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Multimaterial fabrication such as joining of steel and aluminum is currently prominent in a
variety of industries. Friction stir welding is a novel solid-state welding process that causes good
joint strength between steel and aluminum. However, the phenomenon contributing significant
strength at the interface is not yet clear. In the present study, the interface of the friction stir lap-
welded aluminum and coated steel sheet having joint strength maximum (71.4 pct of steel base
metal) and minimum, respectively, under two parameter combinations, i.e., 1000 rpm 50 mm
min�1 and 500 rpm 100 mm min�1, was exclusively characterized by X-ray diffraction, trans-
mission electron microscopy (TEM), concentration profile, and elemental mapping by electron-
probe microanalysis. A TEM-assisted EDS study identifies the morphologies of large size
Al13Fe4 and small size Fe3Al-type intermetallic compounds at the interface. The diffusion-
induced intermetallic growth (thickness) measured from a backscattered image and concen-
tration profile agreed well with the numerically calculated one. The growth of these two phases
at 1000 rpm 50 mm min�1 is attributed to the slower cooling rate (~3.5 K/s) with higher dif-
fusion time (44 seconds) along the interface in comparison to the same for 500 rpm 100 mm
min�1 with faster cooling rate (~10 K/s) and less diffusion time (13.6 seconds). The formation of
thermodynamically stable and hard intermetallic phase Al13Fe4 at 1000 rpm and travel speed
50 mm min�1 in amounts higher than 500 rpm and a travel speed of 100 mm min�1 results in
better joint strength, i.e., 71.4 pct, of the steel base metal.
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I. INTRODUCTION

RECENTLY, the automotive industry has been
concentrating on multimaterial fabrication, which can
make vehicles substantially lighter. Adoption of this
fabrication in practice is closely linked with the devel-
opment of efficient methods of joining high-strength-
low-alloy steel sheets with competitive structural grades
of aluminum alloys.[1,2] From a practical point of view,
both sound joints between dissimilar materials that
enable multimaterial design methodologies and low-cost
fabrication processes have to be established,[1–3] but the
availability of a sound joining technique for dissimilar
materials is indispensible. Joining of dissimilar metals by
conventional fusion welding techniques is difficult due to
large differences in thermophysical properties such as
melting point, thermal conductivity, thermal expansion
leading to high distortion, and residual stresses, and also
in metallurgical characteristics resulting in the forma-
tion of brittle intermetallic phases that generally form by
solid-state reaction.[4] These intermetallic compounds

(IMCs) generally result in mechanical degradation of the
joint.[5,6] This can be avoided possibly by using friction
stir welding (FSW), which is a solid-state joining process
and does not involve any melting.[5,6] The use of FSW in
the joining of aluminum alloys to steel has recently
begun. The feasibility of FSW of aluminum to steel and
the importance of an Al/steel interface on weld strength
has been considered by numerous authors.[7–9] The
initial investigations on FSW of aluminum alloys to steel
reported the presence of IMCs such as Fe4Al13, Fe2Al5,
and FeAl4.

[5,7–9]

However, the effect of such intermetallic phases on the
mechanical properties of the weld has not been evalu-
ated.[5] Tanaka et al.[10] established that the joint
strength increased exponentially with a decrease in
IMC thickness. A similar opinion was also expressed
by Kimapong and Watanabe.[11] The thickness of the
intermetallic layer at the weld interface induced by
process parameters such as rotational speed, axial force,
and their influence on the degradation of the mechanical
properties of the weld joint was reported subsequently
by a few researchers.[10–14] Also, improvement of the
joint strength in the IMC layer seems to be necessary,
but an IMC layer that is too thick may initiate crack and
propagate easily through brittle IMC.[11] Bozzi et al.[15]

