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Abstract

The effect of pre-compaction on mechanical properties of Mg/SiC nanocom-
posites prepared through dynamic compaction was investigated. The dynamic
compactions were carried out at two different loading rates using Drop Hammer
(DH) and Split Hopkinson Bar (SHB). The quasi-static pre-compaction was
performed under two different pressures of 50 and 100MPa and at 450◦C. The
results show that the highest improvement in density, hardeness, and strength
are obtained for the pre-compaction pressure of 50MPa. The reason is believed
to be due to the discharge of the air packets trapped between the particles.
For the pre-compaction pressure of 100MPa, however, density, strength, and
hardness decrease. The reason is thought to be due to creation of cracks and
faults in the specimens. The results indicate that there is an optimum for
the pre-compaction pressure which varies depending on the type of matrix,
reinforcing particles, and compaction loading rate.

1. Introduction

The common reinforcing particles used in magnesium
composites are SiC, B4C, and Al2O3 [1]. Addition of
ceramic nanoparticles to magnesium matrix can be ac-
complished by powder metallurgy. The compaction of
powder can be performed quasi-statically or dynam-
ically. Typical quasi-static methods for manufactur-
ing reinforced nanocomposites are hot press [2], Hot
Isostatic Press (HIP) [3], hot extrusion [4], and cold
press, and sintering [5]. Dynamic compaction is per-
formed using shockwaves [6, 7] and high velocity com-
paction [6]. The high velocity compaction processes,
often employ an explosion or gas pressure to accelerate
a projectile against the powder of the composite.

Rahmani et al. [8] fabricated Split Hopkinson Bar
for dynamic compaction of Mg/SiC nanocomposites.
Majzoobi et al. [9] fabricated Mg/SiC nanocomposites
with different volume fractions of reinforcing particles

including 0, 1.5, 3, 5, and 10 vol% under dynamic load-
ing using a Drop Hammer. Their report indicated an
improvement in the strength and hardness of nanocom-
posite samples. Wang et al. [10] studied the improve-
ment in density and mechanical properties of speci-
mens fabricated by powder metallurgy using high ve-
locity compaction. In contrast to the quasi-static pro-
cesses, dynamic methods generate high local tempera-
tures needed for initiation of metallurgic bonds at par-
ticle boundaries, while remaining the rest of the powder
relatively cold. Therefore, dynamic compaction meth-
ods minimize the changes in microstructure such as ag-
glomeration and grain growth due to the high temper-
ature [11, 12]. In fact, dynamic compaction methods
vanish the need for hot sintering that is generally re-
quired for metallurgic bonding at particle boundaries.
In dynamic compaction, typically, the local heat gener-
ation causes the so-called cold sintering; however, this
type of sintering may not be enough to reach the high-
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est physical and mechanical properties. The literature
review suggests that pre-compaction may be a comple-
mentary process to improve the compaction of powder
under dynamic loading [13, 14].

In general, in dynamic powder compaction pro-
cesses, there is no sufficient time to discharge the air
trapped among particles. These packets of trapped
air can prevent perfect bonding of the particles dur-
ing the compaction process; hence, it reduces the fi-
nal density of the fabricated sample. Therefore, sam-
ples are initially compressed under quasi-static condi-
tion to release the trapped air packets before dynamic
compaction [15, 16]. Majzoobi et al. [17] showed that
the quality of Al7075-B4C nanocomposites fabricated
within the range of 1200s−1 to 1600s−1 was signifi-
cantly improved for the pre-compacted samples. Liter-
ature review [15, 16] indicates that full powder consol-
idation may not be achieved if mechanical impedance
of material is not big enough. Therefore, powder ini-
tial density must be increased to increase the sound
speed in the powder, i.e. increasing the mechanical
impedance. Additionally, pre-compaction reduces the
deteriorating effects of the air trapped between the
powder particles. The trapped air heats up due to
the compaction shockwave and the resulting hot gas
expands after removing the compaction pressure, thus
it reduces the final sample density.

Unlike their previous study [17], Atrian et al. [18],
showed the undesired effects of pre-compaction on the
mechanical properties of Al6061/SiC nanocomposites
fabricated by dynamic compaction; it was stated in
that pre-compaction of powder followed by compaction
process within the strain rates of 101s−1 to 103s−1

leads to lower density, hardness, and even strength of
the compacts. Damage and embrittlement were ob-
served in the samples compacted initially before dy-
namic compaction. Furthermore, some non-uniform
behavior of pre-compaction (increase and then decrease
or vice versa) was also seen in their investigations [18].
In addition, Hong et al. [19] studied the compaction of
α-Al2O3 ceramic nanoparticles by magnetic pulse com-
paction; it was found that pre-compaction was effec-
tive on grain size, mechanical, and electrical properties
of the fabricated specimens. In many investigations,
the samples were subjected to quasi-static compaction
to remove pores and trapped air from the powder be-
fore performing the main dynamic compaction and in-
creases density and improves mechanical properties of
the compacted specimens [19, 20]. However, the study
of pre-compaction has been part of some investigations
[17-20] in recent years.

