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It has been challenging to join aluminum matrix composites (AMCs) using conventional fusion welding
processes due to the occurrence of segregation and deleterious reactions between the reinforcement par-
ticles and liquid aluminum in the fusion zone. Development of robust welding processes to join AMCs
thus holds the key in advanced lightweighting structural applications in the transportation sectors.
The purpose of this study was to explore the weldability of AMCs via a solid-state welding technique -
ultrasonic spot welding (USW). In this study 1.5 mm thick 17 vol.% SiCp/2009Al composite sheets in
the annealing (O) and T6 conditions were subjected to USW, respectively, with the aim to demonstrate
the welding feasibility of the composites. Microstructure, X-ray diffraction, microhardness and lap shear
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Aluminum
Welding tensile tests were performed to evaluate the weld zone (WZ) characteristics in the USW joints. A charac-
Vibration teristic band consisting of finer and denser crushed SiC particles that were uniformly embedded in the

aluminum matrix was observed to occur in the WZ. The WZ of both types of joints had a much higher
hardness than that of their respective base metal. The lap shear tensile fracture load increased with

Microstructure

increasing welding energy and satisfied the requirement of AWS standard D17.2 for spot welding.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Particle reinforced aluminum matrix composites (AMCs) are a
major focus of attention in aerospace, motor sport and automotive
industrial fields due to their several attractive advantages over
unreinforced alloys, such as high specific stiffness and strength at
room or elevated temperatures, excellent wear resistance, excel-
lent fatigue properties, high formability, and attractive thermal
and electrical characteristics [ 1-3]. For the particle reinforcements,
silicon carbide particle (SiCp) is an attractive reinforcement
because of its low density, high wear, and oxidation resistances.
Thus, SiCp reinforced Al matrix composites can offer potentially
higher specific strength and stiffness. However, one of the main
limitations for the industrial application of the particulate rein-
forced Al matrix composites is the difficulty in using conventional
fusion welding methods because of the occurrence of the segrega-
tion of the reinforcement and deleterious reactions between the
reinforcement particles and liquid Al in the fusion zone [2,4]. Pre-
vious studies showed that the high temperatures locally reached in
the fusion zone during welding strongly promote the SiC-Al inter-
face reaction given below [5,6]:
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4Al + 3SiC — AL,Cs + 3Si (1)

which deteriorated the mechanical and corrosion properties and of
the joints [5,6]. Joint efficiency values attained in arc welding even
with a careful choice of the filler material is seldom higher than 70%
[6,7]. Thus, recently special attention has been paid to solid-state
welding processes, namely friction stir/spot welding (FSW/FSSW),
because the liquid phase reaction in the fusion zone can be avoided.
However, Wang et al. [8] reported that the FSW joints of AMCs
exhibited the lowest hardness in the heat-affected zone (HAZ)
owing to the dissolution and coarsening of the precipitates during
FSW, resulting in that the FSW AMCs joints usually failed in the
HAZ. Therefore, the strength of the joints is usually determined by
the hardness of the low-hardness zone of the HAZ.

Another solid-state welding technique is ultrasonic spot weld-
ing (USW), which produces coalescence via a simultaneous appli-
cation of localized high-frequency vibratory energy and moderate
clamping forces. USW process produces a very small HAZ [9,10],
thus the earlier problem found in FSW/FSSW process can be
avoided with this technique. In comparison with FSSW, USW has
been shown to have a shorter weld cycle (typically < 0.4 s) and pro-
duce high quality joints that are stronger than FSSW when com-
pared on the basis of the same nugget area [11,12].

So far no literatures on the USW of SiC/Al composites were
reported, and thus, it is unclear how the SiC particles behave under
the high frequency vibration and whether a sound spot joint of
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these composites could be obtained via USW or not. This study
was, therefore, aimed to identify the feasibility of joining a SiCp/
2009Al sheet by USW process.

