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Abstract : Discontinuously reinforced titanium matrix composites (DRTMCs) are emerging as an alternate to titanium 
and its alloys for ambient and elevated temperature applications. The present investigation deals with pressureless 
sintering process to synthesize dense Ti-TiB-TiC composites out of powders of Ti and B4C and to study the effect of B4C 
particle size and its final reinforcement (TiB - TiC) volume fraction on the micro-structural features. Initially  Ti & B4C 
(d50 ≈ 160 μm, 49 μm, and  16 μm  ) powders in three different proportions were blended, compacted and pressureless 
sintered resulting in Ti matrix composites with 10, 20, & 30 vol.% of TiB - TiC reinforcements. The micro-structural 
studies (SEM) revealed the complete transformation of B4C particles into TiB needles and TiC particles in case of 16 μm 
B4C particles. 
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I. INTRODUCTION 

Engineering materials are solid materials whose structure is designed to specific properties for a given 
application.  Engineering materials are classified based on their nature as metals and alloys, ceramics and glasses, 
and polymers. Combination of any of these two are called composites. In general composite can be defined as a 
multi phase material from a combination of materials, differing in composition or form, which remain bonded 
together, but retain their identities and properties. Composite materials are classified into Polymer Matrix 
Composites (PMCs), Metal Matrix Composites (MMCs) and Ceramic Matrix Composites (CMCs) based on the 
nature of the matrix material present in the composites. The growing interest in MMCs is due to the fact that they 
are more advantageous than traditional metallic materials and offer engineer to design totally new materials with 
tailor made properties for specific applications.  Extensive studies have been carried out on the MMCs having 
aluminum, magnesium, titanium and their alloys as matrix materials. Titanium matrix composites offer an edge over 
the aluminum and magnesium matrix composites due to the high temperature capability of titanium.  

Therefore the need to develop discontinuously reinforced titanium matrix composites arise, which finds 
application in wear parts like gears, bearings and shafts, erosion-corrosion resistant tubing and creep resistant engine 
components [1]. The selected reinforcements for titanium matrix composites must be thermodynamically stable and 
compatible with the matrix for end applications and during fabrication. Notable among them are SiC, TiC, B4C, 
TiB2 and ZrB2 [1]. Two types of in-situ ceramic reinforcements i.e. TiBW and TiCP or a combination of both have 
been synthesized successfully by many researchers [2-8]. The in-situ TiB whiskers are particularly attractive as a 
reinforcing material owing to its high modulus and hardness, chemical compatibility with titanium and nearly 
having the same density as titanium. Moreover, TiB content in titanium matrix composites can be increased to a 
very large extent.  

The primary objective of the present investigation is to establish a relatively cheaper pressureless 
sintering process to synthesize dense Ti-TiB-TiC composites out of powders of Ti and B4C and to study the effect of 
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B4C particle size and its final reinforcement (TiB-TiC) volume fraction on the micro-structural features.  
Pressureless sintering offers advantages of near net shape product, complex geometry, cost-effective process and 
uniform density in the final component.  

II. EXPERIMENTAL WORK 

Ti-TiB-TiC composites have been synthesized by pressureless reaction sintering of Ti-B4C green compacts 
making use of the following reaction.   

5 Ti + B4C → 4 TiB + TiC   ΔH298 = -754.36 kJ/mol  …… (Eq.1) 

Excess titanium over and above the stoichiometric titanium content determined by Eq (1) was used to get necessary 
amount of matrix titanium.  Powders of titanium and three different vol.% of B4C (1.8, 3.6 and 5.4 ) have been used 
to synthesize 10, 20 and 30 vol.%  (TiB + TiC) reinforcements, respectively in titanium matrix. Titanium powder 
made by hydride- dehydrade route having average particle size of 13 µm was blended with B4C powder having 
average particle sizes of  165 µm , 49 µm, and 16 µm in a roller mill using a poly propylene  bottle for 24 hrs. The 
blended powder was cold compacted into 70 mm x 35 mm x 6 mm compacts at a pressure of 60 MPa for 30 
seconds. The green compacts so obtained were subjected to pressureless sintering under 2x10-3 m. bar vacuum at a 
temperature of 1450°C for a period of 1 hr. Sintering resulted in integral compacts having ~98.5% theoretical 
density which are free from cracks and warpage. Shrinkage of 16-18% has been observed in the dimensions of the 
cold compact as a result of sintering. LEO 440i Scanning Electron Microscope (SEM) has been used to study the 
morphology and distribution of the reinforcements in the un-etched as well as etched composite samples.  

