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Abstract
In this paper, dynamic compaction is employed to produceMg–SiCnanocomposite samples using a
mechanical drop hammer. Different volume fractions of SiC nano reinforcement andmagnesium
(Mg)micron-size powder as thematrix aremechanicallymilled and consolidated at different
temperatures. It is found that with the increase of temperature the sintering requirements is satisfied
and higher quality samples are fabricated. The density, hardness, compressive strength and thewear
resistance of the compacted specimens are characterized in this work. It was found that by increasing
the content of nano reinforcement, the relative density of the compacted samples decreases, whereas,
themicro-hardness and the strength of the samples enhance. Furthermore, higher densification
temperatures lead to density increase and hardness reduction. Additionally, it is found that thewear
rate of the nanocomposite is increased remarkably by increasing the SiC nano reinforcement.

1. Introduction

Over the past decades, the need to reduce the fuel consumption in automotive and aircraft industries has
prompted new developments in lightweightmetals, alloys and composites [1]. Among the lightweightmetals,
Mg has gainedmore attentions as thismaterial exhibits excellent castability,machinability at low temperatures
of 250 °C–300 °C [2]. Attempts have beenmade to improve the stiffness andwear resistance, ofMg by adding
harder and stiffer ceramic particle reinforcements to produceMg composites [3, 4].

Mg-matrix composites (MMCs) are fabricated using different techniques in formof liquid or solid, such as
stir casting [5], powdermetallurgy (PM) [6], squeeze casting [7], and spray deposition [8]. PM is a preference for
fabrication of nanocomposites bymany researchersmainly due to its simplicity, near-net shape products, and
low cost [9]. Among the ceramic reinforcements, SiC is is widely used to reinforce themetallicmatrices [10].
Most of the PMmethods utilize quasi-static loading for the powder compaction. Thesemethods generally
require hot sintering during or after the powder compaction to consolidate the powder particles and to produce
the composite or nanocomposite samples. In return, powder particles can be consolidated using dynamic
compaction techniques. Themajor benefit of high velocity or dynamic powder compaction (HVC)methods is
that hot sintering stage ismostly omitted from the production cycle. In high rate compactionmethods, normally
an explosive or high pressure gas are employed as propellants tofire a projectile for densification of the powder.
The energy required for the compaction can also be supplied by a drop hammer [11]. The concept ofHVCwas
initially developed in 1960s [12]. Höganäs developed a novel hydraulic impactmachine to compact some
electrolytic copper powders [13]. Some other researchers [14, 15] also studied different cases of dynamic
compaction techniques. The dynamic compaction requires lower sintering temperature and shorter sintering
duration. Although, dynamic compactionmethods enjoy some advantages, their imposed damage on themolds
decreases themold life and therefore, cannot be used formass production.

Many studies on quasi-static powder compaction can be found in the literature [16, 17]. However, only few
studies can be found on dynamic compaction [14], shock consolidation [18], or explosion consolidation [19].
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Volger et al [20] reported higher density for dynamic compaction. It has been found that as the compaction
temperature increases,mechanical behavior of the compact improves compared to the conventional double
compaction and sintering techniques [21]. However, less attention has been paid towarm compaction of non-
ferrous powders particularlyMg powder [22]. Inwarm compactionmethods, elevated temperature plays the
role of high impact to enhancemechanical behavior and density [23]. Recently, Atrian et al [11, 24] and
Majzoobi et al [23, 25] investigated the effect of temperature on high rate densification of Al-matrix composite.
Their results showed that warmdynamic compaction increased the relative density and reduced themicro-
hardness.

The use ofMg is usually limited by its lowwear behavior.However, theMg-matrix nanocomposite are
popular for their wear properties which have application in various industries particularly automobile industry
[26, 27]. Aatthisugan et al [28] studied thewearmechanisms of nanostructuredAZ91D alloy. Sharma et al [5]
studied thewear resistance of feldspot reinforcedAZ91 composite. Their results indicated that thewear
resistance decreased as the reinforcement content increased.Majzoobi et al [27] studied tribological behavior of
Al7075/SiC nanocomposite produced by hot dynamic compaction. Similar investigations were carried out by
Srinivasan et al [29],Wang et al [30] andWei et al [31].

In the present study, dynamic powder compactionmethod is employed utilizing amechanical dropping
hammer to fabricateMg–SiC nanocomposites. Themain objective of this paper is to study the simultaneous
influence of compaction temperature and the content of SiC nano particles onmechanical,microstructural, and
tribological behaviors of the compacted samples.

