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Abstract
Ti-TiB2 composites were fabricated from powder mixtures via spark plasma sintering 
method. Mechanical behavior of the sintered composites were then investigated via both 
routine and nanoindentation methods. Results indicated a significant increase in ultimate 
tensile strength and hardness of the composite, when the sintering temperature is raised. 
Besides common increase in the relative density of the composite, such a behavior was also 
attributed to the higher amounts of in-situ formed TiB whiskers. The remarkable reduction 
in bending strength is probably due to limited formability of unreacted coarse TiB2 
particles and agglomerated in-situ formed phases. 
Such findings were then discussed in detail, based on the nanomechanical behavior of the 
primary and in-situ formed phases in Ti-TiB2 composite sintered at 1200°C. It was 
concluded that the superiority of mechanical properties in the mentioned sample may be 
due to high strength primary and in-situ formed reinforcements distributed homogenously 
in the matrix. Such reinforcement also provided high strength interfaces, according to 
interfacial nanoindentation approaches.  
 

Keywords: Spark Plasma Sintering; Titanium matrix composites; Titanium diboride; 
Mechanical properties; Nanoindentation.

1. Introduction

Besides its unique combination of properties, wear resistance and high-temperature 

properties of titanium challenge its industrial applications, particularly in aerospace 

industries. Therefore, several research works have recently focused on improving the 

mailto:behzad.nayebi@aut.ac.ir
mailto:a_sabahi@sut.ac.ir


ACCEPTED MANUSCRIPT

properties of titanium, based on composite-making approach. It has been shown that using 

reinforcements such as TiN, TiB2, TiC, B4C, SiC, etc. can lead to improved wear properties 

and stiffness of Ti-based alloys, as well as high-temperature strength. Hence, titanium 

matrix composites (TMCs) reinforced with hard and high-temperature ceramic particles 

are introduced as promising materials for high-tech and industrial components. Such 

potential applications are known as the driving force of extensive research works in recent 

decades [1-12]. Although TMCs are currently used in defense, automobile, aerospace and 

biomedical applications, there appears to be a great necessity for further research. 

Particularly, there is a growing tendency in developing the low-cost and repeatable 

processing methods of TMCs in order to obtain the best combination of achievable 

properties.

Among several manufacturing methods, In-situ techniques have been developed recently in 

which, reinforcement phases are directly synthesized during the fabrication process, 

mainly through chemical reactions between the initial constituents of the composite [9-18]. 

Although such techniques provide relatively low-cost products, but they deal with some 

shortcomings, e.g. inhomogeneity of microstructure and the distribution of reinforcements. 

However, manufacturing methods based on powder metallurgy may overcome such 

limitation, especially if they include reactive sintering (which can positively be influenced 

through in-situ formation of secondary and interfacial phases).

Mechanical properties of matrix, reinforcement phases and the matrix/reinforcement 

interfaces are known as the main influencing factors on the overall mechanical properties 

of the composite materials. In addition, macroscopic mechanical properties of TMCs are 

strongly conditioned by the mechanical behavior of possible phases formed from the 

interactions between the constituents and characteristics of matrix/reinforcement 

interfaces. So it is necessary to determine the properties of different phases individually 

and evaluate the interfacial mechanical behavior in heterogeneous regions, particularly, as 

the mechanical properties of an individual phase in a composite structure may be different 

with those of its bulk. Therefore, evaluation of mechanical properties of different phases 

may result in better understanding of the behavior of the composites and consequently 

lead to improved design of materials.
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Whereas micro/macro mechanical evaluations of composite materials are commonly 

carried out, recently developed techniques such as nano-indentation have provided the 

possibility of precise understanding of the mechanical behavior of different phases in 

TMCs, even in nano-scale [13-19]. In this study, the mentioned technique was used to 

evaluate and measure the mechanical properties of the spark plasma sintered TiB2 

reinforced TMC, containing 4.8 wt.%  titanium diboride sintered at 1050 °C. Such a 

composition has been chosen to clarify densification behavior and strengthening 

mechanisms of the composite, as it is indicated that TiB2 content of about 4.8-5 wt.% 

results in the best combination of properties (maximum tensile strength accompanied with 

optimum densification behavior) [13] among SPSed Ti-Based composites containing <10 

wt.% Mo. Hence, the influences of different SPS temperatures on nano and macro (bulk) 

mechanical properties of such a composite were investigated to achieve the optimum 

process parameters for Ti- 4.8 wt.% TiB2 composites. 