2. Materials and experimental procedure

In the present work, 2009Al (composition in wt.%: 4.0Cu, 1.5Mg
and balance Al) with an average size of 50 pum was selected for
matrix. SiC particles with an average particle size of 7 pm were
adopted as reinforcements. 1.5 mm thick sheets of 17 vol.% SiC/
2009Al1 under annealing (SiCp/2009Al-0) and T6 (SiCp/2009Al-
T6) conditions were used for USW. For the 2009Al-0O samples, a
full annealed process was done while for the 2009A1-T6 samples,
solution heat treatment was done at 515 °C for 1 h, then quenched
under water and later aged at 175 °C for 6 h. The specimens of
80 mm long and 15 mm wide were sheared, with the faying sur-
faces ground using 120 emery paper, and then washed using ace-
tone followed by ethanol and dried before welding. The welding
was done with a dual wedge-reed Sonobond-MH2016 HP-USW
system (schematic diagram shown in Fig. 1(a)) with rectangular
8 x 6 mm welding tips. The samples were welded at an energy
input ranging from 500 to 2000] at a constant power setting of
2000 W, an impedance setting of 8 on the machine and a pressure
of 0.414 MPa. To achieve 500-2000 ] energy inputs, the USW pro-
cedure took 0.25-1 s. Cross-sectional samples for scanning elec-
tron microscopy (SEM) were polished using diamond paste and
MasterPrep. X-ray diffraction (XRD) was carried out on fracture
surfaces after tensile shear tests, using Cu Ko radiation at 45 kV
and 40 mA. The diffraction angle (20) at which the X-rays hit the
samples varied from 20° to 100° with a step size of 0.05° and 2 s
in each step. A computerized Buehler microhardness testing
machine was used for the micro-indentation hardness tests diago-
nally across the welded joints using a load of 500 g for 15 s. The
distance between two successive hardness measurement was
0.5 mm. Tensile shear tests of the welds were conducted to mea-
sure the lap-shear failure load using a fully computerized United
testing machine with a constant crosshead speed of 1 mm min!
in air at room temperature. In the tensile lap shear testing,
restraining shims or spacers were used to minimize the rotation
of the joints and maintain the shear loading as long as possible

(Fig. 1(b)).

3. Results and discussion
3.1. Microstructure

Figs. 2(a) and 3(a) show the overall micrographs of the similar
USWed SiCp/2009AI-0 and SiCp/2009A1-T6 joints produced by
2000 ] energy input, respectively. Since the highest lap shear ten-
sile fracture load was observed at 2000] (shown later in Sec-
tion 3.4) for both joints (USWed SiCp/2009AI-O and SiCp/
2009AI1-T6 joints), USW samples welded with 2000 ] energy inputs,
were used for detail examination of their microstructure. It can be
seen from the center of the welded joint shown Figs. 2(b) and 3(b)
that no defects such as a porosity or cluster of SiC particles were
observed in the joints, which are prone in the fusion welding of
AMCs, indicating that a sound joint could be achieved by USW at
2000 ] energy input. Moreover, no indication of the presence of vis-
ible brittle phases in the weld nugget, such as Al,C3 phase that
forms in conventional fusion welding method, was detected
[13,14]. Similar, sound joints were also produced with energy
inputs of 500, 1000, and 1500] (not shown). By observing the
Figs. 2(b) and 3(b), it can be seen that the weld zones (WZ) in both
the USWed SiCp/2009Al1-O and USWed SiCp/2009AI-T6 joints
showed a band like microstructure. To show the clear difference
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Fig. 1. Schematic diagrams of (a) USW process, (b) a 3D view of the lap shear tensile
test specimen (mm).

between the two regions (WZ and BM), region ¢ and d in
Figs. 2(b) and 3(b) were magnified and shown in Figs. 2(c), (d)
and 3(c), (d), respectively. However, from the magnified images
shown in Fig. 2(c) and (d) of USWed SiC/2009Al-0 samples, there
was not clear difference found between WZ and upper/bottom
region of the WZ. Thus, Fig. 2(c) and (d) further magnified and
shown in (e) and (f), respectively. From these Figs. 2(e), (f) and
3(c), (d), it suggested that the plasticized composite is subjected
to severe shear strain rate caused by the high frequency vibration
energy. Some of the interesting observations were identified from
Figs. 2(e), (f) and 3(c), (d), which are listed below,

Observation 1. In both USWed samples, WZ regions contained
higher volume fractions of SiC particles compare to the BM
(or top and bottom of the WZ) (Figs. 2(e), (f) and 3(c), (d)).
Observation 2. The band like structure thickness in USWed T6
sample was approximately only ~60 pum (Fig. 3(b)), while it
was around ~1000 pm in that of the USWed O condition sam-
ple (Fig. 2(b)).