2.Material

The commercially pureMg powder (99.5%purity, irregularmorphology, size of 60–150 μm,MerckCo.,
Germany) as thematrix and nano-sized SiC particles (irregularmorphology, size of 50–100 nm,NAMInc.,
USA) as the reinforcement were used in this study. The powders weremilled in a glove box to reduce the effects
ofmoisture and contamination thatmay affect themechanical behavior of the nanocomposites [32]. About
0.12 g (0.5% wt) stearic acid (99%purity) as the process control agent was added to 25 g of the powdermixture.
ARetsch PM-400 planetary ballmill with a ball-to-powdermass ratio of 3:1was used to gain a uniform
distribution of the nano reinforcement within thematrix at room temperature. In the present work, 0, 1.5, 3, 5,
and 10 vol%of nano-sized SiCwere added to thematrix. The process was performed for 1 hwith 200 rpm
rotational speed and in the presence of inert argon gas. Figure 1 shows themorphology ofMg and SiCnano
particles.

3.Dynamic compaction using drop hammer

High rate compaction is normally conducted using impacting devices and in particular projectile launchers like
gas gun [33], hydropulsor device [34] or dropping hammerwhich is used in this work. The schematic view of the
device is depicted infigure 2(a). The compaction energy is supplied by dropping a 60 kg hammer froma height
of 3.5 m. So, using the relation =V gh2 , the velocity of the hammer at the instant of impact is worked out to

be around 8 m s−1. This impact velocity corresponds to a kinetic energy of 2 kJ calculated from = /E mv 2.2

The schematic view of the die is shown infigure 2(b). The die and the punch aremade ofMo40 (1.7225) and
VCN150 (1.6582) steel, respectively to resist against thermal and impacting loads. Two tablets (5 mm length) of

Figure 1. SEMmicrographs of (a) SiC nanoparticles and (b)Mgparticles.
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VCN150 steel were alsomounted on top and beneath of powder to reduce the spring-back and to preserve the
surface quality of the compact [35]. The clearance between the tablets and the die wall was adjusted to around
0.10–0.15 mm. Thiswas to prevent the powder toflee from the 0.25–0.3 mmclearance between the die wall and
the tablets, during the dynamic compaction [11]. The required temperature (maximumabout 450 °C)was
supplied by a 1200W furnace. The impact on the powderwas accomplishedwhen the powder temperature
reached to a steady state. After compaction, the samples were ejected out of the die andwere cooled at ambient
temperature.

In order to lubricate the interfaces between the punches and the die,MoS2 spraywas applied. In addition, to
explore the effects of temperature and nano reinforcement content, a number of experiments, as given in table 1,
were designed. Cylindrical specimens (with the length of 11–12 mmand the diameter of 15 mm) of
nanocomposites containing 0, 1.5, 3, 5, and 10 vol%of SiCwere fabricated at 25 °C, 250 °C, and 450 °C. In each
experiment, 3.5 g of the powderwith a tap density of around 55%of the theoretical density was compacted using
the drop hammer. The theoretical densities ofMg-1.5 vol%SiC,Mg-3 vol% SiC,Mg-5 vol% SiC, andMg-10
vol%SiC samples were computed using the rule ofmixture having r = -( )Magnesium 1740 kg m 3 and
r = -( )SiC 3220 kg m 3 equal to 1762, 1784, 1814, and 1888 kg m−3, respectively. It is worthmentioning that the
maximumapplied temperature, 450 °C, is the sintering temperature ofMg that is roughly around 75%of
melting temperature of its solid state [36].

Figure 2. Schematic views of (a) the drop hammer and (b) the die.

Table 1.The experimental design.