reported an optimum IMC layer thickness of 8 lm
developed under a rotational speed of 3000 rpm and
tool penetration depth of 2.9 mm in friction stir spot
welding of aluminum to steel. While making the lap
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joint of 6063 aluminum alloy (3 mm) to zinc-coated
steel sheet (1 mm) using FSW, Das et al.[16] found that a
failure load as high as 60 pct of the steel base metal
could be achieved. Movahedi et al.[17] studied the
friction stir lap welding of 5083 AA and St-12 alloy
sheets and reported that rotation speed enhanced joint
strength slightly. However, the formation of these
intermetallic phases is mainly driven by interdiffuison
of the species and is highly dependent on the specific
time and temperature history of the welding process.
These optimum IMC layer thicknesses depend on
welding conditions and specific alloys used. In FSW,
due to the introduction of complex deformation and
shorter time, the intermetallic phases are thin, making
full characterization difficult. The importance of the role
of diffusion in the formation of intermetallic phases was
studied by the present authors in an earlier investiga-
tion.[16] However, it is not clear how the thermal cycle
induced from the process parameters affects the inter-
metallic phases. Since joints involving this material
combination are expected to increase the number of
industrial applications, it is important to understand the
formation of the intermetallic phases for improved joint
performance. Although these recent studies have opened
an arena regarding a number of critical issues, a
systematic study and a quantitative understanding of
the formation of IMCs in friction-stir-welded steel and
aluminum alloys is highly desirable.

Themain focusof thepresentwork is to examinewhether
the role of diffusion is worth considering for the formation
of IMCs (the size and distribution), since the duration of
high-temperature exposure time is short, and also the role
of IMCs in the mechanical properties of the joint.

II. EXPERIMENTAL PROCEDURE

FSW of 2.0-mm-thick AA6061 and 1.0-mm-thick
high-strength interstitial-free (HIF) galvannealed steel
sheet was performed in lap joint configuration with the
AA6061 sheets on the top using a RM Series Friction
Stir Welder (model RM1A-0.7, MTI, USA). A sche-
matic of the dissimilar weld is shown in Figure 1. The
FSW machine can be operated with tool rotational
speeds up to 3000 rpm, axial load of 67 kN, and plunge
rates from 0.1 to 1000 mm min�1. The axial force,
torque, and penetration depth values could be recorded
simultaneously during each welding operation with the
help of the load cell coupled with a data acquisition
system. All of the lap welds were made under displace-
ment control mode. X force, Y force, Z force, and
torque were recorded for each joint. The tool used was
made of steel SKD61 and comprised of a shank,
shoulder (11-mm diameter), and probe. A schematic of
the tool and pin is shown in Figure 2. The tool shoulder
and the pin diameters are 11 and 3 mm, respectively,
and the pin length is 2.5 mm. The tool was tilted by
2 deg with the vertical axis in the direction opposite the
welding speed. A dwell time of 2 seconds after the
complete plunging of the tool pin is maintained for all
the experiments. The on-line temperature is monitored
at the midlength of the weld assembly using K-type

thermocouples that are placed at a depth of 0.5 mm
from the top surface (i.e., in aluminum sheet and close to
the tool shoulder).
The chemical composition and properties of the base

material are shown in Table I. Table II provides the
welding conditions (rotations perminute and travel speed)
used for the Friction stir lap-welded (FSLW) experiments
in the present work with respective energy input, process
response (Z force and torque), and failure load.
The energy[18] for FSW was calculated using the

following expression, and the energy values are summa-
rized in Table II.

Energy ¼
Zt¼end of welding

t¼0

CzðtÞ �
Np � 2p

60
dt

Fig. 1—Schematic of tool-workpiece configuration for friction stir
lap welding. The thicknesses of aluminum and steel sheets are
2.0 and 1.0 mm, respectively.

Fig. 2—Schematic of the tool and pin.
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Cz and Np represent the respective torque and
rotations per minute.

The weld joint tensile strength was evaluated using
transverse tensile specimens of size 180 mm 9 20 mm in a
100-kN Universal TestingMachine (INSTRON* 8862) at

a crosshead speed of 0.5 mmmin�1. The X-ray diffraction
(XRD) analysis was carried out using a target of Cu Ka to
identify the interfacial IMCs. Nanoindentation experi-
ments were carried out using a fully calibrated NANO
INDENTER XP** equipped with a standard Berkovich

indenter. For each loading-unloading cycle, loading and
unloading lasted15 secondsandadwell timeof 30 seconds
at each peak load was used, as shown in Figure 3. During
each test run, a personal computer collected and stored
data for the load and displacement as the indenter was
driven into the sample (loading segment) and then with-
drawn from it (unloading segment). The raw data were
then used to construct the load-displacement plot. Trans-
mission electron microscopy (TEM) was used for the
analysis of thin interfacial areas. TEM observations were
carried out using a JEOL-2000EX� microscope operating

at 200 kV. A 3-mm-disc in the relevant area at the center
was punched out from the bulk specimen. The disc was
polished down to a thickness less than 100 lm. The
interfacial area was then polished down to 20 lm using a
dimple grinder and diamond pastes. Finally, the interface
was thinned by ion beam polishing (GATAN PIPS�).

