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Quasi-static and hot dynamic compactions of Al7075/SiC nanocomposite powder are studied in this work.
Mechanically milled micron-sized Al7075 with different amounts of SiC nano particles (SiCnp), 0 vol%,
5 vol%, and 10 vol%, are used to fabricate the samples. Dynamic and quasi-static hot compaction is con-
ducted at strain rates of 103 s�1 and 8 � 10�3 s�1, respectively. The hot compaction conducted at the pro-
cess temperature of 698 K produces nanocomposite samples with relative densities up to 98%. The micro-
structural and mechanical behaviors of samples such as micro hardness and stress–strain curves under
quasi-static and dynamic loadings are also investigated. The results show improvement in micro hard-
ness of the material. The quasi-static and dynamic tests are carried out using Instron testing machine
and split Hopkinson pressure bar (SHPB), respectively. The improvement is believed to be due to
strengthening mechanisms such as Orowan and enhanced dislocation density induced by thermal mis-
match phenomenon and not by grain refinement described by the Hall–Petch effect. The results from
quasi-static compressive tests reveal higher strength for quasi-static hot pressed samples than those pro-
duced under dynamic compaction. However, the dynamic compressive tests using SHPB indicate similar
compressive strength for both quasi-statically and dynamically compacted samples.
� 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Metal matrix composites (MMCs) are used in many applications
owing to their excellent properties. Using light metals such as Mg
and Al as matrix, make these composites more applicable in indus-
tries such as aerospace, automotive, and military due to their high
strength-to-weight ratio [1]. Introducing nano particles reinforce-
ment to such matrices using powder metallurgy (PM) produces
metal matrix nanocomposites (MMNCs). Among the metal matrix,
aluminum 7075 with mechanical properties comparable with
some of steel alloys, has received more attention. The properties
of this relatively ductile alloy can be improved by reinforcing it
using hard nano-sized ceramic particles such as SiC, Al2O3, B4C,
and TiB2 [2,3]. The reinforced aluminum alloy which is known as
aluminum nanocomposite enjoys the properties of a metal such
as strength and high toughness on one hand and the properties
of a ceramic such as high temperature and wear resistance on
the other hand [4]. Natural tendency of nano-sized particles to
clustering due to strong van der Waals force is the main challenge
in incorporation of such fine particles. This detrimental phenome-
non can be prevented by both the ultrasonic technique and con-
trolling the temperature rise in the process [5].

Various powder metallurgy techniques based on thermo-
mechanical processes can be used for fabrication of particulate
reinforced MMNCs. These techniques use mainly quasi-static or
dynamic loading. Hot pressing [6], hot isostatic pressing (HIP)
[5], hot extrusion [7] and cold pressing followed by conventional
sintering [8] are typical quasi-static fabrication procedures which
usually need hot sintering after or during the production process.
On the other hand, the composites can also be produced under
dynamic or shock wave consolidation and high velocity compac-
tion (HVC) techniques. The main advantage of these types of pro-
duction techniques is that hot sintering is usually (but not
always) eliminated from the production cycle. These techniques
usually use explosion or compressed gas as propellant to accelerate
a projectile for compaction the powder or use the impact of a
dropping hammer for this purpose [9]. Unlike the conventional
quasi-static techniques, dynamic processes offer the possibility of
producing the high temperatures necessary for adequate local met-
allurgical bonding at the powder particle interfaces, precisely
where it is required, while the powder remains relatively cool
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elsewhere. Therefore, employing dynamic compactions tech-
niques, the microstructural changes such as particles agglomera-
tion and grains growth which may happens due to high
temperature rise, can be minimized [10].

Some researchers have accomplished shock-wave consolidation
using gas-gun [11,12] or explosive [13] to fabricate nanocompos-
ite. Some others such as Wang et al. [9], Yi et al. [14], and Yan
et al. [15] have used dynamic devices for compaction purposes. A
few numbers of studies have also been conducted to investigate
the strengthening mechanisms such as Orowan strengthening
[16], enhanced dislocation density strengthening [17], and load
bearing effect [16] in particulate MMNCs. Generally, hardening
and strengthening of a material reinforced by second phase parti-
cles are believed to be due to two distinct mechanisms, direct
interaction with dislocations (Orowan or direct hardening), or
interaction with grain boundaries which in turn interact with the
dislocations (Hall–Petch or indirect hardening). It is of interest to
know which of these two effects is the more significant and prac-
tically, which should be optimized to produce a stronger material
[18].

