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Abstract: AZ91 magnesium   alloy hybrid composites reinforced   with various ratios of SiC 

and graphite particles were synthesized by stir casting. The composites were prepared by 

varying the weight percentage of SiC and   graphite particles each from 0   to 3 in   steps of   1 

weight percent.  The average particle size of both the reinforcement particles was 27μm. The 

effect of reinforcement is discussed for both heat treated and non-heat treated composites and 

compared with unreinforced base alloy. The microstructure reveals that there is a nearly 

uniform dispersion of particles is the matrix. The density, hardness and ultimate tensile 

strengthoof theocomposite specimen increased oas the percentage of reinforcement owas 

increased both oin heat treated and non-heat treated conditions. The percentage of elongation 

decreases as the reinforcement in the composites increased. SEMo micrographs of the otensile 

fracture surfaceso showed broken reinforcement particles on othe fracture osurface and evidence 

of o ‘pull outs’, owhere graphite/SiC oparticles were previouslyo embedded in the omatrix. 

 

1. Introduction  
Metal Matrix Compositeso(MMCs) are materials othat are gaining attraction for a olarge range of 

engineering oapplications as they combine high specific strength with good corrosion resistance. 

Giveno the factors of reinforcement quantity, oform, and type, owhich can be varied, in addition oto 

matrixo ocharacteristics, the composites ohave a enormous potential foro being tailored for oparticular 

applications. Relatively ohigher cost is the factor that has restricted the widespread use of MMCs. Theo 

technical odifficulties associated with oattaining good wettabilityoo, uniform distributiono ofo 

reinforcements and a olow porosity omaterial [1]. These materials ocan be candidates in oaircraft, 

automotive, o space and defense oapplications [2, 3] which demando lightweight, energy osaving, 

inexpensive, high ostrength and high odamping omaterials. 
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Magnesium matrix composites in the recent past are fast emerging as promising materials for light 

weight applications and are gaining increased importance in several applications [4-6]. Magnesium 

matrix composites reinforced by graphite particles are a unique class of advanced structure–function 

materials, and in order to offset the mechanical properties, SiC particles are also introduced into the 

composites. It is well known that the mechanical properties of magnesium alloys can be highly 

improved by adding SiC particles as an additional reinforcement [7-9]. Conversely, very limited 

information that is available oon the aging behavioro of discontinuously oreinforced magnesium matrix 

composites, even though there is an increased oattention due to their low density, higher specific 

properties and odamping capacity [10-14]. Investigators [15, 16] have reported that the oprecipitation 

characteristics in theo SiCp/Mg/6Zn composites were comparableo to those found in oSiC/Al 

composites, where onoteworthy hardening has been oachieved by artificial aging oof oSiCp/Mg/6Zn.  

AZ91 magnesium alloy is theo   most popular and owidely used amongo the magnesium casting oalloy due 

to its combination of mechanical ostrength, ductility oand ocastability. Moreover, AZ91 oalloy is an oage 

hardenableo alloy, where cellular odiscontinuous precipitation at theo ograin oboundaryo occurs 

simultaneously oand competitively with othe ocontinuous oprecipitation owithin the grain oover a wide 

temperature orange. Althoughothe utmost hardness oattainable in AZ91 alloy is oconsiderably lower than 

that in the oprecipitation-hardened oaluminum alloys, the hardeningo response in the alloy is osuch as to 

have practicalo importance [17-19].   

The aim of othis study is to investigate o the effect of oSiC and graphite oparticles on microstructure 

and mechanical properties of SiC/graphite reinforced AZ91 alloy based hybrid composites for both as 

cast and age hardened conditions for different weight percentage of reinforcement in the composites. 

The mechanical behavior has been examined in terms of hardness and ultimate tensile strength, 

combined with microstructure observation using optical microscopy and failure analysis by scanning 

electron microscopy (SEM). 

 

2. Experimental procedure 

 

2.1 Composite fabrication. 

 The AZ91 magnesium alloy was chosen as the base matrix alloy in this study which has a chemical 

composition as given in Table 1.The vortex method of liquid metallurgy technique was used to 

prepare the composite specimens. Additional details about the materials preparation methodology is 

reported elsewhere by the same authors [20]. Hybrid reinforcements (SiC and graphite particles) 

varied   from 1 to 3% in   steps of 1 wt. %. The as-cast composites   were solutionized at 415
o
C for 4 

hours followed by   artificially aging at 168
o
C for 16 hours.   

