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Abstract. Titanium alloy specifically Ti−6Al−4V is largely used in aerospace industry owing 

to its high specific strength and stiffness. Further improvement in the specific strength and 

stiffness of the alloy can be achieved by reinforcing it with hard ceramic material like SiC.  

In the present investigation, different proportion of SiC particles (0, 1.5, 3 and 4.5 %) was 

introduced into the Ti−6Al−4V alloy to fabricate the metal matrix composite. The MMC’s were 

prepared through powder metallurgy route which involves mechanical alloying of different 

powder in the predefined proportion followed by compaction and sintering in the furnace. The 

microstructure of fabricated composite was analyzed using scanning electron microscope. 

Uniform distribution of SiC particles in the titanium matrix is observed due to better wettability 

between the reinforcement and the matrix. The bulk hardness of the MMC’s was measured on 

Rockwell Hardness (C scale). The x-ray diffraction analysis and EDX spectroscopy is also 

performed to capture the phase transformation after the sintering. The result shows that with 

the increase in the mass fraction of the SiC in the MMC’s, a continuous increase in the hardness 

is observed. A 13.15 % increase in hardness is observed with 1.5 % addition of SiC in base Ti 

alloy. However, this percentage increase is increased to 26 % with addition of 4.5 % of SiC in 

the matrix. The increase in the hardness is due to higher hardness of reinforced SiC. SEM 

micrograph shows the uniform distribution of reinforced particle into the matrix. 
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Introduction 

Titanium alloy (Ti−6Al−4V) is widely used in the manufacturing of aerospace component and 

other structural member due to its light weight, high specific strength, and stiffness [1]. However, 

properties such as young’s modulus, wear resistance and thermal resistance of these alloys are 

inferior as compared to those of Nickel and steel-based alloy. The abrasion test performed on  

Ti–6Al–4V alloy and tool steel shows that the wear rate of titanium alloy is nearly 15 times 

higher than that of tool steel [2]. This inferior tribological response of titanium alloy is on 

account of lower hardness and lower values of tensile and shear strength [3]. The poor wear 

resistance associated with titanium alloys can be significantly improved by reinforcing hard 

ceramic particle (secondary particle) into the titanium matrix [4,5]. Particle reinforced TMC’s 

are more economical as compared to that of continuous fibre reinforced TMC and their 

properties are nearly isotropic [6]. As of now, different types of secondary particles are used by 

various authors as a reinforcement in the fabrication of TMC’s. The most commonly used 
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reinforcement is TiC [7], TiN [8], SiC [9], TiB [10], B [11] and CNT [12]. Titanium matrix 

composite (hereafter referred as TMC’s) due to its high specific modulus and high specific 

strength has found potential application in the aircraft industry [13]. TMC’s in the recent past 

are developed using melting route and powder metallurgy route. The fabrication of near net shape 

product using melting approach is difficult and is due to poor fluidity of the melts [14]. 

However, powder metallurgy route is most cost effective and can be used to produce near net 

shape components [15]. Ravindran et al. [16] fabricated hybrid composites, Al2024/(SiC + Gr), 

using powder metallurgy and have found significant enhancement in the wear properties of 

reinforced composite as compared to the base alloy. Kobayashi et al. [17] analyzed the 

performance of TMC’s fabricated via mechanical alloying with different secondary particles 

such as TiB, MoB and CrB and observed that TMC fabricated with TiB as reinforcement lead 

to better mechanical and tribological performance. Yong-Jin Kim et al. [7] fabricated the in 

situ TMC with TiC as reinforcement and observed that hardness, yield strength, and tensile 

strength of the fabricated TMC significantly improved in comparison to parent titanium alloy. 

They also observed the continuous increase in the hardness of the fabricated TMC with increase 

in the amount of the TiC particle in the matrix. Poletti and Holtl [18] compared the properties 

of TMC’s reinforced with TiC and SiC. They observed that the strengthening of SiC reinforced 

TMC is due to matrix strain hardening which is generated due to thermal mismatching of 

reinforcement and the matrix. On the other hand, strengthening of TiC reinforced TMC is due 

to the dissolution of C in the alpha phase. Finite element modelling of discontinuously 

reinforced TMC shows that strength hardening of TiB whisker reinforced TMC is mainly due 

to the matrix strengthening and not because of load transfer mechanism [6]. Sabri et al. [19] 

confirmed the improvement in mechanical properties with increasing reinforcement content, 

while Siva Surya et al. [20] successfully fabricated SiC reinforced Al7075 composite through 

P/M route. 

From the above literature survey, it was observed that most of the researchers used melt-

based approach to fabricate the composite material. This melt-based approach is not suitable to 

produce near net shaped product due to poor fluidity of the melt. The aim of the present 

experimental study is to fabricate the composite material by reinforcing hard SiC particle in the 

base Ti−6Al−4V alloy through powder metallurgy route. To analyze the effect of SiC on the 

mechanical properties of the fabricated composite, three different weight percentages (1.5, 3.0 

and 4.5 %) of SiC are reinforced to the base Ti−6Al−4V alloy. 

