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Accepted 20 September 2018 of the samples was investigated in this work. The compaction process was
performed at the temperature of 723K. The results showed increase in the wear
Keywords: resistance as the nano reinforcement increased. The results also indicated that
SiC as the reinforcement content increased to 10 vol%, the weight loss reduced
Nanocomposite approximately by 63%, 58%, and 35% for the samples fabricated by SHPB,

drop hammer, and quasi-static hot pressing, respectively. The results also
suggested that the wear rate of samples fabricated by SHPB was nearly 40%
lower than that for quasi-statically fabricated samples and non-reinforced
samples.
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1. Introduction are typical examples of techniques in which the com-
paction loads are applied quasi-statically. High rate
of compactions [13, 14] are accomplished through dy-
namic loading or shock wave loadings [15]. In lat-
ter techniques, some devices like dropping hammer

Particulates reinforced Mg matrix composites (MMCs)
have increasingly found application in aerospace and
automotive industries. Concurrent demands on high
wear resistance and weight reduction in automotive in- Ot eXplosive-compressed gas accelerated projectile are
dustries have motivated researchers to perform various 1sed for compaction. The main advantage of high rate

studies on MMCs [1-7]. The literature suggests that consolidation methods is that hot sintering is primar-
ily not necessary for compaction. In exchange, the im-

the wear resistance and strength of Mg and its alloys i ]
pact energy usually supplies the high local tempera-

can be enhanced by reinforcing them with ceramic par-

ticles, such as Al,O3, SiC, MgO, TiC, B4C, TiBs, and ture rise at the powder particle interfaces which is ad-
7n0 ,[8] ’ ’ ’ ’ ’ ’ equate for local metallurgical bonding. Therefore, dur-

ing dynamic compaction, the microstructural changes
like grain coarsening and particles aggregation can be
minimized [16].

In most powder metallurgy (PM) techniques, the
compaction is performed quasi-statically whereas in
some cases the compaction is carried out at high rate
of loading. Hot pressing [9], hot isostatic pressing Several researchers such as Thakur et al. [17]
[10], and mechanical milling, and hot extrusion [11, 12] and Francis et al. [18] have studied quasi-static com-
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paction. Jiang et al. [19] investigated the feasibility
of the fabrication of B4C particulates reinforced Mg
by powder metallurgy (PM) technique. Wang et al.
[20] and Yan et al. [21] also applied impact energy for
compaction of powder materials. Faruqui et al. [22]
produced Mg-SiC composites using mechanical milling
and underwater shock consolidation. Atrian et al. [23]
presented a comparative study on dynamic compaction
and quasi-static hot pressing for fabrication of A17075-
SiC nanocomposite. Majzoobi et al. [24] also produced
Al7075-B4C composite by some techniques with vari-
ous densification rates [23, 25].

There are several studies on the effects of SiC par-
ticles on the wear properties of Mg and its alloys. For
example, Lim et al. [3] reported slight improvement
in the wear resistance of AZ91 alloy reinforced with
8 vol% SiC (particle size of 14um) under the load of
10N. Thakur and Dhindaw [2] also obtained that well-
dispersed SiC particles may lead to higher wear resis-
tance and lower friction coefficient (FC) in Al and Mg
metals. Similar results were also presented by Lim et
al. [3]. Further improvement of tribological properties
encouraged some researchers to incorporate nano rein-
forcements into pure Mg [4, 5]. Mondal and Kumar [26]
observed decreased wear rate of AE42 Mg alloy hybrid
composites reinforced with Saffil short fibers and SiC
particles in comparison to the Saffilnshort fibers rein-
forced composite and unreinforced alloy. Umeda et al.
[7] showed that carbon nanotubes (CNTs) and SiOq
reinforcements could improve the wear tolerance and
decrease the friction coefficient (FC) of hybrid com-
posites. Majzoobi et al. [27] also studied the tribologi-
cal properties and the wear mechanisms of dynamically
compacted Al7075-SiC nanocomposite. In the current
investigation, Mg-SiC nanocomposite was produced at
high rate of loading using a SHPB and a drop hammer
and at low rate of loading using an Instron univer-
sal testing machine. The main objective in this work
was to explore the tribological properties and the wear
mechanisms in the samples produced at various rate of
loading.