2. Experimental procedures

2.1. Materials and processing

Hydride–dehydride Ti (HDH-Ti) powder (particle size <70μm, purity> 98%) and TiB2 

(particle size <50μm, purity> 98%) were used as starting materials. As-received materials 

were then mixed in turbula mixer (60 rpm) for 5 hours. Finally, a powder mixture 

containing 95.2 wt. % Ti and 4.8 wt. % TiB2 was obtained. Five samples were then 

prepared and spark plasma sintered at different temperatures (750-1350°C) for 5 minutes 

under a pressure of 50 MPa. Samples were then coded based on the sintering temperatures, 

according to coding system presented in Table. 1. The heating schedule and applied 

pressure of the sintering process are graphically presented in Fig. 1. 

Table. 1. Codding system of the prepared samples based on their sintering temperatures.
Code T750 T900 T1050 T1200 T1350
Sintering Temperature (°C) 750 900 1050 1200 1350

2.2. Physical and mechanical properties tests

The apparent and theoretical densities of the sintered composites were measured based on 

Archimedes principle and rule of mixtures, respectively. The obtained values were then 
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used to calculate the relative density of the samples.  Macro/micro-hardness values of the 

samples were measured via Vickers indenter (ESEWAY, UK) on the polished surface of the 

samples, using 30 kg and 300 g applied load, respectively. The values of hardness were 

concluded as the mean of at least six indentation runs. The plates were then precisely cut 

via electrical discharge machine (EDM) in order to provide standard samples for 

mechanical properties test. Three-point bending strength, room and high temperature 

tensile strength tests were carried out using a universal testing machine (STM-250- 

equipped with a resistance furnace). The dimensions of the cut samples for the bending 

tests were 3 × 4 × 34 (mm) with a span of 15 mm. Three tests were performed to get an 

average value of bending strength and to check the reliability of the results. The reported 

flexural strength values have been calculated based on Eq. 1 [14]: 

      (1)b 2

1.5FL
bd

 

where σb is flexural strength (MPa), F shows the load at a given point on the load deflection 

curve (N), L is support span, (mm), b is the width of the test beam in mm and d represents 

the thickness of the tested sample (mm). The dimensions of room and high temperature 

(600°C) tensile specimens were 2 × 5 × 15 (mm) and 18 × 2 × 6 (mm), respectively. Each 

test was repeated at least four times and the average values were reported. 

(a)                                                                                                 (b)
Fig. 1. (a) Heating and (b) pressing schedule of the samples through SPS process.
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2.3. Nanoindentation

Depth sensing nano-indentation test equipment (Agilent G200, USA) with Berkovich 

diamond indenter tip was used to make ultra-low load (5 – 150 mN) indentations in 

selected locations and investigate the mechanical properties of constituent phases in 

T1200 sample. The displacement of the indenter was continuously recorded to obtain 

nano-hardness, elastic modulus and contact stiffness of titanium matrix and 

reinforcements, based on Oliver-Pharr method [19-33]. Indentation zones were precisely 

selected on matrix and reinforcement phases as well as matrix/reinforcement interfaces, 

which cannot be evaluated via other testing methods.  The mechanical properties of the 

mentioned regions and phases were calculated by averaging the obtained values from six 

indentations for each region. Adequate indentation distances were considered to minimize 

the overlap effect. 

The maximum applied load was 100 mN for all indents. Calculations were carried out based 

on the general concepts of each property. Using the Berkovich indenter, hardness was 

calculated based on Eq. 2 [19-33]:

      (2)Max

C

PH
A



In which, H represents hardness, PMax is allotted to the maximum applied load and AC 

shows the projected area of indentation and can be calculated as follows:

      (3)2
C CA 24.5 h 

Where hC is the contact depth at the maximum load. It is indicated that the actual depth of 

contact (hC) is normally less than the total depth of indenter penetration [24]. Therefore a 

corrected depth of contact should be used, which is calculated as follows [19-33]:

      (4)Max
C Max

Ph h
S

  

Where hMax is the indenter displacement measured at maximum load, α is a geometrical 

constant related to the shape of the indenter (α=0.75 for Berkovich tips), and S is the 

contact stiffness.  Based on Oliver-Pharr method, contact stiffness can be calculated using 

the slope of unloading curve at maximum load (Pmax), as follows [19-33]:

      (5)m C
h hMax

dP 2S E A
dh 
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In which, δ, an indenter geometry-depended constant equals to 1.034 in here (Berkovich 

indenter). Modified elastic modulus, Em, represents the elastic modulus that considers the 

elastic contributions of specimen and the indenter tip, and calculated using Eq. 6 [19-33]:

      (6)
2 2

s i

m s i

1 1 1
E E E

   
 

Here, Ei and Es are the relevant elastic modulus of the indenter and sample, whereas υi and 

υs are the Poisson’s ratio of the indenter and the specimen, respectively.

