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Abstract. The aluminium-based hybrid metal matrix composites have noteworthy applications
in sub-sea installations, structures of deep-sea crawlers, submarine parts, engine cylinders, drum
brakes etc., as they possess high strength, corrosion resistance, chemical, and dimensional stability.
In this investigation, the pitting corrosion behaviour of friction welded and post-weld heat-treated
AA6061/SiC/graphite hybrid composites were analysed. The corrosion rates of AW (as welded), ST
(Solution treated), STA (Solution treated and Aged), and AA (Artificially Aged) weld joints were
experimentally determined. The corrosion behaviour has been discussed in light of microstructure. The
experimental results revealed that the STA joints exhibited better corrosion resistance characteristics
as compared to AW, AA, and ST joints. The corrosion rate was high for AW joints, followed by AA
and ST joints, respectively. Taking into account the corrosion rates of AW and STA joints, the STA
joints have a corrosion rate 34.6% lesser than that of AW joints. A comparison of AA and ST with
STA joints reveals that the rate of corrosion for STA joints was 31.1% lesser than that of AA joints and
28.8% lesser than that of ST joints. A lower corrosion rate was observed for STA joints as compared to
AA, AW, and ST joints.
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1. Introduction
Aluminium based hybrid metal matrix composites
have promising applications in engine cylinder blocks,
pistons, disc brakes, aircraft wing panels, etc., as they
possess high strength, corrosion resistance, chemical
stability, dimensional stability at high temperature [1].
Solidification cracking, hot tearing, and fissuring

are some common defects observed in fusion joints
of aluminium alloys. These undesirable features in
the welded joints could be eliminated by using a solid-
state welding process like continuous drive friction
welding [2]. Nunes et al. investigated the corrosion
behaviour of silicon carbide- aluminium metal matrix
composites. The cathodic oxygen reduction process
was the main driving force for the corrosion process.
In Al-Si-Mg composites, eutectic silicon, SiC particles,
and the precipitated phases prove to be the active
cathodic sites for the corrosion process. Pitting re-
sistance can be improved through anodization and
application of ceria coatings [3]. Mclntyre et al. in-
vestigated the pitting behaviour of aluminium-SiCw
composites. Pit nucleation takes place due to the pres-
ence of SiC intermetallic. The intermetallic tends to
form at dislocations, voids, and grain boundaries. The