2. Experiments

2.1. Materials and Fabrication of Samples

In this study, Mg powder with purity of 99.5% with
particle size of 100 m (regular morphology) was used
as matrix and SiC powder with purity of 99% and par-
ticle size of 75nm (spherical morphology) was used as
reinforcing phase. Further information can be found
in [13] and [14]. The specimens were produced using
the SHPB and drop hammer (DH) described in the
references [13] and [14], respectively. In order to inves-
tigate the effects of nanoparticle content, cylindrical
nanocomposite samples (with diameter of 15mm and
length of 11-12mm) with 0, 1.5, 3, 5 and 10% volume
fraction of SiC were produced at the temperatures of
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723K. The procedure of producing the samples can be
found in [27] and [28].

2.2. Quasi-static Hot Pressing

Nanocomposite powder was hot pressed quasi-
statically using an INSTRON universal testing ma-
chine. In order to have a proper compaction, it was
required to calculate the optimum duration and the
level of the pressure necessary to obtain the maximum
density [23]. To do this, eight pure Mg specimens were
produced at 723K and under the pressures of 300 and
600MPa for 5, 15, 25, and 35min time duration.

Fig. 1 illustrates the effect of pressure level and
time duration on the density. As the figure suggests,
the pressure of 600MPa gives the higher density and
consequently, this pressure and its corresponding time
duration (25min) were selected to produce the pure
samples with 0-10 vol% SiC content.
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Fig. 1. Density-time histories for two compact pres-
sure.

Therefore, the compaction tests were carried out
at the rate of 5mm/min that corresponds to a strain
rate of around 8.0x1073s~!. To prevent from forma-
tion of void and pore, the pressure was released when
temperature dropped below 573K [23].

2.3. Dynamic Compaction Using Drop Ham-
mer

A mechanical drop hammer [14] was used for dynamic
compaction of nanocomposite powders. The schematic
view of the device is depicted in Fig. 2a. In this
device, a 60kg weight is dropped from the height of
3.5m and hits the specimen at an impact velocity of
around 8m/s (based on v = /2gh equation). This
impact speed corresponds to a strain rate of around
0.8x1073s~!. The dropping hammer delivers around
2kJ energy (E = Muv?/2) to the powder for com-
paction. As mentioned earlier, the compaction was
performed at the temperature of 723K. Further details
can be found in [14].
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Fig. 2. The schematic views of (a) The drop hammer and (b) The die.

The schematic view of the die is shown in Fig.
2b. The die and the punch were made of Mo40
(1.7225) and VCN150 (1.6582) steel, respectively to re-
sist against thermal and impacting loads. Two tablets
(5mm length) of VCN150 steel were also mounted on
top and beneath of powder to reduce the spring-back
and to preserve the surface quality of the compact

The required temperature (maximum about 450°C)
was supplied by a 1200W furnace. The impact on the
powder was accomplished when the powder temper-
ature reached a steady state. After compaction, the
samples were ejected out of the die and were cooled at
ambient temperature.

2.4. High Rate Compaction Utilizing SHPB

The high rate compactions were carried out utilizing a
SHPB set up. Fig. 3 schematically depicts a SHPB,
which consists of three bars; striker, incident (input),
and transmitter (output). The input and output bars
in the current research had a diameter of 40mm, length
of 3m, and were made of a high strength steel alloy
(Maraging steel) with an ultimate strength of about
1600MPa. In this set-up, mechanically milled Mg-SiC
powder was poured in a die which had been mounted
between the input and output bars of the SHPB. The
set up geometry, its components and the compaction
procedure are fully described in [13]. The compaction
temperature was 723K for all experiments. The reason
is explained in [13].

