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Abstract

In the present study, AA2124/25%vol.SiCp-T4 aluminum metal matrix composite plates were successfully friction
stir butt joined using various welding parameters. The influence of the welding parameters on the temperature
distribution, micro-hardness and tensile strength of the joints was investigated and the joint efficiency was determined.
The temperature measurements were obtained from four points at the each side of the weld, namely tool advancing
and tool retreating side, from the 15 mm away from the weld center. Based on these measurements, the average peak
temperature in the weld nugget was predicted according to studies in literature. As a result of the study, the temperature
dissipation shows that the maximum 180-270 °C occurred at 15 mm away from the centerline of the weld. The
maximum and minimum values of joint performance was obtained at 1400/40 and 1400/100 rpm/min welding
parameters as 73% and 59.32%, respectively. It was not detected a noticeable differences in micro-hardness
measurements of the stir zone. It is determined that micro-hardness distribution in stir zone is in accordance with
literature results which can be attributed to dynamic recrystallization.
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1.Introduction
Metal matrix composite materials reinforced ceramic
particle are especially used in aerospace industry due
to its low cost, high wear resistance and high thermal
stability. Aluminum and SiC are one of the most

preferred materials as the matrix and reinforcing
materials, respectively. Aluminum has a density of 2.7
gr/cm3 and SiC particles are both cheap and wettable
by aluminum that improve the preferability [1].
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Appropriate application of welding technique to metal
matrix composites (MMC) requires modern
engineering technologies. Thus, fast production with
high quality and economical can be done by welding
process. Besides, it is very important to determine the
most suitable welding method and welding parameters
in joints. Because the welding parameters affect the
physical and metallurgical properties of the joints, and
therefore the quality of the welding [2]. Aluminum
matrix reinforced particle composite materials when
combined with conventional melting welding
techniques like TIG, MIG, electron beam, laser etc.,
microstructural errors are encountered in the welding
areas, which are detrimental to mechanical properties
[3,4]. SiC reinforced composites have particularly
some welding problems such as particle segregation in
fusion welding processes, unwanted matrix-
reinforcement reactions such as fragile Al4C3 phase,
shrinkage during caking, oxide residues and gas
cavities. In particular, the formation, size and shape of
the Al4C3 phase are directly proportional to the heat
input. The phase is stated to reduce the tensile strength,
ductility and corrosion resistance of the weld [4,5].
Composite materials are successfully combined with
friction stir welding (FSW), which is a solid-state
welding technique and carried out under the melting
temperature of the matrix that not use additional filler
metal [6-9]. FSW technique has several advantages,
such as low distortion and low welding temperature,
compared to conventional melting welding methods.
The materials to be joined by this method are
connected with the fastening elements. Then, a
rotating shoulder tool with a stirring tip and rotating at
different speeds is contacted with the materials. The
tip is slowly immersed in the material and the surfaces
of the material soften with the effect of the heat
generated by the friction. The process is carried out as
the stirring tip is moved along the welding line and the
softening material is stirred together [10].
In the literature, some works are carried out about
FSW of Al alloys and Al matrix composites. Prado,
Marzoli et al., [11,12], Mahyar et al., [13] and Feng
and Ma, 6061 welded and investigated the
microstructural and mechanical properties of Al alloy

with Al2O3 20%, Al-Al2O3-B4C plates and Al 2009
reinforced SiC 15% MMC [14]. They discussed the
effect of  process parameters on the microstructure and
mechanical properties of joints.
In the friction stir welding, the temperature
distribution in and around the stir zone affects the
microstructure and mechanical properties of the
welding. However, it is very difficult to clearly
determine the temperature measurements in the stir
zone. Therefore, during the FSW, the maximum
temperatures at the stir zone are either estimated from
the source microstructure or determined by the help of
thermocouples embedded in a region close to the
rotating stirring tip [10]. It has been determined that
there is still no sufficient information in the literature
about the combination of the 25% SiC particle
reinforced AA2124 MMC materials, which are widely
used in the aircraft industry, using different welding
parameters by FSW method, determining the
temperature distribution of the welds of the joints and
the effects of these interactions on the hardness and
strength properties. For this purpose; It is aimed to
make experimental studies about the combinability of
AA2124 MMC materials reinforced with 25% SiC
particles, the temperature distribution around the weld
and the mechanical properties of the weld zone.

