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In this paper, fabrication of Al7075-SiC nanocomposite using dynamic compaction is investigated.
Evaluation of material tensile characteristics are often destructive and costly and impossible for small
samples. Therefore, instrumented indentation tests can be employed to obtain the tensile stress-strain
curve of the material. In this investigation, the tensile stress-strain curve of Al7075-SiC nanocomposite
is obtained using combination of spherical indentation test, finite element (FE) simulation, and neural
networks. To fabricate the Al7075/SiC nanocomposite samples, Al7075 micron-sized powder and SiC
nano particles were mixed to obtain Al7075-5 vol% SiC, and Al7075-10 vol% SiC and the mixtures were
mechanically milled. The mixtures were then consolidated under impact loading by a single-stage gas
gun. The compaction was performed at 573 K temperature and a maximum relative density of 97.5%
was obtained. The load-penetration curve for each nanocomposite sample was obtained using spherical
indentation test on the compacted samples. The corresponding numerical curve for each sample was also
obtained by finite element simulation of the indentation process. Finally, using the experimental and the
FE results, the constants of Hollomon’s material model were determined using artificial neural networks
(ANN). The results indicated that SiC nano-particles reinforcement of Al7075 increased the tensile
strength of the nanocomposite by around 300%.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction process. This sintering procedure may lead to grain growth and
Metal matrix composites (MMCs) are widely used in various
industries mostly in aerospace, automotive, military, and micro-
electronics applications. Reinforcing light metals such as Magne-
sium and Aluminum with ceramic particles such as SiC, Al2O3, and
B4C using powdermetallurgy (PM) techniqueswe can obtainMMCs
with high strength-to-weight ratio. TheseMMCs enjoy the strength,
toughness and someother properties of ametal on one hand and the
properties of ceramics, e.g. temperature and wear resistance [1,2]
on the other hand. Introducing nano particles reinforcement to such
matrices also produces metal matrix nanocomposites (MMNCs)
with more sophisticated properties. Different PM techniques from
quasi-static to dynamic compaction methods can be used for fabri-
cation of particulate reinforced MMNCs. Hot pressing [3], hot iso-
static pressing (HIP) [4], cold pressing followed by conventional
sintering [5] and hot extrusion [6] are typical quasi-static processes
that usually need hot sintering after or during the production
agglomeration of the particles that are detrimental to the final qual-
ity of the composites [7]. On the other hand, in dynamic compaction
techniques such as shockwave consolidation [1,8,9] and high veloc-
ity compaction (HVC) [10–14] the sample is not exposed to a long-
time sintering temperature and hence, the mentioned defects can
be prevented. These processes offer adequate high temperatures
for local metallurgical bonding at the powder particle interfaces
while the powder remains relatively cool elsewhere [7,15].

The dynamic compacted samples are usually small for many of
destructive characterizing tests such as tensile test. Therefore,
some non-destructive [5,16] and semi-destructive tests [17,18]
are needed to obtain the mechanical properties of the material.
El-daly et al. [5] obtained bulk, shear, Young’s modulus and Pois-
son’s ratio of Al-SiC nanocomposite using pulse echo overlap
(PEO) methods. Collin et al. [17], Beghini et al. [19], and Lai et al.
[20] could also obtain the tensile stress-strain curve of the material
using instrumented indentation tests.

The hardness of materials has long been shown to be related to
strength of material. Hertz interpreted the results of spherical

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apt.2016.06.015&domain=pdf
http://dx.doi.org/10.1016/j.apt.2016.06.015
mailto:atrian@pmc.iaun.ac.ir
mailto:amiratrian@gmail.com
http://dx.doi.org/10.1016/j.apt.2016.06.015
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt


1822 A. Atrian et al. / Advanced Powder Technology 27 (2016) 1821–1827
indentation test on rubber in terms of elastic parameters in 1882.
Tabor was also the first in 1951 who developed the relation
between Vickers (HV) or Brinell (HB) hardness and yield stress
(ry) as HV � 3 ry and HB � 2.8 ry, respectively [21,22]. In instru-
mented indentation test the load (L) and the penetration (P) of
an indenter on the sample are measured. It has been shown that
L-P curve can be converted to monotonic stress-strain curve of
the material [23]. On the other hand, the stress-strain curve can
be defined through an empirical equation known as material
model. Therefore, adopting a proper material model, its constants
can be obtained by hardness measurement of the sample. Hol-
lomon material model is one of the most important models which
considers the work hardening behavior of the materials. The model
is expressed as follows:

r ¼ r1�n
y Enen ð1Þ

where E, ry, n, and e are the Young’s modulus, yield stress, work
hardening exponent and strain of the material, respectively.