2.5. Characterizing Tests

To evaluate the effects of processing techniques, as well
as the SiC reinforcement content on the samples hard-
ness, the Vickers microhardness of compacted sam-

(U]

ples was measured. For microhardness measurement,
a 100gf for 15s was applied to the specimen using a
tetragonal indenter [29].
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Fig. 3. The schematic view of the Split Hopkinson
set-up with loading tool.

Dry sliding wear tests were performed utilizing a
pin-on-disc test device shown in Fig. 4 according to
ASTM G99 [30]. A pin-on-disc instrument was used
to evaluate the wear loss as well as the friction coef-
ficient. To this end, the compacted specimens with
15mm diameter were placed in a 30mm diameter disk-
shape container. Before each test, the pin and sample
surface were cleaned with acetone. All the tests were
done on various applied loads of 10 and 20N with slid-
ing speeds of 0.09m/s. To have a deeper insight into
the matter, the wear tests were performed for two vari-
ous sliding distances of 250 and 500m. After each test,
the specimen and pin were cleaned with organic sol-
vents to remove traces. The sample was weighted (ac-
curacy of 0.1mg) before and after testing to determine
the amount of wear loss.
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Fig. 4. Pin-on-disk wear mechanism.

3. Results and Discussion

3.1. Microhardeness

Variation of Vickers microhardness of fabricated spec-
imens versus different amounts of SiC vol% for differ-
ent compaction techniques is illustrated in Figure 5.
As the figure implies, 10 vol% SiC reinforcement has
increased the microhardness of the compacted samples
fabricated using SHPB, drop hammer, and quasi-static
pressing by around 45%, 32% and 28 %, respectively.
Nano reinforcement enhances the hardness mainly due
to its hardening effects and its intrinsic hardness [31].
Seetharama et al. [32], Jiang et al. [33] and Umeda
et al. [7] also reported similar observations in their
investigations. Higher micro-hardness of samples fab-
ricated by SHPB was attributed to more severe work
hardening and stronger bonding [34].

3.2. Wear Properties
3.2.1. Sliding Distance Effects

Variation of weight loss versus sliding distance under
sliding speed of 0.09m/s and normal load of 20N is
shown in Figure 6 for two various sliding distances of
250 and 500m. As it is observed, weight loss increases
with increasing the sliding distance. The figure also
shows the highest wear resistance for the samples fab-
ricated using SHPB. It is also seen in the figure that the
weight loss decreases as the reinforcement content in-
creases. The weight loss of the compacted samples by
SHPB decreases from about 1.17 to 0.43mg/m (63%
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reduction) when the SiC content increases from 0 to
10 vol%. The high wear resistance of Mg-SiC samples
produced by SHPB can be attributed to its increased
hardness and also to the strong bonding between the
nanoreinforcement and Mg matrix that facilitates the
load transfer from the matrix to the hard particles [22,
34]. This confirms the results provided by Wang et
al. [35] and Selvam et al. [36]. Similar increase in
the wear resistance of the nanocomposite samples fab-
ricated by drop hammer and quasi-static hot pressing
for the increased nano reinforcement content can be ob-
served. It is believed that this improvement is directly
associated with the increase of hardness and strength
of the nanocomposites with reinforcement level. The
connection between hardness and wear loss can be ex-
plained by Archard’s law which describes an inverse
proportionality between hardness and the wear rate of
a material [37]. The results show that variations of mi-
crohardness versus weight loss confirms the Archard’s
equation. Shanthi et al. [38] and Lim et al. [3] also
reported similar findings.
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Fig. 5. Variation of microhardness of the top surface
vs SiC content.