III. RESULTS AND DISCUSSION

A. Thermal Cycle Study

Thermal cycle is one of the important factors that
determine the formation of the intermetallics and their
growth kinetics at the joint interface in spite of short
reaction times. However, the thermal cycle and peak
temperature measurement for a combination of param-
eters of the friction-stir-welded dissimilar thick alumi-
num to steel lap joint are scarce in the literature. Heat is
generated due to the friction between the shoulder and
workpiece, and that is why the friction coefficient is an
important factor; it strongly depends upon the combi-
nation of parameters with respective peak temperature.
Figure 4 shows that temperatures are higher and ther-
mal cycles are stronger with increasing rotations per
minute at travel speeds of 50 and 100 mm min�1

because of the more intense deformational heating
consistent with the reduction in frictional heating. With
an increase in traverse speed, heat generation and peak
temperature decrease.
The data in Table II suggest that the strength of the

joint is the highest at 1000 rpm 50 mm min�1 and the
lowest at 500 rpm 100 mm min�1. The heat input and
peak temperature in the case of the former are higher

Table I. Chemical Composition and Mechanical Property of Coated HIF Steel and AA6061

Material

Chemical Composition Mechanical Properties

Pct C Pct Mn Pct Si Pct Ti YS (MPa) UTS (MPa) Failure Load (kN)

Steel 0.0024 0.47 0.094 0.035 225 375 7.0

Material

Chemical Composition Mechanical Properties

Pct Al Pct Si Pct Mg Pct Fe YS (MPa) UTS (MPa) Failure Load (kN)

Aluminum 98.80 0.52 0.91 0.6 172 295 11.8

Table II. Process Parameter, Energy Input, Failure Load, and Respective Process Response

Rotation
Speed

Travel
Speed (mm min�1)

Peak
Temperature (K)

Energy
Input (kJ)

Average
Z Force (kN)

Average
Torque (Nm)

Failure
Load (kN)

500 50 734.2 88.9 6 15 2.4
1000 50 801.7 167.89 4.5 12.8 5
1500 50 829.2 223.8 3.5 11.2 3.3
500 100 685.2 58.6 7 17 2
1000 100 704 109.16 5 13.9 3.2
1500 100 758.6 145 4.5 16 4.1

*INSTRON is a trademark of Illinois Tool Works Inc. (ITW),
Glenview, IL.

**NANO INDENTER XP is a trademark of MTS Systems, Eden
Prairie, MN.

�JEOL-2000EX is a trademark of Japan Electron Optics Ltd.,
Tokyo.

�GATAN PIPS is a trademark of Gatan, Inc., Warrendale, PA.
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than those of the latter. However, characterization was
done for both combinations of parameters for better
understanding.

B. XRD Analysis of Interface Region

Figure 3 depicts the peak temperature as being
around 801.7 K and 685.3 K (528.7 �C and 412.3 �C)
along the aluminium-steel interface corresponding to the
tool rotational and welding speeds of 1000 rpm, 50 mm
min�1 and 500 rpm, 100 mm min�1, respectively.
Figures 5(a) and (b) show the XRD analyses of the
Fe-Al interface region of the FSLW joints made at tool
rotational and welding speeds of 1000 rpm, 50 mm
min�1 and 500 rpm, 100 mm min�1, respectively. In
Figures 4(a) and (b), the indices (040), (204), (330),
(332), and (515) indicate the presence of Al13Fe4, and
the indices (400), (420), (440), and (620) depict the
presence of Fe3Al. It can be noted that the Gibbs free
energies for Al13Fe4 and Fe3Al phases at 801.7 K and
685.3 K (528.7 �C and 412.3 �C) correspond to �189.2,
�178, �79.8 kJ mol�1, and �76.5 kJ mol�1, respec-
tively; thus, the former is thermodynamically more

stable.[19,20] Therefore, the formation of the Al13Fe4
intermetallic phase in higher amounts along the inter-
face during FSLW of aluminum to steel is expected,
although Al13Fe4 and Fe are expected to react with each
other to transform partially to Fe3Al.
A comparison of Figures 5(a) and (b) indicates a

greater presence of Al13Fe4 phase at higher tool
rotational speed (1000 rpm) and lower welding speed
(50 mm min�1) in comparison to the same at lesser
rotational speed (500 rpm) and greater welding speed
(100 mm min�1). The greater extent of Al13Fe4 phase
at higher rotational speed and lower welding speed
can be attributed to the smaller cooling rate (~3.5 K/s)
along the interface in the temperature range of 523 to
623 K (250 to 350 �C) in comparison to the same at
lesser rotational speed and higher welding speed
(~10 K/s).[21]