Some researchers used the slope of the loading segment and
unloading segment in L-P curve to evaluate the material plastic
flow characteristics and to determine the Young’s modulus, respec-
tively [18,19,21,22]. For example, Mahmoudi et al. [18] and Beghini
et al. [19] determined the constants of Hollomon’s equation using
indentation test. Mahmoudi et al. [18] proposed an alternative
approach including spherical indentation tests, FE simulations,
and neural networks to evaluate the coefficients of Hollomon’s
equation. They also obtained variations of load-penetration curve
for different stress-strain curves of the material using FE simula-
tion. Finally, they developed a reciprocal relation between load-
penetration and stress-strain curves as network input and output
signals, respectively.

Nayebi et al. [21] presented a new numerical and experimental
approach for determining mechanical properties of steels. They
obtained a relation between applied load, indenter displacement,
flow stress and strain hardening exponent based on minimization
of error between the experimental and the theoretical curves.
Borodich et al. [24] discussed the Bulychev–Alekhin–Shorshorov
(BASh) relation that is commonly used for evaluation of elastic
modulus of materials by nano-indentation. Oliver and Pharr [22]
also obtained hardness and elastic modulus of six materials using
a Berkovich indenter. Lai and Lim [20] also correlated the hardness
to the tensile properties for some steel grades. It was found that
the strain hardening coefficient and the strength coefficient of all
materials tested were linearly related to the hardness, irrespective
of the type of hardness measurement employed. Based on these
relations, they proposed equations to estimate the yield and ulti-
mate tensile stresses of the materials. Huber et al. [25] determined
Poisson’s ratio applying spherical indentation and neural networks.
Kucharsky and Mroz [26] also obtained the yield stress and hard-
ening parameters using a spherical indentation test.

In this study, a non-destructive method is used for evaluation of
tensile strength of nanocomposites using small samples for which
it is highly difficult to obtain the mechanical properties from nor-
mal test methods. The method that is based on instrumented
indentation test uses also FE simulation and the neural networks
to correlate the penetration behavior of the samples to their tensile
behavior in a simple, efficient, and inexpensive way. The small
nanocomposite samples are fabricated using powder compaction
technique using a single-stage gas-gun. Additionally, the Vickers
micro-hardness of the samples is measured to examine the validity
of the results obtained from the proposed method.

2. Fabrication of Al7075-SiC nanocomposite

Al7075 powder as the matrix (gas atomized, �100 lm, irregular
morphology, Khorasan Powder Metallurgy Co., Iran) and SiC as the
reinforcing particles (average 50 nm, nearly spherical morphology)
were milled in a planetary ball mill at room temperature and in the
inert argon atmosphere. The details of adopted milling conditions
can be found in Refs. [2,7,12–14].

Five grams of different milled powders Al7075, Al7075-5 vol%
SiC, and Al7075-10 vol% SiC with initial density of about 55% of
the theoretical density were initially compacted quasi-statically
and at room temperature to achieve relative densities up to 77%.
The pre-compacted samples were then dynamically compacted
using a 100 mm-bore diameter and 3 m-long barrel single-stage
gas gun at 573 K temperature (Fig. 1a). In order to reduce the fric-
tional force of the high-temperature die wall and to improve the
surface quality of the samples, MoS2 was used as the lubricant.
The single-stage gas gun was used to launch a 1.05 kg projectile
at the velocities up to 160 m/s. This impact velocity produced
almost 12 kJ energy which was delivered to the powder for the
compaction at approximately the strain rate 1.6 � 104 s�1. The
disk-shape projectile shown in Fig. 1(b) was made from St37 steel
(flyer plate) and had a diameter of 80 mm and a length of 20 mm.
Before firing, the projectile was mounted in a 100 mm-diameter
and �300 g PTFE sabot.

The powder was contained by a 1.2344 heat-treated hot-worked
tool steel die and the impact energy was delivered to the powder
using a 15 mm-diameter 1.2542 shock-resisting steel punch. Two
5 mm-thick disk-shape tabletsmade of the punchmaterial andwith
the same diameter were put beneath and on the top of the powder
to reduce the spring-back effect of the specimen and to improve the
compaction procedure [27]. The projectile impact on the punch
induces a stress wave that travels down the punch toward the
powder. The prefect alignment of the projectile with the punch
gives rise to one-dimensional propagation of shock wave through
the powder without significant attenuation [28]. More details
about the punch-die assembly for dynamic compaction and the
process can be found in Ref. [13]. It must be noted that the samples
density was measured using the Archimedes principle [7].
3. Methodology for determining the elastic-plastic
characteristics