In the present study, the Mg/SiC nanocomposites
powder were initially compacted under uniaxial quasi-
static loading at the pressures of 50 and 100MPa using
an Instron testing device. The pre-compacted Mg/SiC
nanocomposites were then compacted through hot dy-
namic loading using Split Hopkinson Bar and Drop

Hammer. Eventually, the effects of quasi-static pre-
compaction and volume percentage of reinforcement
on mechanical properties and microstructure of sam-
ples were investigated.

2. Equipment and Experiments

2.1. Materials

Mg/SiC nanocomposites were prepared using Magne-
sium powder with purity of 99.5% and particle size of
100µm as the matrix and SiC nanoparticles with pu-
rity of 99% and average size of 75nm as the reinforcing
particles. The specimens of nanocomposite contain-
ing 0, 1.5, 3, 5, and 10 vol% SiC nanoparticles were
fabricated. The details of the mixing procedure and
the methods of preventing oxidation and agglomera-
tion can be found in [21]. Figs. 1a and 1b illustrate
the SEM micrographs of surface morphology of Mg par-
ticles before and after mixing with SiC nanoparticles.
As the figure indicates, SiC nanoparticles have fully
covered the surface of Mg particles. Moreover, Trans-
mission Electron Microscopy (TEM) and Field Emis-
sion Scanning Electron Microscopy (FESEM) images of
SiC nanoparticles are shown in Fig. 1(c, d). The XRD
patterns of the powder after 1h of milling are demon-
strated in Fig. 2. The figure indicates that no new
phase was generated in the composite after mixing.

2.2. High Rate Hot Compaction

Nanocomposite samples were produced under two dif-
ferent strain rates of 1000s−1 and 1600s−1 using Drop
Hammer (DH) and Split Hopkinson Bar (SHB), re-
spectively [17, 22]. The energy for the compactions
at strain rate of 1000s−1 was supplied by a Dropping
Hammer of 60kg and dropping height of 3.5 meters.
The details of the Drop Hammer can be found in ref-
erence [9]. The energy for the compactions at strain
rate of 1600s−1 was supplied by a Split Hopkinson
Bar the details of which can be found in reference
[21]. Three pre-compaction pressures of P1 = 0MPa
(no pre-compaction), P2 = 50MPa, and P3 = 100MPa
were used to study the effect of pre-compaction. Pre-
compaction of powders was carried out using an Instron
universal testing machine. Cylindrical samples with
length of 10−12mm and diameter of 15mm were pro-
duced during the pre-compaction process. The com-
pactions were carried out at 450◦C which is almost
equal to the sintering temperature of magnesium [23].
This temperature was generated using a ceramic heat-
ing element with the power of 1200 Watts. The density
of the pre-compacted specimens was around 55% of the
theoretical density. MoS2 lubricant was used to mini-
mize the friction between powder and mold and reach-
ing the highest and homogenous distribution of density
in specimens. The lubrication also enhances the qual-
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ity of the samples and diminishes the roughness of the
specimen’s surfaces. The compaction conditions are
summarized in Table 1.

3. Characterizing Examinations

In order to investigate the effects of pre-compaction
and volume fraction of nanoparticles on the phys-
ical and mechanical properties of magnesium-based
nanocomposites, the following examinations were car-
ried out:

a) Microstructural characteristics including mor-
phology powder, particle structure, grain size,
uniformity of the nanoparticles distribution,
porosities and bonding behavior were exam-
ined using Optical Microscopy (OPM) and Field
Emission Scanning Electron Microscopy (FE-
SEM). The FESEM was performed at Iran Poly-

mer and Petrochemical Institute. For this pur-
pose, the specimens were polished up to 0.05µm
and were etched for 7 seconds using 70ml ethanol
solution, 4.2g picric acid, 10ml acetic acid and
10ml water according to the ASTM E 407-99
standards [24].

b) X-ray diffraction (XRD) was used to investi-
gate the changes in the crystalline structure and
also, to observe the crystalline patterns of sam-
ples. XRD analysis was performed on polished
specimens utilizing a Philips X’PERT PW3040
diffractometer (40kV/30mA) with Cu Ka radi-
ation (k = 0.154059nm) and scanning speed of
2◦/min. The XRD examinations were performed
at Bu-Ali Sina University.

c) Archimedes method [21] was used to measure the
relative density of the compacted samples.