C. Prediction of Diffusion Distance Numerically and
Correlation with Electron-Probe Microanalysis
Concentration Profile and IMC Thickness Measured
from Scanning Electron Microscopy Images

The concentration profiles of Al and Fe across the
joint were examined for both cases by electron-probe
microanalysis (EPMA), as shown in Figures 6(a) and
(b). The inset of these figures shows the widths of the
interface measured using the boundary condition[22]:

Boundary shift ef
� �

¼ area of Aþ area of Bð Þ=100;
½1�

where the ef values are 0.75 and 0.451 lm2 at 1000 rpm
50 mm min�1 and 500 rpm 100 mm min�1, respectively.
Figures 5(c) and (d) show scanning electron micro-

scopy (SEM) backscattered images, where the average
widths of the interfaces of the two joints were measured
critically and are 6.5 and 4.2 lm, respectively.
If diffusion plays a major role in the development of

the interface, its width should be proportional to �Dt,
where D is the diffusivity and t is the diffusion time at a
particular temperature (T). The diffusivity of Al in Fe
DFe

Al

� �
is given by[23]

Fig. 3—Load–time sequence in nanoindentation technique.

Fig. 4—Thermal cycle for different combinations of parameters.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 45A, OCTOBER 2014—5101



DFe
Al ¼ 2:5� 10�14exp � 30; 586

RT

� �
cm2=s ½2�

In the preceding expression, T denotes temperature in
kelvin and R is the universal gas constant.

The ratio of the widths of the interfaces at the two
parameters can be estimated by calculating the diffusion
times from the thermal profile (Figure 4). The diffusion
times for 1000 rpm 50 mm min�1 and 500 rpm 100 mm
min�1 are 44 seconds (t1) and 13.6 seconds (t2), respec-
tively, at 523 K (250 �C). The following expression

Fig. 5—XRD pattern at FSLW joint interface made at tool rotational speeds and welding speeds of (a) 1000 rpm, 50 mm min�1 and
(b) 500 rpm, 100 mm min�1.

Fig. 6—Concentration profile measurement by EPMA for (a) 1000 rpm and travel speed 50 mm min�1 (inset: boundary shift measurement
shown) and (b) 500 rpm and travel speed 100 mm min�1 (inset: boundary shift measurement shown). IMC thickness measured by SEM back-
scattered imaging for (c) 1000 rpm and travel speed 50 mm min�1 and (d) 500 rpm and travel speed 100 mm min�1.
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shows that diffusion of Al in Fe is responsible for the
formation of bond.

X1

X2

� �
Al

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DFe

Al

� � t1
t2

r
¼ 1:79 ½3�

The numerical values for the ratio were obtained by
substituting the values of the diffusion time at the two
parameters. The corresponding magnitude of the ratio
obtained from SEM backscattered images in
Figures 6(c) and (d) is 6.5/4.1 = 1.58 and that obtained
by boundary shift measurement from the concentration
profiles given in Figures 6(a) and (b) is 0.75/0.451 =
1.66. These findings suggest that the calculated ratio
obtained by assuming aluminum to be the diffusing
species in iron is in excellent agreement with the
measured ratio of the interface widths. Therefore, the
diffusion of aluminum in the iron matrix is primarily
responsible for the evolution of the structures within the
interface.

D. EPMA Analysis of the Interface Region

Further, a close look into the interface region revealed
a fine distribution of particles identified as iron rich
(Figures 7(b) and (c)); due to the rubbing action of the
tool, iron particles are embedded into the aluminum
matrix. The IMCs were found only at the interface.
Again, a uniform layer of Zn along the entire interface
of the lap joint was observed under parameter 1000 rpm
50 mm min�1, whereas such Zn layer was absent under
parameter 500 rpm 100 mm min�1. The zinc coat on the
surface of the steel is basically composed of iron-zinc
IMC, which firmly holds the zinc with steel.[13] During
friction stir welding, the metal in the lap interface
undergoes the synthetic effect of the thermal cycle and
mechanical cycle because of the action of friction, stir,
and extrusion of the tool. The peak temperature
experienced at the interface of the lap joint under
parameter 1000 rpm 50 mm min�1 leads to melting of

zinc due to its lower melting point [693 K (420 �C)], and
high pressure simultaneously results in the rupture of
surface oxide films at both sheet surfaces and also
extrudes the liquid zinc with broken oxide film, which
spreads along the interface between the two sheets.[13] In
this way, Al and steel are tightly extruded together after
the liquid Zn is pushed out.