SiCw can act as efficient nucleation sites for intermetal-
lic formations in SiC/AA2124 composites [4]. The
pitting behaviour of Gr-Al and SiC-Al metal matrix
composites has been examined. The corrosion resis-
tance of the unreinforced alloy is more compared with
reinforced alloy in [5]. Galvanic corrosion behaviour of
aluminium matrix composites reveals the aluminium
coupled to graphite fibre in aerated 3.15 wt% NaCl
shows a high corrosion current density value, which
in turn possesses a low corrosion rate [6]. After the
friction welding process, AA6061/SiC/graphite hybrid
composites show Mg2Si as the predominant precipitate
present in all the joints [7]. Sori won et al. studied the
corrosion behaviour of friction welded dissimilar alu-
minium alloys. An improvement in the corrosion per-
formance was observed in AA6063 due to the growth of
the passivation layer [8]. If corrosion potential is more
positive, pitting corrosion is initiated in aluminium al-
loy matrix. Mathematical models can be used for the
prediction of accurate results [9]. Abhishek Sharma
et al. reported that Al6061-SiC-graphite hybrid sur-
face composite has an improved corrosion resistance
property due to the decrease of interfacial corrosion.
This can be attributed to a graphite layer formation
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that behaves as a passive layer, which resists the cor-
rosion [10]. The hot extrusion produces a high level of
deformation in Al6061-SiC-graphite composites that
produces improved mechanical and microstructural
properties. An extruded component has the least
corrosion rate [11]. Sriram Vikas et al. studied the
influence of post-weld heat treatment (PWHT) and
pitting corrosion behaviour of dissimilar aluminium
alloy friction stir welds. All the regions of the weld
have an improved pitting resistance after PWHT (Post
Weld Heat Treatment). This can be attributed to the
precipitation of fine sub microscopic particles during
natural ageing. Active sites for the pit initiation get
reduced due to the dissolution of secondary intermetal-
lic precipitation [12]. Sunitha et al. reported that
Al6065/SiC/graphite hybrid composites show a good
corrosion resistance behaviour if the graphite percent-
age of the composite is low [13]. Subba Rao et al.
reported the influence of heat treatment on the corro-
sion behaviour of aluminium metal matrix composites.
Cast composites show larger size pits in more numbers
compared to heat-treated composites. This indicates
that a cast composite has a poor corrosion resistance.
Heat-treated composites show reduced sized pits in a
lesser number, which in turn has a role in corrosion
minimization [14]. The intermetallic phases in the alu-
minium alloys prove to be the regions where localized
form of corrosion occurs. The corrosion behaviour
is influenced by intermetallic phases in reinforced al-
loys [15]. The corrosion behaviour of AA7075 alu-
minium alloy friction stirs welds after PWHT has been
examined. The size and interspaces of the precipitates
influence the pitting corrosion. Large spacing and
discontinuous precipitates reduce the susceptibility
to pitting corrosion. The finer grains and continuous
precipitates promote pitting corrosion [16]. The cor-
rosion behaviour of AA7075 aluminium metal matrix
composites was studied in a 3.5 wt% NaCl aqueous
solution. For low pH values (i.e., acidic), the corrosion
rate was larger. As far as volume percentage goes,
the corrosion rate lowered due to the increase in the
content of reinforcement [17]. Trzaskoma investigated
the pit morphology of aluminium alloy and silicon car-
bide/aluminium alloy metal matrix composites. The
composites have a greater number of pit initiation
sites than the alloy due to a greater number of in-
termetallic phases present in the composite. A large
number of detrimental intermetallic phases found on
the composites leads to the formation of more pits
on the composite. The metal dissolution rates are
larger in the case of the composite as compared to
the alloy [18]. Bhat et al. investigated the corrosion
behaviour of silicon carbide particles reinforced with
6061 Al alloy composites. The composites corrode
in a faster manner than the base alloy due to the
interface of the reinforcements that result in crevices
or pits. This could be attributed to the fact that a
thin layer of reaction product present at the inter-
face acts as an effective cathode that enables a higher

corrosion rate. The homogeneity in the distribution
of particles and the absence of defects like pores in
the extruded composites make it less susceptible to
corrosion [19]. Sunil sinhmar et al. investigated the
corrosion behaviour of a friction stir weld joint of
AA2014 aluminium alloy. Due to the dynamic re-
crystallization and plastic deformation experienced
during the welding, grain refinement happened in the
weld zone. The dissolution and coarsening of the pre-
cipitates increase the corrosion loss. The precipitate
free zones act as anodes and increase the corrosion
loss. The precipitate free zones are comparatively
soft [20]. Farhad Gharavi et al. analysed the cor-
rosion behaviour of friction stir welded lap joints of
AA6061-T6 aluminium alloy. The localized corrosion
attack generated by semi-pittingand circumferential
pits were formed around strengthening precipitates.
The higher number of intermetallic particles leads to
cathodic reactions. The corrosion resistance of weld re-
gions was poorer as compared to the parent alloy [21].
Sara Bocchi et al. investigated the influence of process
parameters on the corrosion behaviour of friction stir
welded aluminium joints. During the welding, process
orientation is produced in the grain structure. The
coarsening precipitates and dissolution of precipitates
enhanced the corrosion loss [22]. Vinoth jebaraj et al.
analysed the corrosion behaviour of aluminium alloy
5083 and its weldment for marine applications. The
second phase particles enriched with Mg have been
formed during the weld. The parent metal exhibited
a better corrosion resistance as compared to the weld-
ment [23]. Ramesh et al. studied the experimental
erosion-corrosion analysis of friction stir welding of
AA5083 and AA6061 for sub-sea applications. The
erosion was the highest for the basic material, fol-
lowed by a decrease with decreasing PH values. The
corrosion and erosion were more in the centre of the
welding as compared to the base material [24]. Shuai
Li et al. made experimental studies on the corrosion
behaviour and mechanical properties of Al-Zn-Mg alu-
minium alloy weld. The comparison made between
the base metal and weld joints revealed that the base
metal possesses superior mechanical properties. The
variance in corrosion potential depends on the number
of precipitates and the difference in the composition
of constituents [25].

