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In this paper a systematic study has been undertaken to study the effect of forging on microstructure,
mechanical properties and acoustic emission (AE) characteristics of Al alloy (2014)—10 wt.% SiC metal-
matrix composites. Hammer forging was carried out at a temperature of 470 �C in an open die, with a
deformation ratio of 3.5:1. Microstructural analyses were carried out at three different positions of forged
billet. Significant material flow was observed in the sample taken from the sides of the forged billet, but no
appreciable material flow was observed at the center of the forged billet. The microstructural character-
ization showed that forging resulted in cracking of SiC particles in Al alloy (2014)—10 wt.% SiC composite.
The AE results during forging showed an increase in AE signal intensity during the initial yielding period
and a subsequent decrease in the intensity of AE signals with sudden burst at the end of the forging. The
plastic deformation at room temperature was less ductile in nature but at high temperature, appreciable
ductility was observed. The FESEM micrographs of fracture surfaces of the tensile specimens showed
appreciable clustering of SiC particles during plastic deformation both at room and high temperature.

Keywords acoustic emission, debonding, deformation, field
emission scanning electron microscopy (FESEM),
interface, metal-matrix composites (MMCs)

1. Introduction

Aluminum-based metal-matrix composites (AMCs) have
superior properties compared to that of conventional alloys
such as improved specific strength and stiffness, good wear
resistance and improved high-temperature properties for which
it has received great attention (Ref 1). The improved mechan-
ical properties, low manufacturing cost and ease of fabrication
make the AMCs a potential structural material for automotive
and aerospace applications. These characteristics of AMCs
make them an important material to substitute steels and cast
iron in major engineering applications (Ref 2). These compos-
ites are manufactured by conventional casting techniques like
stir casting due to low cost and simple process. Mechanical
working of AMCs by forging, extrusion or rolling to obtain a
final shape needs a thorough understanding of deformation
behavior. Numerous investigations have been carried out to
study the deformation behavior of AMCs (Ref 3-10). Some of
the previous work on mechanical working in metals showed
improved properties due to grain refinement, uniform particle
distribution and strong interfacial bonding (Ref 11-17). Ces-

chini et al. (Ref 18, 19) during their investigation on forging of
AA2618/20 vol.% Al2O3p and AA6061/23 vol.% Al2O3p com-
posite showed that forging results in reduced porosity and
lesser damage in the forged billet mainly due to high
temperature and low deformation ratio. They also showed that
forging resulted in increase in tensile strength and elongation
both at room and high temperature. Wu et al. (Ref 20)
systematically studied the effect of forging on microstructure
and mechanical properties of SiC/AZ91 magnesium matrix
composite. They showed that the yield and the ultimate tensile
strength of the composite increase due to forging. Shi et al. (Ref
21) during their investigation of forged 2024Al/Al18B4O33w
composite found large differences in distribution of reinforce-
ment in the forged composite. They also found that forging
leads to increased ductility at room as well as at high
temperature. Most of the investigations on secondary process-
ing of AMCs reported so far are on extrusion behavior of
AMCs, while very few studies have been carried out to study
the effect of forging (Ref 14, 16, 18, 19).

Acoustic emissions (AE) are transient elastic waves gener-
ated from within the material due to the dynamic events
occurring inside the material due to application of load (Ref
22). Real-time information is obtained by online monitoring of
deformation process (Ref 23). Acoustic emission studies have
been used to obtain real-time information for variety of metal-
working processes including forging (Ref 24). AE has been
used to monitor various deformation phenomena like crack
initiation and propagation (Ref 25).

The present study aims to evaluate the effect of forging on
microstructure, mechanical properties and acoustic emission
characteristics of Al alloy (2014)—10 wt.% SiC composite.
The main aim is to study the material flow behavior in the
AMC due to hot forging. The tensile properties of the forged
billet were compared with the fracture surface to evaluate the
damage mechanism responsible for failure. The acoustic
emission technique was used to correlate the AE signal
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parameters with the microstructure and deformation of the
forged sample.