 

III. RESULTS & DISCUSSION 

Fig. 1 (a) & (b)  shows the SEM images of the  composites having initial B4C particle size of  165 μm 
with 10 & 30 vol.% reinforcements respectively. Fig. 1 (c) & (d)  shows the SEM images of the  composites having 
initial B4C particle size of  49 μm with 10 & 30 vol.% reinforcements respectively. These micrographs [Fig. 1 (a)–
(d)]  essentially reveal various features like distribution of B4C particles in Ti-matrix in both reacted and unreacted 
conditions, voids / cracks at the of B4C particles / matrix interfaces, etc., The grey particles, marked B, are reacted 
B4C particles, those in black colour, marked A, are unreacted B4C particles.  

The reaction between titanium and B4C is a solid state reaction, hence the reaction kinetics depends upon 
the contact area between these two constituents. It can be observed from the Fig. 1 (a) and (c) that size of the 
reinforcement phase (may be TiB as in case of location B or may be TiB + B4C as in case of location A) is not 
different from that of the initial B4C reinforcement particles in spite of the fact that the entire B4C particle got 
converted into TiB. Further, voids / cracks are observed at the B4C and Ti interface. These observations can be 
explained in the following. The reaction between B4C and Ti initiates at the Ti/B4C interface to form TiB at the 
surface of B4C particle. Subsequent reaction proceeds either by outward diffusion of B from B4C to TiB / Ti 
interface or inward diffusion of Ti to B4C / TiB interface. The formation of voids as observed at TiB / Ti interface in 
the present study suggests that reaction proceeds by inward diffusion of Ti to B4C / TiB interface, where it reacts 
with B to continue to form TiB. When such process occurs, vacancies form at TiB / Ti interface. If these vacancies 
do not diffuse away into matrix the local vacancy concentration increases, which then condense to form voids at the 
TiB / Ti interfaces (Kirkendal effect) as evident from these micrographs. Once the crack generates at the Ti/B4C 
interface the reaction between the matrix and reinforcement particles will automatically come to halt. 
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Figure 1 : SEM images of TMCs (a)  with initial B4C particle size 165 μm 10 vol.%  & 
(b) 30 vol.% And (c)  with initial B4C particle size 49 μm 10 vol.%  %  (d) 30 vol.% 

Brodkin et al. [9] postulated that during the initial stages of the reaction carbon diffuses rapidly from B4C 
particles into titanium, leaving behind areas of high boron activity. The diffusion of carbon in titanium is 
significantly greater than boron. Titanium diffuses into boron rich (carbon depleted) boron carbide. Boron and 
carbon react with titanium to form TiB and TiC according to the reaction Eq. 1. Due to the sluggish diffusivity of the 
boron, TiB is expected to form near to the original B4C particles. The present observation of formation of TiB 
clusters having similar size of initial B4C particles is in line with the above postulation. As the vol.% of 
reinforcement increases the population density of TiB clusters and TiC particles  increase as evident from the Fig. 1 
(a) to (d). The increase in vol.% of reinforcement results in an increase in contact area between the constituents, 
thereby the reaction rate between them also enhances. The morphology of TiB needles varies from coarser to finer 
as evident from Fig. 1   

Due to the lag between temperature/soaking time associated with titanium sintering and Ti-B4C reaction 
contact between them breaks off at some point of time thereby further reaction and growth are inhibited. Hence the 
microstructure consists of partially reacted B4C. Wherever contact is retained [Fig. 2] growth of TiB needles could 
be observed. By comparing the microstructures of Fig. 1 (c) with that of Fig. 1 (d) it is clear that with increasing 
vol.% of B4C the tendency of interface cracking is reduced. As the incidence of interface cracking is very low in Fig. 
1 (d) composites, growth of the fine TiB needles into titanium matrix could be observed. However, in case of 165 
μm B4C particles reinforcement in Fig. 1 (b)  composites, even at 30 vol.% the interface cracking is evident. This 
study clearly indicates that both the particle size and volume fraction of B4C controls the occurrence of interface 
voids / cracking.  As the presence of  unreacted B4C is undesirable in the final composite, further investigation was 
carried out with smaller size of B4C  particles having  an  average size of 16 μm in three different vol.% consisting 
of 10, 20 and 30. 
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Figure 2 : SEM images of TMCs with initial B4C particle size 49 μm (20 vol.%) 