Observation 3. By observing Figs. 2(f) and 3(d), it was found that
after the USW process, the size of the SiC particles in O condi-
tion sample remained almost similar like BM (~7 pum), while
in T6 condition sample, it decreased and became around
~2 pm.

In order to understand the phenomenon of these three observa-
tions, the schematic diagram of the SiCp/Al composite sheet under
the process of USW was drawn and shown in Fig. 4. In the first
stage, two AMCs sheets comes in the contact with normal
sonotrode compressive force (Fig. 1(a)), and the oxide film on the
surface of SiCp/2009Al samples was destroyed. This compressive
force brings direct contact of AMCs-to-AMCs. In the second stage,
the high ultrasonic vibration under the action of high shear force
produces greater level of friction, which leads to higher tempera-
ture at the center of the weld interface within as low as 0.5 s (close
to the melting point, from our previous experiments [15]). The
higher temperature at the weld interface during USW also reported
by Elangovan et al., where the relationship between temperature
and sample thickness with FEM based study is shown [16]. Because
of higher temperature at weld interface, Al-matrix near the inter-
face experienced semi-liquid state and becomes softer, and tries
to squeezed away from the WZ. Eventually, WZ left with higher
volume fraction of hard SiC particles with less amount of Al matrix
(Observation 1). The interesting factor of the squeezed away
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Fig. 2. SEM micrograph of USWed SiCp/2009A1-0 using 2000 ] welding energy (a) overall image of mounted USW joints, (b) magnified image of region b in (a), (c) OM image
of magnified region of c in (b), (d) magnified image of region d in (b) showing band like structure, (e) further magnified images of region e in (a), (f) magnified SEM micrograph
of region f in (e), (g) micrograph at the center of joints showing precipitated 6 (Al,Cu) phase, and (h) further magnified image of region h in (g).

direction of softer Al matrix shown in Fig. 4(b) and (c¢) answered
the enormous difference between the band thickness in O and T6
condition as described earlier. In the USWed SiCp/2009AI-0, as
seen from Fig. 4(b), semi-liquid Al-matrix can be flow in the
upward and linear direction, since the Al matrix is softer in WZ
due to the higher temperature and even also softer in BM region
because of O condition. While, in T6 condition, the flow of the
semi-liquid Al matrix can be stopped in upward direction by the

hard Al matrix of BM (due to T6 condition), Thus Al-matrix can
only linearly travel and squeezed away from the weld interface.
Therefore, USWed SiCp/2009AI-T6 sample left with the smaller
band in compare to the that in USWed SiCp/2009AI-O sample
(Observation 2). In this smaller band region in T6 condition, SiC
particles start to vibrate against each other (in the action of shear
direction) and generates crushing powder/smaller SiC particles of
~2 um (Fig. 3(d)). While in O condition, SiC particles can easily
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Fig. 3. SEM micrograph of the USWed SiCp/2009AI-T6 joint using 2000 ] welding energy (a) overall image of USW joints, (b) magnified image of region b in (a), (c) OM image
of magnified region of c in (b), (d) magnified image of region d in (b) showing band like structure, (e) micrograph at the center of the welded joints which shows the

precipitated 6 (Al,Cu) phase, and (f) further magnified image of region f in (e).

float in softer Al-matrix. Thus, the size of SiC particle remains
unchanged (~7 pum) (Fig. 2(f)) in USWed O condition (Observation
3).

The yellow arrows shown in Figs. 2(h) and 3(f) are representing
the particles of Al,Cu, which is identified by the energy-dispersive
X-ray spectroscopy (EDS) and XRD (shown later). The EDS point
analysis was performed on the white particle shown Figs. 1(h)
and 3(f). The EDS point analysis result USWed O and T6 condition
samples show 71.4% Al, 24.3% Cu, and 4.32% Si (in at.%) and 69.4%
Al, 23.3% Cu, and 7.3% Si (in at.%). From this it is indicated that Al,_
Cu phase formed during the annealing (O) and artificial aging in T6
conditions.