In the present work, Al7075/SiC nanocomposite is produced
under both hot dynamic compaction and quasi-static hot pressing.
Only a few investigations [5] have been so far carried out on
processing and characterization of Al7075/SiC nanocomposites
mainly produced under quasi-static loading conditions. The main
objective of this work is to explore the aspects of nano particles
reinforced Al7075. Moreover, the effects of volume fraction of nano
reinforcement on density, compressive behavior under low and
high strain rate loadings, distribution of micro hardness, and
microstructural behavior of the specimens are investigated.
2. Experiments

2.1. Materials

The as-received materials were Al7075 powder as the matrix
(gas atomized, �100 lm, irregular morphology, Khorasan Powder
Metallurgy Co., Iran) and SiCnp as the reinforcing particles (average
50 nm, purity >99.0%, specific surface area >90 m2/g, nearly spher-
ical morphology). Table 1 shows the chemical composition of
Al7075. Fig. 1 also demonstrates clearly the morphology of the
as-received material. Since in-situ production of ceramic nano par-
ticles like SiC, WC, and TiC is difficult, the ex-situ approach similar
to the current work is usually utilized. Although, the ex-situ meth-
ods leads to poor performance due to difficulty in obtaining homo-
geneous dispersion of the reinforcement in the matrix, PM has
been able to dominate this problem using high-energy milling
techniques [19]. With this regard, proper amounts of each material
were selected to have Al7075–5 vol% SiC and Al7075–10 vol% SiC
nanocomposite powders. They were then mixed manually and
the mixture was suspended in ethanol. Then, ultrasonic vibration
was applied to the solution for 30 min in order to make the nano
particles dispersed uniformly and to prevent clustering of them.
After drying, the mixture was milled in a planetary ball mill at
room temperature and in the inert argon atmosphere. The milling
media consisted of twenty-two balls (hardened chromium steel)
with a diameter of 10 mm confined in a 125 ml vial (hardened
chromium steel). The milling process started at a rotation speed
of 300 rpm and took about 2 h. About 30 g of the powder mixture
Table 1
Chemical composition (wt.%) of as-received Al7075.

Element Al Zn Mg Cu Cr Fe

Percentage Base 5.9 2.7 1.5 0.18 0.15
along with 0.5 wt.% of stearic acid as process control agent (PCA)
were subjected to milling. It must be noted that to avoid overheat-
ing in milling media and clustering the powder, the milling was
stopped after 60 min and then resumed after 15 min. Also, since
ductile metal powders such as aluminum are prone to adhesion
to milling balls and other elements during the milling process, a
small amount of PCA was added to the mixture to decrease the
unwanted adhesion [19]. The number and total weight of the steel
balls were also chosen in a way to attain more of collision between
balls and powders and to achieve a ball-to-powder mass ratio of
3:1, respectively. In order to investigate structural changes during
milling and subsequent compaction processes and evaluate grain
size, the XRD patterns of samples were recorded using a PHILIPS
X’PERT PW3040 diffractometer (40 kV/30 mA) with Cu Ka radia-
tion (k = 0.154059 nm).

2.2. Die set and compaction devices

Fig. 2 shows a schematic view of the die and the punch used for
compaction of nanocomposite powder. The die and the 15 mm
diameter punch are made of 1.2344 heat-treated hot-work steel
and 1.2542 shock-resisting steel, respectively. As can be seen in
the figure, two 5-mm thick tablets made of the punch material
and with the same diameter are placed beneath and on the top
of the powder. The tablets assist the compacted specimens to be
pulled out from the die more easily, reduce the springback effect
of the specimen, and finally improve the compaction by fixing
the powder lower base during the process [20]. A typical com-
pacted sample with length and diameter of 8 mm and 15 mm,
respectively, is also shown in Fig. 2. A mechanical drop hammer
supplies the required impact loading for compaction. The drop
hammer device utilizes a 60 kg falling weight to reach the impact
velocity of 8 m/s (V ¼

ffiffiffiffiffiffiffiffi
2gh

p
) for a falling height of 3.5 m. It can be

worked out that this impact velocity produces 2 kJ energy
(E = mV2/2) which is delivered to the powder for compaction. Since,
the punch is lighter than the dropping weight, its velocity is obvi-
ously more than 8 m/s based on the principle of conservation of
momentum [21]. It is necessary to add that this delivered energy
of 2 kJ is selected how to produce the best samples. Applying more
energy, using 73 kg falling weight for example, led to cracked and
damaged compacted samples.