 

2.2  Charecterisation. 

The composite specimens were cut into required size for .various tests. The examination of the 

microstructures. .was carried out and ..the samples were .prepared as   .per .ASTM E3   standard and 

chemical  .etching was done .with Nital agent and the .microstructure was  studied .under .microscope   

(NIKON-Japan,   .ECLIPS 150 .  model). Energy dispersive   X-ray   spectroscope . (EDS) was used .to   study 

micro-chemical .  characterization. 

The densities .of the   composites . .were found by   means of the   Archimedes . principle, using a   

Mettler Toledo AT261  o Delta Range omicrobalance   capable of measuring o weight with an   accuracy o of 

0.0001 g. As many as o three   specimens were tested for o each  case and the average values o  are presented 

in  figure 5. A HBE−3000A o Brinell   hardness tester was   adopted o to measure the hardness  o  of the 

composites  . The applied o          load was 1000 kN, and the holding o   time was   15 s. The diameter   of the o steel   

sphere used o was 10   mm. Three spots on  o   a sample   were tested o, and the   reported results o are the 

average   of readings obtained. The tensile o tests were conducted in o  accordance with   ASTM E8 – o 82 

standards o. As many as three o specimens were tested o for each case and the o average values o are 

presented o. The test specimens o were   subjected to o homogeneous and   uniaxial o tensile stresses in an   

universal o testing o machine.  
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Scanning o electron   microscope (o SEM) was o used   for the study of tensile o fracture   surface o to:  

(a) determine the macroscopic  o  fracture mode, and (b) characterize the  o fine scale o topography  and 

microscopic mechanisms  o governing fracture. The primary distinction     o between the macroscopic  o   mode 

and microscopico mode and resultant mechanisms o governing   fracture is o based on the   magnification 

level  o at which the observations are   made. 

 

3. Results   and discussion    o 

 

3.1  Microstructure   analysiso of   the as cast and agedo composite specimens. 

The chemical composition of base AZ91 alloy is shown in o Table 1. 

 

Table 1.   Chemical o composition   of AZ91 alloy  (wt %) 

Al    Zn Mn  Si Cu  Fe Ni 
   Mg 

9.0    1.0    0.035    0.035 0.005    0.005    0.001 
    Remaining 

 

  

 

Figure 1. Optical micrographs of un-etched o as cast composites (a) 1wt.% of o reinforcement,  

(b) 2wt. % of o reinforcement, and (c) 3wt. % of o reinforcement (100X). 

  

 Figure 1a, 1b, and 1c shows the microstructure of   theo hybrid composite reinforced   o with 1% SiC 

and1% graphite,   o 2% SiC and o 2%  graphite, and o 3%   SiC and 3% graphite o  particles  o respectively. The 

optical o   microscopy studies   show o a uniform o distribution of o reinforcement   in the o matrix. Silicon 

carbide and o graphite   particle reinforcements  o .remain well bonded o to the   matrix and no o defects  were o 

found  . It follows o from the   microstructures  o provided in figure 2a, and 2b that o the grains are very 

clear o for the base alloy and the o reinforcement particles are uniformly located both at the o grain 
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boundaries and o inside the primary α-Mg grains in the composite. It is found o that the addition o of the 

reinforcement particles significantly o decreases the grain size of the o matrix in the composite. The 

refinement of o grains in the matrix is o attributed to the heterogeneous o nucleation of the primary Mg 

phase. Certain crystallographic o orientation relationships between the particle o and the matrix, and o the 

restricted growth of o Mg grains by SiCp during o solidification further contribute to o the reduction in 

grain size[21]. The alloy o consists of α-matrix grains  o (solid solution of Al and Zn o in Mg) and 

Mg17Al12 (β-phase)  o intermetallic precipitate. From figure 3, it can o be noticed that there is massive 

amount of precipitates  o of Mg17Al12 (β-phase) in aged o composite specimens. 

 

  
Figure 2. Optical micrographs of etched (a) as cast unreinforced alloy and (b) as cast 3 wt. % 

Composites. 

 

Figure 3. Optical micrograph for solutionized and 

aged composite with 1 wt. % reinforcement 

(200X). 