E. TEM Study at the Interface

TEM with a selected area diffraction (SAD) pattern
for the interface region for two different friction-stir-
welded joints is shown in Figures 8(a) through (d), (e1),
(e2), and (f) through (h). A distinct difference was clearly
observed between the spotty[24] and ring-type SAD
pattern of the aluminum base metal and the interface of
the two friction-stir-welded joints. The SAD pattern of
the joint interface is similar to the polycrystalline
material, indicating the presence of intermetallic phases.
TEM-assisted EDS analysis confirms the presence of
Al13Fe4 and Fe3Al intermetallic phases. SAD pattern
also clearly identifies the presence of these two interme-
tallics. In Figures 8(d) and (h), the indices (204), (332),
and (515) indicate the presence of Al13Fe4 and the index
(620) reveals the presence of Fe3Al. The measured
interplane angle (106.7 deg) shown in the inset of
Figure 8(d) is more or less close to the calculated angle
(107.6 deg) of the Al13Fe4 monoclinic system.
Diffusion of aluminum in iron is likely to occur, which

promotes Al13Fe4 (thermodynamically more favorable)
IMC formation due to the fact that a small amount of
Fe atom should diffuse in Al-rich compositions to form
monoclinic Al13Fe4. On the other hand, Al13Fe4 and Fe
are expected to react with each other to transform
kinetically favored Fe3Al due to less mutual diffusion of
aluminum and iron, which promotes vacancy less
structure. The diffraction pattern in the 1000 rpm
50 mm min�1 combination parameter is similar to that
of the fine-grain standard aluminum,[24] which implies a
higher degree of grain refinement in 1000 rpm and

Fig. 7—Elemental mapping (Fe, Al, and Zn) by EPMA for (a) 1000 rpm and travel speed 50 mm min�1 and (b) 500 rpm and travel speed
100 mm min�1.
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50 mm min�1 than in 500 rpm and 100 mm min�1.
1000 rpm 50 mm min�1 has higher energy input than
500 rpm 100 mm min�1. However, the interesting thing
in FSW is that process response plays a predominate
role in determining energy input. The energy input
varies from 58.6 kJ for parameter 500 rpm 100 mm
min�1 (Z force 7 kN and torque 17 Nm) to 223.8 kJ for
parameter 1500 rpm 50 mm min�1 (Z force 3.5 kN and
torque 11.2 Nm). For a particular rotations per minute
value, as the travel speed increases, the peak tempera-
ture decreases; in that case, the probability of sliding

increases. Due to the fact that there is less heat
generation in 500 rpm and 100 mm min�1, the materials
are not properly softened, which is reflected in the
increased force and torque values. The steady flow of
material around the welding tool during FSW is closely
linked to the sound joint, i.e., the optimized parameter
1000 rpm 50 mm min�1 (Z force 4.5 kN and torque
12.8 Nm) with energy input of 167.8 kJ. The process
response for 1000 rpm and 50 mm min�1 is itself a clear
indication of optimum recrystallization at the optimum
energy input; as a result, the grain size is finer than

Fig. 8—High-resolution TEM images for 1000 rpm and travel speed 50 mm min�1: (a) joint interface, (b) hexagonal type of grains, (c) size mea-
surement for two types of intermetallics named e1 (125 nm) and e2 (58 nm), (e1) TEM-assisted EDS analysis for e1-type intermetallic identified
as Al13Fe4, (e2) TEM-assisted EDS analysis for e2-type intermetallic identified as Fe3Al, (d) SAD pattern for two types of intermetallic (inset:
angle measured from the selected point of the pattern indicating monoclinic Al13Fe4) high-resolution TEM images for 500 rpm and travel speed
100 mm min�1, (f) interface, (g) triple-point grain boundary, and (h) size measurement for two types of intermetallics, i.e., 88 nm (Al13Fe4) and
38 nm (Fe3Al) (confirmed from EDS) (inset: SAD pattern).
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500 rpm 100 mm min�1. Interestingly, hexagonal types
of grains (Figure 8(b)) with some accumulation of
dislocations are also observed in Figure 8(a). The
triple-point grain boundary for 500 rpm and 100 mm
min�1 is shown in Figure 8(g).

