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Abstract: Magnesium has wide application in industry. The main purpose of this investigation was to improve the properties of magnesium by re-
inforcing it using B,C nanoparticles. The reinforced nanocomposites were fabricated using a powder compaction technique for 0, 1.5vol%, 3vol%,
5vol%, and 10vol% of B,C. Powder compaction was conducted using a split Hopkinson bar (SHB), drop hammer (DH), and Instron to reach dif-
ferent compaction loading rates. The compressive stress—strain curves of the samples were captured from quasi-static and dynamic tests carried out
using an Instron and split Hopkinson pressure bar, respectively. Results revealed that, to achieve the highest improvement in ultimate strength, the
contents of B4,C were 1.5vo0l%, 3vol%, and 3vol% for Instron, DH, and SHB, respectively. These results also indicated that the effect of compac-
tion type on the quasi-static strength of the samples was not as significant, although its effect on the dynamic strength of the samples was remark-
able. The improvement in ultimate strength obtained from the quasi-static stress—strain curves of the samples (compared to pure Mg) varied from
9.9% for DH to 24% for SHB. The dynamic strength of the samples was improved (with respect to pure Mg) by 73%, 116%, and 141% for the
specimens compacted by Instron, DH, and SHB, respectively. The improvement in strength was believed to be due to strengthening mechanisms,

friction, adiabatic heating, and shock waves.
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1. Introduction

Magnesium and its alloys are attractive in automobile
and aerospace industries due to their light weight and low
fuel consumption. However, its low corrosion resistance and
relatively poor mechanical properties have restricted its ap-
plication in industry [1]. Therefore, attempts have been made
to improve the properties of magnesium by reinforcing it
with nanoparticles, such as SiC and B,C. The literature in-
dicates that mechanical properties of magnesium-based
nanocomposites reinforced by ceramic nanoparticles can be
improved without losing their malleability [2]. The main
challenge in adding nanoparticles is clustering that occurs,
leading to nonuniform distribution and agglomeration of
particles in the metal matrix. This phenomenon can be con-
trolled by a proper sintering procedure and using ultrasonic
vibrations [3]. Various methods, including ultrasonic cavita-
tion-assisted solidification [4], in-situ sintering [5], in-situ in-
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tercalation [6], in-situ polymerization [7—8], etc., can be used
to fabricate nanocomposites. Also, there are several methods
for fabrication of magnesium alloys reinforced by nano-
particles, the most common being powder metallurgy [9], hot
extrusion [10], cold press, and normal sintering [11].
However, the powder metallurgy technique is believed to be
simpler than the other approaches, thereby resulting in its
widespread use in industry [9]. This technique may be used
under quasi-static conditions, which often requires hot sinter-
ing after or during the fabrication process. Composite mater-
ials can also be manufactured through high velocity compac-
tion (HVC) techniques using dynamic methods or shock-
wave consolidation. The main advantage of these methods is
that they often (though not always) eliminate hot sintering
from the production cycle. HVC methods often use explo-
sion or gas pressure in order to accelerate a projectile or the
impact of a drop hammer (DH) in order to compact powders.
The mass of dropping hammer varies from 5 to around 1200
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kg, and the impact velocity also varies between 2 and 30 m/s
[12]. Unlike the common quasi-static methods, dynamic pro-
cesses make it possible to create the high local and instantan-
eous temperatures needed for formation of metallurgical
bonds between particles while keeping other areas at a low
temperature. Therefore, dynamic compaction techniques can
minimize microstructural changes, including clustering and
grain growth, which may occur at elevated temperatures [13].
Farughi et al. [14] used underwater shockwaves to produce a
Mg-SiC composite. Majzoobi et al. [15-16] and Rahmani
et al. [17] also used dynamic equipment for compacting
nanocomposites. Several studies have been reported on the
effects of B,C particles on the mechanical properties of Mg
in the literature. Jiang er al. [18] investigated the fabrication
of B,C particulate-reinforced Mg using powder metallurgy
(P/M). They reported improvement in the hardness of Mg re-
inforced by 10vol% to 15vol% B,C. Aydin et al. [19] stud-
ied the effect of nano- and micro-sized B,C reinforcement on
the mechanical properties of Mg—B,C nanocomposite using
powder metallurgy. They showed that the reinforcements
could improve the mechanical properties of Mg-B,C com-
posites. Aatthisugan et al. [20] produced AZ91D-B,C com-
posites using the stir casting method. They reported im-
provement in the hardness of AZ91D-B,C samples. Ke-
vorkijan and Skapin [21] studied the tensile and hardness be-
havior of compacted Mg-B,C composite and showed that re-
inforcement could improve the tensile and hardness of the
composites. Yao et al. [22] also investigated the hardness be-

