencies for
2000 and 7000 series alloys than those listed in the existing as well as the proposed
tables [22, 25, 26]. The influence of process variables has been known since the
beginning of this series of symposia [27]. For a specific example, Mahoney et al. [28]
reported joint strengths for 6.3 mm AA7075-T6 plate of nominally 80% following
a post-weld heat treatment (PWHT). The post-weld heat treatment step is needed
for AA7075 and similar series alloys because they continue to harden significantly
in the as-welded condition [22]. Similar values for AA7075-T6 were developed
for an aerospace program by Burford [29, 30]. From these and numerous other
sources, it is evident that the standards and specifications can and should be updated
to incorporate the higher, more representative joint efficiency values for friction stir
welded precipitation strengthened aluminum alloys.

When fully matured, joint efficiencies based on transverse tensile strengths listed
in Table 6.4 of AWS D17.3:2016 and Table 3 of ISO 25359:2011 (Part 4) will be
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the result and thus reflect the full implementation of the respective specification and
standard. That is, the values listed will be traceable directly to FSW processes that
were carriedout in accordancewith the respective document for the alloys represented
within the table.

Approaches that hold potential for maturing the joint efficiency data in the respec-
tive tables are in place elsewhere for other processes and product forms.One approach
has been formalized in theMetallicMaterials PropertiesDevelopment and Standard-
ization (MMPDS) handbook (formerly MIL-HDBK-5) [31]. This handbook, like
others, incorporates a detailed and disciplined methodology for developing allow-
able design data (or simply “allowables”) that provide representative property values
which are traceable directly to processes controlled by industry standards and spec-
ifications (and internal standards that often exceed the industry standards). Without
this traceability, manufactured metallic products are not included or considered for
inclusion in the handbook.

Currently, design values are included in theMMPDS handbook for rolled, forged,
cast, extruded, andwelded product forms aswell asmechanical fasteners [32].Apply-
ing the same or a similarmethodology used in this or another handbookwould greatly
improve the value of Table 6.4 of AWS D17.3:2016 and Table 3 of ISO 25359:2011
(Part 4) to designers and stress engineers. With the procedure for regularly updat-
ing standards and specifications published by the American Welding Society and
the International Organization for Standardization, the potential exists for updating
tables with vetted data sets once they are established through the applicable protocols
and forms of documentation.

Case Study in Review

After the friction stir welded structure described in references [29, 30] was brought
into production, it became evident that the mechanical properties which had been
achieved in the related development program were similar to values published in the
open literature, as recorded in a number of tabulated summaries [22, 25, 26, 28].
This observation prompted further consideration regarding the extent to which the
joint properties of sound welds (those without defects or atypical features) could
be adjusted in a given FSW process to produce similar values. This consideration
was pursued through an evaluation program in which the nonuniqueness or path
independence of obtainable joint properties produced by differing tools andmachines
was evaluated. Results from this study have been described elsewhere [26, 33–40].
The selected weld tool designs tested in this evaluation are shown in Fig. 1. Six
weld tools were evaluated, with three based primarily on TWI tool designs and three
considered to be nonstandard TWI designs. Also shown are the process windows
developed independently for each tool based on systematically optimizing transverse
tensile test results. Optimum process windows were established for three of the tools,
but not for the remaining three tools (due to FSW machine torque requirements and
other limitations).



128 D. A. Burford

Fig. 1 Selected weld tool designs tested in a path independent study to develop corresponding
process windows to produce optimum joint properties based on transverse tensile test results [26,
34]. Three tools produced nearly equivalent process windows: “b,” “e,” and “f.”

One of the major findings of this study is the verification that similar joint proper-
ties (as measured by transverse joint tensile strength) can be achieved using a wide
range in weld tool designs. Taking full advantage of this approach requires inde-
pendently optimizing the process for each tool based on the capabilities of the FSW
equipment and tool itself. Because different tools have different process windows,
the advantage one tool may have over another is generally realized in terms of pro-
ductivity and robustness (measured in terms of tool wear, process forces, propensity
to form defects, etc.). Figure 2 helps illustrate this point. In this figure, transverse
tensile test results are plotted for a total of 101 coupons produced by three of the tools
shown in Fig. 1. The tool designed marked “e” produced the highest average joint
efficiencies among the set of tools tested. Since it also demonstrated faster process
speed while producing high joint efficiencies, it may be considered a good candidate
for further evaluation for industrial applications, e.g., testing its tool life for selected
production runs. Microhardness maps of selected coupons as a function of process
basic parameters are presented in Fig. 3 for two of the tool designs evaluated in the
cited study [33]. Tool “e,” the smaller tool with a threaded frustum-shaped probe
and helical flats and a “small” Wiper™ shoulder produced less softening than the
standard 5651 tool, “a.” These plots further demonstrate the importance of produc-
ing FSW joints at as high a travel speed as the tool will reasonably endure without
failure.

Based on the results discussed above, including the collections of transverse ten-
sile properties reported in the literature, a proposal was made to the MMPDS coor-
dinating committee to conduct an evaluation of FSW joints using standard MMPDS
procedures. A round-robin was subsequently coordinated to evaluate the ability of
independent facilities to produce equally soundweldswithin the process controls and
procedures of that facility and evaluate site-to-site variability based on a draft version
of AWS D17.3 available at the time. Alcoa and Kaiser provided AA2024 sheet and
Alcan provided AA2198 sheet material for the round-robin test program. Airbus,
Alcan, Lockheed, andWichita State University (WSU) then produced FSW coupons
independently for evaluation. OnceWSU andWestmorelandMechanical Testing and
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SnapStat: One Sample Analysis

Data variable: UTS
Count = 101
Average = 64.6501
Standard deviation = 1.41777
Coeff. of variation = 2.19299%
Minimum = 61.088
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Fig. 2 Transverse tensile test results for a total of 101 coupons produced by three different tools
[26, 34]. The tool with a threaded frustum-shaped probe and helical flats and a “small” Wiper™
shoulder produced the highest average joint efficiencies
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Fig. 3 Microhardness maps of selected coupons as a function of the process window for two tool
designs evaluated in the cited study [34]. Tool “e,” the smaller tool with a threaded frustum-shaped
probe and helical flats and a “small” Wiper™ shoulder produced less softening than the standard
5651 tool, “a.” These plots further demonstrate the importance of producing FSW joints at as high
a travel speed as the tool will reasonably endure without failure
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Research tested the coupons, Battelle evaluated the mechanical test results [41]. The
results from the round-robin confirmed the prior path independent findings of WSU.
Jurak et al. [37, 38] further evaluated and published the findings of the MMPDS
FSW round-robin study.

Because handbooks for allowable design data (allowables) like the MMPDS
handbook require a referencing specification with specification minimums, like an
Aerospace Material Specification (AMS) material specification, the feasibility of
developing one for friction stirred materials and joints was initially proposed to the
SAE Aerospace Metals and Engineering Committee (AMEC) [42, 43] in October
2008. The proposal was subsequently approved by AMEC members and specifica-
tions based on the MMPDS round-robin program were drafted [44]. The proposed
draft, titled Friction Stir Welding and Processing of Aluminum Products and Parts
General Minimum Requirements, was subsequently submitted to AMEC in meeting
No. 214 on January 21, 2011, by the author [45].

Discussion and Concluding Remarks

Taking a path independent approach, in which different tool designs are evaluated
for a given process, is compatible with industry practice. This conclusion is based
on how manufacturers typically develop and adjust their internal operations and
processes independently of competitors. Such a path independent approach allows
each production facility to tailor their process capabilities to meet product quality
requirements, tradeoffs in terms of customer expectations and delivery requirements,
etc. The alternative is to fix the tool design in a path-dependent approach without
realizing potential benefits of tool designs more suited for a given application.

Based on a lack of funding to remain actively involved in the process of devel-
oping traceable allowable design data packages, the effort described in the previous
section was eventually placed on hold. Nevertheless, significant progress was made
toward producing traceable data sets designed for incorporation in specifications and
standards like those published by AWS and ISO for FSW and related technologies.
While the work has yet to be brought to completion, the efforts already undertaken
illustrate a means for maturing as well as assessing the maturity of FSW and its
variants.

Ultimately, however, the combined efforts described above demonstrate that FSW
of aerospace aluminum alloys can be successfully joined at independent facilities to
produce poolable (statistically speaking) joint efficiencies data for FSW.The fact that
each of the participants in theMMPDS round-robin program followed a draft version
of the AWS D17.3 to produce acceptable welded joints further demonstrates the
robustness of the FSW technology when carried out responsibly to produce optimum
joint properties for a given alloy without limiting tool design considerations.

The AWS specification was no doubt supplemented by undisclosed company-
specific internal process procedures andmethods, including proprietary tool designs.
This further attests to the robustness of the process and it also identifies the value of
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having industry standards and specifications thatminimize the need for the added cost
of internal point design programs.With the incorporation of traceable joint efficiency
data, the advanced maturity level of FSW industry specifications will become self-
evident and thus promote a greater utilization of the technology.

This work also serves to demonstrate that data packages derived from proprietary
research and production operations can be pooled with academic work to form a
useful database of material properties for the benefit of both concerns. Therefore,
academia can contribute significantly in the technology transfer process by applying
similar disciplines to those used in industry-based research work for peer-reviewed
symposia like this FSW&P symposia series. This will also enhance the scientific
level of technical journals in general. Developing welding procedure specifications
(WPS) for academic research does not limit the freedom to innovate and explore new
concepts. Rather it is a particular way to promote documenting the essential process
variables so research can be represented properly for confirmation and potential sta-
tistical pooling of published data. More complete published work holds the potential
for more directly implementing repeatable FSW processes, both in the lab and in
industry.

By applying the disciplines of having published work include certain information
required by established standards, a coherent database of information can be estab-
lished, not only for reference by researchers but also for advancing the state-of-the-art
of FSW&P through standards and process controls development. With a complete
and more verifiable dataset, published industry standards and specifications will give
a more complete and positive representation of the capabilities of joints produced
by FSW relative to fusion welding processes, for example. Without such a coherent
set of published data, the perception of maturity will be achieved more slowly due
to the lack of uniformity and consistency in published results.
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Advances in Signal Processing
for Friction Stir Welding
Temperature Control

Brandon Scott Taysom and Carl David Sorensen

Abstract Precise temperature control of FSWbenefits fromcontrol andmanipulated
signals that are responsive and smooth. Accurate measurement of tool temperature
and spindle speed feedback are important to temperature control, but often noise in
these signals prevents optimal control. Two different methods are developed in this
paper to improve signal quality. A series of Bezier curves are used to compensate
signals which exhibit a periodic but arbitrarily-shaped offset. Least-squares fitting is
used to obtain quality derivatives from discrete or noisy signals. The Bezier method
is used to decrease the inaccurate temperature fluctuation measurements reported
by telemetry collar error and adds no time delay or phase shift. The least-squares
approach is used to estimate spindle speed and temperature derivatives and adds only
minimal time delay while substantially reducing noise.

Keywords Friction stir welding · Temperature control · Signal processing

Introduction

Friction stir welding (FSW) is a solid-state joining process that is used to join two,
usually planar, workpieces to one other. A nonconsumable tool is rotated at the seam
of the two pieces, creating friction and sufficient heat to allow for continuous hot
deformation. The tool traverses along the seam of the two pieces, creating a joint
behind it. Because FSW does not melt, the workpieces, properties such as ductility,
strength, and fracture toughness of the weld are better than those resulting from
traditional welding [1, 2].

FSW quality is dependent upon temperature [3]. If the temperature of the material
during the weld is too low, bonding and consolidation defects can occur. On the other
hand, excessive heat can create an enlarged heat-affected zone and incipient melting
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[4]. Poor or uncontrolled temperature on either extreme can result in a defective weld
[5].

FSW was first performed on modified milling machines, which typically do not
have temperature monitoring or control capabilities. Consequently, early welds spec-
ified depth, traverse speed, and spindle rotation speed, but did not control tempera-
ture [6]. These welds, even when performed at constant input parameters, experience
temperature fluctuations due to thermal transients and disturbances [7, 8].

Due to natural temperature variations and temperature-dependent material prop-
erties, temperature control is desirable in order to produce more optimized welds.
Various researchers have used different inputs such as spindle speed and spindle
power to control temperature [8–12], and have used different feedback methods to
measure temperature [8, 12–15]. Many algorithms and approaches such as PID,
model predictive control, and others have also been used to control temperature in
FSW [8–11, 16].

A fundamental limitation to any control scheme is the quality of the feedback
signals to the controller. Specifically, if the signals are noisy or have a large time
delay, then the maximum achievable control may be limited. When using a low-pass
filter to reduce temperature noise, thermal time delays of only 0.3 s can increase to
1.5–3 s [7, 8, 17, 18]. Reducing noise at the cost of time delay and responsiveness
is usually acceptable for longer welds with durations ranging from several minutes
to an hour. However, adding a significant time delay is unacceptable for processes
that are either quick or need tight control. A time delay increase of 1–2 s would be
completely unacceptable in the welding of automotive sheets, where total weld times
are well under a minute.

This paper develops two different methods to reduce signal noise while adding
minimal or zero time delay. A Bezier compensation method is used to account for
arbitrary-shaped yet periodic offsets, such as those often observed with a telemetry
collar. This method has zero added time delay, and can often reduce the signal-to-
noise ratio by a factor of 10. A least-squares method is used to directly calculate
derivatives from noisy and discrete signals. This method is applicable to both tem-
perature feedback and spindle motor encoder feedback for calculation of spindle
speed and acceleration. The least-squares method adds a small amount of time delay
but significantly improves measurements of first and second derivatives.

Software and Equipment

The Matlab language and software was used to perform all initial development and
prototyping and was also used to create all figures. The programming environment
for the PLC is B&R Automation Studio 4.2, which uses a custom language similar
to C. Code in this paper is based upon B&R AS 4.2, with syntactic changes to aid in
brevity and readability.

The machine used for all experiments was a TTI High Stiffness RM2 FSW
machine with 10 Ton Spindle. The machine has a new Bond Technologies
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B&R-basedPLCwith high-speed data acquisition and control. ThePLC tasks operate
at rates ranging from 42 to 1250 Hz, with the Bezier method operating at 500 Hz and
the derivative method at 1250 Hz. The motor and drive are a semi-custom Yaskawa
VFD F7 series, with max capacity of 37 kW, 4500 RPM, 400 N-m torque, a 12-bit
encoder, and a 1:2.5 gear ratio to the spindle. The telemetry collar is an ATI 2010i
with capabilities for up to three channels, although only one channel was used for
these experiments.

Correcting Arbitrary Periodic Signal Offset

Use Case and Purpose—Temperature Measured via Telemetry
Collar

Telemetry collars are often employed in FSW to measure the temperature of the
rotating tool. These units typically have a collar with thermocouples that rotates with
the spindle, and a stationary antenna which provides power and receives the signal
wirelessly.

A downside to this system is that measurements can be affected by the position of
the collar relative to the antenna loop. Furthermore, minor changes to the tuning and
positioning of these units can drastically affect the stability and quality of signal. This
is shown below in Fig. 1, where the spindle was rotated in air with a thermocouple
embedded in a constant temperature tool.

As Fig. 1a shows, the signal is periodic but of an apparently arbitrary waveform.
When plotted against the spindle angle as in Fig. 1b, the measured signal is shown to
be linked to the angle of the spindle. The shape of the temperature offset correlates to
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Fig. 1 a Measured temperature versus time. b Polar plot of temperature versus time, with the
spatial orientation of the antenna schematically shown in dashed lines
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the antenna position, shown schematically in dashed lines. Each time the telemetry
collar is physically adjusted, the shape of the waveform has been observed to change.

Such a signal cannot provide accurate measurements that enable precise temper-
ature control in FSW. The signal can be aggressively filtered, but this induces a large
time delay into the system, which limits the responsiveness of temperature control.

A much better approach is to address the underlying signal problem—that the
signal is a composite of the true value, plus an offset based upon angular position
plus other noise sources. Since the angular position waveform is consistent, this
offset can be calculated and compensated for.

Bezier Curves

Bezier curves have gained renewed interest from computer scientists due to their
ability to represent arbitrary shapes in computer graphics. Bezier curves can be fitted
together smoothly to closely follow data. For a series of Bezier curves to have Cn

continuity, the individual curves themselves must be at least (2n+1)th order. Thus
to have continuous derivatives (C1), third-order curves are needed. For a domain of
[0 1], the equation for the nth Bezier curve is

Bn(t) � (1 − t)3P0,n + 3(1 − t)2t P1,n + 3(1 − t)t2P2,n + t3P3,n (1)

The above third-order curve intersects points P0 and P3, and is tangent at its ends
to the lines connecting P0–P1 and P2–P3.

Building and Interpolating from Bezier Curves

The spindle was divided into 36 segments, each of which was characterized by a
third-order Bezier curve. The curves were linked such that the first and last control
points were shared by two curves and thus 108 unique control points were calculated.

Data was collected over time and counted and binned to the nearest control point;
thus the 0th bin for the first point used data from positions of 358.33–1.66°. After
data was collected, the mean of each span was calculated (M0, M1, etc.). The value
of control points P0 and P3 is simply the mean, thus P0 �M0 and P3 �M3. P1 and P2
are calculated such that C1 derivative continuity between the curves is maintained,
and are calculated by a central difference derivative between the two curves. Thus
control points P1 and P2 are:

P1,n � M0,n +
(
M1,n − M2,n−1

)
/2 (2)

P2,n � M3,n − (
M1,n+1 − M2,n

)
/2 (3)
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Once all of the 108 control points are initially calculated, they need to be converted
into offsets. This is accomplished by subtracting the mean of the points from each
point individually.

During operation, at each IO cycle, the position of the spindle is used to determine
which set of Bezier curves is applicable for that position. Then the 0–360° position
is converted into a 0–1 parametric position (t) over that curve and Eq. (1) is used to
calculate the offset.

This signal processing method can be used with other filtering techniques. When
combined with other methods, this technique should be applied first as it has zero
time delay. Afterward, a low-pass filter can be applied tomitigate normally occurring
noise. A filter with a low cutoff frequency was used in order to reduce noise without
adding a significant phase shift.

Results of Bezier Curve Compensation

The Bezier curve compensation method was tested in two different ways. First, the
method was tuned at 60, 240, and 960 rpm, and the spindle was operated at those
speeds in air to produce a tightly controlled test. Second, theBeziermethodwas tuned
at 240 rpm, and a temperature control weld was performed at a nominal 240 rpm
to test real-world application. The 240 rpm air rotation and actual weld results are
shown in Fig. 2. As can be seen in Fig. 2a, the Bezier curves (dashed lines) match
the observed variation extremely well, and thus are able to compensate for a vast
majority of the deleterious effect.

In order to quantify the effectiveness of the Bezier compensation method, the
standard deviations of both the original and compensated signal were taken over an
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Fig. 2 a Bezier temperature filter applied to tool temperature while rotating in air at 240 rpm. b
Bezier temperature filter in a weld at a constant tool temperature and nominal spindle speed of
240 rpm
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Table 1 Variation in measured temperature for several different cases

60 rpm air 240 rpm air 960 rpm air 240 rpm weld

Original Std. dev.
(°C)

1.03 1.01 0.80 0.86

Compensated
Std. dev. (°C)

0.07 0.16 0.16 0.08

Ratio of compen-
sated/original

0.07 0.16 0.20 0.10

integer number of rotations. A ratio of the two was calculated to establish how much
the signal improved. These results are shown in Table 1.

In all cases, the Bezier compensationmethod eliminated amajority of the periodic
deviation of the telemetry collar. Furthermore, this effect is achieved without adding
any time delay. Thus, this method has no negative results on the signal, unlike low-
pass filters which reduce noise at the cost of an added time delay.

Calculating Derivatives from Noisy or Discretely Sampled
Data

Use Cases and Purpose—Encoder Data and Accurate
Derivatives

Spindle speed is a fundamental manipulated variable used to control temperature in
FSW. Spindle speed can be determined in two main ways: by the motor drive, or by
the encoder. Most drives estimate spindle speed based upon instantaneous voltage
and current, but the results can be sluggish, noisy, and have other frequency effects. A
servo encoder is highly reliable, has little to no noise, and is very accurate; however,
unlike a controller’s voltage feedback, the signal is discrete and gives only position,
not speed. This discrete nature can present challenges when a medium-accuracy
encoder (~12 bits) is sampled quickly and is used to calculate a derivative. Another
example occurs when a first or higher derivative must be calculated from noisy data,
such as an analog temperature signal.

In both cases, the core problem is the same: uncertainty, truncation, or noise
present in the 2 or 3 points used to calculate the derivative(s) greatly affects the
resultant derivative. While the time-averaged results are reasonably accurate, the
instantaneous results are often noisy and need significant filtering to be useful.
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Least-Squares Curve Fitting

Using the nth previous data points to calculate the derivative reduces the influence of
noise in any one point, and the signal can be significantly smoothed at the cost of some
lag. A least-squares fit can calculate a derivative with higher accuracy and a lower
time delay than a two-point derivative method can while spanning the same time.
This method can also be easily extended to calculate 2nd derivatives (acceleration)
or higher if needed.

While several methods exist to fit curves to data, one of the most straightforward
is the classical least-squares approach. If x and y are vectors of data, the unknown
coefficients m and b will fully constrain the line y � mx + b. In order to perform a
linear least-squares regression, vectors/matrices X and Y are first created from data.
These are

X �

⎡

⎢⎢⎢⎢
⎣

1 x1
1 x2
...

...
1 xn

⎤

⎥⎥⎥⎥
⎦

(4)

Y �

⎡

⎢⎢⎢⎢⎢⎢
⎣

y1
y2

...
yn

⎤

⎥⎥⎥⎥⎥⎥
⎦

(5)

A is then determined by

A � (
XT X

)−1
XTY (6)

And m and b (derivative and intercept) coefficients are

A �
[
b
m

]
(7)

This method can also be extended to a quadratic equation of the form y � ax2 +
bx + c. In this case, X is
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X �

⎡

⎢⎢
⎢⎢⎢⎢⎢⎢
⎣

1 x1 x21

1 x2 x22

...
...

...

1 xn x2n

⎤

⎥⎥
⎥⎥⎥⎥⎥⎥
⎦

(8)

And A is

A �
⎡

⎣
c
b
a

⎤

⎦ (9)

where the derivative (at time x=0) is y′ � b, and the second derivative (acceleration)
is y′′ � 2a.

Least Squares via Arrays

Least-squares fitting is traditionally performed with linear algebra, which can be
difficult to emulate onmany PLCs. Furthermore, matrix inversion is computationally
intense, scaling at a rate of n3 per inversion. However, the precise timing nature of
PLCs canbe exploited such that themath is reduced to simple arrays, and the repeating
computation cost then scaling at a rate of n1.

When the time step is constant and known, the expression
(
XT X

)−1
XT can be cal-

culated once and used for all future calculations. Thus, this method has two parts: (1)
One-time; initial calculation and setup of the array version of thematrix

(
XT X

)−1
XT ,

and (2) Each cycle; updating the last n points, and multiplying and summing in order
to recalculate the regression coefficients.

Initial Setup

For the linear method, the 2×2 matrix
(
XT X

)
must be calculated and formatted into

a 4×1 array. This is

lin_XTX[0] = n
lin_XTX[1, 2] = −1 * dt * n * (n − 1)/2;
lin_XTX[3] = 1/6 * (n − 1) * n * (2 * n − 1) * dt * dt;

Then, the inverse
(
XT X

)−1
is calculated:

lin_det_XTX = 1/(lin_XTX[0] * lin_XTX[3] − lin_XTX[1] * lin_XTX[2]);
lin_XTX1[0] = lin_det_XTX * lin_XTX[3];
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lin_XTX1[1, 2] = −1 * lin_det_XTX * lin_XTX[1];
lin_XTX1[3] = lin_det_XTX * lin_XTX[0];

And the second row of the product
(
XT X

)−1
XT can also be calculated once

For i = 0: (n − 1)

lin_XTX1XT_row2[i] :� lin_XTX1 [2] + lin_XTX1[3] * dt * (i – n + 1);

End

A similar approach can be used to derive the quadratic forms of the matrix array
“quad_XTX1XT.” These cannot be included herein due to length restrictions. For
the quadratic derivation, it is convenient to first explicitly calculate the determinate
before taking the inverse, in contrast to the linear version shown abovewhere that step
was combined with the inverse. Parties interested in the full derivation, or worked
examples of either of these, are invited to contact the corresponding author.