 

Figure 4. EDS spectrum of AZ alloy composite 

with 3 wt. % reinforcement. 

 

 

Figure 4 shows EDS spectrum of 3 weight o percent composite material and the o corresponding 

chemical analysis is given in Table 2. 

 

Table 2. Micro-chemical o analysis from EDS spectrum of the 3% SiC and 3% graphite  o reinforced 

composite. 

C O o Mg Al Si o Zn 

6.05 3.42 o 80.33 7.6 2.1 o 0.5 
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3.2  Density. 

The density values were measured using both Archimedes’ principle (mc) and the rule of mixtures 

(th) for the base o alloy and the o composites. The density values of the composites (figure 5) are found 

to increase with the increasing mass fraction of SiCp, which is due to the presence of higher density 

SiCp, when compared with AZ91[22]. The density o measurements involved weighing o of samples in 

air and o when immersed in distilled o water. The theoretical o density (th) was obtained using o rule of 

mixture as o mentioned below: 

 

th = mVm + r1Vr1 + r2Vr2 

 

Where Vm = 1 – (Vr1 + Vr2) is the volume fraction of the matrix. 

 

Density measurement values o were compared with the theoretical o density values. The percentage 

of o deviation in the values of o experimental density o was found to be less o than 1%. 

 

 

Figure 5. Figure o showing o the variation of 

density v/s wt. % reinforcement. 

 

Figure 6. Figure o showing o the variation of 

Brinell hardness number v/s wt. % 

reinforcement. 

 

Figure 7. Figure o showing o the variation of 

Ultimateo Tensile Strength (UTS) v/s wt. % 

reinforcement. 

 

Figure 8. Figure o showing o the o variation of 

percentage o of elongations v/s wt. % o 

reinforcement. 
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3.3  Mechanical properties. 

 

3.3.1  Hardness. The figure 6 shows the variation of hardness verses weight percent of reinforcement. 

It is observed that there is an increase in the o hardness due to the o hard and uniform distribution of 

SiCp. There is an  o increase in o hardness when the o content of o reinforcement is increased from o 0 to 3 

weight percent. It is also observed that the  o hardness of aged composites is more  o compared with as 

cast composites. This is due  o to the o precipitation of hard o secondary phase Mg17Al12 o (β-phase). The 

higher hardness is o found in case  o of aged composite, because of increased o grain boundary area in fine 

grained o materials; hence, the ejection  o of aluminium from supersaturated solution  o is fast and the same o 

reactions with matrix elements form o an equilibrium compound spread o over o the matrix. During aging, 

o the o β-phase precipitates form as  o discontinuous precipitation. The discontinuous precipitation  o is the 

cellular growth of alternating o layers of β-phase where the continuous o precipitation region ceases its o 

growth early in the precipitation o process. At higher magnification, o the fine precipitates widely 

spread o throughout the grain is clearly o visible in figure 3. These fine o precipitates throughout the matrix 

o are responsible for the oincrease in the hardness  o of the aged composite o samples. Similar observations 

were o made by Thirumurugan et.al. [23]. 

 
3.3.2 Tensile Strength. The figure 7 shows the variation of ultimate tensile strength (UTS) with 

respect too the variation in weight percent reinforcemento for both as cast and aged samples. It is 

observedo that the UTS is increased oas the weight percent ofo reinforcement is increased. This is a clear 

indicationo of strength to the matrix by the uniform odistribution of SiC and graphite particulateo 

reinforcement in theo composites. There is a 9% of oincrease in UTS as the weight opercent of 

reinforcement is oincreased from 0 to 3. It is also observed othat for aged sample with o3 weight percent 

reinforcement , othere is significanto increase in the UTS of abouto 45% when compared to 

unreinforcedo as cast sample which is mainly due to the oprecipitation of hard secondaryo phase in the 

matrix for aged composite and also the effect oof grain refinement due to oreinforcement particles.  