3.3. Load Effects

Normal interfacial loads in contacting components play
a vital role in wear and erosion mechanisms in indus-
try. Therefore, the study of the effects of normal loads
on tribological behavior of materials is a requirement
[4]. Variation of weight loss versus load at sliding speed
of 0.09m/s and different normal loads is shown in Fig.
7. As the figure shows, weight loss increases with the
increase of normal load from 10 to 20N for all methods.
It is also evident from Fig. 7d that the weight loss of
all specimens enhances with the increase in load. The
highest rate for the increase is obtained for the quasi
static compaction and the lowest rate is obtained for
SHPB implying that the rate of weight loss decreases
with the increase of strain rate. The increase of weight
loss with the increase of the normal load can be at-
tributed to the increased plastic deformation [39]. Fur-
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thermore, the addition of SiC nanoparticles to Mg ma-
trix decreases the weight loss due to strong bonding be-
tween Mg and SiC particles during consolidation [36].
Considering the applied load of 20N, the reduction of
weight loss, as the reinforcement content increases to
10 vol%, is around 63%, 58%, and 35% for the samples
fabricated by SHPB, drop hammer, and quasi-static
hot pressing, respectively.

Having weight loss for a specific sliding distance,
one can simply calculate the wear rate as the ratio of
weight loss to sliding distance. Variation of wear rate
versus the SiC nano particles content is typically illus-
trated in Fig. 8 for the sliding distance of 500m and
20N normal load. As the figure indicates, wear rate
decreases with increasing nano reinforcement. In ad-
dition, compaction with higher densification rates has
led to lower wear rates. For example, the wear rate
for samples fabricated by SHPB is nearly 40% lower
than that for quasi-statically fabricated samples with-
out reinforcement. For Mg-10 vol% SiC samples the
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reduction of wear rate for SHPB is about 70%. Similar
results were reported by Yao et al. [40] for wear resis-
tance of AZ91/TiC composite reinforced with TiC and
Lim et al. [3] for AZ91 alloy reinforced with SiC.

3.4. Worn Surface Analysis

As stated before, nano reinforcement could remarkably
improve the wear resistance of the samples. In or-
der to investigate this finding more precisely, the worn
surfaces were examined using SEM micrographs with
EDS analysis. SEM pictures of the worn surfaces of
the specimens produced by the high rate compaction
methods employed in this work are depicted in Figs. 9
to 11. It is obvious in the figures that as the reinforcing
content increases, the wear track becomes smaller and
the grooves width decreases . Moreover, the grooves
on the samples fabricated by SHPB are narrower and
shallower compared with drop hammer and quasi-static
compacted samples. These observations are indications
of adhesive friction mechanism [41].
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Fig. 6. Variation of weight loss for the applied load of 20N against sliding distance for samples fabricated by
(a) SHPB, (b) Drop hammer, (c¢) Uniaxial quasi-static pressing, (d) A comparative view.
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Fig. 8. The effect of SiC vol% on the wear rate under
the applied load of 20N and sliding distance of 500m
for different fabrication techniques.

A comparison between parts (a) to (c) of each fig-
ure (Figs. 9-11) reveals that the quasi-statically com-
pacted samples have more craters and delaminations
on their surfaces. These observations imply that the
samples fabricated by SHPB have more strength and
hardness as well as stronger bonding between Mg and
SiC particles [13] and [14].
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Fig. 7. Variation of wear loss versus the applied load at the sliding distance of 500m for the samples fabricated
by: (a) SHPB, (b) Drop hammer, (c) Quasi-static hot pressing, (d) a comparative view.

Actually, for the samples with lower microhardness
the counter faces between the pin and the sample sur-
face increase, therefore more materials are detached
from the sample’s surface. This detachment may be
due to adhesive friction that consequently increases the
wear rate. Lower wear rate in the samples fabricated
by SHPB is traced back to the mild wear with abra-
sive wear mechanism and shows improved condition for
wear behavior [36]. Additionally, nano reinforcements
decreased the FC and plastic deformation, therefore
they have altered the severe adhesive wear mechanism
to the mild abrasive wear (see the continuous and par-
allel grooves in SHPB samples) [42]. Abrasive wear is
due to movement of the high-hardness pin over the low-
hardness material, which makes some grooves propa-
gating to the sample surface. Following grooves cre-
ation, the material begins to flow, some delamination
happens and craters are produced [43]. Higher sur-
face hardness due to nano reinforcement or obtained
by higher compaction velocity (fabrication by SHPB,
drop hammer and quasi-static hot pressing) reduces
adhesion features and converts the wear mechanism to
abrasive.