2. Experimental details
2.1. Materials
AA6061 aluminium alloy was used as the matrix ma-
terial. Silicon carbide with a weight fraction of 10%
was used as the primary reinforcement and graphite
was used as the secondary reinforcement with a weight
fraction of 5%. The chemical composition of AA6061
is given in Table 1.

2.2. Fabrication of composites
The stir casting process was used to fabricate the cast
samples. AA6061 alloy billets were melted at 650 °C
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Mg Si Fe Cu Cr Mn Zn Ti Al
0.9 0.62 0.33 0.28 0.17 0.06 0.02 0.02 Bal

Table 1. Chemical composition(wt.%) AA6061.

Figure 1. Al matrix before extrusion.

Figure 2. Al matrix after extrusion.

At this stage, pre-heated particles of SiC and graphite
were added and samples were cast. The samples were
then subjected to machining and specimens of 45mm
length and 16mm diameter were produced. Then, the
process of hot extrusion was carried out at a tempera-
ture of 450 °C. After the extrusion process, specimens
of increased length and decreased diameter were ob-
tained. The extruded specimens after machining had
final dimensions of 60mm in length and 12mm in
diameter. The Fig. 1 shows the aluminium matrix
before the extrusion and Fig. 2 shows the aluminium
matrix after the extrusion.

2.3. Friction welding
The extruded specimens were joined in a continuous
drive friction welding machine (model: SPM-FW-3T)
as shown in Fig. 3. In this friction welding machine,
clamping was done by a hydraulically controlled chuck.
The machine was inbuilt with a data acquisition and
analysis software. The maximum speed of the machine
spindle was 2 000 rpm. Friction welding was carried
out at a rotational speed of 1 600 rpm and an upset
load of 3.5 kN for 3 seconds. In total, 32 joints were
done and the friction welded joints are shown in Fig. 4.
The Fig. 5 shows the As welded condition (AW) cov-

Figure 3. Friction welding machine.

Figure 4. Friction welded samples.

ering Parent metal (PM), Heat affected Zone (HAZ)
and Weld Zone (WZ).

2.4. Post weld heat treatment
Eight joints were isolated and kept in the as-
welded (AW) condition without a post-weld heat treat-
ment. The remaining joints were kept in a muffle
furnace for the heat treatment as shown in Fig. 6. So-
lution treatment (ST) was performed on eight joints
at a temperature of 525 °C. The joints were quenched
in water after a 1-hour soaking period in the fur-
nace. Eight specimens were subjected to the solution
treatment followed by artificial ageing (STA), wherein
the solution-treated samples were aged at 163 °C for
8 hours. The remaining eight specimens were sub-
jected to artificial ageing at a temperature of 163 °C
for 8 hours and then let to cool in the furnace it-
self. The post-weld heat-treated samples are shown
in Fig. 7.

2.5. Corrosion test
Gill AC Potentiostat was used to carry out the cor-
rosion test. It has a 100 kHz frequency response. It
has up to 2Amp in same style enclosure. All the
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Figure 5. AW covering Parent metal, Heat affected
Zone, Weld Zone.

Figure 6. Post weld samples in the furnace.

Figure 7. Post weld heat treated samples.

Figure 8. Specimens after the corrosion test.

specimens were ground on-grid emery paper to have a
uniform standard surface. Acetone was used to clean
the specimens’ surfaces before the exposure to the
solution of 3.5 wt.% of NaCl. The Fig. 8 shows the
specimens after the corrosion test. The specimens
were cleaned and dried according to ASTM STP 534
after the corrosion tests.