It is well recognized that the L-P curve obtained from indenta-
tion test is proportionally related to elasto-plastic behavior of
materials. The relation can be found using the neural networks
technique. Taking the Hollomon’s equation as the material model,
the stress-strain curve of material is characterized by three param-
eters including Young’s modulus (E), yield stress (ry) and work
hardening exponent (n). The loading segment in L-P curves was
obtained from the simulation of the indentation using random val-
ues for the Hollomon’s coefficients. The curve was fitted using a
linear trend. The only constant of the fitted linear curve (the slope
of the line) was defined as the neural network input signal. The
material properties including ry and n used for the simulations
were also selected as the output signal. By appropriate training
of the network, a correlation between the input and the output sig-
nals can be obtained. The trained networks were then used to pre-
dict the plastic behavior of the nanocomposite samples using
experimental indentation curves as the input data. The evaluation
of Young’s modulus will be discussed in Section 3.3.
3.1. Indentation procedure

Fig. 2(a) illustrates an indentation test in which a one mm-
diameter spherical indenter penetrates the sample. The penetra-
tion depth for all compacted samples was adopted to 0.1 mm
(100 lm) and the load-displacement curve for each sample was
recorded. A typical trace of indentation on the sample is illustrated



Fig. 1. (a) Single-stage gas-gun, (b) powder compaction setup rig.

Fig. 2. Indentation procedure: (a) the experimental setup, (b) a typical trace of indentation on the specimen.
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in Fig. 2(b). The indentation tests were performed using a 1-ton
SANTAM hydraulic testing machine. Fig. 3 shows the recorded
L-P curves for the nanocomposite samples. The figure clearly indi-
cates that the penetration load varies linearly with penetration
depth and rises as the SiC content increases.

3.2. Numerical simulations

A 2-dimensional axisymmetric FE model was used to simulate
the indentation procedure. Fig. 4 depicts the FE model in ABAQUS.
Indenter was modeled as a rigid material because its elastic
deformation was negligible [18]. The nanocomposite sample was
modeled considering elasto-plastic behavior with isotropic hard-
ening. The convergence of the numerical results was enforced
using mesh refinement technique. The results of the simulations
converged for as many as 13,000 CAX4R elements considered for
modeling the experimental set up including the indenter and the
specimen. The results are illustrated in Fig. 5. As the figure sug-
gests, the L-P curves converge for the number of elements higher
than 13,000. The penalty surface-to-surface contact was selected
for defining the contact between indenter and the sample and
implicit solution was used in the simulations.
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Fig. 4. Axisymmetric FE model.
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3.3. Artificial neural networks (ANN)

The first requirement to accurately train the ANN was to define
proper ranges for ry and n in FE simulations by try and error. The
non-linear unloading segment of the L-P curves was used to cali-
brate the Young’s modulus [23,29]. The effect of Young’s modulus
on the slope of unloading segment is illustrated in Fig. 6. The figure
clearly shows that the slope of the segment strongly depends on
the level of the Young’s modulus. In Fig. 6, the parameters ry and
n are the same for the three FE simulations. In order to determine
the value of the Young’s modulus as accurate as possible, a number
of simulations were performed for the same parameters ry and n
and different Young’s moduli. The best value for the Young’s mod-
ulus corresponded to the case when the best agreement was
obtained between the experimental and the numerical L-P curves.
The results for Al7075 are illustrated in Fig. 6. As the figure indi-
cates, E = 16 GPa gives the best agreement between the experiment
and the simulation. This procedure was repeated for other compos-
ite samples and the elasticity modulus for Al7075, Al7075-5 vol%
SiC, and Al7075-10 vol% SiC was obtained as 16, 20, and 22 GPa,
respectively.

After evaluation of elastic moduli, a number of simulations
were performed for six yield stress levels of 50, 100, 150, 200,
250, and 300 MPa and six strain hardening components of 0.05,
0.1, 0.2, 0.3, 0.4, 0.5. Therefore, 36 simulations for 36 different sets
of ry and n were performed. The L-P curves obtained from the sim-
ulations were designated as the input signals for ANN (K, the coef-
ficient of linear fitted curve) and ry and n (the constants of
Hollomon’s equation) for each simulation were introduced as the
ANN output signal.