2.Experimental Method
In this study, AA2124/SiCp/25-T4 MMC plates are
welded by FSW technique. MMCs are available as
billet with measuring 400x260x50 mm3. The billet that
is available in dimensions of 400x260x50 mm3 is cut
into 130x50x3 mm3 with the wire erosion at the tool
feed speed of 2 mm / min. In order to determine the
temperature distribution during welding, blind holes
are placed on the plates to place thermocouples. Table
1 shows the compositions, the tensile and hardness
properties of the used material. In the FSW process,
the tool produced from 1.334 high speed steel (HSS)
with a shoulder diameter of 20 mm is used. The FSW
tool is reached a hardness value of 62 HRC with
quenching heat treatment. The joining process was
performed as the universal vertical milling machine
with the welding parameters shown in Table 2.

.

Table 1. Compositions (wt.%) and mechanical properties of the plate

Material Cu Mg Mn Si Al UTS
(MPa)

Hardness
(HV)

3.86 1.52 0.65 0.17 Reaminder 454 190

During the FSW, thermocouples of K type data readers
with 8-point (capable of measuring between -200 and
1372 ° C) are placed on the plates and the temperature
distribution was determined. The layout of the
thermocouple during the FSW is shown in Figure 1.
The thermocouples are located at 10, 45, 85 and 120

mm distances to the blind holes opening 3 mm in
diameter and 2 mm deep to the distances 15 mm away
from tool advancing side (AS) and tool retreating side
(RS) of the plates (Fig.1). Figure 2 also displays FSW
device.
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Table 2. Welding parameters used in friction stir welding
Tool rotational

speed (rpm)
Tool traverse speed

(mm/min)
Tilting angle Tool rotational

direction

355 40
50
80

100

2º Clockwise
1400

Figure 1. Thermocouple layout as schematic

Figure 2. Friction stir welding device and test fixture
with thermocouples

Tensile test specimens are prepared in CNC controlled
milling machine with numerical control using a 1.9
mm diameter carbide milling. Tensile tests are made
in Zwick Z010 universal type device. 3 samples were
tested for each experiment and the results were
determined by taking the average. The microhardness
of the samples taken at 1 mm intervals from the lower
and upper parts of the FSW method was determined
by using the Vickers hardness (HV) method.
Measurements were made by using Schimadzu brand
micro hardness tester of type M with 30 sec. Welding

performance (WP) was determined by the ratio of
tensile strength (σt) of the welded specimens combined
with SSK to tensile strength (σa) of the base metal (Eq.
1).
(%) WP = (σt (MPa) / σa (MPa)) x 100 (1)

3.Results
The temperature distribution of the joints obtained by
the friction stir welding process is shown in Figure 3.
As can be seen from this figure, the temperature
distribution at a distance of 15 mm from welding zone
of the AA2124/SiCp/25-T4 MMC sheets joined at tool
rotational and traverse speeds of 355-1400 rpm and
40-100 mm/min varies between 180-270 °C. This
temperature range is much lower than the melting
point of aluminum (660°C) and it is equivalent to the
recrystallization temperature of the aluminum matrix.
Therefore, it can be said that the joining process is
carried out by the plastic deformation mechanism and
the mixing of the plates.
The tensile test was performed to determine the joining
strength and weld performance of the MMC plates
combined with the FSW. As shown in Figure 4, the
ultimate tensile strengths (UTS) and weld
performances (WP) of 355/40, 355/100, 1400/40 and
1400/100 the joints are 300.09, 278.30, 331.42 and
269,31, MPa and 66.10%, 61.30%, 73.00% and
59.32%, respectively. The maximum tensile strength
and welding performance are obtained with welding
parameters of 1400/40 (tool rotational speed of 1400
rpm and tool traverse speed of 40 mm/min) as 331.42
MPa and 73.00%, respectively. The minumum tensile
strength and welding performance are obtained with
welding parameters of 1400/100 as 269.31 MPa and
59.320%, respectively. Figures 5 illustrates the
fractured surface of FSW joints with welding
parameters of 355/40-100 and 1400/40-100 after
tensile test. It is clear that the joints with welding
parameter of 355/40-100 faractured from HAZ of AS
whereas the joints with welding parameter of 1400/40-
100  fractured from stir zone that can be attributed to
microstructure variables and particulate distrubution.
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Figure 3. Temperature dissipation of FSW joint at different tool rotation and transverse speeds