Fig. 3 (a) – (d)  show the SEM images of the deep etched sintered samples of titanium and composites 
(with 16 μm B4C) respectively. Etching revealed the grain boundaries in the sintered titanium as evident from the 
microstructure shown in Fig. 3(a). The microstructure consists of grains in the range of 40 – 60 µm indicating 
substantial grain growth during sintering. From the Fig. 3 (b) it can be seen that the microstructure of 10 vol.% 
composite consists of needle shaped TiB as well as equiaxed particles of TiC as reinforcements which are uniformly 
distributed. 

In spite of decreasing  B4C particle  size  from 49 µm to 16 µm,  composite exhibits the presence of heavily 
clustered TiB needles in the microstructure [Fig. 3 (b) – (d)]. The clusters predominantly consists of thick primary 
needles. Fig. 3 (c) and (d) illustrate the microstructures of the 20 vol.% and 30 vol.% composites respectively. These 
two composites also consist of clusters of TiB needles along with uniformly distributed primary and secondary 
needles. With increasing reinforcement content, reinforcement cluster density is increasing. Moreover, size of the 
TiB needles within the clusters is getting refined with increasing reinforcement content. The  needle shaped 
morphology of TiB whiskers observed in the microstructure has been explained in terms of crystal structure and 
boron diffusion mechanism for TiB. 
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Figure 3 : SEM images of (a) Pure titanium  (b) Ti – (TiB+TiC) 10 vol.% 

(c) Ti – (TiB+TiC) 20 vol.%  and  (d)  Ti – (TiB+TiC) 30 vol.% 

A : TiB cluster  B: TiB needle   C: TiC particle 

Sahay et al. [10]  categorized such TiB needles with different sizes as primary and secondary needles and 
proposed a mechanism for formation of TiB in different aspect ratios and diameters in terms of preferential growth 
rate of TiB along [010] direction due to higher density of strong B-B bonds and one way diffusion of B along this 
direction. Sahay et al. [10] proposed a critical volume fraction of TiB2 (29 vol. %) above which thin secondary 
needle shaped TiB  starts  growing. However, secondary TiB needles were noticed even at 10 vol.% of (TiB + TiC) 
reinforcements in the present study. Use of finer (13 µm)  titanium powder and coarser (16 µm) B4C powder in the 
present study in contrast to  28 µm titanium powder and 2.4 µm TiB2 powder (size ratio of 11.6:1) used by Sahay et 
al. [10] has resulted in  localized increase in concentration of boron. In addition longer duration required for 
completion of the reaction between titanium and coarser B4C, smaller mean free path for the growth of primary 
needles, promoted the growth of secondary TiB needles and TiB clusters. 

IV. CONCLUSIONS  

Ti-TiB-TiC  composites  were  processed   using   titanium    and   B4C powders as raw materials   by   pressureless   
sintering   technique. Sintering studies on composites   processed with 165 μm and 49 μm size B4C powders 
respectively resulted  in incomplete    in-situ reaction and extensive interfacial cracking during sintering and hence 
these composites  were  not considered  for  further characterization. Sintering of Ti and 16 μm B4C  powders 
revealed  the presence of TiB and TiC  reinforcements  and  absence  of  B4C  in titanium  matrix indicating  the 
completion  of  the  in-situ  reaction between titanium and B4C during pressureless sintering through microstructural 
analysis. Fine  secondary TiB needles were observed  in the  microstructure of pressureless sintered composites  
along  with  coarser  primary  TiB needles   even   with  smaller   amount   (10 vol.%)  of   TiB - TiC  
reinforcements.  On  the  other  hand  such  fine  TiB  needles  were reported to  be  observed  only  at  higher  vol.%  
reinforcements (~29%)  in case of Ti-alloy matrix composites.  
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