Quasi-static hot pressing of the nanocomposite powder was
also conducted using an Instron testing machine. 5 g of the
powder with tap density of about 55% of theoretical density
ðqAl7075 ¼ 2812 kg=m3;qSiC ¼ 3220kg=m3) was selected for both
the dynamic compaction and quasi-static pressing. MoS2 high-
temperature die wall lubricant was used to minimize the frictional
force of the die and to improve the surface quality of the samples.
The theoretical densities of Al7075–5 vol% SiC and Al7075–10 vol%
SiC nanocomposites were estimated using the rule of mixture as
qAl7075–5vol%SiC = 2832 kg/m3, and qAl7075–10vol%SiC = 2852 kg/m3,
respectively.

2.3. Hot dynamic compaction

In dynamic compaction process and according to the energy
equation E = mV2/2, the kinetic energy delivered to specimen
increases as the impact velocity increases. Therefore, the fine par-
ticles are easily pushed into pores between the coarse particles
Mn Si Ti V Sn Bi

0.06 0.05 0.02 0.006 <0.005 <0.004



Fig. 1. FESEM micrographs of (a) gas atomized Al7075 and (b) SiC nano particles.

Fig. 2. Punch and die used for dynamic compaction; a typical compacted sample is
also shown.

Table 2
Different processing conditions.

Test No Pressure (MPa) Time (min) Relative density (%)

1 250 15 96.60
2 250 30 96.72
3 500 15 97.50
4 500 30 97.84
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leading to reduction of porosity and increase of green density. Fur-
thermore, plastic deformation due to localized heat generated by
friction and displacement of powder particles gives rise to soften-
ing or melting layer which in turn enhance the bonding between
particles and leading again to the increase of green density. In
other words, the transmitted energy to the powder during this pro-
cess causes large strains rates. Therefore, the process is an adia-
batic one, i.e. the energy converted to heat has not enough time
to dissipate and as a result, the generated internal heat brings
about local temperature rise in the powder and softening the par-
ticles surfaces (thermal softening phenomenon). The internal heat
enhances plastic deformation of the particles and consequently,
the material flows more easily to fill the pores and vacancies
[9,14]. Moreover, when a powder is heated up to a certain temper-
ature, its yield stress and strain hardening reduce and the material
become more ductile. Therefore, higher values of relative density
can be reached compared with the compaction at room
temperature.

In order to study the effect of nano particles content, mechani-
cally milled nanocomposite powders having different amounts of
reinforcing nano phase, i.e. 0, 5, and 10 vol% were dynamically
compacted under strain rates of about 1000 s�1. For better compar-
ison with quasi-statically hot pressed samples (see the next sec-
tion), the temperature for dynamic compaction was considered
to be 698 K. After reaching the temperature to the desired level,
the weight was released from a height of 3.5 m. In order to make
the impact transmitted completely to the powder, the set of com-
paction die was fixed to the ground. As depicted in Fig. 2, cylindri-
cal samples (with the length and diameter of 8–9 mm and 15 mm,
respectively) were produced under these conditions. For some
dynamically compacted samples a post sintering was applied to
remove any remaining defects like microcracks. The post sintering
treatment was also performed at 873K for 105 min.
2.4. Quasi-static hot pressing

As stated before, in order to study the effects of the rate of com-
paction loading, some nanocomposite samples were fabricated
under quasi-static loading (strain rates about 0.008 s�1). At the
beginning, the influence of parameters such as the magnitude
and duration of pressure application on density were examined.
In this regard, four Al7075 specimens without nano reinforcement
were hot pressed at 698 K and in a uniaxial die under the condi-
tions given in Table 2. As the table suggests, a compaction pressure
of 500 MPa applied for 30 min can lead to the highest density (den-
sity measurement was done using the Archimedes principle).
Therefore, this pressure and its time duration were designated to
fabricate the main samples with 0–10 vol% nano SiC. In addition,
the rate of loading was selected to be 5 mm/min. In order to avoid
pore formation, the pressure on specimen was removed when the
compaction temperature fell below 573 K [22]. To evaluate com-
pressive behavior of the compacted samples, compressive tests
were conducted. The low strain rate compressive tests were con-
ducted at a strain rate of about 0.008 s�1 using a 60 tons Instron
testing machine. The high strain rate compressive tests were also
carried out using a split Hopkinson pressure bar (SHPB) with strain
rates about 1.5 � 103 s�1. The hardness of samples was measured
by applying a 100 grams force to the specimen for 15 s using a
tetragonal indenter.
3. Results and discussion