2. Experimental

2.1 Materials and Microstructure

In the present investigation an aluminum alloy AA2014
matrix reinforced with 10 wt.% of SiC particles was used. The
AA2014 alloy generally contains 4.5 wt.% Cu, 0.97 wt.% Mg,
0.8 wt.% Fe and balance aluminum. The composite was
prepared by stir casting process. The process involves (1)
melting of AA2014 alloy in a graphite crucible in an electrical
resistance furnace, (2) dispersion of preheated 10 wt.% SiC
particles (size 20-40 lm) in the melt followed by mechanical
stirring, (3) casting and solidification of melt in the form of
billet (120 mm diameter and 250 mm height). The billet was
homogenized at 450 �C for 16 h before forging. The as-cast
billet was hammer forged at 470 �C in an open die using a
graphite-based lubricant. The forging parameters and the
schematic of forging process are given in Table 1 and Fig. 1,
respectively. The microstructural examinations were carried out
in a field emission scanning electron microscope (NOVA
NANO FESEM 430). The samples for microstructural charac-
terization were taken from three different positions as shown in
Fig. 1. The forged billet was cut into two halves and samples
were cut in a direction perpendicular to the direction of forging.

The samples were polished using conventional metallographic
techniques and etched with Keller�s reagent to study the
material flow behavior.

2.2 Measurement of Elastic Modulus

The Young�s modulus or elastic modulus of the forged
AA2014—10 wt.% SiC composite was measured using
dynamic elastic property analyzer (DEPA). It is an advanced
system for testing the elastic properties of materials using
impulse excitation technique (IET). Samples of dimension
60.01 mm 9 30.20 mm 9 5.64 mm were used for the analy-
ses. During testing the samples were excited using an impulse
tool. The natural frequency was detected and used for
measurement of elastic modulus. The average value of five
readings was reported.

2.3 Hardness

The Brinell hardness values of polished samples were taken
from three different position of forged billet was measured
using a Universal hardness tester with a load of 62.5 N. The
average values of five readings for each sample were reported.

2.4 X-ray Diffraction Studies

The x-ray diffraction studies were performed on forged Al
2014—10% SiC composite to identify different phases present.
The diffraction carried out at a scanning speed of 2�/min with a
CuKa (k = 1.54 Å) x-ray. The x-ray diffraction (XRD) plot
with various phases present is shown in Fig. 2.

2.5 Mechanical Characterization

Cylindrical tensile specimens of dimensions of 20 mm
diameter, 8-mm-gauge width and 40-mm-gauge length were cut
from the forged billet with tensile axis perpendicular to the
forging direction. Both room and high-temperature tensile tests
were carried out on a floor model INSTRON 8801 servo
hydraulic universal testing machine of 100 kN capacity. The

Table 1 Forging parameters

Initial diameter of billet, mm 120
Initial height of billet, mm 250
Final height of billet, mm 70
Deformation ratio 3.5:1
Temperature of forging 470 �C

Fig. 1 Schematic of forged AA2014—10 wt.% SiC composite

Fig. 2 XRD plot showing the various phases present in forged Al
2014—10% SiC composite
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tests were carried out at a strain rate of 10�2 s�1. Impact test of
the forged AA2014—10 wt.% SiC composite was carried out
in an INSTRON make impact testing machine. Charpy V-notch
impact specimens with dimension 10 mm 9 10 mm 9 55 mm
were prepared according to ASTM A370 (Ref 26). The damage
mechanisms during plastic deformation were studied using
FESEM analysis of fracture surfaces.

2.6 Acoustic Emission Testing

Acoustic emission testing during forging was carried out
using a two-channel PCI-DiSP with an AEwin version E2.32
AE system (Physical Acoustic Corporation, Princeton, NJ,
USA). AE signals were detected using a resonant transducer of
peak frequency 150 kHz. The AE sensor was placed on the
bottom die of the forging press. This is the optimum position to
mount the AE sensor which is well documented in the literature
(Ref 27). A preamplifier with a gain of 40 dB and a compatible
filter (10 kHz-2 MHz) were used to capture the AE signals. By
using the Kaiser effect, a threshold was set with 45 dB to avoid
the background noise. A total gain of 100 dB was used to
capture the AE signals.