Each Cycle

Each cycle, y values are shifted, with the newest value stored at the end index. Then,
the components are multiplied and summed, which calculates the derivatives:

dydt_lin = 0; dydt_quad = 0; d2ydt2_quad = 0;

For i = 0: (n − 1)
dydt_lin = dydt_lin + lin_XTX1XT_row2[i] * y_vec [i];
dydt_quad = dydt_quad + quad_XTX1XT_row2[i] * y_vec [i];
d2ydt2_quad = d2ydt2_quad + 2 * quad_XTX1XT_row3[i] * y_vec [i];

End

The linear estimate of the first derivative is typically more regular, but slightly
less responsive, than the corresponding quadratic estimate.

Results of the Least-Squares Method on Calculated Spindle
Speed

Spindle speed was measured using four different methods. The first method used to
measure spindle speed is the analog output from the spindle drive, which is estimated
based uponvoltage and current to themotor. The secondmethod is a filtered version of
the analog spindle speed. The third method uses the encoder position in a backwards
difference derivative, referencing the position five points in the past. The fourth
method is the least-squares fit approach developed in this paper, using the most
recent 50 data points collected at 1250 Hz.
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Table 2 Performance characteristics for four different methods of estimating spindle speed

Analog Filtered analog Encoder—simple
5 point

Encoder—least-
squares

Delay (s) 0.01 0.06 0.002 0.02

Std. dev. (rpm) 0.45 0.086 1.04 0.10

The spindle was brought to a nominal speed of 1000 rpm and held steady, while
the data acquisition system recorded data at a rate of 0.8 ms or 1250 Hz. In order
to estimate the time delay of the system, the estimated spindle speed was compared
to a 2-point backwards difference calculation from the encoder during acceleration
to 1000 rpm. Average noise in the signal was determined by calculating standard
deviation of a 1 s interval of data with nearly zero acceleration or deceleration of the
motor. The results are shown below in Table 2.

The least-squares method has noise comparable to a heavily filtered analog signal
but has a third the delay. The other twomethods have lower time delays, but the noise
in the signal is significantly greater than that of the least-squares method. Overall,
the least-squares method provides a good balance in its delay and noise properties
that make it very useful for a variety of circumstances.

Combined Bezier Compensation and Least Squares Fitting

The Bezier-compensation and least-squares methods were used in tandem to provide
estimates of first and second derivatives of temperature in a weld. An adaptive relay
autotuning weld was performed to achieve sustained oscillation of temperature. The
raw temperature signal, compensated temperature, fit estimate, first derivative, and
second derivative were recorded during the process and are shown in Fig. 3.

As the graphs show, the two methods work together extremely well. Even though
the original signal had~3 °C telemetry noise, usable derivative values are calculated.
As expected, the second derivative is about ½ period shifted from the original quasi-
sine signal. The quality of the second derivative’s estimate is impressive considering
that the original signal-to-noise ratio is about 1:1.

Future Work and Improvements

Both methods presented here are accompanied by specific use cases; however, the
methods themselves can be applied to other situations as well. Applying the least-
squaresmethod to temperaturemeasurements yields improvedfirst derivatives,which
are useful for the adaptive relay autotuning method and PID temperature control.
Improved second derivatives are extremely useful in tuning the acceleration term of
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Fig. 3 Estimates of zeroth, first, and second derivatives of temperature during an adaptive relay
weld. The first plot shows the raw and compensated temperature, and the second plot shows the
compensated and compensated-then-least-squares calculated temperature, with lighter dashed and
bolded solid lines, respectively. The third and fourth plots show respectively the first and second
derivatives of temperature calculated from the least squares method

PVA controllers. Mathematically, this method can be extended to higher derivatives
as well, but noise becomes an increasing problem.

The Bezier curve method works extremely well when calibrated for specific spin-
dle speeds. However, the signal shows an angular/time shift with a drop in amplitude
at higher spindle speeds. It is hypothesized that this is caused by an intrinsic low-
pass filter in the telemetry system. At low spindle speeds (i.e., 15 vs 60 rpm), there is
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no perceptible difference. However, a notable change is seen between 60, 240, and
960 rpm. It may be possible to model this electromechanical low-pass filter with a
Fouier transform, and then apply this transform to the Bezier compensation tomodify
the correction curve.

Conclusions

Bezier curves can be used to model and then compensate for the majority of an
arbitrarily-shaped periodic offset in a signal. In the studied case of a FSW telemetry
collar, this method was used to reduce the noise by a factor of 10. This improvement
occurs without increasing the time delay of measurement.

Regression techniques can be used to calculate the velocity and acceleration of
the spindle from encoder data, resulting in an estimate of spindle speed that has both
a low time delay and decreased noise levels compared to currently used methods.
The least-squares method also gives good estimates of the acceleration of the spindle
and can be used to calculate derivatives of tool temperature with good results.
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Intermittent Flow of Material
and Force-Based Defect Detection During
Friction Stir Welding of Aluminum
Alloys

Daniel J. Franke, Michael R. Zinn and Frank E. Pfefferkorn

Abstract The cost limitations of post-weld inspection have driven the need for
in situ process monitoring of subsurface defects. Subsurface defects are believed to
be formed due to a breakdown in the intermittent flow of material around the friction
stir tool once per revolution. This work examines the intermittent flow of material
and its relation to defect formation. In addition, advances have been made in a force-
based defect detection model that links changes in process forces to the formation
and size of defects. A range of aluminum alloys has been examined, showing that
softer aluminum alloys produce less distinct changes in process forces during defect
formation and harder aluminum alloys produce more distinct changes when using
the same tool geometry.

Keywords Aluminum alloys · Nondestructive evaluation
Intermittent material flow · Forces

Introduction

Friction stir welding (FSW) is a solid-state joining process developed at TheWelding
Institute in 1991 [1]. During FSW,metallic components are plastically deformed and
mechanically intermixed under high pressure and elevated temperature. A significant
amount of research has shown that FSW can be used as an energy efficient method
of creating high-quality joints in lightweight alloys such as aluminum and magne-
sium [2–5]. The solid-state nature of this process provides several distinct advantages
when compared to fusion welding processes. These advantages include the avoid-
ance of hot cracking, minimal residual stresses and distortion, energy efficiency, and
improved joint quality due to grain refinement and minimal thermal effects [2, 3].
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Disadvantages of FSW,when comparedwith fusionwelding processes, include large
process forces and torques and limitations on weld geometry.

One challenge encountered in the application of the friction stir welding process
is the avoidance of sub-surface defects (voids). It is believed that sub-surface defects
result from a breakdown in material flow around the probe of the friction stir (FS)
tool due to an inadequate thermomechanical state. The thermomechanical state of
the process is dependent on a wide range of factors including tool rotational rate,
tool traverse rate, FS tool geometry, workpiece material, and thermal boundary con-
ditions. Currently, friction stir welding conditions are empirically determined based
on a combination of prior knowledge and trial and error. One goal of this research
area is to understand the complex flow around the FS tool probe well enough to accu-
rately simulate and predict defect formation, thus streamlining the application of the
process. Additionally, in high-reliability applications, post-weld inspection is often
cost prohibitive. Therefore, a secondary goal of this work focuses on developing a
real-time in-process defect monitoring system based on a numerical model of the
process and measured process output (i.e., a cyber-physical system).

The basis of this work focuses on the intermittent flow of material around the FS
tool (specifically the probe) during friction stir welding. Ever since the late 1990s,
researchers [6–14] have shown evidence of an intermittent extrusion of material
around the FS tool probe once per tool revolution during the friction stir welding
of low melting temperature alloys. The most direct evidence of this layer-by-layer
transfer is the banded microstructure (Fig. 1) that is often observed in the plane of
welding. Figure 1 shows this structure within the region of the stir zone driven by
the probe: i.e., 2.5 mm below the workpiece surface. The transverse cross section
of the banded microstructure is what produces the prominent features referred to as
“onion rings” in friction stir welding literature.

Fig. 1 A reflected light image of the banded microstructure observed in the probe driven region on
the stir zone. The double-sided arrow designates the distance the tool travels in one rotation
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The underlying physics of how these banded lamellae are formed is a fundamental
and unanswered question in the friction stir welding research community. Schmidt
et al. [14] and Tongne et al. [15] have both proposed that it stems from a change in
contact condition between the tool and workpiece: a change from sticking to sliding
or partial sticking/sliding once per tool revolution. Fonda et al. [12] proposed that
it stems from a combination of tool runout as well as periodic deflection of the
tool (due to the large process forces) once per revolution. Boldsaikhan et al. [16]
proposed that a cavity opens up in the wake of the tool probe and is filled in once per
tool revolution. Under good welding conditions this cavity is completely filled, and
under inadequate conditions, the cavity is not completely filled leaving defects (voids,
discontinuities). The most important aspect of the intermittent flow is that several
researchers [13, 16–18] have either proposed or shown evidence that the formation of
sub-surface defects is directly related to a breakdown of the intermittent flow. This is
best exemplified in Fig. 2 which clearly shows the incomplete extrusion of material
at a distance equal to the distance the tool moves in one revolution. Therefore, to
fully understand sub-surface defect formation mechanisms, the intermittent flow of
material must be understood.

Researchers have also linked the intermittent flow of material once per revolution
to the oscillation of process forces once per tool revolution.Whenmeasuringwelding
forces in the direction of welding or perpendicular to the direction of welding at a
sampling frequency sufficiently greater than the tool rotational frequency, it is evident

Fig. 2 Reflected light images of a transverse cross section of b section view in the plane of welding
showing the incomplete extrusion of material once per tool revolution resulting in the formation of
a void
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that the forces tend to oscillate at the tool rotational frequency during friction stir
welding. This concept was utilized by Boldsaikhan et al. [17] to develop a force-
based method of monitoring weld quality by means of examining the welding forces
in the frequency domain. Furthermore, Boldsaikhan et al. [18] developed a heuristic
2D force model that relates the oscillating process forces to the movement of a
plasticized shear layer of material that is periodically extruded. Shrivastava et al.
[19] built on the work by Boldsaikan et al. by examining the frequency content of the
welding forces in depth and provided a physical explanation of what causes changes
in process forces during defect formation. The work by Shrivastava et al. utilized
the oscillating nature of the process forces to develop a force-based defect detection
method that relies on interactions between features on the FS tool and void volumes
to produce changes in the process forces. In good welding conditions, the forces in
the plane of welding oscillate almost purely sinusoidally as shown in Fig. 3a. This
is characteristic of smooth and complete extrusion of material around the FS tool
probe once per tool revolution. When examining the force signal in the frequency
domain, there is only a significant amplitude at the tool rotational frequency. When
using a tool with features on the probe (in this case flats were used), an interaction
between the features and the formation of a defect can be captured in the force
signal. In the frequency domain, this interaction manifests itself as an amplitude at
the harmonic of the tool rotational frequency corresponding to the number of flats
on the FS tool probe, e.g., a three flat tool will produce an amplitude at the third
harmonic of the tool rotational frequency as shown in Fig. 3b. The amplitude of the
third harmonic was correlated to void volume in aluminum alloy 60661-T6 showing
good initial agreement. The present study seeks to be a continuation of thismethod by
extending it to other aluminum alloys. This work examines the oscillation of forces
in an attempt to further uncover the mechanisms of intermittent flow of material
as well as examining how disturbances in the force signals can be used to develop

Fig. 3 Measured force signals in the direction of welding in a a fully consolidated weld and b a
weld containing sub-surface defects. Welds were performed in 6061-T6 with a FS tool with three
flats on the probe
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means of force–measurement-based defect monitoring of the process across different
aluminum alloys.

Experimental Methods

Welding was performed on a three-Axis CNC mill (HAAS TM-1). The stiffness
of this machine, due to z-axis (plunge) forces, was estimated to be 0.05 mm/kN
[20]. Workpieces were mounted on a three-axis piezoelectric force dynamometer
(Kistler model 9265). The Dynamometer measures the net force (in each respective
direction) that the tool applies to the workpiece. This net force is what is reported in
this study. Charge signals from the dynamometer were fed to the charge amplifiers.
Outputs from the charge amplifiers were connected to the DAQ system (National
Instruments, LabVIEW).

An FS tool made of heat treated H13 tool steel was utilized in this study. It
consisted of a concave shoulder with a diameter of 11.6 mm and a threaded, conical
probe with three flats. The probe diameter tapered from 7 to 5 mm and was 5 mm
in length. All welds were performed with a 3° travel angle. A defined preload was
applied to a precision-ground gage block positioned between the trailing edge of the
FS tool shoulder and the workpiece in order to establish a consistent plunge depth
among welds. This study examined the force signals during defect formation of four
different aluminum alloys: 3003-O, 6061-T6, 7075-T6, and 2024-T3. All workpieces
were 203mm (8 in.) long, 102mm (4 in.) wide and 6.35mm (0.25 in.) thick.Welding
spindle speed was held constant at 1,000 rpm and travel speed was varied between
500 and 600 mm/min. Two replications at both conditions were performed in all four
alloys. All welds were 150-mm-long (5.9 in.). Different commanded shoulder plunge
depths (specified at the center of the tool) were used in each aluminum alloy in an
attempt to produce consistent plunge depths: i.e., position of trailing edge of FS tool
shoulder below the workpiece surface. Since the system is compliant, the stiffer and
stronger alloys deflect the system more and require a larger commanded shoulder
plunge depth to achieve a consistent resultant plunge depth. The commanded plunge
depths in the different alloys are listed in Table 1. Material properties believed to

Table 1 List of commanded plunge depths for each specific alloy along with material properties
taken from MatWeb [21]

Alloy Commanded
shoulder plunge
(mm)

Modulus, E
(GPa)

Yield strength
(MPa)

Yield strength at
temperature
(MPa) (°C)

3003-O 0.150 68.9 41.4 12.0 @ 400

6061-T6 0.175 68.9 276 12.0 @ 371

7075-T6 0.525 71.7 503 32.0 @ 371

2024-T3 0.550 73.1 345 28.0 @ 371
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be relevant to the plunge depth are also listed in Table 1. The stiffer/stronger alloys
produced larger welding forces that generated more deflection in the system. Cross-
sectional samples were cut from each weld (25 mm from the end of the weld),
polished, and etched. Aluminum alloys 7075-T6 and 2024-T3 were etched with
Keller’s reagent, whereas 3003-O and 6061-T6 were etched in a modified Poulton’s
reagent with additional HNO3.

Results and Discussion

The goal of this work is to examine the application of the force-based defection
method developed in 6061-T6 by Shrivastava et al. [19] on different aluminum alloys.
This study friction stir welds four different alloys with the same FS tool using the
same processing parameters. The parameters were selected to produces defects in all
of the alloys so that the change in the process forces in each alloy can be compared
(1,000 rpm and 600 mm/min). Figure 4 shows the cross section of a 3003-O sample
with the corresponding force data for three rotations of the tool in the region of

Fig. 4 Results of weld at 1,000 rpm and 600 mm/min in alloy 3003-O: a cross section of weld, b
force signal perpendicular to welding direction, c force signal in direction of welding
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the weld where the sample was cut from. The Y-direction corresponds to the travel
direction of the weld and the X-direction corresponds to the direction in the plane
of the workpiece that is perpendicular to the travel direction. A negative Y-direction
corresponds to the direction of travel, i.e., the tool will apply an average negative
Y-force to the workpiece since the workpiece is resisting the motion of the tool. The
negative X-direction corresponds to a force pointing toward the retreating side of the
process. Figures 5 through 7 are the corresponding cross sections and force signals
for a sample of 6061-T6, 7075-T6, and 2024-T3, respectively. Each force plot shows
the time period equal to three rotations of the tool.

Considering that it is not a structural aluminum alloy, 3003-O is the softest and
weakest alloy of the four evaluated in this study. The intermediate alloy in this set
is 6061-T6, with moderate hardness and hot strength compared to the rest. The two
structural alloys, 7075-T6 and 2024-T3, are significantly harder and have a higher
hot strength than 3003-O and 6061-T6. These properties govern how the material
flows during welding, and how the forces are altered during defect formation. When
examining 3003-O, it is clear that the largest defect was produced at these particular
welding conditions when compared to the other alloys. It is hypothesized that this
occurrence is due to the wide layer of sheared material near the surface of the weld

Fig. 5 Results of weld at 1,000 rpm and 600 mm/min in alloy 6061-T6: a cross section of weld, b
force signal perpendicular to welding direction, c force signal in direction of welding
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Fig. 6 Results of weld at 1,000 rpm and 600 mm/min in alloy 7075-T6: a cross section of weld, b
force signal perpendicular to welding direction, c force signal in direction of welding

(shoulder), which allows the plasticized material to flow up around the shoulder and
escape the probe driven region of the stir zone instead of being held and consolidated
in the weld. In an application of FSW in 3003-O, an FS tool with a wider shoulder
should be used. A larger ratio of the shoulder diameter to probe diameter will allow
the shoulder to trap more of the plasticized material generated by the probe. When
looking at the harder alloys (2024-T3 and 7075-T6) the stir zone is narrow near the
shoulder suggesting that it was harder for material to escape from the weld zone,
resulting in smaller defect volumes.

In the study performed by Shrivastava et al. [19] in 6061-T6, larger void sizes
correlated with larger amplitudes of the higher harmonic. Interestingly, the 3003-
O sample, which has the largest void size, experiences the smallest disturbance in
the force signals at the higher harmonic (Fig. 4b, c) when compared to the other
alloys tested at the same weld parameters. When examining the harder alloys, even
at relatively small void sizes, there is a much more pronounced harmonic. The values
of the amplitudes of the force signals at the tool rotational frequency (fundamental
frequency) and the third harmonic were extracted from the signals using a discrete
Fourier transform, and are reported alongside the average force in Table 2. It is
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observed that the larger amplitude values of the third harmonic appear to correlate
with a larger average force of the harder and stronger alloys. This makes physical
sense because there should be a drop in the oscillatory portion of the force when the
void is opening up in the weld since the absence of material will lead to an absence of
pressure between the tool and workpiece material. It is hypothesized that at a higher
average force the sudden change in force will appear more drastic.

Additionally, in all welds performed in this study, it was observed that the location
of the defects within the stir zone was consistent with the phase of the force transients
for each particular alloy. In 3003-O the voids reside from the centerline of the weld
toward the retreating side, in 6061-T6 they reside halfway between the center of
the weld and the advancing side edge, and in 2024-T3 they reside all the way at
the advancing side edge of the weld (refer to Figs. 4, 5, and 7). This appears to
match the phase of the resultant harmonic in relation to the fundamental amplitude.
Figure 8 shows the force signals for the three alloys previously mentioned. In Fig. 8,
the location of the harmonic (red line) is done by identifying where the force signal
deviates from an ideal sinusoid in the region between the large peaks (blue lines).
The red lines are located where the force signal begins to decrease even though a
sinusoid should be increasing at this location. As can be seen, it appears that phase
of the harmonic shifts in accordance to the location of the void within the stir zone.
In 3003-O the harmonic is closer to the left-hand side fundamental peak (void closer
to the retreating side of weld), in 6061-T6 the harmonic shifts closer to the right-
hand side peak (void closer towards advancing side), and in 2024-T3 the harmonic
is closest to the right-hand side peak (void all the way towards advancing side). This
bolsters confidence that the force oscillation is directly related to the movement of
material and that the disruption in the force signal is due to an interaction with the
void volume.

Conclusions

The same method of force-based defect detection previously developed for 6061-T6
cannot be directly applied to other aluminum alloys. The disruptions in the force
signals at higher harmonics due to interactions with features on the FS tool probe
and voids are dependent on the hardness and strength of the alloy. Therefore, a unique
approach is required for each alloy.

• For soft alloys, the disruption in the force signal is less pronounced, leading to
the challenge of producing good correlations between the harmonic and void size.
There is potential to overcome this challenge by using more distinct features on
the FS tool probe to produce a more distinct disturbance.

• In harder alloys, there are significant disturbances in the force signal at very small
void sizes, or even in fully consolidated welds. This presents the challenge of
differentiating between fully consolidated and defective welds.
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Fig. 7 Results of weld at 1,000 rpm and 600 mm/min in alloy 2024-T3: a cross section of weld, b
force signal perpendicular to welding direction, c force signal in direction of welding

Table 2 Average force values as well as amplitudes at the tool rotational frequency and third
harmonic derived using a discrete Fourier transform from the force signals shown in Figs. 4, 5, 6, 7

3003-O 6061-T6

Average Amp. fun-
damental

Amp. third
harmonic

Average Amp. fun-
damental

Amp. third
harmonic

X-Force
(N)

1,710 230 40 3,010 130 80

Y-Force (N) 240 210 30 1,550 140 50

7075-T6 2024-T3

Average Amp. fun-
damental

Amp. third
harmonic

Average Amp. fun-
damental

Amp. third
harmonic

X-Force
(N)

3,440 130 70 2,940 120 70

Y-Force (N) 4,170 80 50 3,330 70 50
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• The same friction stir tool design would not be used to optimally weld the four
aluminum alloys used in this study because of their significantly different material
flow characteristics. Therefore, future studies should use tools that are better suited
for each alloy.

The phase of the higher harmonic appears to match the location of the defect within
the stir zone across different alloys. This bolsters confidence in the link between
oscillations in force signals and the defect formation process.
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Copper-Graphite Composite Wire
Made by Shear-Assisted Processing
and Extrusion

Xiao Li, Glenn Grant, Chen Zhou, Hongliang Wang, Thomas Perry
and James Schroth

Abstract Copper-graphite composites wires are manufactured by a novel friction
stir processing named Shear-Assisted Processing and Extrusion (ShAPE). Two types
of precursors have been prepared respectively: a blend of copper and graphite powder;
solid copper cylinders having pre-drill holes filled with graphite powder. The pre-
cursor material was consolidated and extruded in one step by ShAPE. Up to 800 mm
long defect-free wires were produced. The metallographic inspection on both trans-
verse cross-section and longitudinal cross-section confirms the good integrity of the
ShAPE Cu-graphite wires. Energy dispersive spectroscopy and electron backscat-
ter diffraction indicate the graphite particles were reduced to sub-micro size and
uniformly dispersed in the copper matrix. The ultrafine graphite particle inhibits
the grain growth thus improving the hardness. The processing temperature is below
550 °C which is much lower compared to conventional manufacturing methods.

Keywords Shear-assisted extrusion and processing · Friction extrusion
Metal matrix composite ·Wire

Introduction

Metal matrix composites (MMC) are metallic matrices mixed with fibers or particles
that improve functional performance. Copper-carbon composites have been applied
inmany different areas thanks to its high thermal/electrical conductivity and lubricat-
ing properties. For example, high conductivity copper-carbon nanotube composites
are used in sensitive electronic devices [1]. Copper-graphite composites are used as
brusher for starters or welding machines [2]. Yet, there still exist unresolved chal-
lenges towards continuously manufacturing bulk MMC with quality that satisfies
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industrial specifications. For instance, a typical defect in MMC produced by melting
or solidification MMC is the phase separation due to the density disparity between
the matrix and reinforcement phase. The high processing temperature could deteri-
orate the nanofiber or nanoparticles as in the case of the decomposition of reduced
graphene oxide beyond 600 °C [3]. In addition, a fast manufacturing rate is desired
for industrial production. Traditional electrochemical deposition or chemical vapor
deposition are either not able to produce bulk size composites or suffer from a low
throughput.