3.1. Nanocomposite powder characteristics

Fig. 3 shows the morphology of the as-received Al7075 and
nanocomposite powder after mechanical milling. Comparing
Fig. 3(a) and (b) reveals that the SiC nano particles have fully cov-
ered the surface of Al7075 micron-sized particles after 2 h mechan-
ical milling. The XRD patterns of nanocomposite powder with
different amounts of nano phase reinforcement shown in Fig. 4 also
reveal that the milled powder includes only Al and SiC and no new
phase are produced as a result of milling. These may be attributed
to short duration of milling.



Fig. 3. FESEM micrograph of (a) as-received Al7075 and (b) Al7075–5 vol% SiCnp after 2 h of ball milling.

Fig. 4. XRD pattern of 2 h ball-milled of (a) Al7075, (b) Al7075–5 vol% SiCnp,
(c) Al7075–10 vol% SiCnp.
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3.2. Crystallite size measurements

In order to obtain Al7075 matrix crystallite size, XRD analysis of
both the hot dynamic and the hot quasi-static pressed specimens
were performed. As mentioned earlier no new phases (like Al4C3)
were found in the specimens. This observation which has been also
reported in the literature [23] is attributed to the rapid compaction
process which limits the duration of exposure to high temperature.
The crystallite size and lattice strain of nanocomposite samples can
be estimated by analyzing the XRD peak broadening. Since, strain
in the crystal lattice also contributes to broadening of the XRD
peaks, the approach of Williamson–Hall was used to separate
the effects of crystallite size and strain from each other [6,24].
The Williamson–Hall approach is described as follows:

B cos h ¼ 0:9k
D
þ 2e sin h ð1Þ

where B is the diffraction peak width at half maximum intensity, h
is the Bragg diffraction angle, k is the wavelength of the radiation
used, D is the average crystallite size, and e is the average lattice
strain which can be estimated from the linear slope of Bcosh versus
sinh. The average crystallite size is the value of the slope at sinh = 0.

Table 3 gives the measured crystallite size of Al7075 matrix for
2 h mechanically milled nanocomposite powders, hot dynamic and
hot quasi-static pressed samples. As can be seen in the first row of
this table, increasing SiC content of nanocomposite powder leads
Table 3
Measured matrix crystallite size using Williamson–Hall approach.

Process Al7075–0 vol% SiC

2 h Ball-milled powders 50 nm
Hot dynamically compacted samples 50 nm
Hot quasi-statically compacted samples 70 nm
to an increase of crystallite size. This behavior can be explained
by SiC effect on milling efficiency. Since ceramic powders like SiC
have more damping effects than Al powder, it weakens steel ball
impacts during ball milling and leads lower impact energies to
be transmitted to the powder. Therefore, increasing SiC content
reduces the milling efficiency and as a result, the crystallite size
of powders having SiC nano particles becomes larger. Grain refine-
ment during milling has been observed in some studies [19,25].
Finer crystallite size can be due to longer duration of milling pro-
cess compared with milling time in the current study. For example,
Kollo et al. [19] reported grain refinement of Al matrix (from
250 nm to 200 nm for 1 vol% reinforcement, and to 50 nm for
20 vol% reinforcement) after mechanical milling of Al–SiC for 16 h.