Dynamic compaction Temperature (°C) SiC content (vol%)

Cold 25 0, 1.5, 3, 5, 10

Warm 250 0, 1.5, 3, 5, 10

450 0, 1.5, 3, 5, 10
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4. Characterization tests

The density of compacted specimenswasmeasured using the Archimedes’ principle.Microstructural
characteristics includingmorphology and distribution of powder and porosities were examined using optical
microscopy andfield emission scanning electronmicroscopy. For this purpose, the specimenswere polished up
to 0.05 μm finish andwere etched for 7 s using 70 ml ethanol solution, 4.2 g picric acid, 10 ml acetic acid and
10 mlwater according to the ASTME407–99 [37]. X-ray diffraction analysis was performed on polished
specimens utilizing a Philips X’PERTPW3040 diffractometer (40 kV/30Ma,λ=0.154 059 nm) and scanning
speed of 2°min−1.Wear tests were also performed under dry conditions using a pin-on-disc tester according to
ASTMG99-05 [38]. The tests were then performed for a total sliding distance of 500 m, normal load of 20 N, and
sliding speed of 0.09 m s−1. Prior to testing, pins and disc surfaces were cleanedwith acetone. AISI 52100 carbon
steel pinswith the hardness of 63RCwere used as the counter faces. After each test, theweight of the specimens
wasmeasured using a scale with 0.1 mg precision and theweight loss of the specimenwas calculated.Having
measured theweight loss and the sliding distance thewear rate can easily be determined.

Mechanical behavior of the nanocomposite samples was also investigated bymeasuring themicro-hardness
and compressive strength of the samples. TheVickersmicro-hardness wasmeasured as suggested by theASTM
E384-99 [39] and the compressive strengthwas obtained according toASTME9-89a [40] using a Santam testing
machine at the rate of 1 mmmin−1. The test cylindrical samples had a 15 mmdiameter and a length of 12 mm.
For each test conditions given in tables 1, 3 samples were tested tomake sure of the repeatability of the tests [41].

5. Results and discussion

5.1.Density
The results for relative density and porositymeasurements of the compacted samples at 450 °Care shown in
table 2. The porosity ismeasured using the following equation [42]:

=
-

´ ( )%porosity
Theoretical density Experimental density

Theoretical density
100. 1

The theoretical density in this equation is calculated using the rule ofmixture as follows:

r r j r j= + ( ), 2theoretical m m r r

where jm and jr represent the volume fraction ofmatrix and reinforcement, respectively. rm and rr are also
density ofmatrix and reinforcement, respectively. As the results indicate, the experimental and theoretical
densities increase with the SiC content. The increase is due to the higher density of SiC nanoparticles thanMg
particles. Relative density indicates the porosity of sample and is an importantmeasure to qualify the compaction
technique [43].

Variation of the relative density versus temperature and nanoparticles contents are shown infigure 3. As the
figure suggests, temperature and the content of nanoparticles exhibit opposite effects on the relative density. As
it is seen, while the relative density is improved at elevated compaction temperatures, it is reducedwhen the
content of nanoparticles increases. The reason is that at elevated compaction temperatures, the strength and the
strain hardening of the powder are reduced and higher densificationsmay be obtained [44]. In contrast, the
addition of SiC nanoparticles results in the enhancement of strain hardening and strength of the nanocomposite
and consequently lead to the reduction relative density and porosity [45].

Densitymeasurement is a benchmark for powder compaction quality and has been a key parameter in nearly
all investigations in thefield of PM.Khalil [46] showed that relative densities ofMg-HAp nanocomposite
decreasedwith the increase of nano-hydroxyapatite (HAp) addition.He attributed the reduction behavior of
relative density to nanoparticles clustering. Sankaranarayanan et al [41] andThakur et al [16] also reported the
same results for their fabricated composites. The results of this work implied that by using the compaction

Table 2.Densitymeasurements of the compacted nanocomposites at 450 °C.

Material Theoretical density (g cm−3) Experimental density (g cm−3) Relative density (%) Porosity (%)

Mg 1.740 1.723 0.990 0.937

Mg-1.5 vol% SiC 1.762 1.743 0.989 1.076

Mg-3 vol% SiC 1.784 1.761 0.987 1.267

Mg-5 vol% SiC 1.814 1.785 0.984 1.585

Mg-10 vol% SiC 1.888 1.845 0.981 1.819
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technique used in the current work, near densematerials with porosities less than 1.8% for the compactions at
450 °Ccan be obtained.However, for the samples compacted at room temperature higher porosity of about 3%
was observed. High relative density obtained in the current research is attributed to the type of adopted
procedure. During high rate densification, the kinetic energy delivered to the powder rises as the impact speed
increases, according to the equation = /E mv 2.2 The energy delivered to the powder during compaction
process causes large strain rates and therefore, the process is considered as an adiabatic process. This implies that
the internal heat due to large deformations cannot be dissipated and gives rise to local temperature increase in
the nanocomposite and consequently softening the particles surfaces which is known as thermal softening
phenomenon.On the other hand, the friction due to themovement of the particles accelerates the localized
temperature rise that in turn causes plastic deformation and softening the surface layer of particles. This
phenomenon improves the bonding between the particles and brings about further increase in the green
density [24].