Figure 4. Tensile test results

Figure 5. Cracked surface appearance of FSW after tensile test a) 355/40-100 b)1400/40-100
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Figures 6 and 7 show the microhardness distribution
of the samples obtained with welding parameters
1400/40 and 1400/100 where maximum and minimum
welding performance values are obtained. The
hardness of AA2124/SiCp/25-T4 composite plates
showed the increase by the rise of the tool rotation and
traverse speeds. When the tool rotation speed increases

for 40 and 100 mm/min, hardness decreases as tool
rotation speed increases. The hardness values of the
base metal and FSW joints were determined to vary
between 140-235 HV0.2.
Figure 8 shows the microstructure images of the stir
zones of the composites which combine with different
process parameters.

Figure 6. The microhardness graph measured from the top and bottom zone for 1400/40 welding parameters

Figure 7. The microhardness graph measured from the top and bottom zone for 1400/100 welding parameters
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Figure 8. The microstructure images of stir zones

It has been observed that the materials have a good
mixture with different welding parameters. The
distribution of the matrix and secondary phases is
relatively good. The stir region of the sample
combined with 1400/40-100 experimental parameters
exhibits finer grain structure due to dynamic
recrystallization. Significant microstructure changes
such as reduction of heterogeneity, redirection of
reinforcing particles and microstructural anisotropy
are observed during the friction stir welding. The
effects such as agglomeration, grain growth, particle
roughening and dissolution, porosity etc. depending
on the welding parameters and temperature cause a
decrease in mechanical properties [15-17].

4.Discussion
The temperature distribution in the stir zone and its
surrounding causes the change of factors such as grain
size, grain boundary, precipitation dissolution and
coarsening, which affect the welding microstructure
and mechanical properties [18]. However, the
measurement of temperature in the stir zone can be
determined using various models and predictions is
very difficult due to the intense plastic deformation
caused by the rotation and movement of the tool. The
temperature decreased as it moved away from the stir
zone. The temperature at the edge of the stir zone
increases from the bottom surface of the plate to the
upper surface. The temperature is believed to exceed
the temperature of the solution for precipitation
hardening in the aluminum alloy. Therefore, the
maximum temperatures occurring in the stir zone
during FSW are either estimated from the source
microstructure or determined by the help of the
thermocouple embedded in a region close to the
rotating stir tip. The welding temperature of the 7075-