3. Results and discussion

3.1. Relative density

Fig. 2 presents the effect of sintering temperature on the relative density of the sintered 

composites. The plot shows that the relative density of the sintered composites directly 

changes with the sintering temperature, which means that the higher sintering 

temperature promotes higher rates of porosity removal and consequently, improved 

densification. As it can be clearly seen in Fig. 2, increasing the sintering temperature from 

750 to 1200 °C leads to relative density enhancement from 93.90 to 99.88 %. It should be 

noted that the highest slope of the relative density vs. sintering temperature curve is 

observed between 750 to 900 °C, which may be due to the activation of more diffusion 

mechanism, e.g. bulk diffusion. Formation of TiB whiskers may also considered as another 

effective factor in porosity removal and densification. Therefore, it can be concluded that 

with increasing the sintering temperature from 750 to 900 , the relative density of the ℃

sintered composite enhances from 93.90 % to 98.46 % which is reasonably due to the 

higher diffusion and the formation of TiB whickers in vacant positions between the 

particles. Such a collaboration also results in near-fully dense Ti-TiB composite at 1200 °C 

(due to increased temperature and diffusion rate). However, a slight decrease in the 

relative density of T1350 sample can be attributed to the grain growth surpassing 

densification, which postpones the porosity removal. Optical microscopy images presented 

in Fig. 3 indicate the excessive grain growth of T1350 sample in comparison with T1200 

sample.
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Fig. 2. Relative density of the samples vs. the sintering temperature.

     
(a)                                                                                   (b)

Fig. 3. Optical microscopy images of the microstructure of (a) T1200 and (b) T1350 samples, indicate the 
excessive grain growth in sample sintered at 1350°C.

As the sintering in practice is the control of both densification and grain growth and many 

other physical and mechanical properties, and it benefits from both a high relative density 

and a small grain size, achieving the optimum sintering temperature is of great importance. 

According to the obtained results, by rising the sintering temperature, the porosity 

percentage of the sintered compacts decreases and near fully dense composites were 

obtained by SPS at temperatures higher than 1050 ℃. Besides, the increase in porosity 
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percentage of T1350 compared to T1200, can be attributed to few pores generated in the 

microstructure due to the growth of matrix grains. Microstructural observations obviously 

(not shown here) indicated that the samples fabricated at 750 and 900 °C have a non-dense 

microstructure and some large pores. When the sintering temperature increases to 1050 

°C, it can be seen that the macroscopic pores are disappeared and a more compact 

microstructure is obtained with less than one percent porosity. It is a fact that grain growth 

kinetics is governed by grain boundary mobility, and one of the factors responsible for 

grain boundary mobility is the temperature. On the other hand, the short sintering time (in 

SPS method) decreases the major drawback potential induced by the high-temperature 

process, which is the grain growth tendency with temperature and time in the sintered 

material. However, in this study as the sintering temperature exceeds 1200 °C, the applied 

high temperature softens the titanium matrix, the growth inhibiting effect seems to be 

faded, alpha and beta layers grow together and the size of in-situ formed TiB whiskers 

increases, which have a negative impact on the mechanical properties.

Clarifying the abovementioned discussions, it should be added that during the solid state 

sintering processes, the reduction in total interfacial energy as the driving force for 

progression of sintering occurs through both densification and grain growth, which are 

competing phenomena. The porosity removal at higher sintering temperatures, which 

leads to the extreme grain growth, is difficult because the size of the pores entrapped 

between the grains becomes larger. As the progression of densification (increasing the 

relative density) depends on the elimination of porosity, the growth of grains prevents the 

material to be easily densified.