3. Results and Discussion

3.1 Effect of Forging on Microstructure

Field emission scanning electron micrographs (FESEM)
were taken at three different positions of the forged billet
(according to Fig. 1) to study the material flow behavior due to
forging. Figure 1 shows that position 1 is the center of the
forged billet, while positions 2 and 3 are the sides of the forged
billet. Figure 3(a) shows the FESEM micrograph of the sample
taken from position 1, i.e., from the center of the forged billet.
From the figure, it is clearly observed that grains of primary
alpha Al are elongated in a direction perpendicular to the
forging and SiC particles are distributed in the alloy matrix.
However, no significant localized grain flow was observed at
the center of the forged billet. Clustering or agglomeration of
SiC particles is clearly evident from Fig. 3(b) (position 1). This
may be attributed to high localized deformation at the center of
the forged billet. Figure 3(c) shows the higher magnification
micrograph of the sample taken from the center of the forged
billet (i.e., position 1) clearly depicting the particle–matrix

Fig. 3 FESEM micrograph of the sample taken from (a) position 1, i.e., from the center of the forged billet (b) position 1, i.e., from the center
of the forged billet showing clustering of SiC particles. (c) Higher magnification micrograph of the sample taken from the center of the forged
billet (i.e., position 1)
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debonding and fracture/cracking of SiC particles. This can be
attributed to severe stress concentration on the SiC particles
during the process of load transfer from ductile Al alloy matrix
to brittle SiC particles. In composites, the overall deformation
behavior is controlled by the matrix–particle interface because
the transfer of load from alloy to particles has a profound effect
on the interface. Figure 4(a) shows the micrograph of the
sample taken from position 2 (Fig. 1) of the forged billet. From
the figure, significant localized grain flow was observed.
Primary Al alpha grains and SiC particles are elongated in a
direction perpendicular to forging. Clustering of SiC particles
was found to be less in position 2 as compared to position 1.
This is mainly due to the localized flow of individual SiC
particles. Figure 4(b) shows the higher magnification micro-
graph of the sample taken from position 2 of the forged billet
clearly depicting the interfacial bonding. The combined flow of
Al alloy matrix and SiC particles results in reduced particle–
matrix debonding. Cracking of the SiC particles was also
observed in position 2 of the forged billet (Fig. 4c). This is
mainly attributed to the stress concentration on the SiC particles
during load transfer from matrix to particles.

Figure 5(a) shows the micrograph of the sample taken from
position 3, i.e., from the sides of the forged billet. Much more
significant localized grain flow was observed in position 3 in
comparison with position 2. Al alloy matrix along with SiC
particles flew in a direction perpendicular to forging. Fig-
ure 5(b) shows the higher magnification micrograph of the
sample taken from position 3 of the forged billet clearly
indicating strong matrix–particle bonding at the interface. This
is mainly attributed to lesser stress concentration at the interface
which is mainly due to localized flow of grains. Due to lesser
stress concentration particle cracking was found to be signif-
icantly less (Fig. 5c). The flow of Al matrix and CuAl2
precipitate is shown in Fig. 6. It is clearly observed that the
precipitates flow along the grain boundaries.

3.2 Effect of Forging on Mechanical Properties

3.2.1 Hardness Tests. Brinell hardness of the samples
taken from different position (Fig. 1) of the forged composite
was measured. The hardness values were found to be

Fig. 4 FESEM micrograph of the sample taken from (a) position 2 of the forged billet showing localized grain flow (b) position 2 of the
forged billet depicts the interfacial bonding (higher magnification) (c) position 2 of the forged billet showing cracking of the reinforcing particles
(higher magnification)
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(64.20 ± 0.5) BHN, (60.3 ± 0.5) BHN and (56.7 ± 0.5) BHN
for position 1, position 2 and position 3, respectively, of the
forged billet. The hardness value was found to be higher at the

center (position 1) of the forged billet which is mainly
attributed to highly localized deformation and clustering of
SiC particles. However, the hardness value decreased as we
move from position 2 to position 3 owing particularly to the
high flow ability of Al matrix and SiC particles.