Fig. 1. Images of a) Mg, b) Mg-5 vol.% SiC after 1 h of ball milling, c) Transmission electron microscopy
(TEM), and d) scanning electron microscopy (FESEM) of SiC nanoparticles.

Table 1
Compaction conditions.

Powder type Temperature (◦C) SiC content (vol.%) Pre-compaction stress (MPa)
Mg/SiC 450 0, 1.5, 3, 5, 10 0, 50, 100
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Fig. 2. a) XRD pattern of SiC nanoparticles, b) XRD
patterns of powder after 1h of milling: Mg; Mg-1.5
vol.% SiC; Mg-3 vol.% SiC; Mg-5 vol.% SiC; Mg-10
vol.% SiC.

d) The micro-hardness tests were conducted based
on ASTM E384-99 standards [25] and hardness
was measured using a micro hardness tester man-
ufactured by Buehler Company Ltd. The surface
of samples was polished first and then Vickers
hardness was measured at six points (three on

the top and three on the bottom surface) by ap-
plying a load of 100gf in 15s. The average of
readings was considered as the hardness of the
sample.

e) Conventional compression tests were conducted
based on ASTM E9 89a standards [26] on the
compacted samples at strain rate of 0.008s−1 us-
ing an Instron testing machine.

4. Results and Discussion

4.1. Microstructural Examination

The effects of pre-compaction on surface quality and
microstructural evolution of pure Mg samples are
shown in Figs. 3 and 4, respectively. It is obvious
in the figures that the compaction under the pressure
of 50MPa yielded (i) the best surface quality and (ii)
less porosity in the specimens was produced using dy-
namic compaction. This is, as stated before [13, 27] due
to the fact that during pre-compaction stage, there is
sufficient time for discharging the air trapped between
powder particles.

SEM images of pre-compacted samples fabricated
using DH and SHB, are illustrated in Figs. 5 and 6,
respectively. As the figures suggest, the porosities and
cracks of samples with pre-compaction (P = 50MPa)
(Figs. 5b and 6b) decreased compared to those in the
samples without pre-compaction (Figs. 5a and 6a).
Moreover, stronger bonds between magnesium and re-
inforcing particles along the grain boundaries are ob-
served for the samples pre-compacted at the pressure of
50MPa. This is while for the pre-compaction pressure
of 100MPa, large number of cracks, pores, and frac-
tures can be observed at grain boundaries (Figs. 5c
and 6c). Furthermore, the increase of pre-compaction
pressure from 50 to 100MPa may give rise to reduction
of sample resistance against reflected stretching waves
which cause fractures similar to those observed in the
SEM images [6].

Fig. 3. Pre-compacting effect on the quality of pure Mg samples a) Without pre-compaction, b) With pre-
compaction at 50MPa, c) With pre-compaction at 100MPa.
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Fig. 4. The microstructure of the pure Mg samples compacted, a) Without pre-compaction, b) With pre-
compaction at 50MPa, c) With pre-compaction at 100MPa.

Fig. 5. Microstructure of Mg-5vol.% SiC nanocomposite samples compacted by DH, a) Without pre-
compaction, b) With pre-compaction at 50MPa, c) With pre-compaction at 100MPa.
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Fig. 6. Microstructure of Mg-5vol.%SiC nanocomposite compacted by SHB a) Without pre-compaction, b)
With pre-compaction at 50MPa, c) With pre-compaction at 100MPa.

4.2. Relative Density

Variation of relative density for different pre-
compaction pressures and different volume fractions of
nanoparticles in sample fabricated using DH and SHB
are shown in Fig. 7. As it is observed, relative density
diminishes with the increase of nanoparticles volume
fraction. Pre-compaction increases the initial relative
density of 55% of theoretical density for nanocomposite
powder samples to 70 to 80% of the theoretical value.

As Fig. 7 implies, the samples pre-compacted at the
pressure of 50MPa are compacted more perfectly, so
their relative density may reach 99.9%. However, for
the pre-compaction pressure of 100MPa relative den-
sity reduces compared with that for the pressure of
50MPa. This agrees well with microstructural exami-
nations discussed earlier in section 4.1. Furthermore,
Relative density of the samples fabricated at different
pre-compaction pressure and compacted dynamically
under different rates of loading is shown in Fig. 8.

The Effect of Pre-compaction on Properties of Mg/SiC Nanocomposites Compacted at High Strain Rates:
19–28 24



Fig. 7. Pre-compaction effect on relative density of nanocomposites fabricated by (a) DH (b) SHB.