The effect of SiC and graphite particle ocontent on the ductility of oboth as cast and aged 

oAZ91alloy based particulate reinforcedo hybrid compositeso (measured in terms of opercentage 

elongation) are shown in ofigure 8.  It can be seen that the ductilityo of the composites decreases 

osignificantly with the increase in oreinforcement content. The ductility dropsoby about 6% as the 

percentage of oreinforcement content is increased ofrom 0 to 3. This decrease in ductilityo in 

comparison with the matrix oalloy is a most commonly encounteredo disadvantage in dis-continuously 

reinforcedo MMCs. Graphite particles can oeffectively hinder grain ogrowth , the higher the graphite 

particles content, the weaker theo grain growth and hence presenceo of graphite particles will promoteo 

finer grains sizes. The variation of tensile propertieso is related to grain osize and graphite particle 

ovolume fraction, small graino size leads to high ostrength. It was overified from the work ocarried out by 

Arsenault RJ et al,[24] that the micro plasticity takeso place in the metal matrixo composites due to 

stress oconcentrations in the matrix at othe poles of the reinforcemento and/or at sharp cornerso of the 

reinforcing particles.  Hence, the introduction of this hardo secondary ceramic phase ocreates slip 

regions. Moreover, the reinforcingo particulates resist othe passage of dislocations either oby creating 

stress ofields in the matrix oor by inducing large odifferences in the elastic behavior obetween the matrix 

and othe dispersoid.  

Figure 9 shows the engineering stress - strain curve for both oas cast and aged composites 

containing reinforcement in odifferent percentages. It is evident ofrom the stress-straino curve for both 

the as cast and aged composites othat the ultimate otensile strength is increasing with oincrease in 

reinforcement content but othe maximum ostrain is decreased owith increase in the oreinforcement 

content. The strength of the oartificial aging AZ91D/SiCp/graphite composite is better than oas cast 

composite and unreinforcedo monolithic magnesiumo alloy (AZ91D). The strengtheningo effect of 

matrix (magnesium alloy) is due to odislocation and oprecipitation ohardening. The strength of 

magnesiumo is highly sensitive to its grain osize. Grain refinement due to heat otreatment contributes to 



7

1234567890‘’“”

IConAMMA-2017 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 310 (2018) 012161 doi:10.1088/1757-899X/310/1/012161

the greato strength at room temperature ofor magnesium alloy ocomposite. The finer grain size in othe 

composite specimens results in oincrease in the area of grain oboundary. Thus increasing the strengtho 

as the amount of material allowed oto diffuse rapidly along the graino boundaries would be 

oincreasing[25]. 
 

 

Figure 9.Figure showing the engineering Stress - Strain curve for both as cast and aged composites 

with various reinforcement contents. 

 

3.4  Failure analysis and Fractography. 

Figure 10 shows the SEM image of theo fractured surface of as casto composite with 3 wt. % 

reinforcement. Brittle oappearance was noticed on the ofracture surface of the testo specimen at 

macroscopic oscale (figure 10a) and also an inter-granularo fracture was observed when viewed at 

higher magnificationo (figure 10d).Also it can be seeno in the SEM images of theo fractured surface 

(figure 10b) that othe existence of groupo of fine microscopic cracks spreado randomly. The crack path 

morphology of omacroscopic crack was essentiallyo non-linear as it propagated through the oalloy 

matrix and it is orevealed at the higher omagnifications (figure 10c). It was also observed that othere is a 

random odistribution of very fineo microscopic cracks osurrounding the macroscopic crack. SEM 

images of fracture osurface at higher omagnifications revealed a group ofo dimples of varying shape ando 

size immediately adjoiningo to the fine microscopico cracks as well as macroscopic ocracks, indicating 

mixed brittle and oductile failure omechanisms. 

It is clear from figure 10d that the ofractography of as cast composites opossesses the smallest 

deformation ozone, exhibiting an entire ointer-granular fracture feature, and also the lowest toensile 

strength and oelongation when compared to oaged counterparts. The lack of development of oductile 

dimples, as the principal ofracture mode, is essentially becauseo of presence of discontinuouso SiC 

reinforcements in theo composite matrix causing limited oplastic flow and not limited to oductility of the 

matrix of magnesium oalloy. 
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Figure 10.SEM images of the tensile ofracture surface of the as cast oAZ91 alloy with 3 wt. % 

reinforcement (a) overload region, (b) Varying sized oVoids intermingled with odimples, (c) Cracked 

reinforcingo osilicon carbide and (d) Smallest deformation oowith almost intergranularo fracture feature. 

  

  

Figure 11.SEM of the tensile fracture osurfaces of the Aged AZ91 alloy composites with 3 wt. % 

reinforcement oshowing (a) mixed mode failure - failure of ooreinforcement is brittle and failure of 

matrix is ductile (b) deboningo at the particulate–matrix interface, (c) presence of ductile dimples 

surroundingo the reinforcing SiC particulates, (d) particulate agglomerationo of on fracture surface. 