5.2. SEMexamination
Figure 4 shows themorphology ofMg and themilledmixture. Figure 5 clearly illustrates that the surface ofMg
micro-particles are sufficiently covered by SiC nano-particles after 1 h ofmechanicalmilling.

SEMpictures of densified specimens at 450 °Care illustrated infigure 6. As thefigure shows, the volume and
number of porosities and voids increases as the volume fraction of SiC nano-reinforcements increases.

Typical optical pictures of samples depicted infigure 7 exhibit less voids and porosities at elevated
temperatures. It is worthmentioning that the specimens consolidated at lower temperatures exhibited voids
with sharp corners. This implies that the samples have not been sintered appropriately. Nevertheless, as
illustrated infigure 7(c), at higher temperatures the particle are welded and bonded together and less porosities
can be observed. This is due to thermal softening of the powder that happens when the powder is compacted at a
specific temperature. In this case, the strength andwork hardening of the powder decrease and the powder
particles become softer.

Figure 3.Variations of relative density of dynamically compacted samples as a function of temperature and SiC vol%.

Figure 4. SEMmicrographs of (a)Mg (b), (c)Mg-5 vol% SiC after 1 h of ballmilling.
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Figure 5. (a)AMgparticle aftermillingwith SiC nano particles, (b), (c) x-raymaps of SiC particles.

Figure 6.Dynamically compacted specimen at 450 °C: (a)Mg (ρ=1.7236), (b)Mg-1.5%vol SiC (ρ=1.7430), (c)Mg-3 vol% SiC
(ρ=1.7613) (d)Mg-5 vol% SiC (ρ=1.7852) (e)Mg-10 vol% SiC (ρ=1.8458) (f)EDS point analysis of the region around the
agglomeration of nano-SiC particles shown in (d), (e).
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5.3. X-ray diffraction examinations
XRDof the compacted specimenswas performed to study the structural evolution of the powders after
mechanicalmilling and during hot compaction. The crystallite size ofMgmatrix was estimated from the
broadening of XRDpeaks usingWilliamson–Hall (W–H)method [47]. Figure 8 illustrates the XRDpatterns of
Mg powder andMg-1.5 vol% SiC compacted samples at different temperatures. It is clear that no newphases
were produced after dynamic compaction even at elevated temperatures.

It is well known that temperature affects themicrostructure andmay lead to grain growth under
uncontrolled thermal conditions [48]. In this regard,W–Happroach [11]was employed to assess the lattice
strain and crystallite size of theMgmatrix.W–Hanalysis showed that theMg crystallite size increased from49 to
462 nmwhen the compaction temperature increased from25 °C to 450 °C.Moreover, the lattice strain also
increased from0.19% to 0.43%during this temperature rise. As stated before, this behavior can be attributed to
grain growth induced by temperature rise [49].More details aboutW–Hanalysis and the computational
procedure can be found in [11]. Ahmed et al [49] reported similar increase in grain size of Al7075-SiC
nanocomposites produced by hot static compaction. They attributed this grain coarsening to the lower degree of
precipitation.

5.4.Hardnessmeasurement
Variations of Vickersmicro-hardness (HV) versus SiC volume fractions at different temperatures for compacted
samples are illustrated infigure 9. As thefigure suggests, the SiC reinforcement has enhanced theVickersmicro-
hardness particularly at elevated temperatures. This improvement can primarily be due to the relatively uniform
distribution of SiC nano reinforcement [50]. The hardness improvement can be due to two reasons: (a) the
intrinsic hardness of the nanosized SiC reinforcements, (b) the hardening effects of SiC nano particles (the
presence of harder SiC reinforcements serves as constraint to localized deformation during indentation). Similar
observations on compositemicro-hardness have also been reported byTun [51] andThakur [16]. As stated at

Figure 7.Temperature effect on themicrostructure of fabricated specimens ofMg-5 vol% SiC compacted at: (a)T=25 °C
(ρRel=0.91); (b)T=250 °C (ρRel=0.94); (c)T=450 °C (ρRel=0.98).