havior of B,C-reinforced Mg-matrix composites fabricated
by the metal-assisted pressureless infiltration technique.

In this study, Mg-B,C nanocomposites were fabricated
using three methods including: (1) hot dynamic compaction
using split Hopkinson bar, (2) hot dynamic compaction us-
ing a DH, and (3) hot quasi-static compaction using Instron.
Furthermore, the effects of the content of reinforcing nano-
particles on the strength of Mg-B,C nanocomposites under
different loading rates (quasi-static and dynamic) were in-
vestigated.

2. Experimental
2.1. Materials

The aim of this study was to strengthen magnesium
powder using boron carbide nanoparticles (B,C nano-
particles with an average size of 45 nm and spherical mor-
phology) with a purity of 99.99%. Previous investigations
have indicated that the particles with an average size <100
pum and an irregular morphology may yield higher density
[11]. Therefore, the magnesium powder with a particle size
between 75 and 150 pm, purity of 99.5%, and irregular mor-
phology was purchased from Merck Co., Ltd., Germany. Fig. 1
shows the scanning electron microscopy (SEM) images of
the magnesium powder at two different magnifications. As
can be seen, the particles had an irregular morphology with a
particle size of approximately 100 pm. Fig. 2 shows the SEM
image of the nanosize B,C nanoparticles.

Fig. 1. SEM micrographs of Mg particles at two magnifications.

In order to prevent clustering of nanoparticles and reach
a uniform particle distribution, an ultrasonic process was em-
ployed to disperse the B,C nanoparticles in the matrix. To do
this, after manually mixing the desired amounts of nano-
particles (0, 1.5vol%, 3vol%, 5vol%, and 10vol%) with the
magnesium powder in a glovebox, ethanol was added to the
mixture. The mixture was then placed in an ultrasonic bath
for 20 min. In the next step, the mixture was dried in an oven
at 323 K. 35 g of the mixed powder was then combined with

0.5wt% stearic acid in a planetary ball mill with a 125 mL
compartment for 1 h under an argon atmosphere. Table 1
shows the milling conditions and properties of the powders
used in the experiments.

2.2. Fabrication method for Mg—B,C nanocomposites

In order to produce the nanocomposite samples, hot
quasi-static compactions were conducted using an Instron
testing machine at a strain rate (¢) of 8 x 10~ s™". Hot dy-
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500 nm

Fig.2. SEM micrograph of B,C nanoparticles.

namic compactions were carried out using a drop hammer
and a split Hopkinson bar at strain rates of 8 x 10 and
1.6 x 10° s™', respectively [23—24]. In this study, the samples
fabricated using Instron, drop hammer, and split Hopkinson
bar are denoted as Instron, DH, and SHB, respectively. The
flowchart of the test program is illustrated in Fig. 3.

Int. J. Miner. Metall. Mater., Vol. 27, No. 2, Feb. 2020

2.2.1. Quasi-static compaction using Instron

In order to investigate the effect of compaction rate, at
the beginning, a mixture of powders was prepared under
quasi-static compaction through hot press at a strain rate of
8 x 107 s! using an Instron testing machine (Fig. 4(a)). Be-
fore starting the quasi-static compaction process, it was ne-
cessary to determine the optimal compaction pressure to
achieve the highest possible densification. As a result, differ-
ent parameters, including pressure and pressure duration and
their effects on compaction, were investigated. To do this, 8
pure Mg samples were compacted at 723 K under pressures
of 300 and 600 MPa and for durations of 5, 15, 25, and
35 min. Results showed that the pressure of 600 MPa in-
creased stress level in the die without significantly affecting
the quality of samples. The time histories of relative density
for the two different compaction pressures are shown in Fig.
4(b). Results revealed that a pressure of 600 MPa, applied for
25 min, yielded the highest relative density. In order to pre-
vent the formation of pores in the samples during cooling,
the applied pressure continued until the temperature of the
sample reached below 573 K [25].