3.2. Mechanical properties

3.2.1. Hardness 

Fig. 4 presents the variation of macro/micro-hardness vs. sintering temperature for the Ti-

4.8TiB2 composites. As it can be clearly seen, T750 sample exhibits the lowest micro-

hardness value (213 HV0.3), whereas the highest value was observed in T1350 (541 

HV0.3). On one hand, such a variation may be due to lower densities of samples sintered at 

lower temperatures. On the other hand, the size and the volume fraction of the synthesized 

TiB whiskers can be considered as effective factor. In the latter case, it should be clarified 
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that the smaller the size and the volume fraction of TiB whiskers, the lower the possibility 

of contact with the indenter. Hence, lower micro-hardness values may be obtained in 

samples SPSed at lower temperatures. According to the reported macro-hardness (the 

average of six indentations obtained from different locations), it is shown that the value 

increases by nearly 140 % (from 178 HV30 for T750 to 428 HV30) as the sintering 

temperature enhances to 1200°C. Increment of hardness as a function of sintering 

temperature is attributed to increase in relative density and the generation of more volume 

fraction of TiB whiskers compared to parent TiB2 particles. The optical and scanning 

electron micrographs of the processed composite sintered at 1200°C are presented in Fig. 

5, which show the unreacted TiB2 particles and the in-situ formed TiB whiskers. The 

reaction mechanisms of spark plasma sintered Ti–TiBw composite was discussed in 

previous work [13], in which the investigations were mainly focused on the effects of the 

volume fraction of TiB2 reinforcement on microstructural and mechanical properties of 

titanium matrix composites sintered at 1050°C. The difference in the macro-hardness and 

the micro-hardness is often ascribed to the size effect (i.e., the hardness reduces with 

increase in load). According to the research conducted in many studies, it has been 

determined that the macro-hardness of almost any material is lower than its micro-

hardness, since the load applied in Vicker's micro-hardness is usually lower than that 

applied in macro-hardness [34-35]. Fig. 4 also indicates that the difference between macro-

hardness and micro-hardness increases with rising sintering temperature. 

Fig. 4. The macro/micro hardness variation vs. the SPS temperature.
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(a)                                                                                     (b)
Fig. 5. (a) Optical and (b) SEM images of the polished surface of sample sintered at 1200°C

3.2.2. Flexural strength

Fig. 6 represents the effects of SPS temperature on bending strength of Ti-TiB2 composites. 

The variation trend of such a plot can be illustrated if the amount of in-situ formed TiB 

whiskers and relative density changes are considered into account. According to the 

obtained results, increasing the sintering temperature from 750 to 1050°C resulted in 

rising the relative density and subsequently, increasing the bending strength from 805 MPa 

to 1273 MPa (or by 58 %). However, as the sintering temperature exceeds 1050 , the ℃

volume fraction and size of the TiB whiskers grow and then, cause a drop in bending 

strength. Such a decreasing trend can be attributed to the plastic restraint applied by TiB 

whiskers on the matrix. TiB whisker tips on both sides can act as stress concentration sites, 

which intensify the plastic flow of the matrix in comparison with equiaxed TiB2 particles. 

Therefore, higher amounts of TiB whiskers can affect the bending strength of the 

composite, negatively. Anyway, it can be concluded that in sintering temperature range of 

750 to 1050°C, the dominant factor was porosity reduction, which resulted in increasing 

flexural strength from 805 to 1273 MPa. When the sintering temperature raised from 1050 

to 1350°C, the fraction of TiB whiskers manifested as the key factor and caused decreasing 

flexural strength of the composite from 1273 to 967 MPa.
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Fig. 6. Influence of sintering temperature on flexural strength of Ti-4.8 wt.% TiB2 composites.

3.2.3. Tensile strength 

The results of the room temperature tensile test of the sintered composites are shown in 

Fig. 7. Improved tensile strength was obviously achieved when the sintering temperature 

increased. As it can be clearly seen, T750 sample exhibits the lowest UTS among the 

samples, which logically can be attributed to its lowest density and highest fraction of 

porosity. Fig. 7 indicates that the ultimate tensile strength of the samples is following an 

overall incremental trend, when the sintering temperature is raised from 900 to 1200°C. 

Nevertheless, whereas the maximum UTS (541 MPa) was achieved for T1200, a slight 

decrease was observed for T1350 sample which experienced the highest sintering 

temperature. Such a UTS drop, as previously discussed about bending strength, may be due 

to the higher volume fraction of TiB whiskers which provide increased stress concentration 

sites.
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Fig. 7. Room temperature tensile properties of the specimens sintered at different temperatures.

Nevertheless the incremental trend of UTS, ductility reduction was observed for samples 

T1050 to T1350, which means the improved UTS was achieved scarifying the ductility. 