Figure 8.XRDpatterns of (a)Mg-0 vol% SiCmilled powder; (b)Mg-1.5 vol% SiCmilled powder and the dynamically compactedMg-
1.5 vol% SiCnanocomposites at different temperatures of (c) 25 °C, (d) 250 °C, and (e) 450 °C.
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early lines of this paragraph, SiC reinforcement play amore influential role at higher temperatures. This is
obviously associated to better consolidation of the samples at elevated temperatures, which provides a favorable
condition for hardening effects of ceramic reinforcements. In other words, the spaces between the powder
particles disappear at elevated temperatures and amore qualified sintering is obtained [22]. However, the
samples compacted at room temperature remain porous to some extent (figure 10). Under such conditions, the
addition of SiC nanoparticles, which is inherently a hardmaterial, to the substrate is useless and cannotmake
any contribution to the hardness ofmaterial.

In order to examine the uniformity of hardness distribution, theVickersmicro-hardness wasmeasured on
the longitudinal and transverse sections of the dynamically compacted samples as illustrated infigure 11. As
figure 12 indicates, the hardnessmeasurements follow nearly a uniformdistribution trend in transverse and
longitudinal cross sections of the sample (less than 1%deviation). Thismay be interpreted that SiC
reinforcement particles are distributed uniformly throughout themicrostructure during the dynamic
compaction process.

5.5. Stress–strain curves
Uniaxial compressive tests were carried out at the velocity of 1 mmmin−1 and ambient temperature using a
SANTAMuniversal testing apparatus. Figure 13 illustrates typical engineering stress strain diagrams of
dynamically compacted specimens at ambient temperature. As the figure suggests, reinforcingMgmatrix with
SiC nano particles has improved the compressive strength by about 26% and has reduced the ductility by around
37%.Variations of the ultimate compressive strength (UCS) of nanocomposite samples compacted at different
temperatures are depicted infigure 14. As thefigure suggests, depending on the SiC content, theUCS of the
nanocomposites increases by about 83% and 47% for 250 °C and 450 °C temperatures, respectively. The
increase ofUCS is definitely partly due to the strengthening influence of SiC.

Morovere, a layer ofMg oxidewhich usually covers theMg particles, can act as a strengthening phase [52].
Some evidences about the presence ofMg oxide are discussed in section 5.6. Asfigure 14 demonstrates for all

Figure 9.The variation of hardness valueswith SiC nano-particles.

Figure 10.Dynamic compactedMg–SiC nano-composites at (a) 25 °C, (b) 250 °Cand (c) 450 °C.
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compaction temperatures, the highest improvement inUCS is obtained for the 5 vol% SiC reinforced sample.
Further addition of SiCwill cause reduction in theUCS. The reason is that as the reinforcement content
increases, the sample porosity will also increase, as discussed in section 5.1. Furthermore, higher contents of
hard ceramic SiC nano particles increases the chance of nano particles agglomeration inside the sample (see
figure 6(e)).

Figure 15 typically shows the effects of compaction temperature on compressive flow stress of the non-
reinforced samples. It is clear that the temperature has significantly improved theUCS and elongation of the

Figure 11. Schematic illustration of selected position on (a) the cross section of dynamically compactedMg-3 vol% SiC nano-
composites at 450 °C, (b) longitudinal direction, and (c) transverse direction.

Figure 12.Hardnessmeasurement along the axial and radial directions inMg-3 vol% SiC nanocomposites compacted at 450 °C.

Figure 13. Stress–strain curves of dynamically compacted sample at 25 °C.

9

Mater. Res. Express 5 (2018) 015046 GHMajzoobi et al



samples by about 113%and 109%, respectively. Variation ofUCS versus SiC content for various temperatures is
shown infigure 16. As thefigure indicates, the improvement ofUCS, as the temperature approached 450 °C, is
about 122%, 150%, 147%, and 120% forMg-1.5 vol% SiC,Mg-3 vol% SiC,Mg-5 vol% SiC, andMg-10 vol%
SiC, respectively. Generally, reinforcing ametalmatrix with ceramic particles does not increase the strength of
the composite continuously with the increase of the particles content. Rather, the initial positive effect on the
strengthwhich usually changes in a linear fashion, has an optimumbeyondwhich addingmore reinforcement

Figure 14.Ultimate compressive strength of dynamically compacted sample at different temperatures.