During the process of tensileo deformation a gradual increase in straino causes fracture of the larger 

sized oSiC particles first, and then the fracture of the osmaller sized SiC particles ooccurs. As the 

flaw/deffect size in oa particle is directly proportional to its sizeo and hence the tendency for the olarger 

particles to ofracture at a lesser ostress than the smaller oparticles. 
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In such regions where thereo are SiC particulate oagglomeration/clusters, the short inter-particle 

distance provideso linkage between othe adjacent voids and microscopic ocracks as a direct result of 

reduced opropagation distances amid the ocracked SiC particles. The fracture surfaces oobservations 

reveal that the plane of ofracture for the cracked SiC oparticles is basically onormal to the axis ofo 

loading, signifying the importanceo of normal stress in causing particle ofracture. The overall lower 

ductility of the compositeo compared to the unreinforcedo alloy contributed to the failureo of the 

reinforcing SiC oparticles both by crackingo as well as de-bonding at metal omatrix interfaces. 

However there were more oindications of comparatively ductile omode of fracture in case of oaged 

samples as shown in ofigure 11 a-d. Observations on a macroscopico scale indicated that, the fracture 

was obasically perpendicular to the ofar-field stress axis (figure 11a). And relatively rougho fracture 

surface was noticed oat the microscopic oscale (figure 11b). 

When the fracture surfaces owere observed under high magnifications, the fracture surface orevealed 

both ofractured silicon carbide oparticles (figure 11d) surrounded by tear ridgeso indicating pockets ofo 

ductile regions.  
The ductile failure can be osafely related to ridgeso and also the pockets oof dimples of varying sizeo 

and shape in the tensile fracture surfaceo indicate ductile failure. The region of overloado on the tensile 

fracture osurface can be seeno in figure 11a. A population of fine omicroscopic voids can be noticed oon 

the fracture osurface of matrix of as cast composite (figure 11b). These voids were ointermingled with 

clearly distinct regions ocontaining dimples (figure 11c). At the higher acceptable omagnifications of 

the SEM images of this oregion noticeably reveals ovoids of varying size ointermingled with dimpleso of 

varying shape and osize, indication of failure omechanisms is locally oductile. 

However the clear cracked reinforcingo particles observed at higher omagnifications in this specific 

region were (figure 11d) indicationo of failure mechanismso as locally brittle. The presence of 

fundamentallyo elastically deforming, brittleo and hard reinforcing SiC particulates imposes orestriction 

on the mechanical odeformation of the plastically odeforming, ductile and soft ometal matrix ofo 

magnesium oalloy and this results in the odevelopment of a triaxial ostress state in the matrix ofo 

magnesium alloy. This causes reductiono in the flow stress of the ocomposites[26, 27]. 

 
4. Conclusions 
Magnesium alloy AZ91 matrix ohybrid composites reinforced withosilicon carbide (SiC) and graphite 

(Gr) oparticles were successfully oprepared using stir casting otechnique with various volumeo 

percentages. Hardness and tensile oproperties of as cast and aged ocomposites were oinvestigated. 

From the present oinvestigation the following conclusions may be odrawn: 
 

1. The sizes of the grains in the composite alloy owere smaller. The reinforcements were foundo 

to be distributed uniformly oin the alloy microstructure. In case of aged composites, 

precipitationo of hard intermetalic compound o-phase (Mg17Al12) were oobserved 

2. The hardness of the composite oalloy was high when compared with ounreinforced monolithic 

counter parts both in as ocast and oaged conditions. The hardness ofound to be increase witho 

increase in reinforcement ocontent. 

3. Similar observation iso found with the ultimate tensile ostrength (UTS). It was found that oUTS 

increase witho increase in reinforcement ocontent both in as cast and agedo composites.  

4. Because of the hinderingo effect of micron particle mainlyo SiCp on dislocations, the 

dislocationo density around particles increaseo during room temperature tensile oprocess, which 

contribute to the oenhancement of tensile ostrength. 

5. Morphology of tensile ofracture surface revealed an ooverall brittle in appearance 

macroscopicallyo and features brittle and ductile failure mechanisms onoticed microscopically. 
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