3.2. X-ray diffractions

To further verify the above microstructural observations, XRD
data obtained on the BM and fracture surfaces of the USW joints
after tensile shear tests of SiCp/Al2009-0O and SiCp/AI2009-T6
are shown in Fig. 5(a) and (b), respectively. Apart from the Al
and SiC peaks, Al,Cu (0) intermetallic phase was identified on the
both BM and fracture surfaces of both samples. The present of

the 6 phase in XRD result is in agreement with the SEM/EDS point
analysis observation shown in Figs. 2(h) and 3(f). This 6 phase was
precipitated during the annealing and T6 process. The recent study
of Wang et al. [8] on FSWed 2009Al/SiC (not annealed or T6 condi-
tion) showed that, along with the 0 phase, S (Al,CuMg) was also
observed after the FSW process in the stir zone. This S phase was
also observed by Bozkurt et al. [5] of FSWed AA2124-T4/SiC com-
posite. However, The XRD pattern (Fig. 5) shows no evidence of
present of S phase. It could be beyond the detection limits of
XRD due to small volume fraction of it. The precipitation sequence
of Al-Cu-Mg alloy could become very complex depending on the
Cu/Mg ratio. Two-precipitation sequence (Al-Cu and Al-Cu-Mg
alloys) could be overlapped, which would complicate the estima-
tion of hardening behavior [18]:

SSS — GPzones — 6" — 6 — 6(Al,Cu) 2)

0ss — €0 — clusters/GPBzones — S" — S'/S(Al,CuMg) 3)

The 6 phase appears with high Cu/Mg ratio, while S phase appears
with low Cu/Mg ratio in Al-Cu-Mg alloy [17]. Other phases such
as a Al-C phase was also not found. Thus, it can say that unlike
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Fig. 4. Schematic diagram of the effect of high frequency vibration energy on the SiCp/Al composite sample during the USW process.

fusion welding, the frictional heat generated during USW did not
promote any reaction between the Al matrix and SiC particle, how-
ever, as said earlier it could be beyond the detection limits of XRD.

3.3. Microhardness

The hardness profile diagonally across the center of the welded
joints are shown in Fig. 6(a). In the annealing sample, in both 1000
and 2000] energy inputs, the average microhardness on the top
and bottom of the specimens were around 80 HV, which is similar
to that in the BM. On the other hand, the microhardness of the WZ
was higher than that of the BM. The average microhardness in the
WZ for 1000 and 2000] energy input specimens were approxi-
mately 100 and 150 HV, respectively. The higher hardness in the
WZ is attributed to the number of reasons. First, as mention in
the microstructure section, softer Al is being squeezed off from
the WZ during the USW process and WZ left with higher density
of small SiC particle, which inhibit the materials flow/dislocation
movement and makes higher hardness. Second, the debris of frag-
mented particles will act as nucleation sites leading to grain refine-
ment. This reduction of the grain size due to the recrystallization
during USW could also involve in the enhancement of the hardness
in the WZ. Recrystallization during USW was observed previously
in the literatures [15,18]. Third, from the equation of dislocation
density express as,

AoATf
P = 5an -5 @

where r is the radius of the particle, A« is the difference in the
coefficient of the thermal expansion, AT is the difference between

the processing and test temperature. It is well known that, due to
differences in the thermal expansion between SiC and Al matrix,
rapid heating and cooling during USW increases the residual plastic
strain and will lead to generation of dislocation at the matrix-SIC
interface. In the BM region, the heating is much lower than the
WZ. Therefore, there is a reduced driving force available to generate
dislocation in the matrix of BM. Fourth, the Al,Cu phase could be
dissolved during USW and precipitated during following cooling
process, which could also increase hardness of WZ. Several study
of FSW of Al/SiC composite study shown the lower hardness in
the WZ compare to that in BM [19]. Recently Uzun [20] for FSWed
SiCp/AA2124 and Wang et al. 8] for FSWed SiCp/2009Al have stud-
ied the hardness profile across the welded region. It was found that
the WZ has much lower hardness than that of the BM and further
much lower in the HAZ region. It could be the because of the Al,Cu
(0) and Al,CuMg (S) phases became coarsen due to the longer weld-
ing cycle time in FSW. On the other hand, USW process duration is
short, lead to slightly coarsen of precipitate particles. Therefore,
hardness might not decrease significantly. This is the main creative
of the study compared with FSW.

The reason behind the higher hardness in the 2000 ] welded
sample than that of the 1000 ] one is that at higher welding energy,
high frequency (20 kHz) ultrasonic vibration applies to the samples
for longer period of time (1 s) leads higher temperature, thus more
Al being squeezed off in 2000 ] energy input sample. In the USWed
SiC/2009A1-T6 composite sample, the average microhardness on
the top and bottom of the specimens were measured around 180
HV, which is similar to that of BM (2009A1-T6/SiC). However, the
higher hardness was not detected in the WZ region. But, it is worth
to mention that the band region of USWed 2009AI-T6/SiC joint
was much smaller (~60 um) than that (~1000 pm) in USWed
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Fig. 5. XRD patterns obtained from the fracture surfaces of USW joints at a welding
energy of 2000 ], (a) SiCp/2009AI-0 and (b) SiCp/2009AI-T6.