The metallurgical properties of the fabricated TMC’s were evaluated using scanning 

electron microscopy and their relation with mechanical properties such as hardness is discussed 

in detail. The phase transformation and compositional change occurred during the sintering 

process is captured through x-ray diffraction and EDX technique respectively. 

 

Materials and Methods 

Raw material. The fabrication of TMC’s is accomplished using Ti−6Al−4V alloy as the matrix 

and SiC particle of 100 mesh size as reinforcement material. Titanium alloy is first fabricated 

by mechanical alloying of titanium powder (90 % by mass), aluminum powder (6 % by mass) 

and Vanadium (4 % by mass). In the fabrication of TMC’s, SiC particles of 97.43 % purity, 

titanium powder of 98.99 % purity, aluminum powder of 99.72 % purity and vanadium powder 

of 100 % purity are used. The purity of the powder in terms of elemental composition is 

confirmed through Energy dispersive spectroscopy (EDS) spectra before further processing. 

Fabrication of TMC’s. The specimen of TMC’s is prepared by reinforcing 1.5, 3.0 and 

4.5 % SiC (by mass) through powder metallurgy technique. Unreinforced alloy was also 

prepared in the same way. In this technique, the pre-calculated amount of different powders 

was milled in a high energy ball mill to get uniform mixture. The powder was milled using 

stainless steel ball of 0.5 cm diameter and is shown in Fig. 1(a). One clockwise and one 
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anticlockwise rotation each of one hour is used to complete the milling process. Thereafter, the 

mixture was cold compacted into cylindrical shape with the help of die and punch system shown 

in Fig. 1(b). A load of 90kN is applied for cold compaction of powder using hydraulic press as 

shown in Fig. 1(c). The final compacted sample is shown in Fig. 1(d). After that the compact 

was immediately sintered at 1100 °C using high temperature furnace. The chosen temperature 

is due to the fact that at this temperature both phases are properly bonded and that the composite 

is fully densified. Also, at this temperature there is no formation of unwanted phases or defects 

that can negatively impact the mechanical properties of the composite. After that the compact 

was immediately sintered at 1100 °C using high temperature furnace. A time period of 2.5 h. is 

maintained as choking time followed by cooling in the furnace till the sample reaches to room 

temperature. The sample were then cut from fabricated composite for further characterization. 

 

Fig. 1. The steps followed in fabrication of TMC’s (a) ball milling of powder (b) die and 

punch used (c) compaction of powder (d) P/M sample 

 

Microstructural Characterization. For microstructural characterization, titanium alloy 

and fabricated TMC’s specimen are polished using fine emery paper. Thereafter, specimen was 

cloth polished on auto-disc polishing machine with diamond paste to achieve shiny surface and 

then were cleaned with acetone to remove any unwanted particle from the surface. Finally, the 

sample were observed under scanning electron microscope. 

Hardness. The bulk hardness of the TMC’s and alloy is measured through Rockwell 

hardness tester. A steel ball of diameter 1/8 inch is used as an indenter. A load of 60 kgf is used 

for a time of 10 sec (dwell time) to perform the test. For better accuracy, five indentations were 

taken at different locations and the average value of them is taken for further analysis. 

X-ray diffraction study. The phase identification of the TMC’s is done through X-ray 

diffraction technique. The monochromatized Cu-Kα radiation with Ni filter is used to obtain the 

diffraction pattern. 

Energy dispersive spectra analysis. Energy dispersive spectroscopy technique is used 

to identify the elemental composition and proportion present in the titanium alloy and fabricated 

TMC’s specimen. The beam energy in the range 0-20 keV is used to emit the characteristics  

X-rays from the sample. The acceleration voltage is set at 15 kV for the purpose. 

 

Results and Discussions 

Microstructure. The SEM micrograph of monolithic titanium alloy and fabricated TMC’s with 

1.5, 3.0 and 4.5 % SiC is shown in Fig. 2. Figure 2(c) shows the clean interface between the 

SiC particle and the titanium matrix without the presence of any void. The uniform distribution 

of SiC particles in the titanium matrix can be observed from Fig. 2(b). This homogeneous 

distribution is on account of better wettability between the reinforcement and the matrix. The 

increase in amount of SiC in the matrix will lead to more interfaces between the reinforcement 

and the matrix. Moreover, larger amount of reinforcement increases the porosity which in turn 
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reduces the strength of the sample [1]. Also, larger mass fraction of reinforcement favors the 

solid-state reaction leading to the formation of intermetallic compound such as Ti5Si3 and TiC. 

These intermetallic being brittle in nature can cause initiation of crack and under the presence of 

tensile stress; these cracks can grow and lead to catastrophic failure of the component. 