Shear-Assisted Processing and Extrusion (ShAPE), also known as friction extru-
sion/consolidation [4–8] or friction stir extrusion/consolidation [9, 10], is a novel
manufacturing technology that mixes and consolidates material via plastic deforma-
tion. It is capable of producing high-quality wire and discs in a single step [11, 12].
In a typical setup, the precursor material is contained in a billet ring and supported
by a backing block. A rotating tool with the scrolled surface is driven by a spindle
and pushed against the billet. With the help of shear deformation on the contact-
ing plane normal to the extrusion direction, the filler materials are homogeneously
dispersed in the metal matrix [13]. Because this is a solid phase processing and no
melting occurs, the peak temperature can be lowered and well-controlled to maintain
the quality of the product. In this study, to address the issue of the manufacturing
defect and increase the production rate, ShAPE has been adopted as a new method
to produce Copper-carbon composite wire. Graphite powder has been selected due
to its low cost.

Material and Experiments

Two types of precursor materials were prepared for ShAPE. The first one is copper
powder well blended with a small amount of graphite powder. Approximately 25 g
of the powder mixture is cold compacted and refilled several times so the billet ring
is filled as much as possible. The second one is a solid copper (25.4 mm diameter,
12.7 mm high) cylinder with several non-through holes where graphite powder is
filled (shown in Fig. 1). The totalmass is about 55 g and no pre-compaction is needed.
As a reference, the pure copper cylinder was also used as a precursor to making wire.
The details are given in another paper. Although the pre-mixture of disc-filling is not
homogeneous, the cost of preparing a solid copper disc is much lower than using
pure copper powder.

The ShAPE machine is set up for backward extrusion, presented in Fig. 2. The
apparatus consists of the following: a cylindrical die tool with 2.5 mm central hole
and scroll pattern on the face, a 25 mm inner diameter billet ring, a square fixture
block with cooling channels go around the outside of the ring, a hydraulic spindle
hold the tool, a thermocouple embedded in the tip of tool and connected to a wireless
transmitter sending real-time tool temperature to the computer during process.

The general operation sequence of the ShAPE can be described as below: (1)move
the die above the billet and align the central axis of the spindle with the center of the
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Fig. 1 Copper disc with pre-drilled holes

Fig. 2 Machine setup of ShAPE

billet ring; (2) Move the die down till 20 kN force feedback is reached, then start to
rotate the die with desired rotational speed and plunge about 8.5 mm deep; (3) the
top of the billet material is heated, softened and plastically deformed by the shearing
between the tool face and billet; (4) copper and graphite were thoroughly mixed by
the stirring and then consolidated; (5) under extrusion pressure, the processed billet
material was continuously squeezed into the central orifice and formed a wire; (6)
when the plunging has been completed, the die retracted from the billet ring either
with the wire in the die or left it on the remnant disc.
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Postprocess Analysis and Results

After the process, the wire and remnant disc were carefully removed from the die
and billet ring. A 254 mm long copper-graphite composite wire and the consolidated
disc made from copper powder and graphite powder are shown in Fig. 3. The wire
has a smooth surface finish and uniform diameter. The black oxidation layer is only
20 µm thick and can be easily removed by a sandpaper. 600–800 mm long wires
were made from solid cylinder precursor with the same surface finish.

The last extruded part of the wires was cut transversely and longitudinally for
metallography inspection. The disc was also cut vertically to show the material flow
and the state of consolidation. The macro-structures of both wire and disc are shown
in Fig. 4. The transverse cross sections were further examined by 1EDS (Energy
Dispersive Spectroscopy) and EBSD (Electron backscatter diffraction) to identify
grain structure and elementary distribution.

From the transverse cross sections and longitudinal cross sections, we can see both
wires made from powder and solid cylinder are fully consolidated. No carbon aggre-
gation was seen on both wires. The one made from powder forms tree-ring structure
which is commonly seen in the friction extrusion wires [14]. Its homogeneous grain
size implies the graphite is uniformly distributed in the wire. Interestingly, the wire
made from solid disc shows a “galaxy-spirals” pattern in the transverse cross section.
In this picture, the region with larger grain size looks brighter and the region has
smaller grains looks darker. The phase map identified by EDS plus EBSD is shown
in Fig. 5 reveals the distribution of copper and graphite in the wire. The red grain is
copper, and the blue is carbon. After ShAPE, the aggregated graphite powders were
separated andwell dispersed in the entire wire. Besides, the average grain size of cop-
per reduced from about 45–1.2 µm. The size of graphite particles was also reduced
from its original size 20µm to less than 1µm. The region that copper has a larger size
(~4 µm) contains relatively larger but less numbered graphite cluster. On the other
hand, the region has a smaller grain size (<1 µm) have more and finer graphite parti-
cles. Both have a much smaller grain size compared to the pure copper wire (87 µm)
made by ShAPE. This suggests that the graphite powder effectively impedes the
movement of the grain boundary. Although the elusive “galaxy-spirals” remains less
perfect uniformity of graphite distribution, it could be improved by using a reorga-

Fig. 3 Copper-graphite composite disc and wire made from copper and graphite powder
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Fig. 4 Macrostructure of copper-graphite wire and disc made by ShAPE. Left: powder precursor;
right: solid cylinder precursor. From top to bottom: transverse cross-section of wire, longitudinal
cross-section of wire, vertical cross-section of the remnant disc

Fig. 5 Phase map with grain structure on the transverse cross-section of the wire made from solid
cylinder precursor. The red grains are copper, and the blue is carbon

nized drill pattern on billet cylinder or increasing the die rotational speed to enhance
the mixing.

Analogous to the metallurgy on friction stir welding (FSW), the remnant disc
can be classified into several zones by microstructure. As shown in the bottom of
Fig. 4, the top center has an equiaxial grain structure and banded layers, similar
to the stir zone (SZ) in FSW. The region right below SZ was deformed but not
recrystallized, which can be defined as TMAZ. Outside the TMAZ is the unstirred
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Table 1 Vickers Hardness of ShAPE wires

Precursor material Average vickers hardness
of extruded wire

Standard deviation

Cu powder blended
graphite powder

93.6 4.3

Cu cylinder filled with graphite powder 108.6 7.3

Pure Cu cylinder 44.7 2.7

Fig. 6 Die face temperature
during ShAPE process
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zone where the deformation is not obvious or none. The SZ in the remnant disc made
from powder is small but still covers the extrusion hole. This proves that the blended
powder was well processed and consolidated prior to the extrusion. The SZ in the
remnant disc made from a solid cylinder is much bigger. Themixing in it is obviously
effective, compared to the unstirred zone in the bottom corner where the copper and
carbon have not been mixed at all.

Vickers hardness test was performed on the transverse cross section of both wires.
Five indents were made from center to the edge of wire with the same spacing. The
average hardness is shown in Table 1 with the value of pure copper ShAPE wire.
The hardness of Copper-graphite ShAPE wire is at least two times of that of the pure
copper ShAPE wire. The value has no big variation in different locations.

The history of die face temperature during ShAPE process is presented in Fig. 6.
The peak temperature of using ShAPE to make Cu-graphite composite is below 550
°C. It is significantly lower than themelting point of copper 1085 °C and the sintering
temperature 700–900 °C [15].

Conclusions

The copper-graphite composite material is successfully manufactured by ShAPE
from either blended powder or graphite-filled solid copper cylinder. The friction
stirring avoids aggregation and provides a uniform graphite dispersion in the copper
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matrix. The sub-micro size graphite impedes the copper grain growth and improves
the hardness. As a solid phase processing, the peak temperature of ShAPE is much
lower than conventional manufacturing methods involved with melting or sintering.
Therefore, the materials that are not stable at high temperature now could be utilized
to make new MMCs.
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Joining AA7099 to Ni-Cr-Mo Steel Using
Friction Stir Dovetailing

Md. Reza-E-Rabby, Scott Whalen, Ken Ross and Martin McDonnell

Abstract Friction stir dovetailing (FSD)was used to join 0.5 in. (12.7mm)AA7099
to 0.5 in. (12.7 mm) Ni-Cr-Mo steel in a lap configuration. Two new FSD approaches
are reported that significantly reduce zinc embrittlement of Fe–Al intermetallic
compounds (IMCs) which form during conventional friction stir welding (FSW).
The first method uses the general FSD approach where a custom designed tool is
employed to extrude theAA7099 into the pre-machineddovetail grooveof underlying
steel by forming mechanical interlocking and metallurgical bonding simultaneously.
The second method uses a two-step approach where FSD of AA6061 is first used
to form a silicon-rich Fe-Al IMC within the dovetail groove. AA7099 plate is then
joined to the AA6061 within the dovetail using conventional FSW. A discussion of
the new FSD technique, joint configurations, and process parameters are provided
along with joint microstructural analyses and mechanical performance.
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Introduction

Dissimilar metal joining between aluminum and steel has become essential in many
applications, such as light-weighing automotive components for energy efficiency
[1], cryogenic applications [2], improvement in mobility of an armor vehicle with-
out compromising ballistic performance [3], and bridge structures [4]. A solid phase
joining technique such as friction stir welding (FSW) has shown promises in this
regard for thick section assemblies. However, there are some specific challenges
associated with FSW, especially in lap joint arrangement of aluminum to steel, such
as narrow metallurgical bonded area with brittle intermetallic compounds (IMCs),
FSW tool survivability (if not using expensive polycrystalline boron nitride tool),
and formation of hooks (arguable how hooks affect the joint performance in terms
of material mixing versus stress concentration site). In order to mitigate these chal-
lenges, as well as to obtain higher joining efficiency, some derivative technologies of
the FSW process have been developed in recent years for joining dissimilar material
lap joints, such as friction stir soldering [5], friction stir scribe welding [6], FSW
with the assistance of filler interlayer [7], friction stir knead welding [8], friction
stir extrusion [9], and friction stir dovetailing (FSD) [10]. Among these derivative
techniques, few have shown promise in joining thick section aluminum (12.7 mm or
higher) to steel [9–11].

The FSD process is one approach that successfully demonstrated the joining capa-
bility of thick AA6061 to rolled homogenous armor (RHA) plates. The FSD study
also revealed the formation of silicon-rich FeAl3 IMCs and dovetail mechanical
interlocking simultaneously that resulted in a high ductile joint performance with
maximized load-carrying capacity [10]. It is now essential to investigate the capabil-
ity of the FSD process for precipitation hardened 7XXX aluminum alloys. However,
it is well known that the effect of zinc embrittlement of Fe-Al IMCs system during
the FSW process is detrimental to strength and elongation [12, 13]. This paper fur-
ther explores the study of FSD to join AA7099 to a Ni-Cr-Mo steel (RHA) using
two approaches: (a) single-pass FSD technique by plastically deforming AA7099
into dovetail grooves machined into the RHA to form mechanical interlocks while
simultaneously producing an Al-Fe IMCs layer; and (b) double-pass FSD and FSW
approach inwhich the first pass FSD is conducted to form high-strengthmetallurgical
bonding ofAA6061 to RHAwith silicon-enriched IMCswithin the dovetail followed
by a second-pass FSW process to produce lap joint between AA7099 and AA6061.
A set of welding parameters were examined to investigate the microstructural and
mechanical properties of joints.

Materials and Experimental Procedure

Two types of precipitation hardened aluminum alloys (AA6061-T651 and AA7099-
T7451) having the nominal thickness of 0.5 in. (12.7 mm) were used in this study
for joining with RHA using FSD. The RHA plates were procured to satisfy the
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Fig. 1 FSD tool used in this
study

Table 1 Summary of welding parameters in single-pass FSD and double-passes FSD/FSW joints

Lap joint configuration
single and double pass

Trial # Forge
force

Shoulder
temperature
(controlled)

Tool
rotational
speed

WC tem-
perature

kN °C RPM °C

Single pass: FSD joint of
AA7099 to RHA

A 62 440 91 450
B 69 440 86 445

C 77 440 88 448

D 74 420 85 430

E 82 410 70 413

Double passes: 1st
Pass-FSD of AA6061 to
RHA [10] and 2nd Pass-
FSW of AA7099 to AA6061

F 57 470 150 485
74 420 85 –

G 57 470 150 485

83 410 74 –

MIL-DTL-12560J specification and the thickness of 0.5 in. (12.7 mm) was obtained
by dual disc grinding. The RHA plates were also prepared for FSD by machin-
ing dovetail grooves. For a single-pass joint between AA7099 and RHA, FSD was
preformed using a customized FSW tool shown in the Fig. 1. The tool features
(shoulder scrolls and thread with flats in pin) with tungsten carbide (WC) insert and
location of thermocouples are also shown. The process control parameters and key
response variables are presented in Table 1.

The FSD tool and the dovetail geometry details were described in Refs.
[10, 14]; therefore, were not repeated here for brevity. Since joining AA7XXX to
steel always produces zinc-rich brittle IMCs using the conventional FSW process,
a second approach of joining AA7099 to RHA in this study was introduced by
incorporating an intermediate layer of AA6061 to link RHA and AA7090. Figure 2
summarizes the steps of joining AA7099 to RHA via AA6061 interlayer using a
double-pass joint in which: (a) Step 1: FSD joining of AA6061 to RHA were pro-
duced using the process described in Ref. [10], (b) Step 2: AA6061wasmachined off
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Fig. 2 Steps of joining
AA7099 to RHA using an
intermediate layer of
AA6061

from theAA6061-RHAFSD joints except the extruded andmetallurgical bonded part
of AA6061 within dovetail, and (c) Step 3: perform FSW to form lap joint between
overlaid AA7099 and extruded AA6061 using a conventional FSW. All welding was
preformed using a temperature control algorithm which modulates spindle torque
[15] to control the tool shoulder temperature with electronic displacement control
(EDC) of the commanded plunge depth. Therefore, the tool rotational speed, WC tip
temperature, and forge force mentioned in Table 1 are the response variable in this
study. All the welds were performed at welding speed of 76.2 mm/min.

The lap shear tensile specimens were cut from the welded aluminum-steel to an
average thickness of 15.0 mm using a water jet. Standard grinding and polishing
sequences were followed for metallographic sample preparation and final polished
surface was obtained using colloidal silica (<0.05 µm). A scanning electron micro-
scope (SEM) equipped with energy dispersive spectroscopy (EDS) was employed to
investigate the dovetail interfaces. The lap shear tensile testing was performed using
a 50 kip MTS test frame.

Results and Discussion

Weld Microstructural Analysis of AA7099 to RHA Using FSD

Figure 3 presents the montages of low-resolution SEM images of five trials of
AA7099 to RHA FSD joints at the dovetail interface. It is obvious in all trials that the
interfaces within the dovetails are disrupted by theWC tip of the FSD tool. However,
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Fig. 3 Weld transverse section and SEM montage images of the FSD joints of AA7099 and RHA
with different parameters

Fig. 4 High-resolution SEM images to investigate the interface of AA7099 and RHA

no continuous metallurgical bonding (IMCs) was revealed at the interface for trial A,
B, and C at or above 445 °C. However, trials D and E in Fig. 3 indicate continuous
metallurgical bonding at the interface.

The high-resolution SEMmicrographs at the middle of dovetail interface in Fig. 4
also confirm the absence of a continuous IMC for trialsA,B, andCaswell as presence
of continuousmetallurgical bonding for trials D andE.As noticed, the dark area at the
AA7099 and RHA interface in trials A, B, and C are the voids/gaps which indicate no
continuous interlayer. Moreover, a further detailed SEM-EDS investigation revealed
that the intermetallic which is formed eventually broke down in case of trial A, B,
and C, but the metallurgical bonding was evident between AA7099 and RHA for
trials D and E when the recorded tool temperature at the interface was below 430 °C.
However, the interlayer thicknesses and phases were not resolved by SEM for trials
D and E.

Attempts have also been made to quantify the interlayer that is formed in different
trials using SEM-EDS. Figure 5 illustrates the SEMmicrographs with area elemental
analyses using EDS. It was observed that magnesium- and zinc-rich Fe-Al IMCs
(atomic % in the table of Fig. 5) are formed in each case; however, these interlayers
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Fig. 5 SEM-EDS analysis at the dovetail interface

were broken down in trials A, B, and C mostly because of the high temperature
at which the IMCs are formed and over engagement of the WC with the RHA. A
continuous IMCs layer, the thickness of which was not detectable with current SEM
resolution in this study, was observed in trials D and E. Apart from the interfaces, it
is also interesting to note the microstructure of the aluminum-rich region in which
coarsening of precipitates near the aluminum grain boundary were evident in the
SEM micrographs of Fig. 5.

Lap Shear Tensile Test of AA7099 to RHA Using FSD

The lap shear tensile testwas conducted for at least four specimensof each trial and the
normalized load (load perweld length) as a function of displacementwas plottedwith
representative test data for each trial. It should be noted here that the load-carrying
capacity for trials A, B, and C are governed by the mechanical interlocking through
the dovetails and disrupted dovetail interfaces since no continuous metallurgical
bonding is observed in these trials. Therefore, it is observed in Fig. 6 that the load
increases with displacement up to the maximum value followed by a sharp change
in load when the corner of the extruded aluminum within the dovetail fails for trials
A, B, and C. In trials D and E, the load increases linearly up to the maximum
value and suddenly drops at constant displacement; however, the load increases
somewhat after each drop before complete failure of the specimens. The first portion
of the load displacement curve (linear up to the maximum value) is attributed to the
combined action of metallurgical bonding and mechanical interlocking that govern
the load-carrying capacity of trials D and E specimens. The sudden drop in load,
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Fig. 6 Lap shear tensile specimens (load versus extension curve)

when the IMCs fail and load afterward, is being carried by the dovetail mechanical
interlocking solely. This is consistent with the brittleness of the zinc-rich IMCs layer
where load drops suddenly at the time of IMCs failure [12, 13]. However, after the
failure of IMCs, load increases with displacement until the corner of AA7099 within
the dovetail fails (similar to trials A, B, and C). Therefore, the load-carrying capacity
of the lap shear tensile specimen for trials D and E is predominated by dovetail
interlock in the second phase of the curve. The maximum load of 1257 N/mm was
observed for trial D, which is 17–25% higher than other trials. It is also interesting to
note that in all trials of AA7099 to RHA FSD process, the failure location of the lap
shear tensile test are observed in similar location with initial separation of disrupted
metallurgical interface followed by the failure of the corner of aluminum within the
dovetail on the loading side.

AA7099 to RHA Joint with AA6061 Intermediate Layer
at the Dovetail

Figure 7 presents the weld transverse macro sections of double-pass FSD and FSW
joints of AA7099 to RHA with AA6061 as an intermediate layer. In each image the
advancing side is on the left and the retreating side is on the right. Each column of the
images show the cross sections for a particular trial (trial F on the left and trialGon the
right) in which the process parameters of the second pass were varied (refer Table 1).
The interface of AA6061 and RHA near the dovetail root wasmetallurgically bonded
to a length of about 8 mm [10]. It is interesting to note the difference in the mixing of
AA7099 and AA6061 at different commanded plunge depth for trials F and G (trial
G was 0.12 mm higher than trial F).
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Fig. 7 Weld macro cross sections of AA7099 to RHA joints via AA6061 interlayer

It is evident from the weld cross sections that the mixing of two materials within
the dovetail is higher with less plunge (trial F) than higher plunge (trial G). This
resulted in a higher protrusion of AA6061 into AA7099 on the retreating side in trial
G compared to trial F, leaving less AA6061 in the dovetail. This asymmetric nature
of material flow in the advancing and retreating sides is generally common in FSW.

The asymmetrical material flow of AA6061 in the weld cross sections unequal
joint strength depends on the loading direction. As such, lap shear tensile test with
AA7099 loaded on both the advancing and retreating sides was performed. Figure 8
presents the load versus displacement curve for trial F (dark lines) and trial G (gray
lines), with load being applied on the advancing side (continuous line) and retreating
side (dashed lines). The ascending part of the curve up to peak loads for similar
loading configurations is identical for trials F and G as seen in Fig. 8. However, the
descending part of the curve differs between trials F and G. This data suggests that
failure in the aluminum is governed by the extent to which AA7099 is extruded down
below the top of the dovetail. It is also observed from Fig. 8 that the peak load in the
case of pulling from the advancing side is about 35% higher compared to loading the
retreating side. This data shows that the two-step process of first performing FSD
of AA6061 to the RHA, and then FSW of AA7099 to AA6061 results in a stronger
joint than only performing FSD of AA7099. This improvement is attributed to the
elimination of the brittle zinc-rich IMC despite the lower strength of the AA6061
interlayer.
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Fig. 8 Load versus displacement curve of AA7099 to RHA FSD lap shear tensile test specimens
having AA6061 at intermediate layer

Conclusions

The following concluding remarks can be drawn from this study:

(1) FSD is capable of extruding different aluminum alloys (AA7099, AA6061) into
dovetail grooveswithinRHAplates to from lap joints by introducingmechanical
interlocking and metallurgical bonding simultaneously.

(2) The load-carrying capacity and ductility of lap joints produced betweenAA7099
and RHA is degraded by the zinc-rich Fe-Al IMCs formed during the FSD
process.

(3) Introduction of an intermediate layer of AA6061 within the dovetail drastically
improves the joint performance of AA7099 to RHA.

(4) The asymmetric material flow of AA6061 in the advancing and retreating sides
resulted in an asymmetric joint performance.
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Material Flow and Microstructure
Evolution in Corner Friction Stir
Welding of 5083 Al Alloy Using AdStir
Technique

Kunitaka Masaki, Hiroshi Saito, Koji Nezaki, Shoko Kitamoto,
Yutaka S. Sato and Hiroyuki Kokawa

Abstract During corner AdStir fillet stationary shoulder friction stir welding
(FSW), filler material with surface oxide is fed into the stir zone. In this study,
the material flow of the filler material and surface oxide layer during the process was
investigated by microstructure observation. To visualize the material flow, a marker
insert technique was employed. Similar to conventional FSW, fine and equiaxed
grain structure was observed in the stir zone. EBSD investigation revealed that the
material flow was governed by the simple shear deformation induced by the rotat-
ing probe. The filler material was widely distributed in the stir zone, suggesting that
some amount of the filler material moved downward due to the vertical material flow.
The initial surface layer on the filler material was finely broken up by the material
flow, achieving metallic bonding between the filler wire and the plates. Any harmful
effects by adding the filler material were not found in the mechanical tests in this
study.
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Introduction

Applications of friction stir welding (FSW) are now wide-spreading due to the many
advantages. One of the advantages of FSW is no requirements of the filler material
to make a weld. However, this may be disadvantageous in some cases. FSW of the
materials with large gap is not easy. Since conventional FSW doesn’t use the filler
material, welding of the reinforced fillet joint requires complex and unpractical joint
preparation [1].

Recently, corner AdStir fillet Stationary Shoulder FSW (SSFSW) process has
been developed [2, 3]. In this process, very smooth reinforced fillet welds between
flat plates can be obtained. To form the reinforcement, an additional filler material is
used to produce the fillet shape during the process. A smooth reinforced fillet weld
having a low stress concentration can be easily obtained.

SinceAdStir technique is recently invented process, some fundamental knowledge
still remains unclear. The stir zone obtained byAdStir should be composed ofmixture
of the base material and the filler material. It is generally known that dissimilar
conventional FS weld sometimes exhibits heterogeneous material distribution [4],
i.e., the filler material might heterogeneously distribute in the stir zone of AdStir FS
weld, affecting the joint properties. In addition, the filler material should be covered
by the surface oxide layer. It is also known that the initial surface oxide layer on the
base material can be broken up during FSW, but most of the broken oxide particles
are left in the stir zone. The oxide particles remaining in the stir zone sometimes
affect mechanical properties of the weld [5]. Therefore, the surface oxide on the
filler material might affect the mechanical properties of the FS weld by AdStir. To
understand the microstructure and mechanical properties of the AdStir weld, the
material flow of the filler material and surface oxide layer should be examined.

In this study, the material flow during AdStir FSW was examined. To visualize
the material flow during FSW, a marker insert technique [6] was employed. Material
flow of the filler material was studied using the dissimilar filler material, and surface
oxide layer distribution was examined using the similar filler material with coating
of the dissimilar metal as a marker. These results were discussed with the mechanical
properties of the weld.