2.6. Microstructure analysis
The optical micrographs of the weld zones were cap-
tured for AW, ST, STA, and AA joints using stan-
dard metallographic procedures. The etchant used
is Keller’s reagent. The microstructural analysis was
performed using a 100W halogen powered optical
microscope (model:MM-400/800), with a maximum
magnification range of 10× to 400×.

3. Results and discussion
3.1. Microstructure of weld regions
Fig. 9a shows the weld region of the AW sample. The
weld region shows eutectic particles along with pri-
mary aluminium grains. The micro voids were present
in the vicinity of grain boundaries. The grain struc-
ture seems to be coarse in this AW sample and the
distribution of the reinforcement was also not uni-
form. The coarse grain structure can be attributed to
the effect of severe heat generated during the friction
welding process. Fig. 9b shows the weld region of
the AA condition. The microstructure shows longer
primary α-aluminium grains with eutectic particles.
The agglomeration of Silicon carbide particles can be
seen from the microstructural image. Due to the post-
weld heat treatment process, the grain structure has
been improved. Fig. 9c shows the microstructure of
the weld region of the ST condition. The microstruc-
ture shows fine acicular primary α-aluminium with
eutectic particles near the grain boundaries. A fine
grain structure was visible. A uniform distribution
of reinforcement particles can be seen from the mi-
crostructure.

Fig. 9d shows the microstructure of the weld region
of the STA condition. The microstructure shows the
primary aluminium grains with eutectic particles pre-
cipitated along the grain boundaries. The frictional
stress during the friction welding process has produced
a perpendicular re-orientation in the grain structure.
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(a) . AW. (b) . AA.

(c) . ST. (d) . STA.

Figure 9. Microstructure of weld regions of the samples.

The grain boundary precipitates seem to be discon-
tinuous and with large spacing between them. The
homogenous distribution of reinforcement particles
can be visualized from the microstructure. During the
heat treatment process, the dissolution of secondary
intermetallic precipitation took place and resulted in
the formation of fine sub-microscopic particles in the
structure. The Precipitates expected to form from
this alloy are Mg2Si precipitates. The precipitate for-
mation enhances the strength and corrosion resistance
of the composite. Re-precipitation was observed to
increase the hardness, while recrystallization of finer
grains enhanced the strength.

3.2. Electrochemical measurement
The potentiodynamic polarization test results con-
ducted to analyse the corrosion behaviour of various
joints of AW, AA, ST, STA are shown in Fig. 10.
The corrosion potential (Ecorr) and corrosion current
densities (Icorr) obtained by using Tafel extrapolation
were shown in Table 2. The As-welded joints show a
shifting of Ecorr towards more negative values. The
rate of corrosion in the AW weld surface was found to
be 9.735mm/year. The rate of corrosion in the case
of AA and ST joints was found to be 9.234mm/year
and 8.934mm/year, respectively. A graphite layer
gets formed between the Al and SiC interface that
reduces the corrosion. Among the weld regions of dif-
ferent joints, the STA has shown a low corrosion rate.
The rate of corrosion was found to be 6.368mm/year.

An increased grain refinement seems to reduce the
possibility of pitting corrosion.

3.3. Corrosion Morphology of weld
regions

The pitting corrosion behaviour on the weld regions
of AW, ST, STA, and AA is shown in Fig. 11. The
corrosion morphology of the weld region of AW is
shown in Fig. 11a.The AW weld region shows a higher
rate of corrosion attack due to more SiC inter-metallic
particles in the interior grain and grain boundaries. A
clustered attack can be seen around the intermetallic
particles that can be ascribed to pitting corrosion.
The SiC intermetallic, which gets formed at voids and
grain boundaries results in the pit initiation. At the
interface of the matrix and the reinforcement, the SiC
intermetallic gets formed that acts as a cathode. The
inter-metallic were continuous in this AW weld region,
which in turn increases cathode-to-anode ratio that
caused a higher corrosion rate.