Second row of Table 3 demonstrates also an increasing trend for
crystallite size of the samples fabricated by dynamic compaction at
698 K. Dynamically compacted sample without nano particles has
a 50 nm crystallite size which is similar to that obtained for as-
milled powder. This similar value of crystallite size is perhaps
due to the fact that milling process in absence of SiC particles
has the highest efficiency. In other words, the minimum crystallite
size is obtained after 2 h milling and consequently, the microstruc-
ture of Al7075 cannot be further refined during dynamic compac-
tion process. Crystallite size of Al7075–SiC specimens reduces
compared with that of obtained for the as-milled condition. This
crystallite refinement is due to severe plastic deformation and pos-
sible dynamic recrystallization which occurs under impact load-
ings at the increased temperatures. Ahmed et al. [5] reported
grain coarsening for hot isostatic pressed Al7075/SiC nanocompos-
ite after incorporation of SiC nano particles. They believed that
coarser grain size of the composites could be associated with less
precipitation effect. The results for hot quasi-statically compacted
samples given in the third row of Table 3 indicate that the crystal-
lite size does not exhibit a consistent behavior. The crystallite size
depends on the SiC-vol% so that for Al7075–0 vol% SiC it increases
with respect to that of obtained for as-milled condition but for
5 vol% SiC and 10 vol% SiC it decreases. The increase of the crystal-
lite size for 0 vol% SiC shows that under hot quasi-statically com-
paction inter-particles bonding occur at longer time and/or local
temperature inducing higher grain growth. The reduction of the
size for 5 vol% SiC and 10 vol% SiC is thought to be due to the
mechanical and thermal induced deformation of Al matrix in the
vicinity of SiC particles during compaction as matrix and SiC parti-
cles have different mechanical and thermal properties.
Al7075–5 vol% SiC Al7075–10 vol% SiC

275 nm 690 nm
75 nm 115 nm
115 nm 80 nm
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3.3. Density

Density is one of the measures to qualify the consolidation of
powder materials. In order to increase the accuracy of density mea-
surement, the Archimedes principle was used in this work. The
properties of a composite depend not only on the properties of
the matrix itself, but also on the reinforcement material and its
interaction with the matrix too. Volume fraction of hard phase par-
ticles in a multiphases microstructure is the most important factor
affecting density and mechanical properties such as strength and
fracture toughness [26,27]. Variation of relative density versus vol-
ume fraction of SiC is presented in Fig. 5. As this figure suggests, all
variations have the same trends. The relative density of specimens
fabricated by hot dynamic compaction, hot dynamic compaction
followed by conventional sintering, and quasi-static hot pressing
reduce as SiC content increases from 0 to 10 vol%. Higher density
for quasi-static hot pressed samples is clearly due to longer time
duration of applied pressure. Moreover, conventional sintering
caused local melting at Al particles boundaries and therefore fur-
ther consolidation and higher density (Fig. 6).

Generally, compaction and sintering of composite materials are
different from those of mono phase materials. The presence of hard
and non-deformable particles in a ductile matrix reduces the
press-ability of the material. The reduction in press-ability
increases for higher volume fraction of reinforcement phase [26].
Fig. 7 demonstrates optical micrograph of quasi-statically pressed
samples at 698 K for different contents of SiCnp. As can be seen,
the degree of porosity and the number and size of the voids
increase as SiC content increases. Razavi-Tousi et al. [26] reported
that the reduction of relative density with the increase of volume
fraction of nano phase is due to deformation intensity of Al matrix
in the vicinity of SiC particles.

Fig. 8(a) also shows nano SiC clusters settled at the boundary of
adjacent Al particles. Clustering of nano particles is thought to be
due to the large differences in size of the aluminum and the SiC
particles. The difference in particle sizes push the SiCnp into the
vacancies between aluminum interfaces [2,5]. X-ray map of Si par-
ticles depicted in Fig. 8(b) also shows the uniform dispersion of SiC
over the Al particles and their clusters at the particles triple
boundary.

The EDS point analysis shown in Fig. 9 confirms that the dis-
persed particles at the boundary are SiC. These hard and stiff nano
particles settled at the boundaries, as said before, are detrimental
to the bonding of Al micron-sized particles. Therefore, more voids
remain within the specimens after compaction (Fig. 7). Agglomer-
ation of the nano particles between the Al particles is also known
to be the main barrier to improve the strength and elongation of
material. Since SiC is stiffer than Al matrix, they act as stress con-
centrations by limiting the plastic deformations [5]. This sort of
behavior for relative density versus the content of reinforcement
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phase can be observed frequently in the literature. Dong et al.
[28] attributed this behavior to the incorporation of reinforcing
particles that block grain boundary movement and hinder the den-
sification of matrix material. Rahimnejad Yazdi et al. [29] also
showed that relative density of Alumina/SiC nanocomposites
decreases with the increase of SiC content. They ascribed this
behavior to the poor sintering property of SiC at the temperature
used to sinter the samples.