Experimental Procedures

The materials used in this study are listed in Table 1. For the microstructure and
mechanical property examinations, Al alloy 5083-O supplied in 12 mm thick plates
and 5183 Al alloy cylindrical wires were used. To examine the material flow of the
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Table 1 List of materials combination used

Examination item Base material Filler material

Filler material flow 5083-O plate 7075-T6511 wire

Surface oxide distribution on
filler wire

5083-O plate Ni-coated 5183 wire

Microstructure in stir zone 5083-O plate 5183 wire

Mechanical properties 5083-O plate 5183 wire

Fig. 1 Schematic
illustration of the corner
SSFSW

fillermaterial,Al alloy 7075-T6511 cylindricalwires are used as the fillermaterial. To
examine the distribution of surface oxide on the filler wire, Ni-coated 5183 wire was
employed. The threaded welding probes and stationary shoulders with a chamfered
corner shape were used. These tools were made from a tool steel. Figure 1 shows the
schematic illustration of the corner SSFSW in this study.

Corner SSFSW welds were produced at the travel speed of 200 mm/min and the
rotational speed of 750 rpm. At the end of FSW, the welding tool was immediately
extracted from the weld to “freeze” the material flow around the tool during FSW.

Following FSW, the transverse cross sections of the weld, and horizontal cross
sections with various depths around the keyhole left at the end of FSW were cut by
electric discharge machine for the material flow examination. For the filler mate-
rial flow examination, the stir zone macrostructure was characterized by optical
microscopy. To distinguish the regions originated from the filler wire, EPMA tech-
nique was employed. For examination of initial surface oxide, SEM observation was
employed. Furthermore, the microstructure in the stir zone was examined by EBSD
technique. Mechanical properties of the weld were also examined. To examine static
mechanical properties, tensile test was performed. To examine the effect of surface
oxide on fracture path, fracture test was performed.

Results and Discussion

Figure 2 shows the typical cross-sectional overview of the weld of 5083 plates with
5183 filler wire. The advancing and retreating sides are expressed as “AS” and “RS”,
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Fig. 2 A typical cross section of the weld: a optical macrograph by Barker’s reagent, b high angle
grain boundary map obtained by EBSD technique, and c schematic illustration of the cross section

respectively. Sound corner FS weld with smooth fillet was obtained. Clear onion-
ring structure was observed in Fig. 2a. EBSDmeasurement revealed that the stir zone
exhibited fine and equiaxed grain structure similar to that of conventional FSW. It
is also worth noting that a moderate simple shear texture was observed. This result
suggests that thematerial flowwas governed by the simple shear deformation induced
by the rotating probe.

The stir zone shape was visible by optical microscopy, as shown in Fig. 2a, but
the regions originated from the filler wire couldn’t be distinguished. Furthermore,
oxide particles remaining in the stir zone cannot be recognized in this experiment. To
distinguish those microstructural features, a marker insert technique was employed
in this study.

The cross sections of the weld of 5083 plates with 7075 filler wire after etching by
Barker’s and Keller’s reagents are shown in Fig. 3. By Barker’s reagent etching, clear
onion-ring structure similar to that in the weld with 5183 filler wire was obtained
(Figs. 2a and 3a). The microstructure in the stir zone also looked close to that in the
weld with 5183 filler wire. By Keller’s reagent etching, dark regions are observed in
the stir zone as shown in Fig. 3b. EPMAmeasurement revealed that the dark regions
contained high Zn, and other regions hardly contained Zn. Since only 7075 contains
Zn in this study, this result implies that the dark regions are originated from the filler
wire. The dark regions originated from the filler wire distribute throughout all depth
in the stir zone. It is found that the dark regions at upper part contained high Zn close
to Zn content of 7075 Al alloy, but those in middle and bottom parts contained the
lower amount of Zn than the surface area.

To examine the movement of the surface oxide layer in the stir zone during weld-
ing, FSW of no-coated plates and Ni-coated filler wire was conducted. The back-
scattered electron (BSE) images on the cross section of the welds of no-coated plates
and Ni-coated filler wire obtained by SEM is shown in Fig. 4. The initial surface
with Ni was clearly visible as white phases in BSE images due to the high atomic
number. The initial surface oxide distribution at the upper part area was denser than
the middle and bottom parts.

To examine the material flow during FSW, the cross sections perpendicular to the
probe around keyhole were observed at several depths. The cross-sectional overview
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Fig. 3 Cross-sectional overviews of the weld with 7075 filler wire etched by a Barker’s reagent
and b Keller’s reagent

Fig. 4 BSE images on cross section of the weld with no-coated plate and Ni-coated filler wire

Fig. 5 Filler material flow around keyhole at several depths

of the weld of 5083 plates with 7075 filler wire and Ni-coated 5183 wire is shown
in Fig. 5 and Fig. 6, respectively.

At the upper part, it was found that the filler wire experienced severe shear defor-
mation and moved to retreating side ((1) in Fig. 5a). During the deformation, the
filler wire was extremely thinned, and the surface oxide on the filler wire was broken
up to fine particles ((1) in Fig. 6a). Fragmentation of the oxide layer generates the
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Fig. 6 Surface layer on the filler material flow around keyhole at upper part

oxide-free surface, so that metallic bonding between the filler wire and the plates
would be achieved behind the probe, as like conventional FSW process [5]. Behind
the tool, a large amount of the filler material was released with the base material ((2)
in Fig. 5a). However, it seems that some amount of the filler material moved ahead
of the probe through advancing side ((3) in Fig. 5a).

At the middle and bottom parts, the filler material can be found around the probe
((1) in Fig. 5b, c), although the filler wire was not located initially at these depths
(Fig. 5d), suggesting that the filler material around the probe moved downward from
the upper part due to the vertical material flow induced by the screwed probe rotation.
This material flow may result in distribution of the filler material on these parts in
the stir zone. During such material flow, compositional mixing between the base
material and the filler material could also occur, causing the low Zn content in the
middle and bottom parts, as shown in Fig. 3b.

Finally, static mechanical property of the weld was examined by tensile test.
Figure 7a shows the schematic illustration of the tensile test in this study. All spec-
imens failed at the location with the minimum throat in the stir zone. No brittle
fracture surface was observed. The tensile strength of the weld satisfied the strength
limit of the base material (275 MPa).

Additionally, the effect of the oxide layer remnant of the stir zone on fracture was
examined by a fracture test. In the fracture test, corner FSW specimen was torn by
tensile test machine, as shown in Fig. 7b. Figure 8 shows the fracture test result. The
samples failed in the base material, not through the stir zone. Any harmful effects
weren’t found in this study.
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Fig. 7 Schematic illustrations of mechanical properties test: a tensile test and b fracture test. White
arrows indicate force directions during the tests

Fig. 8 Appearance of fracture test specimen after the test

Conclusions

The material flow of the filler material and surface oxide layer during corner friction
stir welding of 5083 Al alloy using AdStir technique were examined.

The stir zone exhibited fine and equiaxed grain structure similar to that of conven-
tional FSW. The regions originated from the filler material were widely distributed
in the stir zone. It was found that the filler material experienced severe shear defor-
mation during FSW. The shear deformation might break up the initial surface oxide
layer, achieving metallic bonding. Some amount of the filler material moved down-
ward due to the vertical material flow. This material flow may result in the wide
distribution of the filler material in the stir zone. In this study, any harmful effects
by adding filler material were not found in mechanical tests.
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Joining of Lightweight Dissimilar
Materials by Friction Self-Piercing
Riveting

Yong Chae Lim, Charles David Warren, Jian Chen and Zhili Feng

Abstract In this work, we employed a unique solid-state joining process, friction
self-piercing riveting (F-SPR), to join carbon fiber composites to the low-ductility
magnesium alloy AZ31B. The localized frictional heat generated between the rotat-
ing rivet and the underside of the magnesium sheet softened and prevented crack
generation in AZ31B. A consumable joining rivet was designed to join the selected
material stacks by F-SPR. Lap shear tensile testing was used to assess the joint qual-
ity of specimens produced by F-SPR. The joint interface from the cross-sectioned
F-SPR specimen was evaluated by optical microscopy.

Keywords Friction self-piercing riveting · Carbon-fiber-reinforced polymer
AZ31B
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Introduction

Multi-material lightweight vehicles have been targeted by the automotive industry
as a way to comply with government regulations while producing safer, more fuel
efficient, and more durable vehicles. One general approach to achieving this goal
is to integrate high specific strength (i.e., strength divided by density) materials—-
such as aluminum, magnesium alloys, carbon fiber (CF) composites, and advanced
high-strength steels—into the unified vehicle structure. However, joining of the indi-
vidual materials has been a critical challenge because of the physical and chemical
incompatibilities between the materials.

Extensive research has been conducted on joining dissimilar lightweightmaterials
using fusion welding, solid-state joining, and mechanical fastening [1–5]. Although
hybrid vehicle structures using CF composites and magnesium alloys have good
potential for future lightweight vehicle applications, only limited work has been
reported for joining CF-reinforced composites (CFRCs) to magnesium alloys [6].
For this reason, the authors focused on developing a process for joining CFRCs to
the magnesium alloy AZ31B. Magnesium has low ductility and formability at room
temperature [7], so it is hard to achieve the required plasticity even for mechanical
fastening, such as self-piercing riveting. To overcome the issue of low ductility at
room temperature, we employed a unique friction self-piercing riveting (F-SPR)
process. This process has recently been used for joining dissimilar materials, such
as joining aluminum to magnesium alloys [8, 9] and aluminum to steel [10].

Experiment

Materials

For a top sheet material, a 3-mm-thick thermoplastic CF-reinforced polymer
(polyamide [PA] 66 with 40% random and short CFs) was provided by BASF.
Another top sheet was purchased for this work—a 1.86-mm-thick thermoset CF-
reinforced polymer (Clearwater Composites, Minnesota, USA) with G-83 prepreg
laminated reinforced with 50 wt% of unidirectional CFs (T700, Toray). The stacking
sequence of the CF layers was (0°/90°) with nine plies. A 2.3-mm-thick AZ31B alloy
sheet was used as the bottom material. Figure 1 shows a magnified cross-sectional
view of both the thermoplastic and thermoset CF composites. For the F-SPR pro-
cess, 5.3 mm diameter special semi-tube rivets with hexagonal heads were designed
and fabricated. The rivet shank length was 6 mm. The rivets were made of Japanese
Industrial Standard G3507-2 carbon steel without heat treatment or coating. Table 1
shows the chemical compositions of AZ31B and the rivets. The mechanical proper-
ties of both materials are summarized in Table 2. Finally, a DZ series pip die with a
1.7 mm cavity depth was used, based on previous work [8].
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Fig. 1 Magnified cross-sectional optical image of a thermoplastic CFRP (PA66-40% CF), b ther-
moset CFRP with (0°/90°) CF layers

Table 1 Chemical compositions of AZ31B and rivet
Element C Al Zn Mn Ca Cu Fe Ni Si P S Others Mg

AZ31B – 2.5–3.5 0.7–1.3 0.2–1.0 0.04 0.05 0.005 0.005 0.05 – – 0.4 Balance

Rivet 0.14 0.0005 – 0.71 – – Balance – 0.04 0.011 0.004 – –

Table 2 Mechanical properties of each material

Material Tensile strength (MPa) Elongation (%)

CFRP (PA66-40%CF) 154 –

CFRP (G-83 prepreg) 827 –

AZ31B 285 8

Rivet 463 26.4

A water jet was used to cut all sheets into coupons of 25 mm wide and 100 mm
long for lap shear coupons. A 25 mm overlap was used for the lap shear coupons.
Then, acetone, followed by isopropyl alcohol, was used to clean the surfaces of both
sheets before joining. The material stacks for F-SPRwere 3-mm-thick CFRP (PA66-
40% CF) joined to 2.3-mm-thick AZ31B, and 1.86-mm-thick CFRP (G-83 prepreg)
joined to 2.3-mm-thick AZ31B.

Friction Self-Piercing Riveting

In the F-SPR process, a semi-hollow rivet is rotated and plunged into the top and
bottom materials to create a joint, as illustrated in Fig. 2. Frictional heat is generated
by the rotating rivet and underneath the material, leading to local softening of the
material. This local heating can produce a crack-free joint for a low-ductility material
such as a magnesium alloy. Finally, mechanical interlocking between the rivet and
bottom sheet is achieved by outward flaring of the rivet leg based on the geometry
of the supporting die. The joint quality is governed by the interlock distance and
the remaining material thickness of the bottom sheet. Figure 3 shows a specially
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Fig. 2 Schematic of F-SPR process

Fig. 3 a Overview of
friction self-piercing riveting
machine. bMagnified image
showing rivet holder, steel
rivet, and pip die

Table 3 Summary of F-SPR process parameters for each material stack

Material stack Spindle speed (rpm) Z-axis plunge depth (mm) Z-axis plunge speed
(mm min−1)

CFRP (PA66-
40%CF)—AZ31B

2000 6.7 101.6

CFRP (G-83
prepreg)—AZA31B

2000 6.65 101.6

designed piece of welding equipment for the F-SPR process along with a rivet, its
holder, and the pip die. The F-SPR process parameters initially used for the material
stacks are summarized in Table 3.
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Mechanical Testing

To evaluate the joint integrity of F-SPR specimens, lap shear tensile testing was
performed using an MTS tensile machine with a constant crosshead speed of
10 mm min−1 at room temperature. Spacers were used to grip the lap shear coupons
to align them.

Results and Discussion

Figure 4 shows an example of thermoset CFRP (G-83 prepreg) joined to AZ31B by
F-SPR. No surface damage was observed on the CFRP when the rivet is plunged into
the top sheet. In addition, visual observation of the backside of the AZ31B after F-
SPR showedno crack formation on the low-ductilitymagnesiumalloy. Frictional heat
generated during F-SPR softened the AZ31B so that crack formation was avoided.
Previous work also demonstrated that preheating AZ31B up to 200 °C before self-
piercing riveting effectively prevented cracking [11].

Load and displacement curves from lap shear tensile testing of the different mate-
rial stacks are plotted in Fig. 5. The peak failure load for the thermoplastic CFRP
(PA66-40%CF)–AZ31B stackwas 3.2 kN, and a failure load of 5.12 kNwas obtained
for the thermoset CFRP (G-83 prepreg)–AZ32B stack. Note that the lap shear peak
load obtained was comparable to that found in previous reported work (~1.5 kN) for
AZ31B joined to a polyphenylene sulfide CF composite by friction spot welding [6].
The peak loads obtained for the different material stacks were normalized using the
cross-sectional area of the rivet shank diameter (5.3 mm), resulting in load values of
145.1 MPa and 231.96 MPa for the thermoplastic CFRP–AZ31B and the thermoset
CFRP–AZ31B, respectively. The normalized tensile shear strengths for both cases
were close to the tensile strengths of the base materials, such as thermoplastic CFRP
(PA66-40%CF) and AZ31B, respectively.

Different failure modes were observed for each material stack. Net tension failure
of theCFRPwas observed for theCFRP (PA66-40%CF)–AZ31B specimen, as shown
in Fig. 6a. The failure could be due to stress concentration around the hole produced
by the F-SPR process. In the CFRP (G-83 prepreg)–AZ31B specimen, a large hole
was observed in the AZ31B sheet because the mechanical interlock pulled out from
the bottom magnesium sheet, as seen in Fig. 6b. From the cross-sectional view, the

Fig. 4 Example of thermoset CFRP joined to AZ31B by friction self-piercing riveting
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Fig. 5 Load and displacement curves of different material stacks

Fig. 6 a Fractography of thermoplastic CFRP (PA66-40%CF) joined to AZ31B by friction self-
piercing riveting, showing net tension failure of the composite (red-dotted circle). b Fractography
of thermoset CFRP (G-83 prepreg) joined to AZ31B showing pullout from the AZ31B

mechanical interlockwasmeasured at around 0.4mm. This failuremode can indicate
good mechanical interlocking between the rivet and the magnesium alloy.

Conclusions

In quick summary, F-SPR was successfully demonstrated for joining CF compos-
ites to the magnesium alloy AZ31B. No cracking of AZ31B was found after the
joining process, because localized friction heat generated during F-SPR softened
the magnesium alloy, leading to improved ductility and formability of the material.
Lap shear tensile peak loads of 3.2 kN and 5.12 kN, respectively, were achieved for
thermoplastic CFRP (PA66-40%CF) joined to AZ31B and thermoset CFRP (G-83
prepreg) joined to AZ31B. Net tension failure was observed for the thermoplastic
CFRP joined to AZ31B, and mechanical interlocking pullout from the bottom mag-
nesium sheet was seen for thermoset CFRP joined to AZ31B. In future work, other
process parameters should be further studied for optimization of the F-SPR process.
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Achieving Forced Mixing in Cu-Based
Immiscible Alloys via Friction Stir
Processing

Mageshwari Komarasamy, Ryan Tharp, Subhasis Sinha, Saket Thapliyal
and Rajiv Mishra

Abstract Cu-based binary and ternary immiscible alloys were synthesized from
elemental powders via friction stir processing (FSP) as a pathway to obtain thermally
stable bulk nanostructured alloys with forced miscibility. The processed alloys were
characterized using scanning electron microscopy (SEM). High magnification SEM
confirmed the formation of forced mixing in the friction stir processed layer. Forced
miscibility in immiscible alloys systemswas possible due to high temperature intense
severe plastic deformation during FSP. Mixing characteristics in Cu–Ag–Nb and
Cu–Fe immiscible alloys were carried out and a mixing mechanism was proposed.
As-processed alloys exhibited hardness in the range of 215–320 HV0.3.

Keywords Immiscible alloys · Friction stir processing · Forced mixing
Microstructural evolution · Hardness

Introduction

One driver for the immense interest in nanocrystalline materials over the last few
decades stems from the well-known Hall–Petch prediction of increasing the strength
with reduction in grain size [1] and also the realization of manufacturing nanocrys-
talline materials in bulk [2]. The high volume fraction of grain boundaries increases
the total free energy of the material tremendously and the nanocrystalline grains
grow to reduce the free energy [3]. The degree of instability can be clearly rec-
ognized from a study on nanocrystalline Cu, where a significant grain growth was
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observed in the sample after one month of storage at ambient temperature [4]. Addi-
tionally, deformation-induced stress-assisted grain growth was extensively observed
in nanocrystalline materials [5]. Therefore, it is important to limit or reduce the grain
growth to maintain the benefit of nanocrystalline grains in achieving high strength
material.

In nanocrystalline materials, two approaches are followed to reduce the grain
growth. One is energetics based where the grain boundary energy is reduced due to
the presence of solutes at the boundary and the second one is kinetics based where
second phase particles pin the boundary thereby restricting grain growth, also known
as “Zener pinning” [3]. To effectively control the growth of nanocrystalline grains,
it is imperative to make use of both thermodynamic and kinetic approaches toward
grain boundary stabilization. The abovementioned approach can be accomplished
by careful selection of alloying elements, where the solute elements can form stable
nano-sized precipitates to pin the grain boundaries and/or the solute elements can
be in solid solution with the matrix, which can either pin the boundary via solute
drag or reduce the boundary energy. Various immiscible alloying elements that are
usually added to Cu are Nb, Ta, W, Cr, and Fe [3]. Methods such as high energy ball
milling and severe plastic deformation (SPD) techniques are generally employed in
creating forced miscibility in immiscible systems [6, 7]. Through this method of
incorporating immiscible elements, nanocrystalline Cu grains were stable even at
very high temperature (>0.5 Tm) and high stress conditions [8]. Forced shear mixing
across Cu–X interface during various SPD techniques depends on various factors
such as, differences in (1) crystal structure, (2) elastic moduli, (3) atomic size and
(4) mutual solubility, (5) heat of mixing between the solute and the solvent, and
(6) interface structure [9–12]. For instance, in coherent or semi-coherent interfaces,
extensive chemical mixing due to slip transfer across the interface was observed
[10]. Furthermore, a large difference in shear modulus would lead to severe strain
localization in the soft phase and the hard phase not deforming plastically thereby
limiting the intermixing of the two phases. Overall, there are a number of factors
that can affect the extent of mixing in immiscible systems, ranging from intrinsic
material properties to the deformation conditions.

Friction stir processing (FSP) is a high-temperature SPD technique and further
details of the process can be found in [13, 14]. High temperature, intense shear
strain, and high strain rate deformation conditions are imparted by the tool onto the
sheared volume. For the first time, the authors have shown the ability of FSP to force
shear mix immiscible elements in Cu–Ag–Nb alloy [15] and to obtain nanostructural
features. In this investigation, mixing characteristics and microstructural evolution
of two friction stir processed Cu-based immiscible alloys were carried.

Experimental Procedure

Elemental Cu, Ag, Nb, and Fe in ~99.9% purity and in the size range of 1–5 µm
was purchased from Atlantic Equipment Engineers. Figure 1 shows various steps
involved in fabricating the forced mixed immiscible Cu–X alloys. Mixture of the
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elemental powders in the nominal compositions of Cu-5 wt% Ag-3 wt% Nb, Cu-
5 at.% Fe (Cu–5Fe), and Cu-10 at.% Fe (Cu–10Fe) were weighed and then mixed
mechanicallywith the help of rollermixer. Themixed powderswere then cold pressed
into a 10 mm diameter pellet using a dry pressing die set and hydraulic press. The
cold pressed pellet was placed in a slightly larger diameter hole made in a pure Cu
block. Then, friction stirring without translational movement was performed at 600
rpm and for differing stirring times. Two different tools were used to investigate the
effect of tool features on the forced mixing. First, lanthanated Tungsten (La2O3W)
tool (tool 1) with a featureless cylindrical pin of 6 mm diameter and 3 mm length and
a flat, featureless shoulder of 12 mm diameter, and second, a tool (tool 2) made up
of tool steel with concave shoulder and conical pin with step-spiral profile was used.
The shoulder diameter, pin length, pin diameter at the root and tip were 12, 2.25, 6
and 3.75 mm. Both the tools were used for processing the Cu–Ag–Nb composition.
Furthermore, in the case of tool 1, stirring time was 10 s while stirring time in tool
2 was increased to 60 s. For the processing of Cu–Fe alloy, tool 2 was used with
the stirring time of 60 s. Top view of the processed volume is shown in Fig. 1.
Scanning electron microscopy (SEM) of both Cu–Ag–Nb and Cu–Fe alloys was
done with FEI Nova NanoSEM 230 in back scattered electron mode. Samples for
SEMwere polished down to 0.02µm surface finish using colloidal silica suspension.

Fig. 1 Complete process description of creating bulk, force mixed nanocrystalline, or ultrafine-
grained Cu–X alloy systems from elemental powders



202 M. Komarasamy et al.

The Vickers microhardness of the processed volume was obtained at a load of 300 g
and 10 s dwell time. Transmission electron microscopy (TEM) of Cu–5Fe sample
was done to investigate grain size and the TEM sample was prepared via Focused
Ion Beam milling process using FEI Nova 200 NanoLab Dual Beam FIB/FESEM.
TEMwas done in FEI Tecnai G2 F20 S-Twin 200 keV field emission scanning TEM.

Results and Discussion

Effect of Tool and FSP Parameters

Figure 2 shows the effect of both tool features and the stirring time on the extent of
mixing in the processed volume. Figure 2a–c is for tool 1 with 10 s of stirring time,
while Fig. 2d–f is for tool 2 with 60 s of stirring time. As noted from the overall
cross-section view in (b) and (c), tool 1 with featureless cylindrical pin did not result
in good mixing. A sliver of processed volume consisting of slight mixing between
the elements can be observed (Fig. 2c). On the other hand, tool 2 led to a good forced
mixed layer (Fig. 2e, f). The step-spiral conical pin enhanced the material flow of
the powders and intensified the deformation conditions, due to which a relatively
thick processed volume was obtained. Figure 2f shows both the unmixed and force
mixed region, and the absence of coarse particles in the processed volume signifies
the mixing of elemental powders. Detailed analysis of the mixing is presented in the
upcoming sections.