3.2.2 Tensile and Impact Tests. The results of the tensile
tests carried out at room and high temperature are given in
Table 2 and Fig. 7. The elastic modulus of the forged
composite was measured using Dynamic Elastic Property
Analysis (DEPA) and was found to be 65 GPa. The lower value
of elastic modulus is mainly associated with matrix–particle
decohesion and cracking of the particles during forging, which
decreases the strength of the interface.

In author�s previous work (Ref 28, 29), on the study of hot
deformation behavior of AA2014—10 wt.% SiC composite
using compression, the yield stress at room temperature and
300 �C was found to be 300 and 100 MPa, respectively. The
lower values of yield stress in the present work are mainly
attributed to the more localized compressive deformation
during hammer forging resulting in cracking of brittle SiC
particles. Moreover, the formation of brittle intermetallic
compounds (Fig. 10) weakens the particle–matrix interface.

Fig. 5 FESEM micrograph of the sample taken from (a) position 3, i.e., sides of the forged billet (b) position 3 of the forged billet clearly
indicating strong matrix–particle bonding at the interface (higher magnification) (c) position 3 of the forged billet showing no cracking of
reinforcing particles (higher magnification)

Fig. 6 FESEM micrograph of forged billet depicting the flow of Al
matrix and precipitates
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The forging of AA2014—10 wt.% SiC composite resulted in
an increase in yield and ultimate tensile strength both at room
and high temperature (Table 2) as compared to the AA2014
forged alloy without SiC. This is mainly attributed to the
localized grain flow during forging which resulted in declus-
tering of SiC particles. A similar observation was reported for
other MMCs (Ref 11, 30) after forging. The increase in strength

of the composite after forging is mainly attributed to the grain
refinement and reduction in porosity (Ref 31-33). The grain
size was calculated using image analysis software ImageJ and
was found to be 140 lm for as-cast composite and 91 lm for
forged composite. The increase in the yield strength at high
temperature (300 �C) can be attributed to the stability of the
Al2014 matrix (Ref 34). The forging of AA2014—10 wt.% SiC

Table 2 Tensile tests results for forged composite and AA 2014 as-cast without SiC tested at room and high temperature

Material Temperature, �C Yield strength, MPa(0.2% offset) Ultimate tensile strength, MPa Total elongation, %

AA 2014 forged Room temperature 71.58 ± 9 170.39 ± 14 10 ± 0.5
300 69.23 ± 10 142.65 ± 9 17 ± 0.5

Forged composite Room temperature 74.22 ± 11 157.22 ± 12 7 ± 0.5
300 124.62 ± 9 139.97 ± 10 14 ± 0.5

Fig. 7 True stress–true strain curves for forged composite tensile tested at room and high temperature (300 �C)

Fig. 8 (a) Variation of AE counts and (b) AE amplitude with the reduction during forging of the composite
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composite increases its elongation to fracture, i.e., ductility. The
ductility was found to be twice at room temperature and thrice
at high temperature as compared to as-cast composite (Ref 35).
From Fig. 7, it is observed that for the sample tested at 300 �C,
the ductility was found to be considerably higher (14%) which
can be attributed to the microstructural modification due to
grain refinement and porosity reduction. The improved ductility
at high temperature can also be attributed to recovery and
recrystallization taking place in the matrix. The impact test of
both as-cast and forged composite was carried out using a
motorized impact tester. The average of five readings was taken
and found to be 1.05 and 0.986 J, respectively. The lower value
of impact energy for forged composite signifies brittle failure
which can be attributed to triaxial state of stress existing at the
notch, low temperature and high rate of loading.