As mentioned earlier, it was necessary to train the ANN cor-
rectly to correlate the input and output signals efficiently. Seven
sets out of the above 36 sets of numerical results for training the
network, were allocated for control sets. Considering the control
sets, the best training was found to be achieved for two-layers neu-
ral network with 15 neurons. The first and the second layers used
Tansig and Purline activation function, respectively. More details
about the neural networks and the current approach can be found
in Ref. [18].
4. Results and discussion

Fig. 7(a) shows the microstructure of Al7075-5 vol% SiC
nanocomposite fabricated by dynamic compaction. Modified Poul-
ton reagent (22 ml distilled water, 3 g chromic acid, 0.12 ml
hydrofluoric acid, 13.7 ml nitric acid, 0.18 ml hydrochloric acid)
was used to etch the sample. Variation of the relative density ver-
sus the reinforcing phase content is also depicted in Fig. 7(b) (as
stated before the samples density was measured using the Archi-
medes principle). The micro-structure of the sample shown in
Fig. 7(a) shows no trace of porous phase in the compacted sample.
This indicates that a sufficient bonding between the particles has
been achieved. The maximum porosity in the compacts which nor-
mally occurs for the lowest density, was measured for Al7075-
10 vol% SiC specimen and was about 5%. Generally, the presence
of hard and non-deformable particles in a ductile matrix gives rise
to reduction of press-ability of material. The reduction increases
for higher volume fraction of reinforcement phase [7,30].

As mentioned before, the trained neural networks were used to
characterize the tensile behavior of the nanocomposite samples. By
introducing the constant of the line fitted to the loading segment of
the experimental L-P curves as the input signal, ry and n in Hol-
lomon’s equation for the samples were obtained as the output sig-
nal. The Young’s modulus for each sample was also determined by
try-and-error considering the slope of unloading section in L-P
curve, as described in Section 3.3. Mussert et al. [29] also could
determine the elastic modulus of Al6061-Al2O3 metal-matrix com-
posite by fitting a linear trend to the initial points of the unloading



Fig. 7. (a) Microstructure of dynamically compacted Al7075-5 vol% SiC nanocomposite, (b) variation of relative density with the corresponding samples.

Table 1
The constants of material model.

Sample Young modulus,
E (GPa)

Yield stress,
ry (MPa)

Strain hardening
exponent, n

Al7075 16 105 0.20
Al7075-5 vol% SiC 20 205 0.43
Al7075-10 vol% SiC 22 280 0.37
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part in the nano-indentation curve. The results are given in Table 1.
In order to assess the accuracy of the results, three simulations for
three nanocomposite samples were performed using the data pro-
vided in Table 1 and the L-P curves were obtained. The predicted
curves are compared with the experimental ones in Fig. 8.

As the figure suggests, there is a reasonable agreement between
the predictions from neural network and the experiments. There-
fore, the constants given in Table 1 were used to obtain the
stress-strain curves of the nanocomposite samples as follows [19]:
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The results are illustrated in Fig. 9. The figure clearly indicates
that tensile strength of the compacted sample rises sharply when
the pure aluminum is reinforced with 5% SiC. The strength rise is,
however, not as high for the Al7075-10 vol% SiC. Lower strength
improvement for Al7075-10 vol% SiC is believed to be due to
agglomeration of nano particles which acts as barrier to further
strengthening of the powder compact [2,7,31]. This finding is
almost consistent with the variation of Vickers micro-hardness
obtained from Tabor equation [7,21,32,33] for the three nanocom-
posite samples as shown in Fig. 10. The Vickers micro-hardness of
the samples was measured by applying a 100 gf to the specimen
for 15 s using a tetragonal indenter. As Fig. 10 suggests, hardness
rises from nearly 65 Vickers for 0 vol% SiC to about 108 V for
5 vol% SiC showing an increases of 66%. The increase of hardness
for 10 vol% SiC is only 11%.
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As shown in Figs. 7(b) and 9, incorporating SiC nano particles to
Aluminum matrix leads to the increase in tensile strength and the
decrease in the relative density. Therefore, the specific strength
which is defined as the strength-to-density ratio and is a key
parameter for selecting the composite materials in aerospace
applications [34] is improved for the fabricated nanocomposite
samples.
5. Conclusion

Fabrication of Al7075-SiC nanocomposite using a single-stage
gas gun was presented in this study. The metallographic examina-
tion of the etched surfaces, the micro-structural pictures and the
level of density of the samples (up to 97.5% of theoretical density)
indicated that the compaction quality obtained under dynamic
compaction was acceptable. Due to small size of the compacted
samples, a non-destructive approach for evaluation of tensile
strength of the nanocomposite specimens was adopted in this
work. The approach was a combination of indentation test, numer-
ical simulation of the indentation test and neural networks. The
stress-strain curves obtained using this approach suggest that SiC
nano particles reinforcement of Al7075 can improve its ultimate
strength by around 300%. This result agrees well with that
obtained from variation of Vickers micro-hardness measurement
of the samples described by the Tabor equation. The main advan-
tages of non-destructive indentation test are its simplicity, cheap-
ness and relative accuracy. Therefore, it can be used as an
alternative for mechanical characterization of the small samples
and in-situ measurement of material properties.
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