Figure 15.Comparison of compressive flow stress ofMg-0 vol% SiC nanocomposite at 25 °C, 250 °Cand 450 °C.

Figure 16.Ultimate compressive strength of dynamically compacted sample at different temperatures.
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may lead to the composite degradation. The reason for this behavior is partly due to stress concentration and
crack propagation that normally take place in reinforcing particle clusters [53]. Akbarpour et al [54]
demonstrated that the increase of nano SiC content from4% to 6% in copper/SiC nano composite diminishes
the yield stress of the compacted powder. They attributed this behavior toweak bonding between particles in
nano particle clusters. Some researchers [55, 56] also believed that this behavior was due toweak bonding in
nano particle clusters as well as non-uniform dispersion of reinforcing particles. Figure 16 shows how the
compaction temperature can improve the strength of the samples. This improvement is believed be due to
higher consolidation and sintering quality of the samples fabricated at elevated temperatures, as discussed
previously in section 5.1.

Table 3.Compressive properties of fabricated samples at different temperatures.

0.2 CYS (MPa) UCS (MPa) Failure strain (%) Toughness (MJ m−3)

Sample/

parameter 25 °C 250 °C 450 °C 25 °C 250 °C 450 °C 25 °C 250 °C 450 °C 25 °C 250 °C 450 °C

PureMg 45 75 112 75 86 160 0.11 0.25 0.23 6.93 16.77 32.86

Mg-1.5%SiC 50 80 116 80 101 178 0.09 0.21 0.23 5.49 18.65 31.24

Mg-3%SiC 65 82 130 82 133 205 0.08 0.19 0.20 4.80 23.67 28.78

Mg-5%SiC 77 100 153 95 158 235 0.08 0.18 0.19 6.93 26.01 27.73

Mg-10%SiC 72 95 118 88 145 193 0.08 0.21 0.17 4.41 24.62 21.82

Figure 17.Variation of weight loss versus sliding distance in nanocomposite samples.

Figure 18.The effect of SiC vol%onwear rate.
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Under compressive loads, the addition of SiC nano reinforcement enhanced theUCS about 26% and 47%at
roomand 450 °C, respectively. The compressive properties of the fabricated samples are shown again in table 3.
Generally, the fracture strain (elongation) of pureMgwere found to decrease with addition of SiC nano-
particulates. The increase in theUCS of the nanocomposites is believed to be influenced by (a)Orowan
strengthening due to the presence of nano SiC [24] and (b)mismatch in the coefficient of thermal expansion
(CTE) values (CTEofMg is 24×10−6 K−1 and SiC is 4×10−6 K−1) leading to generation of dislocations [23].
Temperature plays an important role in strengthening of nanocomposites through thermalmismatch
phenomenon [57]. Different thermal properties of the reinforcing particles and thematrix generally causes
thermal stresses in the interface regions during the cooling stage of compaction process. The thermalmismatch
stress gradient is sufficiently large to produce plastic deformation at the boundaries. However, the stress
decreases sharply whenmoving away from the particles border.Moreover, small defects such as dislocation
buildup in the vicinity of nano inclusionsmay be generated by this high stress gradient [57, 58] giving rise to
enhancement of the strength of composite. Zhang andChen [57] believed that thermalmismatch stresses were
themost significant cause for strength improvement of nanocomposites with higher content of nano-
reinforcement.

It was found that reinforcement decreased ductility and energy absorbability of the powder (toughness),
which is equal to the area under the stress–strain curve. The hard and non-deformable ceramic reinforcements
are believed to be responsible for increasing the brittleness and reducing the toughness and fracture strain of the
nanocomposite samples.

5.6.Wear resistance behavior
Variation of weight loss versus sliding distance for nanocomposite samples is shown infigure 17. Variation of
wear rate against the SiC content is also shown infigure 18. As thefigure suggests, for the 20 N applied load and
500 mdistance, thewear rate decreases from3.55 to 1.48 mgm−1 depending on the SiC volume fraction. Lim
et al [59] reported that wear resistance of SiCnp-reinforcedMMCwas improvedwith respect tomonolithicMg
samples. Abachi et al [60] also reported similar results forQE22magnesium alloy reinforcedwith SiC under
different sliding conditions. The decreasedwear rate observed in this workmay be due to stronger bonding
betweenMg and SiC particles during high rate compaction and hardness effects of the ceramic reinforcements
[15]. The decreasing behavior of thewear rate and the increasing trend of thewear resistance of the reinforced
samples is associated to the enhanced hardness of the nanocomposite.