 

 
 

Fig. 2. SEM images of (a) Monolithic Ti alloy, (b) TMC with 1.5 % SiC,  

(c) TMC with 3.0 % SiC, and (d) TMC with 4.5 % SiC 

 

Hardness. The hardness of the Ti alloy and the fabricated TMC’s was measured in terms 

of Rockwell hardness (HRC) and is shown in Fig. 3. It can be seen from the figure that hardness 

of Ti alloy is 39 HRC and with the addition of SiC, the hardness of the TMC is found to increase 

with maximum hardness being achieved at 49 HRC with 4.5 % SiC. The continuous increase in 

the hardness with the increase in amount of reinforcement in the TMC is due to fact that larger 

amount of hard ceramic particle offers greater resistance to the plastic deformation. Also, harder 

reinforcement particle act as strong pinning sites which restrict the dislocation motion and thus 

TMC with higher amount of SiC shows higher hardness value. Moreover, the clean interface 

with minimum porosity between the reinforcement and the matrix leads to better bonding 

strength and thus helps in improving the hardness of the TMC’s. 
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Fig. 3. Variation in hardness of fabricated TMC’s with amount of SiC reinforcement 

 

Energy dispersive spectral analysis. The elemental composition of as supplied powder 

needs to be verified as it significantly affects the final properties of the fabricated TMC’s. Thus, 

the EDS analysis of the as supplied powder (Ti, Al, V and SiC) is shown in Fig. 4. 

 

 
 

Fig. 4. EDS results of as supplied powder (a) SiC, (b) Titanium, (c) Aluminum, and (d) 

Vanadium 

 

It can be observed from the figure that sample of Ti powder consists of 98.99 % of Ti and 

1.01 % of O. The elemental composition (mass %) of Al powder consists of 99.72 % of Al and 

0.28 % of O; V powder consists of 100 % of V and SiC consists of 97.43 % of Si, 1.80 % of C 

and 0.77 % O respectively. The EDS analysis of TMC’s with different mass % of SiC is shown 

in Fig. 5. The EDS details were examined at two different locations; point 1 and point 2. The 

presence of a very small amount of oxygen is observed in the TMC’s. However, the significant 

increase in the carbon element is observed in Fig. 5(d) as compared to other fabricated TMC’s 

and this is due to greater amount of SiC reinforcement. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. EDS spectrum of TMC’s with (a) 0 % SiC(unreinforced alloy), (b) 1.5% SiC,  

(c) 3 % SiC, (d) 4.5 % SiC 
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X-ray diffraction. Identification of different phases formed due to solid state reactions at 

higher temperature (as in case of powder metallurgy) between the reinforcement (SiC) and 

matrix (Ti−6Al−4V) is important as it may lead to the formation of brittle intermetallic 

compound which can deteriorate the in-service performance of the fabricated composite [21]. 

The diffraction peaks for Ti6Al4V and SiC will appear at different angles due to their different 

crystal structures. By analyzing the position and intensity of these peaks, it is possible to 

identify the phases present and determine their crystal structure. The X-ray diffraction pattern 

of titanium alloy without SiC and fabricated TMC’s with 4.5 % SiC is shown in Fig. 6. From 

the figure, it can be seen that the Ti alloy (without SiC) consists of a major phase. The shown 

value in the diffraction pattern well match with the data reported [22]. In TMC with 4.5 % SiC, 

the intensity of α-Ti peak considerably reduced and two more new peaks of TiC and SiC appear 

in the diffraction pattern. The formation of TiC is due to diffusion mechanism along the grain 

boundary. In the present investigation, no peaks corresponding to Ti5Si3 is observed. Also, there 

is no clear phase separation because of reaction between SiC/Ti as expected rather the reaction 

zone typically consists of TiC and is due to nearly equal diffusion coefficient of carbon and 

silicon in titanium. Among C, Si and Ti, none of the element are mobile elemental species and 

therefore the growth of the reaction [23] is governed by diffusion of all elements together. 

 

 
 

Fig. 6. X-ray diffraction profile of TMC’s with (a) 0 % SiC (unreinforced alloy)  

and (b) 4.5 % SiC 

 

Conclusions. In the present investigation, the ceramic particle (SiC) was reinforced in 

industry standard Ti-6Al-V alloy to fabricate Titanium matrix composites through powder 

metallurgy technique. The effect of different amount (mass %) of reinforcement on 

microstructure and hardness were studied in detail. The results show that SiC reinforced TMC’s 

fabricated through P/M technique offer better hardness values in respect to the parent Ti alloy. 

The hardness of 4.5 % SiC reinforced TMC is found to be 49 HRC which is 25.64 % higher than 

the unreinforced Ti alloy. The phase analysis carried out through XRD shows the formation of 

harder TiC phase during the sintering process. Also, it is recommended from the current study 

that the P/M technique can be effectively used to fabricate Ti based composites; The P/M 

technique is cost effective technique for the fabrication of TMC’s. 
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