Table 1. Specification of the powders used and milling conditions

Milling velocity /  Milling B,C/ Particle size Ball-to-powder  Ball size / Stearic acid/ Particle size of
(r'min™") time / h vol% of Mg / um mass ratio mm wt% B4C/nm
200 1 0,1.5,3,5,10 100-150 30:1 10 0.5 45

Powder compaction of Mg—B,C at 723K

Quasi-static compaction using
Instron
£=0.008s7!

Dynamic compation using
drop hammer
£=800s"

Dynamic compation using
split Hopkinson bar
£=1600s"

Dynamic compaction test using
split Hopkinson pressure bar
£=1600s"

Quasi-static compaction test using
Instron
£=0.008 s

Stress—strain curve and
ultimate strength
measurement

Fig. 3. Flowchart of the test program.

2.2.2. Dynamic compaction using a DH

As stated above, a DH was used for dynamic compac-
tion of nanocomposite powders in this work. The impact en-
ergy necessary to compact nanocomposite powder was sup-

plied by a mechanical DH with the energy of 2 kJ. This en-
ergy was generated by dropping a 60 kg weight from 3.5 m
height and was calculated based on the kinetic energy for-
mula £ = MV?/2 for the impact velocity of 8 m/s obtained
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Quasi-static hot pressing machine and quasi-static compaction experimental results: (a) Instron testing machine; (b) vari-

ations in relative density vs. time for two different compaction pressures.

from free fall formula V = /2gh (Fig. 5). It was observed
that 2 kJ was the best energy for producing the samples. In-
creasing the energy to approximately 7.3 kJ created cracks
and damaged the samples. More details on the mechanism of

the DH and powder compaction process have been pub-
lished [15].

Fig. 5. Schematic view of the mechanical drop hammer.

2.2.3. Dynamic compaction using a split Hopkinson bar

A schematic view of the split Hopkinson bar is presen-
ted in Fig. 6. Due to the impact energy delivered from the
striker to the input bar, the powder was compacted between
two bars inside the die. The internal and external diameters
of the die were 15 and 60 mm, respectively, and its length
was 70 mm. The punch had a diameter of 15 mm and a
length of 38 mm, and two disks with a thickness of 5 mm
and a diameter of 15 mm were placed above and below the
powder. Details of the operation of the split Hopkinson bar
and powder compaction mechanism have been reported by
Rahmani et al. [17]. The impact velocity of the SHB was
measured to be 15.5 m/s using a slotted switch-type velocity

Gas-gun vessel Absorbing plate
f/’,_|\ S
-| I e L
— 7 y=i=ay, %

Output bar

Fig. 6. Schematic view of the split Hopkinson bar (SHB) ar-
rangement.

sensor. This velocity created a strain rate of 1.6 x 10’ s™' and
kinetic energy of 3.6 kJ, which was sufficient for compact-
ing the powder in the die [17]. This level of kinetic energy
for compacting nanocomposite powders was determined by
trial and error.

Fig. 7 shows the die and punch used to compact the
nanocomposite powders. The internal diameter (D) of the die
is 15 mm and the height (H) of the compacted specimen is
12 mm. Details of the die have been reported by Rahmani
et al. [17]. All compaction processes were carried out at
723 K using a 1200 W ceramic heating element. This tem-
perature was close to the sintering temperature of magnesi-

Tablet—
Powder—

Tablet—

. Cap

Fig. 7. Schematic views (a) and final design (b) of the punch
and die for compaction of the powder.
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um, which is equal to 75% of the melting point of the metal
[26]. 3.5 g of the powder, with density of approximately 55%
of theoretical density, was used for compaction. The quality
of the nanocomposite mixture was examined using SEM.
Further details on the design of the die have been reported by
Rahmani et al. [17].