3.4. Static compressive test

Fig. 10 shows the compressive engineering stress–strain curves
for Al7075/SiC nanocomposites with different contents of SiCnp.
Fig. 10(a) depicts stress–strain curves of samples fabricated by
hot dynamic compaction. As it is observed in Fig. 10(a), SiC parti-
cles significantly improve the strength of the compacted composite
specimens. The increase in ultimate strength is around 50–60% but
it is rather similar for 5 and 10% volume fraction. Fig. 10(b) repre-
sents the stress–strain curves for hot dynamic compacted samples
which were conventionally sintered in the furnace. The reduction
of flow stress for higher volume fractions of nano reinforcement
may be associated with less hardening effects of added phase
due to high sintering temperature.

The compressive stress–strain curves of quasi-statically hot
pressed samples are illustrated in Fig. 10(c). It can be observed in
this figure that the compressive strength is improved by nearly
20% when nano phase content increases by 10 vol%. A comparison
between Fig. 10(a) and (c) indicates that the effect of volume frac-
tion of SiC on the strength of quasi-statically compacted specimens
is not as significant as it is observed for dynamically compacted
samples. This is probably due to the fact that in quasi-static tests,
powders are exposed to high temperature for longer time and this
will allow the powder particles to attain stronger bonding during
the process of compaction. In other words, the sample with no
reinforcement which was pressed uniaxially under quasi-static
loading is stronger than dynamically compacted one (compare cor-
responding curves in Fig. 10(a) and (c)). This behavior is also clear
in Fig. 10(d). Moreover, quasi-statically pressed specimens have
higher strength and elongation compared to dynamically com-
pacted samples. This is verified by the weak interfacial bonding
between the matrix and the reinforcing particles as shown in
Fig. 8 for dynamic compacted samples. This weak bonding is due
to inadequate localized heating in dynamic compaction.

The reason for tremendous effect of nano particles on strength
of the Al7075 composite has been the subject of a number of inves-
tigations over the past several years [19,30]. Strengthening from
grain size refinement (Hall–Petch theory) [31], Orowan strength-
ening, enhanced dislocation density strengthening (thermal mis-
match), shear lag and load bearing effects [16] are typical
reasons which have been discussed by researchers in recent years.
A few investigations [5,28] have also reported undesired effects of
the second phase reinforcement. Ahmed et al. [5] observed a signif-
icant drop in hardness and tensile properties of Al7075 reinforced
by SiC nano particles. They used cold and hot isostatic pressing and
hot extrusion to fabricate nanocomposite and attributed this
behavior to Mg segregation at the oxidized Al–SiCnp interfaces
and grain boundaries.

Some researchers [19,25,28] also have reported matrix grain
refinement when fraction of hard and non-deformable small sized
particles increases. The reports suggest that grain size refinement
is due to the coupled effects: (1) the pinning of matrix grain
boundaries by reinforcing particles and (2) the hindering of the dis-
location movement by the Orowan bowing mechanism. The former
leads to increase in the dislocation density and consequently accel-
erating the grain refining progress. Nevertheless, unlike other stud-
ies, Williamson–Hall analysis for dynamically compacted samples



Fig. 6. Softening and local melting occurrence at the Al particles boundaries after sintering; (a) dynamically compacted Al7075–5 vol% SiCnp and (b) dynamically compacted
and sintered Al7075–5 vol% SiCnp.

Fig. 7. Typical optical micrographs of quasi-statically hot pressed specimens at 698 K (100� magnification); (a) Al7075, (b) Al7075–5 vol% SiCnp, and (c) Al7075–10 vol%
SiCnp.

Fig. 8. (a) Agglomeration of SiCnp in Al7075 particles boundaries and (b) X-ray maps of Si particles.

Fig. 9. EDS point analysis of particles settled at the Al boundaries.
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shows that the matrix crystallite size increases with the increase of
the content of reinforcing nano phase. This result which is verified
by some other researches [5], shows that incorporation of SiCnp

does not refine the matrix grain size. Therefore, based on the
Hall–Petch theory, the grain boundaries do not have significant
effect on strengthening of compacted nanocomposites. This means
that the affecting parameters on strength improvement must be
looked for in other strengthening mechanisms.