Fig. 2 Effect of tool features and processing parameters on the mixing extent in Cu–Ag–Nb alloy.
a–c and d–f are for tool 1 with 10 s of stirring time and tool 2 with 60 s of stirring time, respectively
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Microstructural Evolution in Cu–Ag–Nb System

Figure 3 shows the deformation and subsequent mixing behavior in various zones.
Figure 3a is the overview of the processed volume and the region marked by the
red square box is presented in Fig. 3b. Figure 3b, c shows the thermomechanically
affected zone (TMAZ). Figure 3d, e shows processed volume and the high magnifi-
cation view of the mixed zone, respectively. Furthermore, EDS analysis of the region
denoted in Fig. 3f is presented in Fig. 3g–i to understand the deformation behavior
of Ag and Nb particles. A quick summary of various observations is presented here.
Note the absence of coarse secondary particles and the presence of extremely fine
particles and nanocrystalline Cu–Ag–Nb grains. In addition, a few scattered fine par-
ticles were also noted as denoted by red arrows which essentially are refined particles
after the high-temperature severe plastic deformation during FSP. As well known,
FSP is a high strain rate, strain, and high temperature process [13, 14]. Initially, fric-

Fig. 3 Microstructural evolution in the stirred region and TMAZ. a Cross-sectional overview, b,
c TMAZ region showing deformation characteristics of various particles, d, e mixing in the stirred
region, f–i EDS analysis of the TMAZ region
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tion generated at the specimen–tool interfacewould be limited due to cold compacted
powders, but with continued stirring and subsequent formation of the solid material,
friction would increase resulting in high temperature in the processing volume. The
average grain size in the processed volume near the shear edge was approximately
100 nm. Shear edge is marked on Fig. 3a. Note the significant contrast change in
the processed volume as compared to the unmixed base material as denoted by blue
arrows in Fig. 3b. This was due to the forced introduction of high atomic number
elements (Ag and Nb) into solid solution with Cu. Next, the co-deformation behavior
of Ag and Nb relative to Cu can be understood based on themicrostructural evolution
in TMAZ. Note that Ag particles were deformed extensively as compared with Nb
particles. Both Nb (38 GPa) and Ag (30 GPa) exhibit a comparable shear modulus to
Cu (48 GPa), hence shear modulus difference is not the determining factor. In addi-
tion, crystal structure difference also exerts significant impact on the co-deformation
characteristics. Nb and Ag have body-centered cubic (BCC) and face-centered cubic
(FCC) crystal structures, respectively. Extensive co-deformation of two materials
was observed in materials with similar crystal structure (Cu–Ag) and in the case of
FCC-BCC combination, the co-deformability was limited [10]. The current investi-
gation clearly demonstrates such expected co-deformation behavior in Cu–Ag–Nb
system. A similar phenomenon was observed in the friction stir processed Cu–Cr
immiscible alloy as well. In this case, in addition to the differences in crystal struc-
ture, Cr has high shear modulus (115 GPa) as compared to Cu (48 GPa), overall,
leading to a limited mixing for the same deformation conditions (not shown here).

Microstructural Evolution in Cu–Fe System

In addition toCu–Ag–Nb immiscible alloy,mixing behavior andmicrostructural evo-
lution in Cu–Fe immiscible alloy were carried out. Figure 4a–f shows themicrostruc-
tural evolution in Cu–5Fe and Cu–10Fe immiscible alloys, respectively. Note that
both the compositions were processed with the tool rotation rate 600 rpm for 60 s. In
both the alloys, coarse Fe particles in the cold pressed pellet were deformed exten-
sively during FSP, and resulted in Cu–Fe solid solution and submicron Fe particles
as denoted by magenta arrows in Fig. 4. Cu–10Fe had more submicron Fe particles
as compared to Cu–5Fe. This was due mainly to the increased Fe particle fraction
and also reaching the solubility limit even under forced shear mixing. In the case of
Cu–5Fe, both high magnification SEM (Fig. 4b) and TEM (Fig. 4c) showed the pres-
ence of ultrafine grains. Furthermore, friction stirred Cu–10Fe alloy also exhibited
ultrafine grains (SEM image not shown here). The limited presence of submicron
particles in the case of Cu–5Fe indicated the existence of Fe in solid solutionwith Cu,
which could be precipitated out with an appropriate aging heat treatment. The impact
of the presence of solid solution or large fraction of submicron Fe particles can be
understood from the hardness results which are presented in the next subsection.
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Fig. 4 Microstructural evolution after friction stirring in a–c Cu–5Fe and d–f Cu–10Fe alloys,
respectively

Vickers Microhardness

Vickers hardnessmeasurements of various alloys in as-processed condition are shown
inTable 1.Among thefive compositions, alloyswith high fraction of alloying element
exhibited the highest hardness. As noted in the case of Cu–10Fe, a large fraction of
submicron Fe particles were noted in the high magnification SEM image. Similar
observations were made in the Cu–10Cr alloys as well. Therefore, the presence of
micron-sized or submicron particles increased the hardness of the alloy due may
be to composite strengthening. In addition to that, Cu–Ag–Nb alloy exhibited an
intermediate hardness, which could be due to the combination of nanocrystalline
grains and extremely fine Ag and Nb-rich particles. A relatively low hardness in
the case of Cu–5Fe immiscible alloy could be due to the existence of Fe in solid
solution with Cu and the limited presence of Fe-rich particles. Overall, as-processed
Cu-based immiscible alloys show the potential for postprocessing aging treatment
which would enhance the strength/hardness of such material system.

Table 1 Vickers microhardness for various Cu-based immiscible alloys fabricated via friction stir
processing

Alloys Cu–Ag–Nb Cu–5Fe Cu–10Fe Cu–5Cr Cu–10Cr

Hardness
HV0.3

245±32 223±19 318±15 214±10 312±10
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Mixing Mechanism

Figure 5 explains the extent of deformation and subsequent mixing of various par-
ticles in the Cu matrix. The example contains Ag, Fe, Nb, and Cr particles in Cu
matrix. As discussed earlier, among the four immiscible alloying additions, differ-
ences in crystal structure and shear modulus exist as compared with Cu base. Due to
the force exerted by the FSP tool in the deformation zone, the particles underwent
extensive shearing and extrusion deformation. Once the fracture strain was reached,
the elongated particles fragmented into fine particles. Due to continued stirring, the
fragmented particles subjected to further deformation that again elongated them. The
continuation of these processes led to extremely fine particles and also the forced
creation of solid solution in Cu–X immiscible alloy systems. The abovementioned
process is presented in Fig. 5. Also, note that the extent of deformation was deter-
mined by the characteristics of the particles and varied between, for instance, Ag and
Cr particles. Furthermore, in the case of Cu–Ag system, dislocation transfer across
the FCC/FCCwas observed which aided in the forcedmixing process [10]. However,
in the case of FCC/BCC interface, no such dislocation transfer across the interface
was noted [10]. As mentioned earlier, with continued stirring, friction between the
tool and workpiece would also increase that would increase the process temperature.
Therefore, high temperature would enhance the defect-assisted diffusion processes

Fig. 5 Schematic of forced shear mixing mechanism is explained for particles with different phys-
ical properties
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in FSP due to high density of vacancies and dislocations present in the shear defor-
mation zone. Overall, all these mechanisms would aid in the mixing of immiscible
elements in Cu matrix.

Conclusion

In this investigation, the viability of friction stir processing in creating miscibility in
various Cu-based immiscible alloys was investigated and following are the conclu-
sions:

1. Both tool features such as concave shoulders and conical, step-spiral pin, and
processing parameters are critical factors in attaining relatively bulk processed
volume consisting of forced mixed solid solution.

2. High magnification SEM analysis proved the presence of mixing in both
Cu–Ag–Nb and Cu–Fe alloys.

3. In Cu–Ag–Nb alloy, Ag particles deformed much more extensively as compared
to Nb particles, as observed in the TMAZ region.

4. InCu–Fe alloys, large fraction of submicronFe particleswere present inCu–10Fe
composition as compared to Cu–5Fe.

5. Vickers microhardness varied from 215 to 320 HV0.3, which was dependent on
whether the processed volume contained primarily solid solution or submicron
second phase particles.

Acknowledgements Authors acknowledge the help of Maya Duffy and Smruthi Senthil in sample
preparation. Authors also acknowledge Material Research Facility (MRF) at University of North
Texas for the microscopy facilities.
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Abstract Stationary shoulder friction stir processing (SSFSP) as a low heat input
grain refinement technique is projected in this study. SSFSP can be considered as
a variant of friction stir processing (FSP) with modified tooling system. It uses sta-
tionary shoulder tool and rotating probe, which helps to reduce heat input in great
manner during process. Present work aims to refine grain size in thick AZ31B mag-
nesium alloy using SSFSP without using external cooling at different tool rotational
speeds (700–1300 rpm). The smooth surface with little flash without any defect was
obtained in all the samples,which had confirmed thewide processing range of SSFSP.
Probe-dominated stir zone (SZ) achieved for all rotational speeds, which confirmed
smaller temperature gradient throughout the SZ thickness. SZ produced at the low-
est rotational speed (700 rpm) exhibited reduction in grain size and subsequently
enhancement in mechanical properties (hardness and tensile).
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Introduction

Friction stir processing (FSP) is a promising method to modify the microstructural
features of the base metal (BM) in such a way that improves the properties of it [1, 2].
FSP has shown different material processing applications like grain refinement [3,
4], superplasticity [5–8], surface composite [9], fusion weld repair [10], and coating
modification [11, 12]. FSP uses conventional tooling system of rotating shoulder and
probe to create severe plastic deformation into BM. During plastic deformation, the
shoulder of tool mainly contributes to the heat generation due to its larger dimensions
in comparison to that of probe. The microstructural refinement is preferred at low
heat input so that grain growth could be minimized during FSP. The heat input is
lower by either adopting low rotational and high travel speeds or additional cooling
of processed material. In case of heat-sensitive alloy like magnesium, the conven-
tional tooling system is quite difficult to conduct FSP. Therefore, magnesium alloys,
especially AZ31 has been investigated mostly using additional cooling during FSP
[13–15]. To eliminate the additional cooling, the tooling system can be modified in
such a way that shoulder of tool remains nonrotating like stationary shoulder friction
stir welding (SSFSW) tooling system. Use of stationary shoulder tool in welding has
already demonstrated sound weld quality due to low heat input, smaller temperature
gradient across the weld thickness, no or little flashes and arc corrugations [16–18].
Such a low heat input and smaller temperature gradient characteristics are desired in
FSP to enhance the grain refinement by producing uniform grained microstructure in
SZ. Therefore, stationary shoulder tooling system can also be used in FSP to lower
the heat input for processing magnesium alloys without using additional cooling.
We propose stationary shoulder friction stir processing (SSFSP) as a variant of FSP
for microstructure refinement and properties enhancement. The present work is a
feasibility check of SSFSP on thick AZ31B magnesium alloy at different rotational
speeds.

Experimental Procedures

6.35-mm-thick, rolled Mg plate as BM was used for SSFSP. The chemical compo-
sition of BM is displayed in Table 1. The self-designed stationary shoulder tooling
assembly at the Shaanxi key laboratory of frictionwelding technologies, NWPU,was
used to install the stationary shoulder and rotating probe or pin. Stationary shoulder
and probe assembly are shown in Fig. 1. The tool dimensions consist of stationary
shoulder of 18 mm, threaded probe diameter of 6 mm root and 3.5 mm tip, and probe
length of 6 mm. The single-pass SSFSP was conducted at three different rotational
speeds of 700, 1000, and 1300 rpm. The travel speed of 150 mm/min and tool tilt of
2.5° was maintained for all three samples. After SSFSP, the cross section of the pro-
cessing zone was cut to prepare specimen for optical microscopy. The cut specimens
were mechanically ground, polished, and etched (4.2 g picric acid+10 ml glacial
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Table 1 Chemical composition of AZ31B magnesium alloy

Al Zn Mn Fe Cu Si Mg

2.5–3.5 0.60–1.4 0.20–1.0 ≤0.003 ≤0.001 ≤0.008 Balance

Stationary 
Shoulder 

Rotating  
Probe 

Fig. 1 Stationary shoulder tooling system

acetic acid + 10 ml distilled water+70 ml ethanol). Microhardness measurement
across the thickness of SZ under 200 gm load and 10 s dwell time was carried out.
Tensile specimens were cut using wire cut electro-discharge machining in longitu-
dinal direction of the processing zone in such a way that gage dimensions (25 mm
length, 1.5 mm thickness, 2 mmwidth) coincide with SZ only. The room temperature
tensile testing was conducted at cross-head speed of 0.5 mm/min.

Results and Discussion

The cross section of the processing zone produced at different rotational speeds is
shown inFig. 2. Themacrostructure clearly represents defect-free SZ for all rotational
speeds. Moreover, the SZ shape confirms probe-dominated material flow due to
nonrotating action of the shoulder during processing. Hence, stationary shoulder
allows wide operating range of tool rotational speeds to process heat-sensitive Mg
alloy without the use of external cooling. It is also worth to note that the absence of
shoulder deformation in SZminimizes the temperature gradient across the thickness,
i.e., top to bottom. So, stationary shoulder contributes to the combined effect of
low heat input and smaller temperature gradient, which benefits to produce uniform
microstructure across the SZ.

Further characterization was carried out only for low heat input SZ produced at
the lowest rotational speed, i.e., 700 rpm. The surface analysis is performed using 3D
digital in-depth microscopy to evaluate the surface finish of processing zone, since
stationary shoulder produces smooth surface finish in comparison to the conventional
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(a)

(b) (c)

1 mm1 mm

1 mm

Fig. 2 Macrostructure of the cross section of FSP at different parameters

Fig. 3 Surface mapping of the FSP region

tooling system. The surface mapping of the processing zone produced at low heat
input (700 rpm tool rotation) is presented in Fig. 3. The little flashes can be seen on
the both sides in the form of red color densities in the 3D image. Overall, the surface
finish of the entire surface is found reasonably well due to sliding action instead of
rotating the shoulder on the BM during processing.

A typical fine-grained microstructure of the SZ produced at 700 rpm tool rotation
is shown in Fig. 4a. This fine grain microstructure is attributed to the dynamic recrys-
tallization during FSP. The grain size was reduced to 5.16±0.63 µm in comparison
to that of BM (~25 µm). Despite using external cooling, significant grain refine-
ment is achieved due to low heat input characteristics of stationary shoulder tool.
Microhardness distribution across the SZ thickness is presented in Fig. 4b, showing
noticeable enhancement in the hardness across the thickness in comparison to that
of BM. This enhancement in the hardness is attributed to the grain refinement.
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The peak hardness value is recorded of 65 HV and distribution of hardness was
found with little anisotropy due to complex thermomechanical coupling through
thickness during processing. However, this little anisotropy of hardness is higher in
conventional FSP.

Tensile deformation behavior of the SZ produced at 700 rpm is presented as
stress–strain curve in Fig. 5. The good combination of strength and ductility enhance-
ment for FSP compared to BM is obtained. The ultimate tensile strength (UTS) of
the FSPed sample is increased to 214 MPa from 185 MPa of BM. Similarly, the
ductility of FSP specimen is also improved to 20.48% from 17.44% of BM. More-
over, Yuan and Mishra [19] reported the effect of texture on grain refinement and
resultant mechanical properties in FSPed AZ31 magnesium alloy. They found the
presence of strong basal fiber texture in the processing direction of SZ, which favors
the formation of extension twinning during tensile deformation for strain accommo-
dation. At the beginning of tensile testing, the formation of extension of twinning
can reduce the stress concentration and accommodate strain incompatibility arising
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from basal slip dislocation movement, which can accommodate further dislocations
[20]. Hence, twinning effect induced by basal slip contributes to the strain hardening
and high ductility in the processed samples.

Conclusions

SSFSP of Mg alloy demonstrated wide range of tool rotational speeds
(700–1300 rpm) to produce defect-free SZ. SZ is completely dominated by probe
deformation due to nonrotating action of the shoulder. SSFSP achieves smooth sur-
face finish with little flashes on the processing zone. Because of low heat input and
small temperature gradient in SZ during SSFSP, significant enhancement in grain
refinement followed by hardness and tensile properties enhancement in the SZ with-
out the use of additional cooling during FSP is achieved. Hence, SSFSP would elim-
inate the need of additional cooling, which makes processing of Mg alloys simple
and economic.
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Friction Stir Processing (FSP)
of Multiwall Carbon Nanotubes
and Boron Carbide Reinforced
Aluminum Alloy (Al 5083) Composites

Mahmood Khan, Wilayat Husain Syed, Shahid Akhtar
and Ragnhild E. Aune

Abstract Friction Stir Processing (FSP) is a novel solid-state processing technique
for fabrication of high strength surface composites. In present study, FSP was used
to compare the cold formability of individually reinforced, hybrid and reference FSP
samples of aluminum alloy Al5083. A plate of alloy containing MultiWall Carbon
NanoTubes (MWCNTs) and boron carbide particles (B4C) was processed by FSP
and characterized. FSP composite containingMWCNTswas found to fracture during
the bend-ductility test, while boron carbide particles reinforced FSP composites had
superior cold bending formability along with the reference FSP sample. Cracking
was also observed in hybrid FSP composite samples in lesser extent as compared
to individually reinforced MWCNTs FSP composite. Possible cause of failure was
identified as clustering ofMWCNTs andweak interfacial bondingwith the aluminum
alloy matrix. Detailed metallographic and mechanical testing investigations revealed
that the distribution of reinforcement at nanoscale and single pass processing played
a vital role in generating defects and sinking of reinforcement particles in Al5083
matrix.

Keywords Friction Stir Processing (FSP) · MWCNTs · B4C · Aluminum
composite
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Introduction

FSP is a method of changing the properties of a metal through intense, localized
plastic deformation, and it is a modification of friction stir welding used to produce
solid-state composites. Through FSP the microstructure of the processed surface is
modified under action of a rotating tool by a mechanically induced sliding motion
[1], and it is the movement/action of the tool that normally results in frictional heat
and severe plastic deformation. Microstructural modification subsequently affects
the mechanical properties of the base metal, i.e. hardness, tensile and compression
strength [2]. Strength is often among the properties reported in literature [3] to have
been improved by FSP as a result of elimination of microstructural defects like
cracking and porosity. This makes friction stirred processed material more stress
resistant [4].

Different types and morphologies of reinforcements have been incorporated by
FSP in base metals such as aluminum oxide, silicon carbide, boron carbide, MWC-
NTs, etc. to prepare surface composites. In the case of aluminum and its alloys,
range of particles from nanometer [5] to micrometer [6] have been reported to be
incorporated by FSP, i.e. silicon carbide [7], aluminum oxide [8], boron carbide [9]
and cerium oxide [10] are among the carbonaceous nanoreinforcements incorporated
[11] as well as carbon nanotubes [5] and graphene nanoplatelets [12]. The combina-
tion of two chemically and morphologically dissimilar reinforcements has been less
explored from the perspective of dispersion and effect of processing parameters of
FSP.

Most of the studies on FSP reported in literature have focused on tooling and
processing parameters along with general trend of improvement in mechanical prop-
erties of the resulting composites. Formability of the FSP composite in comparison
with a nano and micro combination of reinforcements has, however, rarely been
explored. Based on this, the present study focuses on the use of FSP to develop
surface composites of Al5083 containing MWCNTs and B4C particles. The B4C
particles, which are ceramic particles, possess high hardness [13] along with the
MWCNTs which have exceptionally high strength and stiffness [14]. The baseline
data for the hybrid composites was obtained by preparing FSP samples without the
addition of any reinforcements. Microstructural observation and reinforcement dis-
tributionwere examined by optical and scanning electronmicroscope.Micro Vickers
hardness, tensile test and bending tests were carried out to characterize the mechan-
ical performance. Finally, the results are critically reviewed in the light of available
related data in literature.
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Table 1 Aluminum alloy 5083 chemical composition obtained from X-ray fluorescence examina-
tion

Element Mg Fe Mn Cu Si Cr Zn Other Al

wt% 4–4.9 ≥0.4 0.4–1 ≥0.1 0–0.4 0.05–0.25 0–0.1 0–0.05 Balance

Fig. 1 SEM images of
reinforcements using a B4C
particles, bMultiwall CNTs,
and c particle size test results
of B4C particles

Experimental

Materials

Commercially rolled plate ofAl5083, 6mm thickwas usedwith nominal composition
shown in Table 1. 10 µm sized B4C particles as shown in Fig. 1a, c, and MWCNTs
with average length and diameter of 1–2 µm and 10–20 nm, respectively, were
procured from Hongwu International Group, China, see Fig. 1b. H-13 tool steel with
a diameter of 16 mm and 4.5–6.0 mm conical pin was used as a tool. A taper angle
of 5° was made for the conical pin with a length of 4.5 mm (Fig. 2).

Manufacturing

Holes were drilled in the base plate of A15083 with a diameter of 2.0 mm and a depth
of 3.0 mm. SI-3 M drilling machine (Siddhapura Enterprise, India) was used to drill
holes~10 mm apart. Each hole was filled with MWCNTs or B4C particles, followed
by manual compaction using a 1.8 mm diameter flat bottom face tool. Mixture of
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Fig. 2 Drawings and images of a Al5083 plate dimension, b Al5083 plate after FSP, c drawing
H-13 tool, d image of FSP tool after machining [15], e customize bend-ductility die, and f Die after
fabrication

equal weights of B4C and MWCNTs were mixed at 100 rpm in ball mill for 30 min
to prepare hybrid mixtures. In Fig. 3, schematics of FSP process and bend-ductility
test is presented. Single pass FSP at rotational speed of 750 rpm, traverse speed of
16 mm/min, and tilt angle of 2 was selected for milling operation on LK5 N milling
machine (Pakistan Machine Tool Factory).
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Fig. 3 Schematics of the FSP process showing reference and composite samples used for bend-
ductility tests

Characterization

Radiography was performed on all FSP samples for detection of any major inter-
nal defects due to processing, using Andrex Smart X-ray machine (225 kV, 88527,
Denmark). Macroscopic images were collected from stereoscope (3M05766, Olym-
pus SZX7, Japan), and microstructure examinations was carried out using IMM 901
microscope (Metkon Instruments, Turkey). The metallographic study was carried
out on mirror like surfaces after etching and polishing using a Keller’s reagent (3 ml
HCl, 2 ml HF, 5 ml HNO3 and 150 ml distilled water). Scanning Electron Micro-
scope (SEM) was also used to examine the fractured surfaces, using a MIRA-III
(TESCAN, Czech Republic) in secondary electron imaging mode.

Hardness testing was carried out according to the standard ASTME-384 on 550 g
test load with 5 s dwell time, using Karl Frank microhardness tester. A hardness
profile was made from the cross section of each FSP sample, and later used to record
the variations from the FSP tool leading and trailing end. For tensile testing, sample
were cut across the FSP area so as to allow for testing of FSP area specifically in the
gauge length of the specimen. Four samples of each FSP combination were tested
with a dimension of 25 mm in length, 2 mm in thickness, and 5 mm in width. Bend-
ductility tests were performed using a custom made U-shaped die, see Fig. 2e, f,
under guidelines of the ASTM E-190 standard. Convex surfaces of the bend FSP
samples were examined; firstly with the naked eyes then using a stereoscope for
fractured surfaces.

Results and Discussion

Radiography

Figure 4, shows radiographs of the FSP sample and composites. Excessive beads
formed on sample surface, due to tool forward and rotating motion were removed
with a tool to avoid perky ripples in radiographs of the FSP composites. The green
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Fig. 4 Radiograph images of a Reference A15083 sample, b Al-MWCNTs composite sample,
c the Al-B4C composite sample and d the Al-MWCNT/B4C composite sample

arrow in Fig. 4d shows an example of such a bright line at the edge of the FSP area.
No defects in the radiography were detected in any other FSP samples, see Fig. 4a, c
and d. A short dark line can however be seen in Fig. 4b representing theAl-MWCNTs
FSP composite, see red arrow. It is a well-known fact that in radiography, loss of
material can often be seen as a dark area/zone due to the lack of fusion in this specific
area. Lack of fusion originates from microstructure under the influence of (1) type
of reinforcement used and (2) distribution of reinforcement present in the matrix. No
dark lines similar to the line seen in Fig. 4b was observed in the plain FSP, B4C and
hybrid FSP composites. Presence of MWCNTs in Al-MWCNTs FSP sample did,
however, have an effect on the macrostructure. The lack of fusion can in other words
be related to single pas FSP processing which is process parameter.