The distribution of particles in this AW weld region
seems to be non-uniform, hence the higher corrosion
loss. Here, the grain coarsening had happened due to
the severe heat generated during the friction welding
process. The coarse grains promote corrosion. The
microstructure of the weld region of AA is shown in
Fig. 11b. The weld region shows the fine pitting cor-
rosion that was caused by anode etching. The pitting
spots were larger and resembled islands. The pit-
ting spots were continuous, which resulted in a higher
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(a) . AW. (b) . AA.

(c) . ST. (d) . STA.

Figure 10. Potentiodynamic curves of different weld samples.

S.No
Starting
potential
(mV)

Reverse
potential
(mV)

Sweep
rate

(mV/min)

Rest
potential
(Ecorr)
(mV)

Current
density
(Icorr)

(mA/cm2)

Corrosion
rate

(mm/year)

AW -250 250 100 -793.09 1.8021 9.735
AA -250 250 100 -775.98 1.6727 9.234
ST -250 250 100 -733.3 1.5621 8.934
STA -250 250 100 -653.67 1.2170 6.368

Table 2. Results obtained from potentiodynamic plots.

461



J. Senthilkumar, P. S. M. Kumar, M. Balasubramanian Acta Polytechnica

(a) . AW. (b) . AA.

(c) . ST. (d) . STA.

Figure 11. Corrosion morphology of different weld samples.

corrosion loss. The dark fine particles of graphite ag-
glomerates were found on the weld surface of the AA
specimen. The increase in corrosion loss, in this case,
can be attributed to the porous nature of graphite
particle agglomerates, which leads to the sucking of
electrolytes. This, in turn, increases the corrosion cur-
rent density, which ultimately increases the corrosion
loss.
The weld region of the ST surface is shown in

Fig. 11c. The pits were caused by the etching process.
Here, the pit density was lower as compared to the
AW, AA samples. The distribution of reinforcement
particles was uniform. The agglomeration of graphite
particles did not happen here. This also reduced the
corrosion loss in this weld region. With the reduction
in graphite particle concentration, there is a decrease
in the number of potential cathodic sites. This has
also reduced the rate of corrosion.
The weld region of the STA is shown in Fig. 11d.

The weld region shows fine eutectic precipitates that
were not continuous. The interspaces between the
precipitates were also considerably larger. The mi-
crostructure shows the distribution of fine sub micro-
scopic particles throughout the matrix that formed
from the particles of the supersaturated solution and
the dissolution of secondary intermetallic particles.
The pit density was very low in this STA weld region.
Due to the discontinuous grain boundary precipitates
with large spacing, no continuous chain exists for the
corrosion to take place. As a result, the susceptibil-

ity to pitting corrosion was reduced. The particle
agglomeration of SiC and graphite did not happen
here. This has a role in the reduced corrosion loss
of STA joints. The microstructure of the STA joint
weld surface reveals no voids and pores. They were
eliminated and this has reduced the chances of the
pit initiation. During the STA condition, precipitate
formation takes place. The fine precipitate enhances
the corrosion resistance of the material. The grain
structure in the case of the STA condition is also
fine, which improves the corrosion resistance. All the
above-mentioned reasons played a significant role in
the reduction of the corrosion loss in the case of the
STA joints.

4. Conclusions
The AW(As-welded) joints exhibit more active open
circuit potentials as compared to AA, ST, STA joints.
The corrosion loss in AW joints is high, compared with
other joints. The STA joints exhibit less corrosion
loss as compared to the other joints. This is because
of the fine grain structure, very few agglomerates of
reinforcement particles and the formation of discon-
tinuous Mg2Si precipitates. The corrosion rate of the
composite was lower than that of the matrix alloy.
The heat treatment resulted in an improved corrosion
resistance of the composite. The enhanced pitting cor-
rosion is associated with the pores in the composites.
The corrosion rate of the composites decreases due
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to the high bonding strength associated with compos-
ites. The solution treatment and ageing (STA) has
improved the corrosion resistance characteristics of
the STA joint.
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