Basically, nano-sized particles are more preferable than the
micron-sized particles in the sense that the nano-sized particles
are more effective in blocking the dislocation movement. More-
over, because of their small size, nano particles are less prone to
crack or damage during the composite synthesis process [5,19].
Another source of strengthening which may influence the nano-
composite compressive properties is the thermal mismatch of
matrix and nano second-phase. The large ratio between the ther-
mal expansion coefficients of Al7075 and SiC (8:1) (aSiC = 2.77
� 10�6/K, aAl7075 = 23.2 � 10�6/K) induces an increased dislocation
density in Al–SiC interfaces which resist against more deforma-
tions and finally result in strengthening of the nanocomposite. Kol-
lo et al. [19] described the strengthening of Al–SiCnp fabricated by
hot pressing and hot extrusion by Orowan strengthening mecha-
nism as well as thermal mismatch and load bearing effects.
Nardone and Prewo [32] also showed that both the thermal
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Fig. 10. Compressive stress–strain curves of nanocomposite samples fabricated by (a) hot dynamic compaction, (b) hot dynamic compaction followed by conventional
sintering, (c) quasi-static hot pressing and (d) a comparison between the compressive stress–strain curves of Al7075–10 vol% SiC samples fabricated under different
conditions.
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mismatch and Orowan strengthening mechanisms must be taken
into account to explain the improvement of yield strength in Al
reinforced by discontinuous SiC such as plate and whiskers.

3.5. Dynamic compressive test

In order to obtain the response of fabricated nanocomposite to
high strain rate loadings, dynamic compressive tests were carried
out at the strain rates between 1100 and 1500 s�1 using split Hop-
kinson pressure bar (SHPB). The results are shown in Fig. 11. As this
figure suggests, for both dynamic and quasi-static compaction the
compressive strength increases by nearly 60% as the SiC content
increases from 0% to 10%. The figure also suggests that in general,
elongation reduces as the SiC content level increases. The reduc-
tion, however, is more severe for the dynamic compacted speci-
mens. The ultimate compressive strength of samples tested at
two different loading rates is shown in Fig. 12. The figure shows
an increase of 20–90% for the higher compression rates.

3.6. Micro hardness

Fig. 13 demonstrates the distribution of Vickers micro hardness
(HV) over the transverse section of dynamically compacted sam-
ples. As Fig. 13 indicates, the average of hardness increased after
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Fig. 11. Dynamic compressive test using split Hopkinson pressure bar (SHPB) fo
incorporation of SiC nano particles. Additionally, as this figure
shows, the hardness is obviously higher on the specimen top sur-
face but it reduces in deeper sections. The nonuniform hardness
distribution and its reduction with the distance from the impacting
surface can be due to relatively high thickness of the samples com-
pared with those reported in the literature [12,33] and wall fric-
tional effects. Most of the impact energy is consumed for
interparticle bonding and work hardening of the powders near to
the impacting surface. Unlike the results of the current work, Fre-
denburg et al. [12] observed reduced hardness near the impacting
surface of their samples which were fabricated by a three-capsules
gas-gun. They believed that this behavior was due to a reduced
amount of interparticle bonding in this region. This reduction in
interparticle bonding may be attributed to the more gradual rise
to peak stress near the impact face where radial effects have yet
to dominate the compaction process. Distribution of micro hard-
ness for Al7075–5 vol% SiC nanocomposite sample fabricated by
hot static compaction is also depicted in Fig. 13(d). A comparison
between the hardness distribution in Fig. 13(d) and (b) reveals that
the static compaction process yields a more uniform hardness dis-
tribution. This result is clearly due to more time duration of pres-
sure exposure in static compaction technique.

Fig. 14 also depicts variations of micro hardness of compacted
specimens versus SiC content on the top surface of the samples.
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As this figure suggests, depending on the compaction method and
test conditions, SiC reinforcement may have different effects on
micro hardness of compacted samples. The results shown in
Fig. 14 indicate that while hardness increases for dynamic and
quasi-static compacted specimens, it decreases for conventionally
sintered dynamic compacted specimens. Improvement of hardness
can be an indication of material strength improvement too. The
reason is that yield strength and hardness are related to each other
by Tabor equation [13] as follows:

ry ¼ HV=3 ð2Þ

Hahn and Hwang [34] have shown that sum of Orowan strength
and Hall–Petch effect for hot pressed Cu/Al2O3 nanocomposite is
nearly equal to the total yield strength obtained from Tabor equa-
tion. Yield strength for compacted specimens in current research
work is also nearly consistent with this equation.