Microstructure

In Fig. 5, micrographs of the cross section of FSP samples are presented. As can
be seen from the figure, three distinct areas/zones can be seen, i.e. the base metal
(BM) zone where as received Al5083 rolled structure is present, the stir zone (SZ)
zone which is in direct influence of the FSP tool and a Thermomechanically Affected
Zone (TMAZ). Predominantly the affected areas/zones have the same dimensions as
the tool pin, except for a fractional spread due to the rotation of conical threaded pin.
No visible discontinuity can be observed in the bare reinforcement FSP samples, see
Fig. 5a. The Al-MWCNTs composites showed, however, a distinct type of defect,
see Fig. 5b that is believed to originate from stirring action of the tool and lack of
compensation for the base metal to fill the drilled holes cavity filled with MWCNTs.
The FSP composite with B4C showed darker shades related to the distribution of
microsized reinforcement, but no other defects, see Fig. 5c. The hybrid FSP com-
posites, Al-MWCNT/B4C, showed no defects, see Fig. 5d. It is believed that the
ceramic B4C reinforcement lowered the defect intensity by compensating the loss of
material by effectively filling the empty volume of the drilled holes.
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Fig. 5 Cross-sectional stereoscopic images of a reference Al5083 sample, b Al-MWCNTs com-
posite sample, c the Al-B4C composite sample, and d the Al-MWCNT/B4C composite sample

FSP processing is usually characterized by using tool traversing zones. In Fig. 6
optical images of the reference FSP sample and composites are presented. The cross
section views of the microstructures are identified by leading and trailing sides of
SZ zone in all the FSP samples, see Fig. 6a. Grain size and morphological changes
has been reported in an earlier study by McNelley et al. [16], confirming as rolled
lamellar grains of the base plateAl5083modified due to tool stirring action.As severe
plastic deformation takes place the finer grains emerge, see Fig. 6b. This behavior is
in good agreement with the findings of Lee et al. [17], who investigated the effect
of MWCNTs on tensile properties of FSP composite. Presence of Heat- Affected
Zone (HAZ) have also been reported in a study by Taban and Kaluc [18] where they
proposed that HAZ usually exists between stirred, TMAZ regions and BM zones.
In the present study grain coursing was not observed, and as a result nor was HAZ.
In Fig. 6c the microstructure of Al-MWCNTs sample is presented. As can be seen
from the figure, prominently dark lines of MWCNTs clusters exist, visible at TMAZ
regions between BM and SZ zones. Compared to the Al-B4C composite, see Fig. 6d,
the appearance of the SZ andBMzones clearly differentiates from the FSP composite
with MWCNTs. As low free volume was present in the micrometer size B4C particle
reinforced composites used to fill in the drill holes, thus better distribution of the
reinforcement at single pass was observed as compared to nanoreinforcement, i.e.
MWCNTs. The B4C particles were found mainly trapped in the TMAZ region. The
hybrid FSP composite Al-MWCNT/B4C was observed to be dominated by the B4C
dispersion trend, see Fig. 6e. Lack of MWCNT-clustering in the TMAZ region is
believed to be due to presence of B4C particles in the TMAZ region with thinner
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Fig. 6 Optical
microstructures of FSP
reference and composite
sample’s cross sections,
showing tool’s leading and
trailing edges of FSP zones;
a reference sample, b high
magnification SZ and BZ
zones, c Al-MWCNTs
sample, d Al-B4C sample,
and e Al-MWCNT/B4C
sample [15]

lamellas as a result of the lower volume presence and in responds to the better stirring
action at a single pass.

To perform a detailed optical examination of the FSP reference and composite
samples themicrostructural evolution at higher magnification was studied, see Fig. 7.
In Fig. 7a clear transformation line of the grains orientation due to tool stirring can
be seen in the Al-FSP sample, and the MWCNTs clustered in the TMAZ region in
Fig. 7b. As can be seen from Fig. 7b, MWCNT’s clustering takes place in lamellae
region which exists between SZ zone and BM zone. The interface strengthening is
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Fig. 7 Optical images of:
a reference FSP sample,
b Al-MWCNTs sample,
c Al-B4C sample, and
d Al-MWCNT/B4C sample

caused by the presence of MWCNTs which are restricted by their diffusion in the
BM zone. Themicrostructure of the Al-B4C composite is characterized by entrapped
B4C particles at the interface of the TMAZ region and BM zone, see the blue arrows
in Fig. 7c. The hybrid FSP composite Al-MWCNT/B4C and MWCNTs proved to
have lower concentration of both reinforcements as compared to the individually
reinforced FSP composites. As a result, a lower tendency on clustering, as well as
entrapment of B4C particles, was observed, see the red and blue arrows in Fig. 7d.

Hardness Profile

In Fig. 8a the cross sectional harness profile of FSP samples is presented, and in
Table 2 the combinedmechanical properties of the FSP samples summarized.Moving
across from theBMzone to theSZzone passing through theTMAZregion, noticeable
variations in hardness is recorded. Maximum hardness was achieved for Al-B4C
composite, i.e. 107±2 HV. Reference FSP sample and Al-MWCNTs composite
exhibited minimum values, respectively 91±1 HV and 93±2 HV. However, the
hybrid Al-MWCNT/B4C composite revealed an intermediate value of 100±1 HV.
Within the FSP sample there is also variations of hardness along the cross sectional
zones, which confirms earlier findings byMahmood et al. [19]. The distinct feature of
FSP resulting in grain refinement is obviously the cause of the increase in hardness.
It is a well- known fact, that grain refinement originates from tool stirring, causing
severe plastic deformation. Grain size reduction is best explained by Hall-Petch
equation as referred by Hansen [20]:

Hc � Ho + K · D−1/2 (1)
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Fig. 8 a Hardness profile across the FSP cross section in all the samples [15], b tensile testing
curves of the FSP samples [15], and c graph showing mechanical testing data of FSP samples

Table 2 Designations of FSP composites with hardness, and tensile properties

S. no. Name Description Hardness HV Ultimate
tensile
strength MPa

Strain (%)

1 Al-FSP Al5083 FSP
reference
sample

91±1 272±10 11

3 Al-MWCNTs Al5083 +
MWCNTs
FSP
composite

93±2 290±15 3.7

5 Al-B4C Al5083 + B4C
FSP
composite

107±2 370±8 9.2

7 Al-
MWCNT/B4C

Al5083 +
MWCNTs/B4C
FSP
composite

100±1 325±11 7
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where; Hc is the hardness of material, grain diameter D. Ho is hardness of the base
metal, and K a constant.

The BM zone generally presents the rolled condition as a result of the preliminary
grain structure, unless treated otherwise. In contrast to any as received condition of
the BM zone, it usually has minimum values of hardness. In present study the inter-
face between SZ zone and BM zone showed highest hardness values. Dislocations
pinning and presence of entrapped reinforcements can be attributed as the principle
strengthening mechanism. In other words, the severe plastic deformation caused by
the tool rotation interlocked the dislocations and they got piled up at the interface
restricting further movement, which in turn caused the hardness to increase. TMAZ
region exhibited maximum hardness value all FSP samples.

As per results of the microhardness profiling (see Fig. 8a and Table 2), the Al-B4C
composite showed the greatest increase in hardness (~18%). An increase in hardness
can be related to the FSP processing and/or the presence of second phase particles.
In the case of the Al-MWCNTs composite, an increase in hardness was observed at
the interface of the FSP zone confirming the earlier findings of Hosseini et al. [21]
and Lim et al. [11]. Even in this case the pinning effect of the dislocation movement
is believed to be the reason for the observed increase in hardness. However, the
clustering of the MWCNTs composite caused a decrease in hardness in the SZ zone
compared to at the interface. The hybrid composite Al-MWCNT/B4C proved to have
the greatest variance in the hardness values, which can be seen in Fig. 8a. Localized
synergic effect of dual reinforcement and thermal mismatch of the MWCNTs with
B4C particles is believed to be a possible reason for this severe variance of the
hardness in the SZ zone.

Tensile Properties

In Fig. 8b, tensile stress-strain graphs of the different samples is presented, while
their tensile properties are plotted in Fig. 8c and summarized in Table 2. As can
be seen from the figures and the table, the reference Al-FSP sample shows the ulti-
mate tensile strength of 271±9 MPa with maximum fracture strain of~11%. It can
also be seen that the incorporation of MWCNTs did not significantly enhance the
tensile strength value, which was 290±15 MPa but they decreased fracture strain
to~4%. The addition of B4C particles in the alloy matrix did also result in a sig-
nificant increase in the tensile strength to 370±10 MPa but with the fracture strain
reduced to~9%. By combining equal amounts of both reinforcements the ultimate
tensile strength increased to an appreciable value of 325±11MPa and a failure strain
of~7%. This value is, however, lower than the value obtained for the FSP composite
reinforced only with B4C particles, and higher than the value obtained when rein-
forced only with MWCNTs. It has been reported in literature that incorporation of
either MWCNTs or B4C particles to the matrix has shown enhanced tensile strength
and comparatively reduced fracture strain. Liu et al. [22] described in their study that
strength of material increases with decrease in grain size during dynamic recrystal-
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lization. In other words, entrapment of reinforcements at the interface to restrict heat
dissipation and elimination of HAZ has also contributed to strengthening the matrix.
In a study by Shahraki et al. [23], they discoursed the presence of dislocations due
to reinforcements result in pinning and grain size they also concluded that presence
of hard particles and grain refinement augments the mechanical behavior of the FSP
composite. Another investigation by Guo et al. [24] advocated that Orowan effect is
prime reason, responsible for enhanced mechanical properties in FSP composites.
However, the clustering of MWCNTs was reported to have deleterious effects on the
failure strain at single pass FSP. Du et al. [25] reported that MWCNTs may break
down into smaller lengths and disperse into the aluminum matrix inhibiting the dis-
location movement, and resulted in a slight increase in strength at cost of the fracture
strain, see Fig. 8b.

Base on present results it is believed that the difference in thermal expansion
coefficient values of MWCNTs (1.0×10−6 K−1), B4C (5.7×10−6 K−1) and the
matrix, i.e. aluminum: 23.6×10−6 K−1, may have produced residual stresses in the
final material around the reinforcements, which may have generated dislocations
[26]. Dislocation density in matrix depends on the surface area of reinforcement.
Thus presence of MWCNTs is expected to produce higher dislocation density which
results in increase of strength of final material. The single pass FSP was, however,
proven not to be effective in dispersion of nanoreinforcement as compared to the
mircosized B4C particles. As a result, the FSP composite with B4C particles have
shown greater strength than the composites with MWCNTs, which is in agreement
with the results reported by Liu et al. [27]. The premature failure of the FSP com-
posites with MWCNTs can also be related to the clustering of nanoreinforcements.
This reduces the effective surface area of MWCNTs and increases the porosity in
FSP area.

Fractography

The fractographs of all the FSP samples after tensile test are shown in Fig. 9. Typical
ductile fractures corresponding to aluminum and its alloys can be seen for the Al-FSP
samples, see Fig. 9a. The inset in the figure presents the higher magnification area for
better illustration of the Al-MWCNTs composite. As can be seen from the figure, the
Al-MWCNTs composite was observed with cleavage failure dominated by clusters
of MWCNTs. These clusters deleteriously damaged the mechanical properties of the
final material by presenting lack of fusion defects, as discussed in the radiography
section, as shown in Fig. 4b. In the high magnification inset of Fig. 9b, vertically
alignedMWCNTs are seen from the regionmarkedby red. The bridging effect, earlier
reported by Deng et al. [28], is believed to be related to the slight increase observed
in the ultimate tensile strength of the FSP composite, as well as the premature failure
headed by the MWCNTs clustering. The clustering in the Al5083 matrix enables the
metal to slide over to fail the composite at low strain values. The single pass FSP
stirring action is also believed to be a possible reason for insufficient distribution
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Fig. 9 SEM fractographs of
FSP specimens after tensile
test: a reference FSP sample,
b Al-MWCNTs, c Al-B4C
and d M-MWCNT/B4C

of MWCNTs in the Al5083 matrix. The FSP composite incorporating B4C parti-
cles showed, however, uniform distribution of reinforcement and the fracture surface
showed micro-cracks initiated by the ceramic reinforcement/matrix interface, see
the blue arrow in Fig. 9c. The B4C particles are seen surrounded with matrix alloy
dimples, which is visualized as deep wells, due to the peening effect. Uniform dis-
tribution of B4C is believed to be the main reason for obtaining the highest strength
in the FSP composites tested. The hybrid FSP composite with MWCNTs and B4C
particles, showed MWCNTs bridging at the crack tips, as shown with red arrow in
Fig. 9c, and at wells of ceramic B4C. The intermediate mechanical properties of the
FSP hybrid composite indicated the dominance ofmicro sized ceramic reinforcement
in comparison to the poor distribution of the nano-scale MWCNTs single pass FSPs.
It should in this context be mentioned that synergic behavior was not prominent at
the presently selected processing parameters.

Bend-Ductility Test

The Al-FSP reference sample presented in Fig. 10a proved to have the maximum
fracture strain of all the materials tested (see Table 2). The same was found in regards
to the bend ductility test, which revealed the maximum cold formability. The curved
surface of reference FSP specimen showed no evidence of any cracking by the naked
eye nor under microscopic examination on either sides of the sample, as shown in
Fig. 10b, c. The bend-ductility samples with MWCNTs, see Fig. 10d, was possible



230 M. Khan et al.

Fig. 10 Images of the side and top view of the bend-ductility samples; a–c reference Al-FSP sam-
ples d–f Al-MWCNTs samples, g–i Al-B4C samples, and k–i hybrid Al-MWCNT/B4C composite
samples [15]

to bend up to full limits of the die, but distinct cracks were obtained alongside the
SZ zone starting from the TMAZ region resulting in a cracked surface, see Fig. 10f.
No visible evidences of any cracks appeared on either sides and convex surface
of the B4C containing FSP sample, see Fig. 10d–f, nor on the side of the hybrid
FSP composite specimen, as shown in Fig. 10j, k. However, a~12 mm crack surface
appeared was observed on top view of the hybrid FSP composite specimen, as shown
in Fig. 10i.

The overall results of the bend-ductility tests showed that the cold formability of
the FSP samples corresponded to the cracking regardless of the mechanical strength.
Among the four FSP samples tested in the present study only the Al-MWCNTs
composite and the hybrid composite showed cracking in the bend area curvature
under tensile stresses. The maximum recorded fracture strain of the FSP reference
sample can be related to themaximum formability exhibited during the bend-ductility
tests. Similarly, no cracking appeared on the surfaces of FSP composite with B4C
particles, and its failure strain was recorded as the second highest to reference the
FSP sample. It is believed that the FSP composite with MWCNTs could not survive
bend test and failed due to: (a) clustering of theMWCNTs near the TMAZ region, (b)
poor mechanical bonding with the alloy matrix, and (c) retention of voids/porosity
generated due to drilled holes for incorporating the MWCNTs in the base plate. The
second FSP composite to fail in bend test was hybrid Al-MWCNT/B4C composite,
where cracks appeared on convex side of the sample, as shown in Fig. 10l. Unlike
the fracture in the MWCNTs FSP composite, the length of crack was~1/5th in the
case of the hybrid composite. The behavior of the MWCNTs to cluster at single pass
FSP seems to dominate the cold formability in the alloy matrix. However, the B4C
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particles restricted the crack propagation as a result of second phase strengthening
which is evident from the fracture strain values obtained (~7%).

Conclusions

FSP is among emerging versatile surface modification techniques to yield promising
properties in aluminummatrix composites. In the present study cold formability was
determined for FSP composites with reference, individually and hybrid reinforce-
ments, and microstructure evolution was studied using optical and SEM. Increase in
average hardness was recorded for all the FSP composites with a maximum of~18%
for B4C reinforced composite samples. Tensile test was carried out to determine
effects of processing on mechanical properties of the FSP reference and composite
samples. An improvement in ultimate tensile strength of~36% at the cost of~3%
failure strain was recorded for the B4C reinforced FSP composite samples. In the
case of the Al-MWCNTs composite clusters was identified due to an uneven dis-
tribution in the alloy matrix resulting in inferior mechanical properties. Composite
containingMWCNTs showedminimum fracture strain (3.7%)while its hardness and
tensile strength values were comparable to the reference FSP sample. Additionally,
it failed in bend test as cracks appeared on curved surface. Hybrid Al-MWCNT/B4C
samples showed comparatively higher tensile strength, hardness and fracture strain
than MWCNTs composite samples. Poor MWCNTs distribution and weak interfa-
cial MWCNT/Al bonding are concluded to be the possible reasons. Multiple-pass
friction stir processing can be employed to enhance MWCNTs distribution. Based
on the bend-ductility test of the Al5083 single pass FSP composites, an approximate
threshold of~8% failure strain in the tensile test can be proposed for cold formability
without cracking.
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Production of AlSi12CuNiMg/Al2O3
Micro/Nanodispersed Surface
Composites Using Friction Stir
Processing for Automotive Applications

L. Tonelli, M. Refat, S. Toschi, M. M. Z. Ahmed, Essam Ahmed, A. Morri,
I. El-Mahallawi and L. Ceschini

Abstract The service life of automotive components often depends on their surface
properties. Consequently, improved surface properties with the retainment of bulk
characteristics are necessary for such components to guarantee enhancedmechanical
and tribological properties. In this research, friction stir processing (FSP) is used to
produce surface composites characterized by extruded AlSi12CuNiMg matrix and
micro and nano-sized Al2O3 particles as reinforcing phase. Multiple passes of FSP
using twodifferent strategieswere applied to distribute theAl2O3 particles. The effect
of the different FSP parameters and sequence of rotation direction for the applied
passes was investigated. The processed surface layers were analyzed through optical
and scanning electron microscopy, hardness, and wear testing. The properties of the
processed composite surface showed to be affected by both the size of reinforcing
particles and the processing direction sequence. A comparison between properties of
the produced surface composites and the base metal was also carried out. Bench-type
test developed to measure the weight loss of samples under sand erosion conditions.
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Introduction

The expanding demands to reduce the weight of vehicles with more fuel efficiency
have been provoked by increased oil prices and concerns about global warming as
well as reduction of fossil fuels usage. To cope with these claims, several studies
have been applied to develop new powertrains (e.g., hybrid system), and improve
traditional engine efficiency, using lighter weighting in automotive industries [1].
Aluminum alloys have widely replaced steel parts in the automotive structures owing
to their high specific strength, corrosion resistance, fatigue strength, modulus, and
thermal shock, which can lead to more than 50% weight saving compared to other
competing ferrousmaterialsmaintaining the safety inmost applications [2, 3]. Lately,
aluminum usage in automotive industries has been increased by 80%. The average
car today is predicted to weigh 250–340 kg of aluminum, which was 1100 kg in
the 1990s [1, 4]. Silicon is considered as the major element with content between 5
and 17 wt% in most of the common aluminum foundry alloys. This is due to their
excellent corrosion resistance, castability, and high thermal conductivity [2, 5, 6]. In
addition, it can be recycled after the end of the use.

Al–Si–Cu–Mg alloys are extensively used in the automotive industry due to their
superior mechanical properties following the application of appropriate heat treat-
ments. However, the use of these alloys shows some limitations when exposed to
extreme environmental conditions. This is attributed to the coarsening of the Si
phase, which results in detrimental consequences on the mechanical properties [2,
7, 8]. By increasing the temperature, the strength of the aluminum–silicon alloys is
deteriorated as the resistance to dislocation movement is reduced. Also, when the
temperature rises, the thermal vibrations cause dislocation slip and dislocation climb
as well as diffusion of vacancies [2, 9]. Improving the high-temperature strength and
wear resistance of these alloys via precipitation and dispersion ofmicro/nanoparticles
is a challenging task for researchers. Recent investigations have included the addition
of transition elements, which form thermally stable phases, that result in enhanced
mechanical properties at elevated temperatures [2, 3, 10–12]. However, the addition
of transition elements faces some challenges in manufacturing and consistency of
resulting ductility properties.

On the other side, the application of friction stirs processing (FSP) as a sur-
face treatment technique has gained the interest of researchers [13–17] as it results
enhanced strength without harming toughness or ductility [18]. The new surface
metal matrix composites (SMMCs) illustrated microstructure refinement, densifi-
cation, and outstanding bonding with the substrates conferring hard surface with
superior mechanical and physicochemical properties [14, 18–20]. This is attributed
to severe thermal exposure, plastic deformation, and material mixing that occurs in
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the processed zone during FSP [13]. One of the most recent approaches to produce
surface composites is adding ceramic particles to the metallic plates [13]. The ben-
eficial effect of developing FSPed surfaces have been illustrated in literature widely
[13, 17, 21, 22], however, the avoidance of particles agglomeration and their transfer
to deeper and wider regions in the new SMMC still remains a challenge.

In view of the above, this study aims to assess the feasibility to produce Al–Si-
based surface composite for piston applications by applying FSP technique, using
two different strategies to integrate the reinforcing particles. In particular, surface
composites were produced employing AlSi12CuNiMg alloy as substrate and Al2O3

micro and nanoparticles as reinforcing phase. Aiming to evaluate the effectiveness
of Al2O3 particles to enhance the mechanical and tribological behavior of the alloy,
the processed surface layers were analyzed through optical and scanning electron
microscopy, hardness and wear testing. A comparison between different distribution
strategies, as well as between composite and base metal, was also carried out.

Experimental

AlSi12CuNiMg extruded billets and Al2O3 micro (~60 μm) and nanoparticles
(~40 nm) were used in the current study as the metal matrix and reinforcing phases,
respectively. The chemical composition of AlSi12CuNiMg alloy, characterized by a
hardness of 85 HV1, was estimated using GDOES (Glow-Discharge Optical Emis-
sion Spectroscopy), reported in Table 1.

Two different strategies were adopted to insert the reinforcing phase in the matrix:
(i) a single central groove (2 mm width and 3 mm depth), (ii) small holes (2 mm
diameter and 3 mm depth) machined on the surface along the whole length of the
workpieces, as shown in Fig. 1. Al2O3 particles were packed into the groove or holes
that were subsequently top closed using a probeless tool of 19mm shoulder diameter;

Table 1 Chemical composition (wt%) of the AlSi12CuMg alloy, measured by GDOES

Al Si Cu Ni Mg Fe Mn Zn Ti Pb Sn

Balance 11.576 2.850 1.391 0.971 0.186 0.154 0.072 0.063 0.015 0.001

Fig. 1 Representation of FSP process: a groove strategy and b holes strategy
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Table 2 Setting and parameters of FSP process

Sample Al2O3 Strategy Tool rotation (rpm) Number of passes

G1 Micro Groove 400 4

G2 Nano Groove 400 4

H1 Nano Holes 600 4

H2 Nano Holes 600 2

H3 Nano Holes 400 2

the FSP process was then carried out using a tool made of H13 steel with dimensions
of 6.2 mm probe diameter, 5.3 mm probe length, and 19 mm shoulder diameter.

The workpieces were processed by different rotation rates, namely 400 and
600 rpm, with constant travel speed (50 mm/min) and a tool tilt angle of 3°. Process
parameters, size of particles and the strategy adopted are summarized in Table 2.

FSPed samples were prepared following standard procedures for metallographic
preparation, up to polishing with a 0.05 alumina suspension. Polished surfaces were
chemically etched using dilutedKeller’s reagent (100ml distilledwater, 10mlHNO3,
10 ml HCL and 2 ml HF) for 15 s. The metallographic samples were characterized
by optical (OM) and Scanning Electron Microscopy with Energy Dispersive X-ray
Spectroscopy (SEM-EDS) for microstructural evaluation. Hardness investigation,
dry sliding and erosion wear tests were also performed. Vickers hardness was mea-
sured across the transverse cross section of FSPed materials near the top surface
of the nugget (NG) (at 0.2, 2.2, 4.2, 6.2 mm depth), using load of l Kg for 15 s
dwell time. Samples extracted from the base material were subjected to the same
microstructural and mechanical characterization, in order to compare FSP samples
with the base material.