T651 alloy was estimated at about 400-480 °C and the
temperature of the Al 6061 alloy was 400°C [16,19].
Temperature values of 8.5, 10, 12.5 and 15 mm
distances from the welding center were obtained as
402, 353, 302 and 201 °C, respectively, by comparing
the microstructures of similar welding thermal cycles
at different maximum temperatures [20]. The increase
in the distance decreases the temprerature. The
previous thermal models of the FSW were determined
by using the classical Rosenthal equation [21]. This
equation describes an almost stable state of
temperature in a semi-infinite environment through a
heat source point moving at a constant speed. These
models are considered as the heat generated by the
friction work at the shoulder-plate interface, thus it is
prevented the friction heat at the plastic energy
distribution and the agitator end-workpiece interface.
There is a uniform force on the entire contact surface
obtained by friction. The temperature measurements
described in the studies were obtained by placing the
thermocouples thoroughly and there was no
temperature and any melting sign above 0.8 Tm.
Marzoli et al. 20% Al2O3 particle-reinforced AA 6061-
T6 MMCs are FSWelded. Thermocouples of type K of
6 are placed at a distance of 15 mm of welding zone
with a distance of 10 mm on AS, and temperatures
were reported to be around 190-255 °C [12].
Covington [22] welded the Al 7075-T7351 alloy by
FSW and examined the amount of heat on tool. The
heat in shoulder region is 79%, it is 20% in the
beginning of the stir tip and is 1% in the stir tip. It is
stated that during FSW, temperature in the stir region
is between 371-507 °C. Similar studies on the
determination of temperature distributions have been
made in the literature and the results of our study
coincide with the literature results [19,23].
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The tensile strength and joining efficiency of joints
were analyzed. Reduction in tensile strength and
joining efficiency resulted in increasing tool tarverse
speed (40-100 mm / min) for tool rotational speed of
355 rpm). Similarly, the tensile strength and joining
efficiency for 1400 rpm were reduced with increasing
tool feed speed. Maximum tensile strength (330.75
MPa) and joining efficiency (73%) were obtained at a
tool rotation speed of 1400 rpm and a tool traverse
speed of 40 mm/min. Lower tensile strength and
welding efficiency can be attributed to the formation
of coarser grain structure in HAZ that was stated in the
previous study [17]. Dynamic recrystallization occurs
as a result of plasic deformation in FSW method and
SiC particles significantly affect dynamic
recrystallization. Dynamic recrystallisation occurs in
the regions with high dislocation density. In other
words, SiC particles provide more nucleation sites for
new crystallizing grains by increasing regional stress
in the matrix and modifying lattice orientation [24].
The microhardness tests were performed in different
regions. The hardness properties depend mainly on the
state of the precipitates and due to the coarsening and
excessive aging of the precipitates, especially in the
heat-affected zone and in the thermomechanically
affected region (TMAZ). The decrease in the hardness
was reported and it was found that there was a
softening of the base metal for similar reasons in the
mixture zone [25,26]. The matrix-SiC interface is
affected from the thermal expansion, rapid heating and
cooling [27]. However, in this study, no significant
difference was observed in the hardness values of the
base metal. Welding parameter of 1400/40 is more
homogenous than welding parameter of 1400/100 and
the deformation caused by the severe stir movement
results in a decrease in the size of the SiC particles,
especially in the TMAZ in the RS, starting from the
mixing zone. As a result, it can be said that the
hardness change in the mixture region is due to the re-
crystallized grain structure.
In Al-Cu-Mg alloys, solid solution precipitation, grain
refinement, (Al2Cu) and S (Al2MgCu) particle
formation are the important phases that provide
strength increase. With the addition of a
reinforcemnet, the density of dislocation, the thermal
incompatibility and the load transfer mechanism play

an important role in the increase of strength and the
coarsening of these phases with heat reduces the
hardness and tensile strength [28-30]. The friction
between the tool and the workpieces produces intense
plastic deformation around the rotating tool. Both of
these factors cause to increase the temperature in and
around the stir zone. It is very important to investigate
the thermal cycle and thermal dispersion of
metallurgical transformations and to determine the
ratio of these transformations. During the welding
process, moves of the tool causes more heat to develop
in the direction of this [31]. In the stir zone, higher
stiffness can be attributed to the formation of thinner
grains as a result of dynamic recrystallization [32]. It
is also important to determine the effect of each factor
such as the distribution, size, morphology and
dissolution of the particles in detail. It is reported to be
completely dissolved of precipitates into the Al 6063
alloy (0 - 8,5 mm from the welding center) [20] and
not dissolves of some precipitates in welding zone
[16]. The re-precipitation and dissolution of larger
precipitates in a study on the microstructural
development of the FSW in the Al 7075-T651 alloy
were found in the welding center [19].

5.Conclusion
AA2124/SiCp /25-T4 MMC plates are successfully
joined with the FSW technique both low and high tool
rotation speeds. It was determined that the temperature
distribution at 15 mm distance from the welding center
varied between 180-270 °C at tool rotational speeds of
355-1400 rpm and tool traverse speeds of 40-100 rpm.
According to the studies in the literature, it can be said
that the temperature in the mixture zone is around 450-
500 °C. Temperature increases with constant tool feed
speed and increased tool rotation speed. If the tool
rotation speed is kept constant and the feed rate is
increased, the temperature decreases. The highest
temperature rise occurs on the top surface of the
welding zone. The welding performance performed at
welding parameters of 355/40-100 and 1400/40-100
was determined as maxiumum 73% with 1400/40
welding parameters and as minimum 59% with
1400/100 welding parameters. The microhardness
distributions within the weld zone were found to be
significantly close to each other.
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