For example, giving hardness in Pa (1 HV = 9.807 MPa), the
Vickers micro hardness for dynamically compacted and sintered
Al7075–0 vol% SiC sample is 617.8 MPa (63 HV). Using Eq. (2), it
can be worked out that yield stress of this sample is about
206 MPa which is almost the same as the yield point in
stress–strain curve obtained by quasi-static compressive test
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(Fig. 10(b)). Fig. 15 shows the similar variation of micro hardness
(in MPa) and ultimate compressive strength for hot dynamically
compacted and hot statically compacted samples versus the SiC
volume fraction.

The results shown in Fig. 14 also reveal that by adding SiC, the
hardness of the dynamically compacted nanocomposite increases
by around 20%. This increase for quasi-statically pressed samples
is about 10%. In fact, despite of reduction of density with the
increase of SiC content, the nano reinforcement could enhance
the hardness. The latter is speculated to be due to second-phase
hardening effects of added nanophase and its intrinsic hardness.
Similar observations have already been reported by Alizadeh and
Taheri-Nassaj [7], Dong et al. [28], and Canakci [35]. Higher values
of hardness for statically pressed nanocomposites may be due to
longer time duration of pressure applied to the nanocomposite
powder. Yi et al. [14] have reported that dynamically compacted
specimens are harder than those fabricated by conventional com-
paction and quasi-static compaction when they have the same
density. This is thought to be probably due to stronger inter-parti-
cle combination and more intense work hardening. Conventional
sintering of dynamic compacted specimens can also eliminate
the effect of work hardening due to addition of SiC nano particles.
The sintering, as can be observed in Fig. 14, results in reduction of
micro hardness.

4. Concluding remarks

Based on investigations in this paper, the following conclusions
may be derived:

1. Reinforcing Al7075 with SiCnp using different fabrication
procedures reduces the relative density by 2%. Higher values
of densities for samples fabricated under hot quasi-static press-
ing may be due to longer time duration of exposing the powder
to increased temperature and pressure in quasi-static compac-
tion. Moreover, conventional sintering leads to softening of the
particles and filling the voids and consequently greater
densities.

2. The hardness of reinforced Al7075/SiC nanocomposite com-
pacted under dynamic and quasi-static loading increases by
about 20% with respect to the monolithic material. Work hard-
ening effects of added nanophase and its intrinsic hardness, is
thought to be the main reason for the hardness improvement.
For dynamically compacted specimens followed by conven-
tional sintering, the hardness reduces after adding second nano
phase. Exposing to high temperature for long time that can
annihilate the hardening effect of ceramic nano particles, is con-
sidered to be the main reason for this reduction.

3. Hot quasi-static compaction can result to more uniform distri-
bution of micro hardness in samples comparing with dynami-
cally compacted samples.
4. Strength of the nanocomposite is improved when nanophase
content increases and this behavior is observed for low and high
strain rate loadings. This can be attributed to some strengthen-
ing mechanisms like Orowan and enhanced dislocation density
mechanism induced by thermal mismatch of Al7075 and rein-
forcing SiC particles. In quasi-static hot pressing process which
is nearly an equilibrium process, the summit pressure and tem-
perature could be held for any needed time and thus, stronger
interparticle combination can be made between particles.
Whereas, in dynamic compaction the pressure is instant. There-
fore, higher strength and elongation can be seen for quasi-stat-
ically pressed specimens.

5. XRD analysis shows matrix grain coarsening for nanocompos-
ites fabricated by hot dynamic compaction. Therefore, based
on the Hall–Petch theory, the grain boundaries do not have
notable effects on strengthening of compacted nanocomposites.

6. Sintering of dynamic compacted samples causes to make nearly
perfect bonding between particles which leads to more elonga-
tion for these specimens. Furthermore, due to perfect bonding,
reduction of strength after adding nano phase may be argued
to existed pores inside the compacts.
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