Journal of Stress Analysis/ Vol. 3, No. 1/ Spring — Summer 2018 41

Fig. 9. SEM micrograph of wear track of Mg-0 vol% S
(¢) Quasi-static hot pressing.
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Fig. 10. SEM mlcrograph of wear track of Mg-5 vol% SiC compacted samples by: (a) SHP

(¢) Quasi-static hot pressing.

Fig. 11.
hammer, (¢) Quasi-static hot pressing.

SEM mlcrograph of wear track of Mg-10 vol% SiC compacted samples by:

C compacted samples by: (a) SHPB, (b) Drop hammer,

, (b) Drop hammer,

Flg 12 Wear track of Mg- 5% SiC sample fabricated by SHPB for dlfferent magnifications.

Fig. 12 shows typical worn surface of a sample (Mg-
5 vol% SiC) fabricated by SHPB at different magnifi-
cations. Evidences of delamination and deep crater as
well as narrow grooves can be seen in Fig. 12 which
shows that abrasion and delamination are dominant
wear mechanisms in the worn surfaces [27].

Fig. 13 shows the worn debris of samples fabri-
cated by SHPB. As the figure suggests the size of wear
debris is reduced when the reinforcing content is in-
creased. As illustrated in part (a) of Figs. 9-11, in the
worn surface of Mg-0 vol% SiC more separated and
deeper grooves are observed than for Mg-5 vol% SiC

and Mg-10 vol% SiC. These features along with plastic
deformation indicate adhesive and delamination wear
mechanisms [41] in the worn surfaces. Furthermore,
the morphology of the worn debris in Fig. 13 a demon-
strates adhesive wear mechanism in Mg-0 vol% SiC
sample. As mentioned earlier, nanocomposite samples
had shallower grooves than Mg-0 vol% SiC which is due
to SiC reinforcing particles which enhance the sample
hardness. The SiC inclusions also prohibit direct con-
tact of the pin with Mg surface, therefore it reduces
the size and population of the worn debris [43].
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Fig. 13. SEM micrographs of worn debris of samples dynamically compacted by SHPB; (a) Mg, (b) Mg-5 vol%

SiC, (c) Mg-10 vol% SiC.

The debris of smaller size are the result of abra-
sive effect of hard nanoparticles and as a result, higher
nanoparticle fraction will cause more and smaller de-
bris (See Figs. 13b and 13c). Therefore, it may be ar-
gued that in the nanocomposites having smaller wear
debris, compared with the monolithic material, the ef-
fect of abrasive mechanism is more profound [9]. EDS
point analysis of the worn debris seen in Fig. 13c is
presented in Fig. 14. The figure clearly shows very low
Fe and Ti contents in the worn debris. The transfer of
Fe and Ti from the steel pin to the worn surface is a
clear indication that abrasion is one of the dominant
wear mechanisms in wear test of samples.

Mg

Intensity

KeV

Fig. 14. EDS point analysis of worn debris depicted
in Fig. 13c.