3. Compression test at different strain rates
3.1. Quasi-static compression test

In order to investigate the compressive strength of the
compacted samples, uniaxial compression tests were carried
out at room temperature and at a strain rate of 0.008 s us-
ing an Instron testing machine.

3.2. Dynamic compression test

A split Hopkinson pressure bar (SHPB) was used to ob-
tain the stress—strain curves of the materials at high strain
rates (100—-10000 s™) [27]. In this test, the sample was com-
pressed between two long bars made from high strength ma-
terials. The SHPB apparatus used in this investigation, the
waves propagated in the input and output bars, and the speci-
men mounted between the two bars is shown in Fig. 8. As
can be seen in the figure, three transmitted (g(7)), incident
(&(1)), and reflected (g(7)) elastic waves propagated inside the
bars as a result of the impact.

The stress, strain, and strain rate of the sample based on
the measured transmitted and reflected pulses were calcu-
lated using the relations [27]:

o) = E4e()

S

)= 0 [ yar ()
0
oo de(t) _ _ Cole®) ~ &i(0) + & (0]
dr Ls

(b)
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where A, E, and C, are the cross-sectional area, elastic mod-
ules, and sound speed of the bars, respectively, while L, and
A are the length and cross-sectional area of the sample, re-
spectively. The dynamic tests were carried out at striker ve-
locities of 14 to 16 m/s. Based on the sample length (10—
12 mm), the strain rate calculated using Eq. (1) was approx-
imately 1600 s .

4. Results and discussion

Ultimate strength was measured from the stress—strain
curves of the compacted samples obtained by experiment.
The effect of compaction type and strain rate on the ultimate
compressive strength (UCS) is investigated in this section.

4.1. Morphology of nanocomposite powders

Fig. 9 shows the SEM images of a magnesium particle
after mixing and milling with B,C reinforcement particles at
different magnifications. Fig. 9(a) shows the SEM image of
the Mg—5vol%B,C nanocomposite powder. Fig. 9(b) illus-
trates the distribution of reinforcement particles on the mag-
nesium particles.

4.2. Quasi-static compressive tests

Fig. 10 shows the quasi-static stress—strain curves of the
samples fabricated using the split Hopkinson bar (SHB), DH,
and Instron. As can be seen, the B,C particles have resulted
in significant improvement in the compressive strength of the
nanocomposites. Fig. 10(a) indicates an approximate 75%
improvement in the UCS of the samples fabricated using the
SHB. Improvement was due to the hardness of the nano-
particles and a layer of magnesium oxide (MgO), which has
covered the grains and acted as a reinforcement phase [23].
Furthermore, some strengthening mechanisms, such as

—>c

& eI &

Incident bar Transmitted bar

©

l Output bar Specimen Input bar

Fig. 8. SHPB apparatus (a), wave propagation in the input and output bars (b), and the specimen mounted between the two bars (c)

used in this investigation.
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Fig. 9.

SEM images of a magnesium particle after mixing and milling with B,C reinforcement particles at different magnifications:

(a) Mg—5vol%B,C nanocomposite powder; (b) distribution of the reinforcement particles on the magnesium particles.

Orowan and thermal mismatch (The large ratio between the
thermal expansion coefficients of Mg (28.4 x 10° K™') and
B,C (4.4 x 10° K") induces an increased dislocation dens-
ity) [28-29] have resulted in formation of dislocations that, in
turn, have led to increased strength. Based on this mechan-
ism, compressive strength was dependent on particle size and
uniformity of the particle distribution. Thermal mismatch
was also responsible for the increase in the strength of the
nanocomposites with increasing nanoparticle volume frac-
tion [23]. As can be seen in Fig. 10(a), the highest strength

was obtained for the SHB samples with 3vol% of reinforce-
ment particles, while a further increase in content of the nan-
oparticles led to a reduction in strength. The reduction in
flow stress for higher contents of nanoparticles could have
been due to the higher number of pores in the samples. Fig.
10(b) shows the static stress—strain curves of the samples
fabricated using the DH. As can be seen, the UCS increased
by 93% for the contents of 3vol% of the nanoparticles. High-
er contents gave rise to a decreased UCS. Therefore, the
highest compressive strength was achieved for nanocompos-
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Fig. 10. Compressive stress—strain curves of pure Mg and Mg-B,C nanocomposite samples fabricated by (a) SHB, (b) DH, and (c)