Results and Discussion

Base Material

A representative SEMmicrograph of the AlSi12CuNiMg base material is reported in
Fig. 2 along with the SEM-EDS spectra carried out on the intermetallic particles. It
can be noticed that as a result of the extrusion process, all the intermetallic particles
are oriented along the direction of the plastic deformation. According to the literature
[23, 24], three major groups of intermetallic phases can be found in this alloy: Fe-
based particles (β-Al5FeSi and α-Al15(Mn,Fe)3Si2), Cu-based intermetallics (Al2Cu
and AlSiCuMg) and phases containing Ni (Al(NiCuFe)Si and Al(CuNi)Si). In this
work, Fe-based (lighter in Fig. 2) and Cu-based (darker) intermetallics were found
on the base material.
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Fig. 2 SEM-EDS analyses of the unprocessed base material: representative micrograph and EDS
spectra performed on intermetallic particles

FSP with Grooves’ Strategy

The macroscopic investigation of the cross-section of FSP samples produced with
the groove strategy (sample 1 and 2) reported in Fig. 3. It can be observed that
the FSP zone clearly recognized by its typical concave shape. This strategy led to
the formation of tunnel defects in both samples, as highlighted by white circles in
Fig. 3. SEM-EDS investigation carried out on the FSP region revealed refining of
the microstructure for both samples, leading to partial dissolution and combination
and homogenous distribution of the particles in the matrix, as reported in Fig. 4.

Vickers hardness profiles carried out on samples 1 and 2 are reported in Fig. 5. The
refinement of the microstructure resulting from the dynamic recrystallization occur-
ring during FSP, alongwith the presence of hardAl2O3 reinforcing particles, resulted
an increase in the hardness values for the FSP zone, with respect to the base material
(85 HV1), up to 4.2 mm depth. As for samples reinforced with the micro-Al2O3 the
increase is evenly distributed along the processed area, reaching a maximum of 100
HV1 in the outer layer. In the sample reinforced with nanoparticles, the hardness
enhancement is located in the center of the FSP region, where a maximum value of
approximately 120 HV1 was registered. In view of this, hardness enhancement in
comparison to the surface composite reinforced bymicroparticles, samples produced
with the holes strategy were reinforced only by Al2O3 nanoparticles.

The sliding wear test results (Fig. 6) illustrate the increase of the Coefficient of
Friction (COF) for reinforced samples. Such an increase can be described to the
presence of hard reinforcing ceramic particles that raise the abrasive component
of the COF. Wear resistance of FSP samples is higher than the base material, as
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Fig. 3 Optical macrographs of the transverse cross-sections of the FSP with grooves of: a sample
G1, b sample G2; white circles highlight tunnel defects

Fig. 4 SEM micrographs of the FSP zones: a sample 1, b sample 2

a consequence of higher hardness and Al2O3 acting as load-bearing phases. By
comparing the results of FSP samples, the one reinforced with nano Al2O3 exhibited
a slightly higher wear resistance than the microparticles reinforced one.

FSP with Holes’ Strategy

Figure 7 shows the opticalmacrographs of the transverse cross-section of the samples
H1 andH2 processed using holes’ strategy. It can be observed that the processed zone
is completely free of any type of defects with no signs of powder clustering either
after four passes in (H1) or two passes in (H2). This suggests that the use of holes
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Fig. 5 Hardness profiles (HV1) carried out on samples cross-sections at incremental depths: a
sample 1, b sample 2, c schematic representation of the regions investigated
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Fig. 6 Dry sliding wear test results: COF and wear depths of samples

instead of grooves can eliminate the tunnel-type defects and enhance the powder
distribution as a result of the pre-distribution through the holes.

Figure 8 shows the optical microstructure of the FSP with holes’ strategy (a) at
the interface between the FSP zone and base material and (b) inside the FSP zone.
Significant grain size reduction can be observed in addition to the typical features of
onion rings inside the FSP zone. No clustering the powder can be observed also at
this level. Figure 9 shows the wear results obtained by a bench-type test developed
to measure the weight loss of samples under sand erosion conditions at an 20° angle.
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Fig. 7 Optical macrographs of the transverse cross-sections of the FSP with holes strategy of the
FSPwith holes strategy of: a sample H1, and b sample H2

Fig. 8 Optical Microstructure of the FSP with holes’ strategy a at the interface between the FSP
zone and base material and b inside the FSP zone

Fig. 9 Erosion wear test results: a schematic of rig and b weight loss% of samples

Comparison of Groove and Holes Strategy

Figure 10 shows the comparison of microhardness (HV1) profiles performed across
cross-sections in correspondence of the outer reinforced layer (0.2 mm depth), for all
FSP samples reinforced with nano Al2O3. It is clear that holes strategy; performed
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Fig. 10 Hardness profiles (HV1) carried out on samples cross-sections in the outer layer of
FSP samples reinforced with nano Al2O3 adopting groove (sample 2) and holes strategy (sam-
ples 3, 4, 5)

with different process parameters, lead to higher hardness (up to 140 HV1). In addi-
tion, hardness enhancement is evenly distributed across the whole processed area.
Moreover, by comparing samples 2 and 5, it is interesting to observe that at equal
reinforcing particle size and tool rotation speed (400 rpm), the holes strategy allows
to obtain higher and homogeneous hardness values with a lower number of passes.

Conclusions

1. The addition of micro-Al2O3 results in an even distribution of hardness along the
processed area, reaching a maximum of 100 HV1 in the outer layer. While, the
addition of nano-sized particles results in hardness enhancement located in the
center of the FSP region, where a maximum value of approximately 120 HV1
was obtained.

2. Wear resistance of the surfaces after FSP using reinforcing particles is higher
than base material for both dry sliding and sand erosion tests. However, the COF
increases after FSP.

3. The addition of the reinforcing particles through holes strategy allows to obtain
higher and homogeneous hardness values with a lower number of passes, com-
pared to the addition through one central groove.
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Part VIII
Friction Stir Spot Welding



Welding Multilayer Materials by Refill
Friction Stir Spot Welding

Uceu Suhuddin, Dennis Gera, Nelson Alcantara and Jorge dos Santos

Abstract In order to restrain global warming, automotive producers have adopted
electric vehicle technology as one of the solutions to produce zero-emission cars
as replacement for fuel combustion car. One of the challenges in production of the
battery for electric vehicle is to weld thin electrode materials that have good electric
conductivity, in multilayers configuration, which is challenging for conventional
technologies. Refill friction stir spot welding is a spot-like joining process used as a
nonconsumable tool to generate frictional heat during the process. Refill friction stir
spot welding is able to weld various material combinations with good mechanical
properties and surface quality. In this presentation, the capability of refill friction stir
spot welding to join multilayer materials up to 80 layers of similar aluminum alloys
will be presented. The presentation consists of themechanical properties of thewelds,
electric conductivity/resistance of the welds and the temperature measurement data
during welding process.

Keywords Friction welding · Refill FSSW ·Multilayer · Foils · Battery
Contact resistance

Introduction

With global warming becoming an increasing threat throughout the years, scientists
are evermore dedicated to searching new ways to mitigate its augmentation. In the
twentieth century alone, the globe’s mean surface temperature has risen 1.1 °C,
causing an impact on the world’s ecosystem [1]. Today, transportation is responsible
for one-third of the GHG emissions [2], therefore attracting much attention from
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researchers and developers around the world to replace gasoline-based vehicles. This
has turned the spotlight of investments toward electric vehicles (EVs), for they do
not depend on fossil fuel nor do they emit carbon-based compounds responsible for
aggravating global warming. However, when compared to gasoline-based vehicles,
EVs still present many limitations, such as limited range, long refueling time, and
higher purchase cost. These downsides can be attributed to battery technology, which
still has to improve to maintain itself competitively in the automotive industry.

The majority of EVs battery currently consists of Li-ion technology. There are
three battery types in Li-ion batteries technology, which are cylindrical, prismatic
and pouch cells. The joining process of a battery pack with a pouch cell configuration
consists of some levels: cell, module, and pack, as presented in Fig. 1. In the cell
level, the electrodes are welded to a tab followed by sealing of the case. This weld is
usually carried out by ultrasonicwelding, for it is an excellent technique for dissimilar
materials, thin and multilayered sheets, and shows low heat affected zone. However,
this technique has disadvantages, such as structural vibrations, upper limit in total
joined materials, and may have severe knurl perforation at the top and bottom of the
weld surface.

Refill Friction Stir Spot Welding (refill FSSW), also known as Friction Spot
Welding (FSpW), is a solid-state joining process that produces a spot-like overlap
connection between two ormore sheetswithout bulkmelting, therefore able to bypass
many of the existing challenges related to the joining of high strength aluminum
alloys. Refill FSSW is an alternative process for this application and does not present
the referred limitations.

This work aims to analyze the use of RFSSW for welding 50 sheets of commercial
aluminum foil in between two AA2024-T3 sheets, resembling the weld of electrodes
to a tab. This analysis includes studyingmicrostructure of the weld with regards to its
mechanical and electrical properties, and the temperature reached during welding.

Fig. 1 Schematic illustration of pouch type battery pack production [3]
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Experimental Procedure

In this study, 50 foils of commercial aluminum alloy between two sheets of
AA2024-T3 aluminum alloy were welded. The aluminum sheets and foils were cut
from larger sheets to attain a width, length, and thickness of 25.4×100×0.3 and
25.4×100×0.013 in millimeters, respectively. In this study, one set of the tool was
used, and consists of a clamping ring, sleeve, and probe of 17 mm, 9 mm, and 6 mm
diameters, respectively.

An initial study was conducted to assess the affecting welding parameters and
their ranges. Based on a preliminary study, plunge depth (PD), rotational speed
(RS), and feeding rate (FR) showed to be the most influential on surface quality and
microstructure. PD represents the total depth achieved by the sleeve during plunging,
RS is the number of rotations perminute undergone by the sleeve and probe, and FR is
the speed at which the sleeve penetrates into thematerial and retracted from the weld.
The statistical Box–Behnken model [4, 5] was used to analyze the influence of each
parameter on the observed responses, and to obtain the combination of parameters
that would generate the weld with the highest lap shear strength, lowest contact
resistance, and heat input.

All friction spot welds were conducted using a Harms & Wende RPS100®. The
welds were performed using the sleeve plunge variant with a fixed welding force
of 14.8 kN. The lap shear specimens were produced with a 25.4 mm×25.4 mm
overlapped area. The equipment used for lap shear testing was a screw-driven
Zwick/Roell®testing machine with a load capacity of 200 kN at room tempera-
ture and the displacement rate was 2 mm/s. All lap shear tests were done within
24 hours after welding. An INFRATEC ImageIR® 8300 infrared camera with the
aid of IRBIS3 Professional® software was used to analyze the temperature through-
out the sheet during and after welding. Dupli-Color Lackspray Tuning Supertherm
Black, a high-temperature resistance spray, was used to paint the entire sheet and
eliminate the influence of the sheets’ reflectivity on the temperature measurement of
the camera. For contact resistance measurement, welds were produced in the center
of sheets with 50 mm length and 25.4 mm width. The current resistance was then
measured by clamping one resistance lead on the edge of the upper sheet and the
other resistance lead on the edge of the lower sheet. This configuration would, con-
sequently, allow the current to pass through the weld. Three measures were taken for
every sample, and the average was used for statistical analysis.

Results

Parameter Optimization

Given the Box–Behnken design, tests were conducted in the order given by the
Minitab® software. Thirteen runs with different parameters were tested, and then
two more with the center points. Some of the measurements are presented in Fig. 3.
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Overall, the spot-welded samples presented good mechanical properties regarding
the standard AWSD17.2 [6], used as reference. This standard establishes a minimum
load requirement of 425N for resistance spot welds inwhich the thinner welded sheet
has a nominal thickness of 0.3 mm and the material used has an ultimate strength
above 386 MPa. However, a large variability inside the process window can be
observed, ranging roughly from 710 to 1891 N.

The temperature measurements obtained ranged from 163 to 283 °C. Therefore,
it appears that all welds produced with parameters inside the chosen process window
achieve temperatures above 80 °C. This becomes an issue because, in lithium-ion
cells, the electrochemically active materials are in direct contact with the cell casing
[7]. Accelerated rate calorimetry on various Li-ion technologies showed that the
decomposition of electrochemically active materials starts at 80 °C [8]. For this
reason, the highest temperatures achieved during any welding process conducted
to join the electrodes to the tab have to be carefully analyzed to avoid reaching
temperatures above 80 °C. However, it was also seen that the maximum temperature
is achieved immediately outside the clamping ring and that the temperature of the
sheet decreases significantly with the distance from the welding tool, see Fig. 2.
It was decided, therefore, to measure the distance between the clamping ring and
the location of the sheet that never reaches 80 °C to characterize the temperature’s
profile throughout the sheet. The distances varied from32 to 89mm, depending on the
maximum temperature achieved during welding: the lowest maximum temperatures
provided the smallest distances. Hence, this process may be used safely with the
condition of using parameters that generate low heat input, and consequently, induces
low overall temperatures of the sheet.

Fig. 2 Infrared image of temperature measurement during welding
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Fig. 3 Lap shear strength, contact resistance, and temperature measurements of welds produced
by different welding parameters

Contact resistance analyzes the quality of weld regarding the difficulty of the
current to pass through the weld. Given that this weld would be used in a battery, it is
crucial that the weld presents low resistance. Since the values are given in milliohms,
theywould vary significantly due to the precision of themeasurement. In light of that,
three measurements were taken for every weld: at 3, 6, and 9 s of contact between
the sheets and the measurement leads. The average between the measurements was
then considered for statistical analysis. The measurements ranged from 0.145 to
0.382 m�, as shown in Fig. 3.

Microstructure

A macroscopic overview of a representative refill friction stir spot weld in this work
is presented in Fig. 4. No defects, such as voids, lack of refill, and lack of bonding
were observed, meaning that the screening process conducted to find a process win-
dow without defects was successful. However, this weld does not show the typical
characteristics that are present on friction spot welds [9–11].

The macroscopic structure of a typical cross section of the friction-based process
in aluminum alloys consists of four regions [12], i.e., stir zone (SZ), thermomechani-
cally affected zone (TMAZ), heat affected zone (HAZ), and base material (BM). The
HAZ corresponds to the region that is affected by the increase in temperature, there-
fore suffers a heat treatment, but does not undergo plastic deformation. The TMAZ
is subjected to moderate strain rates and temperatures, characterized by deformed
grains in the direction of the retracting sleeve. In the SZ, temperature, and strain
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Fig. 4 Micrographs of a representative refill friction stir spot weld in aluminum foils between two
AA2024-T3 sheets, etched with barker

rates are at their highest value, forcing the grains to recrystallize. Hence, this region
is characterized by a fine grain microstructure.

As seen in Fig. 4, the representative weld of this work presents these regions.
However, they are not well-defined. In typical friction spot welds, the stir zone
appears in the center of the weld, that is, beneath the area occupied by the sleeve and
probe, and the TMAZ andHAZ appear immediately outside the welded area and near
the base material, respectively [9, 11–13]. Grains that are similar to those which are
present in the heat affected and thermomechanically affected zones also appear in the
center of the weld. Moreover, in the cross section, the stir zone seems to be divided
into two regions, each located on different sides of the sleeve, separated by the center
of the weld. However, this metallurgical configuration has not yet been reported in
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the available literature, and it is still under current investigation to correctly analyze
and characterize these zones.

Micrographs of the region beneath the probe showed in Fig. 5, suggest that the
material mixing duringwelding is not similar towhat is observed in previous RFSSW
studies [14–16], and therefore, presents a unique behavior.

The region of the upper sheet illustrated in Fig. 6 presents different grain mor-
phologies. The grains located near the sheet’s surface, the area that was in direct
contact with the probe, shows fine grain microstructure. However, this fine grain
morphology is only present in a layer of roughly 8 µm. A coarse and elongated
grain microstructure characterizes the remaining of the upper sheet. Moreover, it is
possible to see a very clear boundary line, which separates the AA2024 sheet from
the aluminum foil, suggesting that there was almost no mixing between these mate-
rials. There is no clear evidence of why the microstructure appears to have these
characteristics.

However, one possible explanation is that the upper sheet attaches itself to the
surface of the probe during welding. Consequently, the material closest to the surface
would suffer high heat input and strain rates, forcing localized recrystallization of
the grains. The region immediately below this recrystallized layer, however, did not

Fig. 5 Microstructure taken from regions under the probe on the upper sheet (a), on the bottom
sheet (b) and base material (c)
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Fig. 6 A representative macrograph of dissimilar 80 foils and 2 thin sheets Al alloys welded by
refill FSSW. Low magnification overview before (a) and after (b) etching process

undergo severe strain rates and high temperatures because the probe’s rotation was
unable to allow thorough mixing of the material, explaining the elongated grains.
This would also explain the presence of a clear bonding line between the sheets and
foils, for the material was not mixed enough to produce a stirred zone.

The grain morphology on the bottom sheet, however, is homogeneous. The grains
are similar to those present in the base material, suggesting that the bottom sheet
does not undergo high strain rates, and therefore does not participate in the mixture.

The aluminum foil below the probe also presents a fine grain microstructure
when compared to its base material. This is an indication that the process induces
high enough heat input and strain rates in the center of the weld to allow recrystal-
lization of the aluminum foil grains in between the AA2024 sheets. Nevertheless, the
microstructural behavior is still being investigated to assess what phenomena occur
in each region of the weld.

Additionally, further experiments have been done to weld Al foils up to 80 layers.
Free-defect weld can be obtained as presented in Fig. 6.

Conclusion

This work is investigating the mechanical properties, electrical resistance, heat input,
and the microstructure of friction spot welds in AA2024-T3 with aluminum foil. The
analysis produced the following observations so far:

1. Although the lap shear tests showed high variability, the studied weld presented
good mechanical properties and is under current investigation to correlate the lap
shear strength with the microstructure.

2. The heat input analysis showed that all welds produced with parameters inside
the chosen process window present temperatures above 80 °C. However, the
process is fast enough not to allow high temperatures to reach the entirety of the
sheet.

3. Contact resistance has shown to be low and consistent, between 0.1 and 0.4 m�.
Its correlation with the microstructure is also under current investigation.
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4. The microstructure of the weld showed the presence of typical friction-based
weld regions, such as stir, thermomechanically affected and heat affected zones.
However, it was observed that these regions appear in sites not common to fric-
tion spot welds, and therefore, is still being investigated to better understand its
formation.
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Improving Porous TC4/UHMWPE
Friction Spot Welding Joint Through
Controlling Welding Temperature
and Force

Muyang Jiang, Ke Chen, Binxi Chen, Min Wang, Lanting Zhang
and Aidang Shan

Abstract Joining between metal and polymer has attracted significant attention
recently due to its advantage of great weight reduction and excellent integrated
physical/chemical properties. In this study, specially designed biomedical additive
manufactured porous TC4 titanium alloy plate was successfully joined to ultra-high
molecular weight polyethylene (UHMWPE) plate by friction spot welding (FSpW).
The z-axial load (Fz) evolution has been measured with load cell, and welding tem-
perature (Tw) near TC4/UHMWPE interface has been measured with thermocouple.
High tensile shear strength (~3000 N) has been realized through strong mechanical
interlocking. Good macro-penetration of UHMWPE into TC4 porous structure (up
to 80% filling rate) and sound micro-interlocking between metal and polymer were
obtained. Relationship between Tw/Fz and joint quality has been unveiled for the
fabrication of defect-less joints.

Keywords Friction spot welding · Metal–plastic joining · Coupling effect
Additive manufacturing

Introduction

Metal/polymer hybrid structures are increasingly demanded in biomedical, automo-
bile, and aerospace industries due to its advantages of great weight reduction and
excellent integrated physical/chemical properties. However, the differences between
metal and polymer, including different melting points, mechanical and thermal prop-
erties, have brought a great difficulty to the joining process.

Commonly, there are three ways of metal/polymer joining: adhesive bonding
[1], mechanical fastening [2], and welding [3–11]. However, as traditional joining
techniques in industrial applications, adhesive bonding and mechanical fastening
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have their own disadvantages. The adhesive and primer used in adhesive bonding
are usually unstable under extreme environment. Besides, the toxicity of adhesive is
a potential threat when used in biomedical applications. Mechanical fastening leads
to stress concentration. The use of screws and bolts not only has risk of loosening
and corrosion, but also adds weight to the whole structure.

Meanwhile, some novel welding techniques which have been investigated in
recent years, such as laser welding [3–5], ultrasonic welding [6–8], and friction
stir welding [9–11] can avoid these problems. Katayama and Kawahito [5] and Chen
et al. [3] studied laser joining of steel/PET and TC4/PET, respectively, and reported
that hybrid joints can reach high tensile loads (failed at polymer). However, due to
the high temperature at welding center (~1000 °C), the polymer inevitably degraded
and thus bubbles formed at interface, which brought about potential risks for wear
and fatigue properties in the long-term application. Wagner et al. [6–8] conducted
many investigations on ultrasonic welding between aluminum alloys and carbon
fiber reinforced polymers (CFRPs). High tensile shear strength (~25 MPa) and good
interface bonding have been achieved. However, restricted by power limitation of
equipment, ultrasonic welding is mainly applied to joining of thin plates. Friction stir
welding (FSW) has advantages of relativelymild heat input rate and low process cost.
Amancio-Filho et al. [11] and Esteves et al. [12] studied friction spot joining (FSpJ)
of AZ31Mg alloy/CF-PPS, AA2024-T3 Al alloy and AA6181-T4 Al alloy/CF-PPS.
Joint strength reached 28MPa, 27 MPa and 27MPa, respectively, without metal sur-
face treatment. Strength of the joint up to 43 MPa was achieved with surface treated
Al alloy [11].

Among the above researches, the main metal/polymer joining mechanisms, as
indicated by the authors [3, 4], are: (1)Mechanical interlocking in macro- andmicro-
scales, (2) Chemical bonding and interatomic/intermolecular force in micro-scale.
Meanwhile, polymers studied in previous researches mainly have polar groups, such
as thioether group and ester group, which can promote adhesion and chemical bond-
ing between polymer and metal [13]. Few researches have studied joining between
non-polar polymer and metal, since adhesion and bonding are difficult to realize [9].
One solution for this problem is to increase the surface roughness of metal [14],
facilitating strong macro-scale interlocking. In our previous study [9], a 3D-printed
TC4 plate was used to join with UHMWPE and achieved good joint performance
(1300 N, failed at base material).

Additionally, previous researches mostly focused on influence of welding param-
eters on the joint properties. The force (Fz) and temperature (Tw) during welding
received much less attention. Since the evolutions of temperature and force are key
factors to the polymer property change during welding, it is fundamentally important
to study their evolutions for purpose of achieving optimized metal/polymer joint.

In this research, based onour previous investigation, 3D-printed porousTC4plates
were produced for better interlocking with non-polar ultra-high molecular weight
polyethylene (UHMWPE). The Fz and Tw evolution during welding were recorded,
and macro-/micro-structures were characterized. Influence of Fz-Tw evolution on
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joint quality was studied and thus fed back to produce defect-less joints with good
mechanical property. This study aims to promote the application of polymer/metal
joints in biomedical prostheses.

Experimental Setup

Materials used in thisworkwere 3D-printed porousTC4 titaniumalloy and ultra-high
molecular weight polyethylene (UHMWPE,CHIRULEN 1050). Sample dimensions
were 60×20×4 mm3 and 60×25×6 mm3 for metal and polymer, respectively.
Yield strength of UHMWPE plate is 20 MPa.

Figure 1a shows the 3D structure of the 3D printed TC4 alloy specimen (printed
by Arcam A1 EBM® machine). The 4 mm-thick TC4 plate was specially designed
into a 2-layer structure. The first layer was a 2 mm-thick bulk, while the second one
is a 2 mm-thick diamond structure. The pore size of the structure is 0.9 mm, which
was proved to be a suitable size based on previous welding. Tunnel for temperature
measurement was opened at side of TC4 plate, with depth of 10 mm, as Fig. 1b
shows. The thermogravimetric (TG) result of UHMWPE is shown in Fig. 1c. The
polymer starts to degrade slowly from ~250 °C, while severe degradation occurs at
400 °C, which should be avoided. Note that UHMWPE has an essentially 0 melt flow
index, and its fluidity remains very low even when it is melted [15, 16], rendering
difficulty for the joining.