3.5. Friction Coefficient

Variation of friction coefficient (FC) versus methods
and content reinforcement is presented in Figs. 15 and
16. FC was measured by wear test under the normal
load of 20N and the sliding speed of 0.09m/s. Fig. 15
shows the variation of FC for Mg-5 vol% SiC nanocom-
posites fabricated by different techniques. The severe
fluctuations of FC is due to aggregation or removal of
worn debris during the test [43]. According to Fig.
15, the FC of Mg-5% SiC nanocomposite samples has
decreased from about 0.27 to 0.15 when the produc-
tion method alters from quasi-static to SHPB. The
lower FC for SHPB sample is believed to be due to
strong bonding between Mg and SiC nano particles,

hardness effects of SiC, and lower tendency to adhesive
friction during wear. In general, harder surfaces cause
smaller contact area between the pin and the sample
surface, consequently, it gives rise to reduction of FC
[9]. Umeda et al. [7] and Mohammad-Sharifi et al. [44]
also reported similar observations in their investiga-
tions. Variation of friction coefficient for nanocompos-
ite samples fabricated by SHPB and under the applied
load of 20N for various SiC volume fractions is shown
in Fig. 16. As the figure suggests, the average of FC is
reduced significantly (around 81%) as the reinforcing
content increases from 0 vol% to 10 vol%.

03

0.25 A

02 4
0.15 A
0.1 A4
0.05 A
0

Friction coefficient

Quasi-static Drop hammer SHPB

Method
Fig. 15. Variation of friction coefficient of Mg-5 vol%
SiC nanocomposites fabricated by different techniques
and under applied load of 20N and distance of 500m.

As Fig. 5 demonstrates, 10 vol% SiC nano re-
inforcement has increased the microhardness signifi-
cantly (about 45%) which in turn enhances the re-
sistance against plastic deformation of surface layers.
Hence, this behavior impedes adhesion of these plas-
tically deformed layers to the surface [43]. Lower FC
and wear rate of Mg-10 vol% SiC can also be explained
by Archard equation [37]. The largest variation of FC
is seen for both the Mg-0 vol% SiC and Mg-5 vol%
SiC; the reason is adhesion of wear debris to the sur-
face that increases the surface roughness of the spec-
imens. Moreover, the total wear loss is proportional
to the coefficient of friction [42]. It means that both
the uniform distribution of SiC hard nanoparticles and
strong bonding are effective in improving the tribo-



Journal of Stress Analysis/ Vol. 3, No. 1/ Spring — Summer 2018 43

logical properties of the Mg-SiC nanocomposite by de-
creasing the FC and wear loss during sliding [45, 46].
Similar to this research, Jafari et al. [42] reported that
the average of FC for nanostructured Al2024 sample is
much smaller than Al2024-O and Al2024-T6 samples
mainly because of the high hardness of the nanostruc-
tured alloy. Shanthi et al. [38] also reported similar
observations.
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03 4

Friction coefficient

02 4

N . -
0

Mg-0 %vol SiC Mg-5 %vol SiC Mg-10 %vol SiC

Content reinforcement (%o)

Fig. 16. Variation of friction coeflicient for nanocom-
posite samples fabricated by SHPB and under the ap-
plied load of 20N and distance of 500m.

4. Conclusions

Based on the investigations presented in this paper,
following concluding remarks may be drawn:

1. Incorporation of 10 vol% SiC reinforcement to
Mg matrix improved the Vickers microhard-
ness by about 45% for SHPB method, 32% for
drop hammer method, and 24% for quasi_static
method.

2. Nano reinforcement could increase the wear resis-
tances of the samples fabricated by quasi-static
and dynamic compaction procedures under the
normal load of 20N and sliding speed of 0.09m/s.
The reduction of weight loss as the reinforce-
ment content increased to 10 vol%, which is near
63%, 58%, and 35% for the samples fabricated by
SHPB, drop hammer, and quasi-static hot press-
ing, respectively.

3. The wear rate of samples fabricated by SHPB was
nearly 40% lower than that for quasi-statically
fabricated samples and non-reinforced samples,
while it was about 70% for Mg-10 vol% SiC sam-
ples.

4. SEM observations showed that the samples fab-
ricated by SHPB had higher resistance against
surfaces erosions such as scratches and wear.

5. The SEM analysis of the worn surfaces of the
specimens showed that the adhesion, abrasive,
and delamination were the dominant wear mech-
anisms.
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