Instron.
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ites reinforced by a content of 3vol% volume fraction of B,C
compacted at 723 K. Fig. 10(c) shows the stress—strain
curves for the samples fabricated using the Instron testing
machine. The figure suggests that the UCS increased with in-
creasing B,C content up to 1.5vol%, after which the com-
pressive strength began to decrease. Therefore, optimal com-
pressive strength could be achieved for nanocomposites rein-
forced by the content 1.5vol% of B,C compacted at 723 K.
The differences among the optimum B,C contents obtained
from the three different compaction devices could have been
due to the different distributions of reinforcement particles
and bonds between particles by the three methods. The lower
compressive strength of the samples fabricated using Instron
compared to the other two devices could have been due to
lower melting and weaker bonds between the matrix and re-
inforcement particles in the samples produced by the Instron
testing machine. The weaker bonds were due to insufficient
local heating in the quasi-static compaction. Similar results
have been reported by Sankaranarayanan et al. [30].
Maximum compressive strength and yield stress of the
Mg-B,C nanocomposites fabricated using different methods
and obtained from Fig. 10 are illustrated in Fig. 11. As the
figures indicate: (1) adding B,C nanocomposites resulted in

400 (a) o Yiled compressive stress

m Ultimate compresive stress

3 5

N W W
O W
oS o O

Compressive strength / MPa
[3®)
S
(=)
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an increased UCS and yield strength; (2) there was an optim-
um for the B,C content beyond which the strength properties
of the Mg-B,C nanocomposites began to decline; (3) optim-
um contents were 1.5vol%, 3vol%, and 3vol% for Instron,
DH, and SHB, respectively; (4) compressive strength im-
provements were 124%, 93%, and 75% for Instron, DH, and
SHB, respectively.

Data and results were analyzed using a simple rule of
mixtures for the composites. In this analysis, the yield stress
oy could be estimated using the following relation [31]:

Oy =0mVm+0osVs 2)

where o, and o are the yield stress of the matrix and the
second phase, respectively, which are estimated from hard-
ness, and Vy, and V; are the volume fractions of the matrix
and second phase, respectively. The highest yield stress was
obtained for the Mg—3vol%B,C nanocomposite fabricated at
723 K using SHB (around o, = 230 MPa). This stress, which
was obtained from the quasi-static stress—strain curves (Fig.
10(a)), agreed well with the estimations from the rule of mix-
tures and the Tabor equation (g, = 225 MPa).

Compressive strengths of the Mg-B,C nanocomposites
produced using the three devices are illustrated in Fig. 12. As
the figure suggests, the compressive strengths of the samples

350 (b) OYiled compressive stress

= Ultimate compresive stress

il

B,C content / vol%

—_ —_ (3] [Se] w
(=1 W (=] [ (==Y
S (=3 S [= S
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501
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O 50+
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Fig. 11. Ultimate compressive strength and yield stress of the compacted Mg—B,C nanocomposite samples fabricated by (a) SHB, (b)

DH, and (c) Instron.
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Fig. 12.  Ultimate compressive strength of the compacted
Mg-B,C nanocomposite using different compaction methods.

fabricated using the SHB were higher than those of the
samples fabricated using the DH and Instron. As can be seen
in the figure, the highest compressive strength was obtained
for the Mg—3vol%B,C sample produced using the SHB,
which was 13% and 33% higher than those obtained using
the DH and Instron, respectively.
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4.3. Dynamic compression tests

Dynamic compression tests were carried out on the
samples fabricated by SHB, DH, and Instron using the split
Hopkinson pressure bar. Test specimens had a diameter of 15
mm and a length of 12 mm. Each compression test was re-
peated three times to ensure test repeatability. The dynamic
compression stress—strain curves of the nanocomposites fab-
ricated using the three different devices are presented in
Fig. 13. Again, and similar to the quasi-static results, the
maximum dynamic strength occurred for the 3vol%, 3vol%,
and 1.5vol% B,C for the samples fabricated by SHB, DH,
and Instron, respectively. The highest improvement in dy-
namic strengths, as compared with that of pure Mg, was
61%, 87%, and 90% for SHB, DH, and Instron, respectively.