2009AI1-0/SiC (Figs. 2(b) and 3(b). Thus, the impression of indenta-
tion encompass with small amount of band region during the
microhardness test.

3.4. Lap shear tensile fracture load

As shown in Fig. 6(b), the maximum lap shear tensile load of
USWed 2009AI1-0/SiC and 2009A1-T6/SiC composites was 3.1 and
4.5 kN, respectively. It can be seen from that the samples fulfilled
the AWS D17.2 standard [21] requirement for the spot weld, while
the 2009A1-0/SiC samples at 2000 ] energy input only 500 N away
from the meeting the minimum requirement of AWS D17.2
standard [21]. The higher lap shear strength in the T6 condition
samples is attributed to the higher strength hardening capacity
of T6 samples compare to that of in O (annealing) samples. In both
the USWed samples, the lap shear tensile load increased with
increasing energy inputs and peaked 2000 ] energy input. It can
be seen from the images shown in Fig. 6(b) that lower energy
samples (500-1000 ]) experienced interfacial failure while higher
energy samples (1500-2000) failed from the edge of NZ. This
occurred because at lower energy inputs, the temperature was
not high enough to soften or diffuse the Al matrix. On the other
hand, higher welding energy values led to substantially higher
temperatures and, the resulting softer Al sheet experiences a
greater level of bending deformation in the weld zone compared

300
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Fig. 6. (a) Microhardness profiles across the USWed 2009A1-0/SiC and 2009A1-T6/
SiC at a welding energy of 1000 and 2000 J, (b) comparison of a lap shear fracture
load of USWed SiCp/2009AI-O composite and SiCp/2009AI-T6 composite as a
function of energy input.

with the base metal due to the outward flow of the material under
the sonotrode tool indentation. This action of bending produced a
small micro level crack at the notch of two sheets, and which pre-
viously observed in our previous study [22] and also in [23]. Finite
element simulation showed that the normal tensile stress concen-
tration at the periphery of the nugget could reach as high as more
than five times the average stress under tensile-shear loading [23].
Thus, this micro level crack experienced higher stress concentra-
tion effect, which allowed the cracks to grow toward the outward
Al sheet. Thus, the samples failed at the edge of the NZ (Fig. 6(b)
failure location image). In this study, all composite samples
(2009AI1-0/SiC and 2009AI-T6/SiC) welded with 1500 ] and more
were failed at the edge of the NZ, while rest of the samples failed
in the form of interfacial fracture (Fig. 6(b) failure location image).

4. Conclusions

USW of 1.5-mm thick SiCp/2009A1-0 and SiCp/2009AI-T6 com-
posites was successfully achieved. Both types of welded joints
exhibited higher volume fractions of SiC particles in WZ, creating
a distinctive band-like structure consisting of crushed fine SiC
particles uniformly embedded in the aluminum matrix. This was
mainly attributed to the squeeze-out effect of softer Al during
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USW due to the severe shear strain rate caused by the high fre-
quency vibration energy. The generation of 6 phase during the
aging process of parent metal was re-confirmed by XRD. The peaks
of XRD showed that volume fraction of 0 phase before and after
welding remains same. The WZ of the joints had a much higher
hardness than that of their respective base metal due to the pres-
ence of finer and denser crushed SiC particles. The 2000 ] welded
samples experienced higher hardness than that of 1000 ] welded
samples. This occurred because at higher welding energy, high fre-
quency (20 kHz) ultrasonic vibration applies to the samples for
longer period of time leads higher temperature, thus more Al being
squeezed off in 2000 ] energy input sample. The lap shear tensile
fracture load increased as the welding energy increased, and the
maximum lap shear tensile load of the USWed 2009A1-0/SiC and
2009AI-T6/SiC composites was obtained to be 3.1 and 4.5 kN,
respectively, which fulfilled the requirements of AWS D17.2 stan-
dard. All lower energy samples (500-1000 ]) experienced interfa-
cial failure while higher energy samples (1500-2000]) failed
from the edge of NZ.
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