The size of the large intermetallic phase, identified as
Al13Fe4, is close to 125 nm (EDS analysis shown in
Figure 8(e1)), and that of the small size intermetallic,
identified as Fe3Al, is close to 58 nm (EDS analysis
shown in Figure 8(e2)) in 1000 rpm 50 mm min�1, as
shown in Figure 8(c). Whereas in 500 rpm 100 mm
min�1 large intermetallics, identified as Al13Fe4, are
close to 88 nm, small size intermetallics, identified as
Fe3Al, are close to 38 nm, as shown in Figure 8(h). The
growth of these two phases at 1000 rpm 50 mm min�1

can be attributed to the slower cooling rate (~3.5 K/s)
with higher diffusion time (44 seconds) along the inter-
face in comparison to the same for 500 rpm 100 mm
min�1 with faster cooling rate (~10 K/s) and lower
diffusion time (13.6 seconds).

F. Nanoindentation Study at the Interface

The nanoindentation technique was successfully used
to understand quantitatively the effect of nanosize
intermetallics on mechanical properties. It is difficult
to examine the exact details of the microstructural

features in the vicinity of the indentation site, but some
useful information may be obtained by comparing the
load-displacement (P-h) curves measured at different
positions in the specimen surface. The loading-unload-
ing cycles obtained from the P-h curves, as presented in
Figure 8 for an rpm 1000 and travel speed 50 mm min�1

parameter, can provide a comparison between the
material responses at different positions of the surface.
Figure 9(a) indicates that point 2 deformed much more
easily than point 1, point 3 deformed much more easily
than point 2, and so on. At points 6 and 7, however,
more or less the same type of deformation was observed.
The resultant unloading and reloading curves nearly
coincided for points 1 to 5, as shown in Figure 9(a),
indicating elastic behavior, whereas distinct hysteresis
loops for points 6 and 7 were observed in the unloading-
reloading cycles, indicating reverse plasticity. The results
are expected because indentations 6 (138.7 Hv) and 7
(150 Hv) represent steel that has undergone deforma-
tion. On the other hand, the nanohardness values at
other points such as point 1 (739.5 Hv) for Al13Fe4 and
points 2 (560 Hv), 3 (477.4 Hv), 4 (402 Hv), and 5
(219.3 Hv) for Fe3Al represent the zone of nondefor-
mation. A similar type of nanohardness for these two
different types of intermetallics was reported by previous
researchers.[25] A close look at Figure 8(b) clearly
reveals that the nanohardness and elastic modulus
representing the material property (inhomogeneity)
show the same trend.

IV. CONCLUSIONS

1. The lap joint of 6061 aluminum alloy (2 mm) to a
zinc-coated steel sheet (1 mm) can be successfully
made by the FSW process, and a failure load as high
as 71.4 pct of the steel base metal can be achieved.

2. The average joint strength is significantly influenced
by the thermal cycle and combined effect of rota-
tional speed and travel speed as well as energy
input. The optimized parameter 1000 rpm and tra-
vel speed 50 mm min�1 with energy input and peak
temperature contribute to high-performance joint.

3. The formation of thermodynamically stable and
hard intermetallic phase Al13Fe4 at 1000 rpm and
travel speed 50 mm min�1 in higher amounts than
500 rpm and travel speed 100 mm min�1 contrib-
utes to better joint strength.

4. The diffusion-induced intermetallic thickness mea-
sured from a backscattered image and concentra-
tion profile agreed well with the numerically
calculated one, confirming that diffusion plays a
predominate role.

5. A TEM-assisted EDS study identified the morphol-
ogies of large size Al13Fe4 and small size Fe3Al.
The growth of these two phases at 1000 rpm
50 mm min�1 is attributed to the slower cooling
rate (~3.5 K/s) with higher diffusion time (44
seconds) along the interface in comparison to the
same for 500 rpm 100 mm min�1 with faster cool-
ing rate (~10 K/s) and less diffusion time (13.6
seconds).

Fig. 9—(a) Load vs displacement curve and (b) nanohardness vis-à-
vis modulus curve for 1000 rpm and travel speed 50 mm min�1.
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