Figure 19. SEMmicrograph ofworn surface of consolidatedMg-10 vol% SiC sample ((a), (b)), (c) highermagnification of (b), (d)EDS
point analysis of squared zone showing thefineMg oxide in (a).
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In order to have a deeper insight into thewearmechanism, theworn surfaces of theMg–SiC nanocomposite
samples were examined using SEM. Figures 19 and 20 show the SEMpictures of theworn surfaces of the samples
of different SiC volume fraction.

Figures 19(a), (b) clearly indicate delamination and craters on theworn surface. This implies that that
delamination is one of themajor wearmechanismon theworn surface [60].With regard to the fact that no
significantmetalflowon the surface are visible and only some craters are observable, another wearmechanism
can be themild adhesive [61]. During the adhesive wear, small parts ofmaterial separates from the surface due to
adhesion to the pin and therefore, some craters are created. Abachi et al [60] reported that delamination reduces
wear resistance of the samples. The narrow grooves evident infigures 19(b) and (c) imply that abrasion can also
be a prevailingwearmechanism [60, 61]. This can be featured to the existence of hard SiC nano particles which
confine thematerial flowduring sliding [61]. These hard particles behave as abrasive agent and createmost of the

Figure 20.Wear track in dynamically compacted sample, (a)Mg-0 vol%SiC (b)Mg-5 vol% SiC (c)Mg-10 vol% SiC.
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narrow grooves displayed infigure 19(c). As a result, the effective load is increasedwhile transferred from the
matrix to the hard ceramic particles, and accordingly, as SiC fraction increases, thewear rate decreases [62].
Presence ofMg oxide is evident infigure 19(a) as small bright points. These oxides that have been identified
using EDS analysis are produced duringmechanicalmilling andwear test due to generated frictional heat.Mg
oxides clearly contribute to thematerial strengthening and to the governingwearmechanism aswell so that,
delamination is usually accompanied by oxidationwearmechanism [63].

Figure 20 illustrates the SEMpictures of theworn surfaces of pureMg,Mg-5 vol%SiC andMg-10 vol%SiC
nanocomposite, respectively. Apparently, thewear track of pureMg sample (figure 20(a)) is relatively rough
whereas thewear track of the nanocomposite sample (figures 20(b) and (c)) are relatively smooth due to the
resistance of the reinforcing SiC to indentation. A comparison betweenfigures 20(a)–(c) clearly reveals a strong
interfacial bonding between the SiC particles andMgmatrix which in turn gives rise to improvement of thewear
tolerance [15].

Variation of friction coefficient (FC) versus sliding distance is illustrated infigure 21. As thefigure suggests,
in all cases, FC varies initially in a nonlinear fashion and gets asymptotes to a constant level afterward. The extent

Figure 21.Variation of friction coefficient versus distance for (a)Mg-0 vol% SiC (b)Mg-5 vol% SiC (c)Mg-10 vol% SiC.
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of the nonlinear segment and the constant level differ with theMg content. For the pureMg sample, FC has the
highestmean value of around 0.9. ForMg-5 vol% SiC andMg-10 vol% SiC thismean value is about 0.27 and
0.23, respectively. Thefigures indicate again that higher levels of SiC reinforcements improve thewear behavior
which in turn, decrease the FCmean value. Lower FC forMg–SiC samples is believed to be due to their higher
hardness. As amatter of fact, when the hardness increases, the actual contact area between the steel pin and the
sample surface diminishes and therefore, themagnitude of FC reduces [64].

6. Conclusion

Based on investigations presented in this paper, the following conclusionsmay be derived:

1. Adding nanoscale SiC reinforcements increased the Vickers micro-hardness from 45 to 58 (28% increase).
This increase wasmore remarkable for samples fabricated at higher temperatures andwas about 35%.

2. XRD analysis showed that the increase of the compaction temperature from 25 °C to 450 °C led to Mg
matrix grain coarsening from49 to 462 nm. The lattice strain also increased from0.19% to 0.43%during
this temperature rise.

3. By increasing the temperature up to 450 °C theUCS ofMg-5%SiC np sample increased around 150%.

4. Thewear rate ofMg–SiC nanocomposite decreased up to 58%with the increase of the SiC content.

5. The governingwearmechanisms of nanocomposites were delamination andmild adhesive.
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