3.3 Effect of Forging on Acoustic Emission Characteristics

Figure 8(a) and (b) shows the variation of AE counts and
AE amplitude with the reduction during forging of the
composite. It is clearly observed from the figure that the

forging process is divided into three regions (1) Initial yielding
during upsetting (2) Intermediate region of deformation (3)
Increase in contact area and friction due to die filling. A peak is
observed in both AE counts and amplitude during the initial
yielding which is mainly attributed to the fracture/cracking of
SiC particles at the center. This may be due to highly localized
deformation at the center. After 9-10% of deformation, it is
observed that the AE signal intensity decreases. This may be
attributed to the completion of fracture/cracking of SiC
particles. The decrease in AE intensity is also attributed to
dynamic recovery, which is the dominant softening mechanism
in high stacking fault energy material like aluminum. The
dynamic recovery leads to low dislocation densities due to ease
of cross slip, climb and dislocation unpinning at nodes. Beyond
40% of deformation, friction between the workpiece and the die
dominates the AE signal profile. Increase in deformation results
in increase in the contact area due to the die filling. The sudden
burst in the AE signal at 60% deformation is mainly due to the
combined effect of particle–matrix debonding and the frictional
forces between the material and die interface. This is well
correlated with the forged microstructure.

Fig. 9 FESEM micrographs of the fracture surfaces of forged composite tested at (a) room temperature and (b) 300 �C at (c) room and (d)
high temperature (300 �C) clearly depicting the debonding between the particle and matrix (higher magnification)
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4. Fracture Surfaces

Figure 9(a) and (b) shows the fracture surfaces of the forged
composite tensile tested at room and high temperatures. From
the figure, it is clearly observed that fracture surface at room
temperature test (Fig. 9a) is associated with formation of large
voids, fine dimples or tear ridges and particle–matrix debonding
which is in accordance with some of the previous studies (Ref
36). The debonding mainly occurs due to high stress concen-
tration at the interface. Clustering of SiC particles was observed
at room temperature. At higher temperature (300 �C), the
failure is mainly ductile in nature as evident from Fig. 9(b). The
increase in ductility may be due to over aging of the matrix
phase. A large number of micro-voids with dimples and
particle–matrix debonding were observed from the fracture
surface. The formation of shear bands is also clearly observed
from the figure. The fracture occurs due to the stress
concentration on these shear bands. Matrix cracking was also
observed.

Figure 9(c) and (d) shows the higher magnification micro-
graph of fracture surfaces of forged composite tensile tested at
room and high temperatures clearly depicting the debonding
between the particle and matrix. Cracking of SiC particles was
observed in Fig. 9(a) and (b). This is mainly due to higher
localized stress concentration. The failure occurs owing
particularly to the particle matrix debonding. Figure 10 shows
the energy dispersive spectroscopy (EDS) maps of the SiC
particle and the particle matrix interface for the sample tensile
tested at 300 �C. It showed that the interface is rich in Mg and
Cu. This results in the formation of brittle intermetallic
compounds which has been detected in XRD peaks in Fig. 2.
The presence of these intermetallic compounds weakens the
particle–matrix interface and reduces the load transfer capabil-

ity from the matrix phase to the reinforcing phase contributing
to particle/matrix debonding.

5. Conclusions

The following conclusions were drawn from the above
study:

1. The microstructural characterization of the forged com-
posite showed that no significant material flow was ob-
served at the center of the forged billet. However,
significant flow of Al alloy matrix and SiC particles was
observed at the sides of the forged billet.

2. Forging resulted in an increase in tensile strength and
elongation to failure in the forged composite both at
room and high temperatures.

3. The AE activity during forging is divided into three re-
gions (1) Initial yielding during upsetting (2) Intermediate
region of deformation (3) Increase in contact area and
friction due to die filling. The sudden burst at the end of
the deformation is attributed to the combined effect of
particle–matrix debonding and friction due to die filling.

4. Fracture surfaces of forged composite at room and high
temperatures were mainly characterized by ductile failure
of the matrix and particle–matrix debonding which oc-
curs due to the presence of brittle compounds.
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