Variation in UCS versus B,C nanoparticle content at the
strain rates of 0.008 s™' (denoted by LS) and 1600s™" (de-
noted by HS) is shown in Fig. 14. As the figure suggests, the
compressive strength was influenced by the type of compac-
tion (SHB, DH, or Instron) and the compression test velocity
(strain rate). The figure clearly shows that the highest im-
provement was obtained for the compaction using SHB. The
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Fig. 13. Comparison among the compressive stress—strain curves of the samples fabricated by (a) SHB, (b) DH, and (c) Instron at the

strain rate of 1.6 x 10° s using SHPB.
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Fig. 14. Variation in ultimate compressive strength vs. B,C
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figure also suggests that the highest strength for the SHB
compacted samples was obtained at the high strain rate us-
ing SHPB.

Variation in UCS versus B,C nanoparticle content at
strain rates of 0.008 and 1600 s is shown in Fig. 15. Com-
pressive strength obtained from the quasi-static and split
Hopkinson pressure bar compression tests for the samples
compacted by Instron, DH, and SHB are given in Table 2.
The table clearly shows the influence of the compaction
method and compression test speed (strain rate) on the ulti-
mate strength of the samples. Values in the third column are
the improvements in UCS for the optimum B,C content,
which was 1.5vol% for the Instron compaction method and
3vol% for the DH and SHB compaction devices with re-
spect to the ultimate strength measured from the quasi-static
compression tests and compacted by the Instron testing
device (282 MPa). As the table suggests, the improvement in
quasi-static strength of the compacted samples was not as
significant, and varied from 9.9% for the DH device to 24%
for the SHB (the third column of Table 2). However, the ef-
fect of the compaction type on the dynamic strength of the
samples was remarkable, so that the improvements in dy-
namic UCS with respect to the Instron strength (282 MPa)
were 73%, 116%, and 141% for the specimens compacted by
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Fig. 15. Variation in ultimate compressive strength vs. B,C
nanoparticle content at the strain rates of 0.008 and 1600 s™".

Instron, DH, and SHB, respectively (the fifth column in
Table 2).

The sixth column in Table 2 represents the improvement
in the ultimate strength obtained from the split Hopkinson
pressure bar compression test for each compaction method.
For example, the ultimate strength of the specimens com-
pacted by SHB increased from 350 MPa for the quasi-static
compression test to 680 MPa for the split Hopkinson pres-
sure bar tests, an improvement of approximately 94%. As
can be seen, this improvement was 73%, 96%, and 94%, for
Instron, DH, and SHB compaction devices, respectively.

4.4. SEM examinations

The presence of hard and rigid particles in a soft matrix
reduces the pressability of materials. This reduction in press-
ability increased with increasing reinforcing phase [32].
Fig. 16 shows the SEM images and porosity of the samples
created using the SHB, DH, and Instron at 723 K for differ-
ent contents of B,C nanoparticles. As can be seen from the
images, the increase in the content of B,C particles resulted
in an increase in the number of pores in the samples. Fur-
thermore, the images clearly show that the porosity of the
compacted specimens decreased with increasing strain rate.

Figs. 16(e) and 16(f) clearly show large pores and imper-
fect compaction in the samples fabricated quasi-statically us-

Table 2. Compressive strengths obtained for various compaction methods and compression strain rates for the optimum B,C con-
tent
Compacti  Quasi-static UCS improvement Split Hopkinson pressure Improvement in dynamic UCS Improvement in dynamic

on strength (0.008 with respect to quasi- bar strength (1600 s™") /

with respect to the UCS with respect to the

method s )/ MPa static MPa Instron strength quasi-static UCS
Instr

nsLSon, 282 — 490 73% 73%
DH, LS 310 9.9% 610 116% 96%
SHB, HS 350 24% 680 141% 94%
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Mg-5vol%B,C

Mg—5vol%B,C

Porosity and crac

Fig. 16. SEM micrographs of the specimens compacted using (a, b) SHB, (c, d) DH, and (e, f) Instron.