Fig. 8. Relative density of the samples fabricated at different pre-compaction pressure and compacted dynam-
ically under different rates of loading.

4.3. Mechanical Properties

4.3.1. Microhardness

The effect of quasi-static pre-compaction on micro-
hardness of Mg/SiC nanocomposites for various vol-
ume percentages of SiC, fabricated using DH and SHB
are presented in Fig. 9. As the figure indicates, in-
crease in the SiC nanoparticle content results in in-
crease in microhardness. The improvement in micro-
hardness is due to the increase in nanoparticle con-
tent and uniform distribution of reinforcing nanoparti-
cle phase [28]. The presence of SiC nanoparticles with
higher hardness can limit the local deformation during
compaction (hardening effect of SiC particles). The
uniform distribution of reinforcing phase can also im-

prove sample hardness due to hardness of nanoparticles
present in the structure [21, 28]. In addition, similar
trend for variation of hardness versus pre-compaction
pressure as was observed for relative density and mi-
crostructural changes can be seen in Fig. 9. The
figure shows that higher hardness is achieved in the
samples with pre-compaction. Similar results were re-
ported by Yi et al. [20]. Fig. 9 also shows that for the
pre-compaction of 50MPa, the microhardness of Mg-
10vol.%SiC samples fabricated using SHB and DH, in-
creased by 2.6% and 6.7%, respectively. This is while,
for the pre-compaction of 100MPa, microhardness of
Mg-10vol.%SiC samples fabricated using SHB and DH
decreased by 10% and 13%, respectively compared with
the same samples without pre-compaction.
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4.3.2. Compressive Strength

The stress-strain curves for Mg–10vol.%SiC nanocom-
posites fabricated using SHB at different pre-
compaction pressures are presented in Fig. 10(a). As
can be seen, the pre-compaction pressure of 50MPa re-
sults in 10% increase in compression strength while the
pre-compaction pressure of 100MPa reduces the com-
pression strength by 31%. Variation of ultimate com-
pression strength of the nanocomposite samples ver-
sus volume fraction of reinforcing particles for different
pre-compaction pressures are depicted in Fig. 10(b).
As it is seen, regardless of the volume percentages of
SiC particles, by increasing the pre-compaction pres-
sure from 0 to 50MPa the ultimate strength improves
in average by10%. This is while by increasing the pre-
compaction pressure from 50 to 100MPa the ultimate

strength reduces by around 31%.
Fig. 11(a) shows the stress–strain curves of

Mg-5vol.%SiC fabricated by DH at different pre-
compaction stresses. As can be observed, the pre-
compaction pressure of 50MPa results in around 7%
improvement in compression strength while increas-
ing the pre-compaction pressure to 100MPa leads to
around 17% decrease in compression strength.

Finally, variation of ultimate compression strength
for nanocomposite samples fabricated by DH versus
volume percentages of SiC particles for different pre-
compaction pressures is presented in Fig. 11(b). As
the figure suggests, by increasing the pre-compaction
pressure from 50 to 100MPa ultimate strength reduces
by around 17%. The reasons for this reduction are the
same as those explained in sections 4.1 and 4.2.

Fig. 9. The effect of pre-compaction on microhardness of nanocomposites fabricated by; a) DH, b) SHB.

Fig. 10. The effect of pre-compaction on ultimate compressive strength of nanocomposites fabricated by SHB.
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Fig. 11. The effect of pre-compaction on relative density of nanocomposites fabricated by DH.

5. Conclusions

It seems that there is an optimum for the pre-
compaction pressure. This optimum varies depending
on the type of matrix, reinforcing particles, and com-
paction loading rate and must be determined for each
different case. However, for the nanocomposite studied
in this work, Mg/SiC, the following conclusions may be
derived:

1. Microstructural examinations revealed that the
pre-compaction pressure of 50MPa caused less
pores compared to the 100MPa pre-compaction
pressure.

2. The pre-compaction pressure of 50MPa improved
the relative density of the samples produced un-
der dynamic loading by around 0.7% while for
the pressure of 100MPa, relative density reduced
by nearly 1.8%.

3. The hardness of the samples pre-compacted at
the pressure of 50MPa, increased by 6.7% while
the microhardness of the samples pre-compacted
at 100MPa decreased by 13%.

4. The pre-compaction pressure of 50MPa resulted
in 7 and 10% increase in ultimate strength of
samples fabricated using DH and SHB, respec-
tively. The ultimate strength of the samples pro-
duced using the pressure of 100MPa reduced by
around 17 and 24%, for the samples produced by
DH and SHPB, respectively.
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