The welding system is shown in Fig. 2. TC4 plate overlapped 25 mm with
UHMWPE plate. A probe-less FSpW welding tool made of WC–Co alloy was used
in this study. The cylindrical shoulder has a 10 mm diameter. K-Type thermocouple
was placed at the square tunnels for temperature measurement (Fig. 1a). A load cell
(Kistler 4578A®) is fixed under the worktable to measure the load in Z-axis during
welding.

The welding process was divided into 4 stages, which were preheating, pre-
plunging, deep plunging, and cooling. During the preheating stage, the joint was

Fig. 1 a 3D structure of TC4 plate b front view of TC4 plate containing thermocouple tunnel c
TG curve of UHMWPE
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Fig. 2 a 3D structure of welding system b picture of welding process

Table 1 Welding parameters of different groups

Groups (designed heat input) Welding time (s) Plunge depth (mm)

R (reference) 20 0.8

L (low) 20+10 0.8+0.4�1.2

H (high) 20+30

HD (high+) 20+30 0.8+0.6�1.4

heated to 160 °C by a heat gun in 60 s. After preheating, the welding tool starts to
rotate at a speed of 555 rpm. In the pre-plunging stage, the tool was plunged into
TC4 to a depth of 0.8 mm in 20 s. It is noteworthy that a relatively long pre-plunge
time (20 s) is used here compared with other metal/polymer welding researches
[11]. That is because the near 0 melt flow index of UHMWPE results to quite slow
reptation of long chains even after melted [15], In this case, it needs not only high
temperature and strong force, but also longer time to deform UHMWPE during join-
ing. Besides, the thermal conductivity of both TC4 (6.7 W/m K) and UHMWPE
(~0.4 W/m K) are relatively low. Longer welding time was needed for better heat
conduction. In the deep-plunge stage, different welding time (10–30 s) and depth
(1.2–1.4 mm) were used to study the influence of heat input on joint quality. At last,
cooling stage marks the finish of the welding process. Four different sets of welding
parameters are designed in the study, as shown in Table 1. Reference group (Group
R) only undergoes pre-plunge stage to mark the start of interpenetration of TC4 and
UHMWPE. Groups L, H, and HD are designed to have low, high, and ultra-high heat
input through variation of welding time and plunge depth. 4 samples were welded
for each group.

Lap shear testing was carried out using a Zwick testing machine (Zwick Z200).
The clamping is shown schematically in Fig. 3a. Loading rate was set at 2 mm/min.
Cross-section specimens were cut through the center of the joint, as Fig. 3b shows.
A high CCD camera (Leica DM 4000) was used for macro-structure observation. A
scanning electronmicroscope (PhenomXL)was used formicro-structure observation
and local elemental composition analysis.
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Fig. 3 a Schematic diagram of tensile testing b diagram showing cross-section cutting

Results and Discussion

Evolution of Welding Temperature and Load

The temperature and z-axial load evolution during welding process were recorded by
thermocouple and load cell, respectively. Figure 4 shows the temperature and load
history of all 4 groups of welding.

Since all samples were preheated to 160 °C for better fluidity, the temperature
curves started from around 160 °C. The curves continued to decrease at first 15 s of
welding, then started to rise. After welded for 20 s plunging to 0.8 mm depth, the
peak temperature reached in Group R was 162±10 °C. With a longer welding time,
Groups L, H, and HD reached peak temperatures of 263±13 °C, 344±15 °C, and
385±18 °C, respectively. However, during the welding process of Group HD, liquid
with low fluidity flowed out from porous structure with bubble formation observed
at the end of welding. It is a clear sign of severe degradation, in good agreement
with the measured peak temperature approaching the severe degradation point of
UHMWPE (400 °C, Fig. 1b).

Load curves all started to rise after 5 s of welding, which is related to the softening
of polymer in the preheating stage. After pre-plunged for 20 s, the load surged
quickly to ~1100 N. In the deep-plunge stage, the load curve with faster plunging
speed (Group L) has a higher increasing rate than those with slower plunging speed
(Groups H and HD). Peak load of Groups R, L, H, and HD reached 1224±176 N,

Fig. 4 a Temperature and b load evolution during welding process
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1960±140 N, 1602±98 N, and 1806±9 N, respectively. The rising trend of curves
HandHDsloweddownafter 40 s ofwelding, indicating the softening anddegradation
of polymer at high temperature. All load curves kept increasing during welding,
except for Group HD. The load curve of Group HD reached peak and then dropped
for near 100 N in the deep-plunge stage. This phenomenon is possibly caused by the
squeezing out of degraded polymer as mentioned above, which needs to be avoided.
Relationships between Tw/Fz evolution and joint properties will be discussed in later
sections.

Mechanical Properties

The lap shear load curves for all four groups are shown in Fig. 5a and the failed
joints are shown in Fig. 5b. As shown in Fig. 5, only samples of Group R failed at
TC4/UHMWPE interface, with elongation less than 8 mm. Other groups of samples,
however, all failed at UHMWPE base material (BM).

Fig. 5 a Tensile shear strength of four groups of samples, b failed joints after testing in which
selected zones were magnified: c OM picture of TC4 embedded in PE, d SEM picture of TC4
surface after failure
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The ultimate shear load of Group R was registered to be 2920±40 N. The cal-
culated UTS for group R (19.5±0.3 MPa) was very close to the yield strength of
UHMWPE BM (20 MPa). Magnification of failed regions on polymer side and TC4
side are shown in Fig. 5c, d. On the failure surface ofUHMWPEplate, there remained
some TC4 particles (Fig. 5c) torn off from TC4 plate.While much PE remanence can
be observed on TC4 plate (Fig. 5d, black strips). The rough surface of 3D-printed
TC4-enabled strong mechanical interlocking between the metal and polymer, which
contributed to the strong property of joints.

Curves of other groups grew smoothly to the peak (yield of polymer) and slowly
dropped. Meanwhile, obvious necking can be observed in these samples during
test. The ultimate shear strength for these samples was calculated around 20 MPa,
indicating ~100% joining efficiency. Joints after tensile testingwere still undamaged.

Macro-/Micro-structure and Defects

Figure 6 shows the macro-structure of four groups of samples. The joint areas
between TC4 porous structure and UHMWPE arSincee marked with red rectangles.
The UHMWPE was darkened inside of rectangles to highlight the interpenetration
between porous TC4 and UHMWPE.

To quantify the penetration of polymer into TC4 porous structure, filling rate (FR)
is calculated for each cross-section. It is defined as the percentage of filled area to total
joint area (including part of the ligaments) on the cross section: FR � S f illed

Stotal
×100%.

Group R has the lowest FR (42%). With the increasing of welding time, FRs of
Groups L and H reached 67% and 74%, respectively, indicating the influence of
welding time in the deep-plunge stage on the FR. In comparison, with a higher
plunge depth, FR of Group HD reached 82%, ~10% higher than Groups L and H,
implying the significant influence of plunge depth on the penetration between porous
TC4 andUHMWPE. In Group L, the polymer could not fill to the top of porous layer,
leaving insufficient filling at welding center (Fig. 6b). Meanwhile, in Group H and

Fig. 6 a–d Macro-structure of the joints showing the interpenetration between porous TC4 and
UHMWPE of Groups R, L, H, and HD
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Fig. 7 Local microstructures of Groups L, H, HD from the selected regions marked in Fig. 6

HD, though the filling to the top at welding center were achieved and FRwere higher,
there were small voids at center of H and large voids at center of HD, which were
clear signs of strong degradation of UHMWPE during welding, combined with the
evidence that degradation products flowed out during welding process. This can be
mainly attributed to too high welding temperature (~400 °C). Such large defects may
influence the long-term use of the joint [3].

Micro-structures of the marked regions in Fig. 6 are shown in Fig. 7. Two pictures
were taken from each sample (L, H, and HD), one at the top of porous layer and the
other at the bottom. For Group R, since there is limited penetration of UHMWPE into
the porous layer, the micro-structure is not compared here. With a relatively low heat
input in group L (Tw reached 263 °C), gaps with width of 5–50 μm are dominant at
the interface, as shown in Fig. 7(1) and (2). Even though the existence of these gaps
did not influence much on the tensile property, they still have potential risks of early
fatigue and bacterial infection in the long-term use of the joint for the biomedical
application. With higher heat input (Tw reached 340 °C) in H, the interface between
metal and polymer is mostly gap-free, indicating a good micro-scale interlocking.
For Group HD (Tw reached 385 °C), though the interface was also gap-free, large
macro-scale voids caused by degradation dominated the center of joint (Fig. 7(5)).
Only a thin layer of UHMWPE (~100 μm) remained at the top of porous layer.
Similar voids resulted from local polymer degradation were also reported in laser
welding between metal and polymer [3].
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The Formation Mechanisms of Defects

From themacro- andmicro-structure observations, it is convincible that heat input has
a strong influence on themacro-/micro-scale defects. Themacro-scale defects include
insufficient filling (Groups R and L) and degradation voids (Group HD), which have
been described previously.Meanwhile, themicro-scale defects aremainlymicrogaps
at TC4/UHMWPE interface shown in Fig. 7. The main cause of these gaps is cooling
shrinkage of polymer. Note that TC4 and UHMWPE have linear expansivity of 9×
10−6/°C and 1.5×10−4/°C, respectively, meaning that UHMWPE shrinks over 16
times more severely than TC4 during cooling stage with continuously decreasing
temperature (dropping rate~20 °C/s). The severe shrinkage formed internal stress
both inside polymer and onmetal/polymer interface. In case the interface interlocking
is weak, gaps will be formed on the metal/polymer interface by the internal stress.
Figure 8 shows the evolution of the macro- and micro-scale defects. The key to
eliminate these kinds of defects is to find suitable welding condition during the
process.

The formation of macro-scale interpenetration and micro-scale interlocking
between UHMWPE and TC4 requires a good fluidity of polymer, which means a
relatively low viscosity (η). However, the viscosity of UHMWPE is very high (~108

Pa s) at temperature around Tm, leading to an essentially zero melt flow index [15].
According to previous report [17], the viscosity of polymer has such a relationship
with temperature:

η � Bexp
[
Eη/RT

]

Fig. 8 Diagram of joint configuration evolution during welding process
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In this equation, Eη is the activation energy for viscous flow (27 kJ/mol for
UHMWPE), and B is a constant [17]. Since the peak Tw for Groups L and H were
263 °C and 340 °C, respectively, the viscosity difference for polymer inGroups L and
Hwas: ηL/ηH �2.14, which means that the fluidity of UHMWPE (at top layer where
welding temperatures were measured) in Group H doubled that in Group L. Mean-
while, since the thermal conductivity for UHMWPE is very low (~0.4 W/m K), the
temperature gradient within polymer was large during welding process, especially
for groups with shorter welding time (Group L). This means the fluidity at the bottom
layer is far lower than that at the top layer. In this case, in Group L, the polymer main-
tained relatively high viscosity during welding and the time for polymer penetrating
into TC4 porous structure was short. As a result, the macro-scale interpenetration
between TC4/UHMWPE was poor, causing insufficient filling defect. Besides, the
micro-scale interlocking between TC4 and UHMWPE was weak, tending to form
shrinkage gaps. In contrast, polymer in Groups H and HD had better fluidity and
longer time to flow, thus formed enough macro- and micro-interlocking with metal,
and kept a good interface contact even after cooling. In this case, the joint is more
reliable in long-term application, such as prosthesis implantation. However, at too
high temperature (Group HD, ~385 °C) severe degradation caused formation of large
voids, adding potential risks for long-term application of the joints. In this perspec-
tive, parameters of Group H kept a good balance, avoiding both insufficient heating
and severe degradation.

Conclusions

Non-polarUHMWPEwas successfully joined to 3Dprinted porousTC4plates (2mm
porous thickness) via friction spot welding. The following conclusions are summa-
rized based on the study:

(1) Deep interpenetration and strong mechanical interlocking were achieved
between porous TC4 and UHMWPE. Joining efficiency of 100% was reached.

(2) Two kinds of macro-scale defects showed up in TC4/UHMWPE joints. The first
one is insufficient filling of UHMWPE, formed when the welding heat input
was too low. Polymer with low fluidity could not reach top of porous layer
within limited welding time. The other one is degradation void, formed when
heat input was too high. Severe degradation of polymer resulted in large voids
in the joint interface.

(3) Micro-scale gaps at the TC4/UHMWPE interfaces are mainly caused by shrink-
age of UHMWPE during cooling stage. Gaps tend to form at the interface with
poor micro-scale interlocking.

(4) With proper heat input control, both macro- and micro-scale defects can be
reduced.
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Connecting Residual Stresses
with Friction Stir Welding Conditions
and Pseudo-Heat Index

N. Zhu and L. N. Brewer

Abstract This study examines the connections between friction stir welding (FSW)
parameters, the simple pseudo-heat index (PHI) metric, and the prediction of resul-
tant residual stresses on AA5052-H32 plates. A range of weldments was pro-
duced with different tool rotational speeds (283–1732 RPM) and traverse speeds
(200–800 mm/min) to produce the same values of PHI with distinctly different FSW
conditions. Residual stresses were measured on the surfaces of the welded plates
using x-ray diffraction. All of the friction stir welds produced the typical, M-shaped
longitudinal residual stress profiles across the weld. The largest tensile stresses were
produced for low PHI conditions, which did not fully consolidate the material. For
sound welds, increasing traverse speed with fixed rotational speed did systematically
increase the residual stresses inside the stir zone. However, the simple metric of PHI
was not a good predictor of the stir zone residual stress.

Keywords Friction stir welding · Residual stress · Pseudo-heat index · Heat input
AA5052

Introduction

Residual stresses stemming from friction stir welding (FSW) can significantly affect
material performance. Large tensile residual stresses can promote various failure
modes in materials including plastic collapse, monotonic fracture, fatigue cracking,
creep cavitation cracking, and stress corrosion cracking [1]. Thus, lowmagnitude and
symmetrically distributed residual stresses in welded materials are preferred. FSW
parameters are optimized to control the microstructure and mechanical properties
of the joint. Some of the key welding parameters, e.g., the tool traverse speed and
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the tool rotational speed, have been studied specifically with respect to residual
stress generation. For example, longitudinal residual stresses in friction stir welded
AA5083 increased with increasing traverse speed [2], and decreased with increasing
rotational speed [3, 4]. In industry, large traverse speed and low rotational speed are
preferred for enhanced productivity and less tool wear.

Although there is literature examining the effects of FSW parameters on the gen-
eration of residual stresses [2–4] and separately on the effects of FSW parameters on
the energy or heat input during FSW [5, 6], there is limited literature directly con-
necting FSW parameters with heat input and residual stress generation. Calculation
of heat input from FSW parameters can be quite complex [7]. There has been work
on using simplified heat input metrics to estimate relative changes in heat input when
changing FSW parameters. The pseudo-heat index (PHI), which uses only rotational
speed and traverse speed is an example of a simple heat input metric that attempts to
correlate relative changes in heat input to welding parameters during FSW,

PH I � ω2

10,000 ∗ V

where ω is the tool rotational speed, revolutions per minute (RPM); and V is the
traverse speed, millimeters per minute (MMPM) [8].

There has been little work that examines the ability of simple heat input metrics,
such as PHI, to predict changes in residual stress levels from changes in FSW param-
eters. Moreover, many of the residual stress studies on aluminum alloys have been
performed on complex, precipitation strengthened aluminum alloys such as AA7075
[9, 10] and AA6061 [11]. Residual stress distribution across friction stir welds in
these alloys can be complex due to the evolution of the precipitate structures in the
stir zone (SZ), thermomechanically affected zone (TMAZ), and heat affected zone
(HAZ). This proceeding’s contribution uses AA5052 as a solid solution strengthened
model alloy (Al-2.5 wt% Mg) to examine how well PHI can be used to predict the
level of residual stress in the stir zone over a range of FSW conditions.

Experimental Procedures

Bead-on-plate friction stir welds were produced on the aluminum alloy AA5052-
H32 with dimensions of 305 mm×152 mm×6.35 mm (12 in.×6 in.×0.25 in.).
The nominal chemical composition of AA5052 is shown in Table 1 [12]. FSW of
AA5052was performed on the RM7 three-axis friction stir welder using amonolithic
tool made of H13 tool steel, both from Bond Technologies. The monolithic tool had
a 5.7 mm threaded pin and an 18-mm-diameter shoulder with a concave surface
(Fig. 1). The penetration depth was 5.90 mm, and the tilt angle was 1.5° for all
welds. Upon achieving steady-state welding conditions, a 220 mm long FSW path



Connecting Residual Stresses with Friction Stir Welding … 271

Table 1 Nominal chemical composition of AA5052 in wt% [12]

Alloy Si Fe Cu Mn Mg Cr Zn Other
(each)

Others
(total)

AA5052 0.25
max

0.40
max

0.10
max

0.10
max

2.2–2.8 0.15–0.35 0.10
max

0.05
max

0.15
max

Fig. 1 D10314A monolithic friction stir tool made of H13 tool steel by Bond Technologies

was produced. The longitudinal residual stress measurements were taken at 50%
along this 220 mm long FSW path. Residual stress values shown in this proceedings
article refer to the average value of 7 measurements of longitudinal residual stresses
inside the SZ with a 2 mm spatial resolution along the transverse direction.

A series of friction stir welds was produced to generate a range of welding condi-
tions with the same PHI. The traverse speed range was set from 200 to 800 mm/min
(MMPM) in steps of 200 MMPM. The rotation speed range was varied from 283 to
1549 RPM and was set to generate PHI values ranging from 0.02 to 0.7 in approx-
imate increments of 0.1. The naming convention for these welds is given by the
rotation speed, the traverse speed, and whether this condition was a replicate weld
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Table 2 Parameters of x-ray
diffraction-based residual
stresses measurement

Exposure time (s) 5

No. of exposures 5

Psi angle range ±(0.5°, 4.5°, 5.5°, 9.5°, 10.5°,
15.5°, 20.5°, 25.5°, 30.5°, 35.5°,
40.5°)

Psi oscillation 4°

Aperture (mm) 2

or not, e.g., ω1265V400-2 represents the welding parameters of ω�1265 RPM and
V�400 MMPM, and the weld being the second replicate.

Residual stress distributions were measured using the iXRDResidual Stress Ana-
lyzer from Proto Manufacturing. X-rays were generated by a Co X-ray tube with
wavelength of 1.79 Å at a tube power of 20 kV and 4 mA. Peak shifts in the {331}
reflections were used to calculate the residual strain and stress. TheX-ray elastic con-
stants used were 18.889× 10−6 for 1

2 S2 and 4.687× 10−6 for−S1. Other parameters
for the residual stresses measurements are shown in Table 2.

Experimental Results

Sound welds were achieved for traverse speeds of 400 and 600 MMPM over a range
of rotational speeds. Wormhole defects found inside weldments with the lowest
rotational speed of 283 RPM (Fig. 2). Excessive flash was observed on the surface of
weldments with the highest rotational speed (1897 RPM) for 600 MMPM. PHI for
all welds varied from 0.02 to 0.7 through different combinations of traverse speed, V,
and rotational speed,ω. At PHI�0.02, associatedwith the lowest rotational speed for
traverse speeds of 400 MMPM and 600 MMPM, wormholes were found at the root
of the weld close to the penetration depth and the weld centerline (Fig. 3b). As PHI
increased to 0.10 and beyond, sound welds were achieved for both traverse speeds
of 400 and 600 MMPM (Fig. 3a). At PHI�0.15, sound welds were also achieved
for a traverse speed of 800 MMPM. Excess flash and surface grooves were observed
on weldments with a low traverse speed of 200 MMPM (Fig. 3c, d). Similar welds
defects in aluminum alloys caused by improper combinations of rotational speed and
traverse speeds have been previously reported [13].

All of the residual stress profiles measured had the common “M”-shaped profile
with peaks in the tensile residual stresses just outside of the tool shoulder (Fig. 4).
For fixed traverse speed, increasing rotational speed did not produce a large change
in the magnitude of the tensile residual stresses. The increased rotational speed did
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Fig. 2 Quality of welds as a function of combinations of rotational speed and traverse speed

increase thewidth of the tensile residual stress profile. This change in rotational speed
for fixed traverse speed corresponds to an increase in the PHI value. In addition, the
residual stresses outside the HAZ changed from slightly tensile to slightly compres-
sive with increasing rotational speed. It should be noted that these x-ray diffraction
measurements are from the top 100μmofmaterial. The depth distribution of residual
stresses may well change with changing FSW conditions, but this information is not
available from the surface x-ray diffraction measurements reported here.

Discussion

FSW conditions described by the same PHI produced similar residual stresses inside
the SZ at PHI values between 0.1 and 0.3 (Fig. 5). That is to say, that in Fig. 5, the
rotational speeds were selected so as to produce the same PHI values for different
values of traverse speed, V. The differences in residual stresses for the same PHI
values, but with different V, were quite small and almost within the error of the mea-
surement. As PHI increased to 0.4, and particularly at 0.5, the difference in residual
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Fig. 3 Optical macrographs of AA5052 welds with different processing parameters. The cross-
sectional plate thickness is 6.35 mm, and the width of welding path is 18 mm: a cross section of a
sound weld; b cross section of a weld with wormhole defect; c plan view of excess flash on the weld
surface on the retreating side; d plan view of surface groove on the weld surface on the advancing
side inside the SZ
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Fig. 4 Longitudinal residual stresses of weldment ω775V600 and ω1732V600

stresses for different traverse speeds (V) was much more noticeable. The residual
stress produced with a traverse speed of 400 MMPM, and a resultant PHI of 0.5, was
distinctly lower than the residual stresses measured for other FSW conditions. The
quality of the x-ray diffraction data for this measurement was good. Both these FSW
condition and the x-ray diffraction residual stress measurement were repeated. The
residual stress inside the SZ for this replicate measurement was close to the previous
result, around+60MPa.At this point, there is no clear explanation for this 20–25MPa
drop in residual stress for this particular FSW condition. It should be noted that at
PHI�0.6, the residual stress level returned to a value of approximately +90 MPa.
At the same PHI�0.6, a traverse speed of 600 MMPM produced a weldment with
excess flash, and its residual stress value is not shown in Fig. 5. The largest measured
difference in residual stresses (blue circles versus red squares) was –13 MPa (10%)
at PHI�0.02. This lowest PHI condition generated both wormhole defects and the
largest values of residual stress (+120 to 132 MPa).

The traverse speed did have a noticeable impact on the residual stress level. For
weldments processed at the constant rotational speed of 1095 RPM, the residual
stresses inside theSZ increased as the traverse speed increased from200–800MMPM
(Fig. 6). This same correlation has been noted in the FSW literature [2]. In the current
study, the magnitude of the residual stresses increased about 20%. Based upon their
work on AA5083, Peel et al. suggested that the increase in residual stress could be a
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Fig. 5 Residual stresses inside the SZ as a function of PHI

result of the increased thermal gradients from increasing traverse speed [2]. Kumar
suggests that high traverse speed does not allow sufficient time for relaxation of
residual stresses inside weldments [4].

Conclusions

This study has investigated the connections between FSW parameters, a simple heat
input metric, and the resultant residual stresses. The pseudo-heat index (PHI) was not
a good predictor of residual stresses within the range of 0.1<PHI<0.5; a range that
produced soundwelds. The largest tensile residual stresseswere actually observed for
defectiveweldswith low values of PHI (0.02). Differentω-V combinations described
by the same PHI produced similar residual stresses inside the SZ for sound welds. As
has been noted in the literature, increasing the traverse speed, V, did systematically
increase the residual stresses inside the SZ.
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Fig. 6 Longitudinal residual stress inside the SZ for weldments with fixed rotational speed, ω, of
1095 RPM as a function of increasing traverse speed, V
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