ing Instron. Figs. 16(e) and 16(f) also demonstrate that the
size of the pores and their distances decreased by changing
the compaction device from Instron to SHB. Furthermore,
many of the pores and grain boundaries disappeared in the
samples compacted by the SHB compared to the samples
compacted by Instron or the DH. This implied that compac-
tion using the SHB gave rise to a perfect sintering largely
due to the adiabatic temperature rise from the friction
between the particles. This was induced by the high impact
energy transferred to the particles. This energy caused high
velocity relative movements of the particles with respect to
each other and high rates of deformation at the particles sur-

faces. The energy, in fact, produced large strain rates and,
therefore, the process was considered as adiabatic, i.e., the
energy converted to heat did not have enough time to dissip-
ate, generating internal heat brings with the local temperat-
ure rise in the powder, and softening the particle surfaces, a
phenomenon known as thermal softening. On the other hand,
the friction due to the movement of the particles accelerates
the localized temperature rise that, in turn, caused plastic de-
formation and softening of the surface layer of the particles.
This phenomenon improved the bonding between the
particles and brought about a further increase in consolida-
tion [12].
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There could have been two reasons for the perfect com-
paction obtained using the SHB. The first was that two areas
of the specimen underwent high local pressure: the surface of
the powder particles, which was affected by back and forth
waves, and the area affected by the shock transfer from the
high impedance striker to the punch, which was aligned with
the low impedance powder [33]. The high stress waves
caused cracks, cavities, and pores, and produced low-porous
and high-densified compaction. Of course, it was evident
from the elementary impact mechanics that some incident
and transmitted waves reflected in tensile mode, which, in
turn, created new pores and cracks [34].

The second reason for the relatively high compaction
was friction and adiabatic heating. Meyers ef al. [35] invest-
igated different phenomena resulting from shockwave com-
paction including aggregate and inter-particle plastic deform-
ation, friction, and local melting between particles. They
stated that all these parameters act together at the same time.
For instance, kinetic energy generated due to fast movement
and deformation of the powders can lead to adiabatic heat-
ing and local melting and sintering, while the friction among
powder particles can increase mechanical bonding among
powder particles. Furthermore, the adiabatic heat created
during impact compaction can increase the local temperature
of the powder’s surface, resulting in softening of the surface
and facilitating mechanical bonding [36]. Meyers [37] also
reported that dynamic compaction has a higher dislocation
density compared to quasi-static compaction methods.

5. Conclusions

Mg—-B,C nanocomposites were produced through hot
compaction technique using 0, 1.5vol%, 3vol%, 5vol%, and
10vol% B,C nanoparticles at a temperature of 723 K using
SHB, DH, and Instron testing. Stress—strain curves of the
compacted samples were captured under quasi-static and dy-
namic loadings using Instron and a split Hopkinson pressure
bar, respectively. The results revealed that:

(1) There was an optimum for the B,C content to achieve
the maximum improvement in ultimate compressive strength
for the nanocomposite samples. Optimum contents for the
samples produced by Instron, DH, and SHB were 1.5vo0l%,
3vol%, and 3vol%, respectively. Compressive strength im-
provements (with respect to the strength of pure Mg) ob-
tained from the quasi-static stress—strain curves for the
samples produced by Instron, DH, and SHB were 124%,
93%, and 75%, respectively.

(2) Effect of compaction type on the ultimate strength
obtained from the quasi-static stress—strain curves of the
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samples was not as significant, and only varied from 9.9%
for DH to 24% for SHB, relative to that for quasi-statically
compacted specimens reinforced by the optimum B,C con-
tent.

(3) Effect of compaction type on the dynamic strengths
of the samples was remarkable so that the strengths were im-
proved (with respect to strength of the quasi-statically com-
pacted specimens reinforced by the optimum B,C content) by
73%, 116%, and 141% for the specimens compacted by In-
stron, DH, and SHB, respectively.

(4) Improvement in strength is believed to have been due
to strengthening mechanisms including the Orowan mechan-
ism and the increase in dislocation density due to the thermal
mismatch phenomenon, friction, adiabatic heating, and shock
waves created by the SHB.
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