Unreacted TiB2 particles and agglomerated in-situ formed TiB whiskers can be considered 

responsible of such a ductility drop. Low ductility of titanium matrix can be introduced as 

another effective factor on the elongation of composites. Strengthening in whisker 

reinforced composites, generally is believed to be a result of combined effects of 

geometrically increased density of dislocations (due to stresses induced during cooling 

process), grain refinement, solid-solution, dislocation/whisker interactions and load/stress 

transfer across the matrix and whisker reinforcements. Some of these factors may affect 

the tensile strength of near fully-dense composites investigated in this study.

The tensile stress-strain curves of T1200 and T1350 samples at 600°C (Fig. 8) are selected 

to discuss the stress-strain behavior of the sintered composites at high temperatures. 

These results suggest that the tensile strength of the T1200 is higher than that of the 

sample sintered at 1350°C.

In comparison with the results of room temperature tests, it is also clear that the 

strengthening effect of in-situ formed TiB whiskers was weakened. Such a shortcoming 

may be due to the dynamic recovery/recrystallization (DRV/DRX) of the titanium matrix 

[36], which promotes the movement of dislocation and consequently, the easier plastic 

deformation of the matrix. In fact, it may interrupt the process of stress transfer from 

matrix to the reinforcements, and lead to lower mechanical strength.
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Fig. 8. Engineering tensile stress–strain curves of the T1200 and T1350 composites tested at 600°C.

It is also worth to note that higher temperatures may influence the matrix/reinforcement 

interface, which plays a key role in mechanical behavior of the composites. The 

strengthening effect of TiB whiskers and remained TiB2 particles (reinforcement phases) 

depends on their interfaces with the titanium matrix. Elevated temperatures may promote 

atomic diffusion and change the mechanical response as well as the thickness and 

morphology of the interfaces, which consequently affect the mechanical properties of the 

bulk composite. 

3.2.4. Nanoindentation

Instrumented nano-indentation test was used to measure the mechanical properties of 

T1200 sample. The technique has several applications in characterization of in-situ formed 

phases in composites and even recently developed materials e.g. bulk metallic glasses 

(BGMs) [37-38]. Obtained results including hardness, young's modulus and contact 

stiffness for different existed phases in the microstructure of T1200 sample are presented 

in Table. 2. 

Table. 2: Calculated mean values of elastic modulus, hardness and contact stiffness for α-Ti, β-Ti, TiBw, 
TiB2-corona and TiB2 phases in T1200 sample.

-Ti -Ti TiB whisker TiB2 corona TiB2

E (GPa) 130.54 111.34 293.97 359.55 459.80
H (GPa) 4.27 4.70 21.30 22.42 38.41
Stiffness (N/mm) 103.80 88.98 106.47 165.21 194.73
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According to Table. 2, it appears that the values of nano-hardness follow an incremental 

trend for α-Ti, β-Ti, TiBw, TiB2-corona and TiB2. Moreover, the elastic modulus and stiffness 

show the maximum and minimum values for TiB2 and -Ti, respectively. SEM micrograph 

presented in Fig. 9a shows the microstructure of T1200 sample, including a TiB2 particle 

surrounded with a Boron-rich solid solution corona and some TiB whiskers lied in titanium 

matrix. Optical micrograph of the indents is also presented in Fig. 9b.

(a)                                                                                  (b)

Fig. 9. (a) SEM micrograph of the microstructure of T1200 sample and (b) Optical micrograph of the residual 
imprints on the surface of T1200 after indentation by Berkovich diamond nano-indenter tip.

Typical load-contact depth curves for different phases in the composite sintered at 1200  ℃

are shown in Fig. 10a, in which the load required to reach the same penetration depth 

decreases respectively for TiB2, TiB2-corona, TiBw, β-Ti and α-Ti, which confirms that TiB2 

has the highest hardness and α-Ti has the lowest. Curves of hardness and elastic modulus 

of TiB2 corona and TiBw as a function of contact depth can be divided into three regions as 

shown in Fig. 10c-d. In fact, the primary rise in hardness seems to be due to the elastic 

contact between indenter tip and the investigated phase. So, the value of hardness 

measured under the low applied load of indenter cannot reflect the TiB2 corona and TiBw 

hardness and will be less than the hardness of the mentioned phase. At higher loads, the 
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influence of the titanium matrix is felt and the hardness decreases according to the relative 

hardness of the ceramic reinforcement phase and titanium. Finally, obtaining a fully plastic 

zone, the hardness reaches a plateau. Moreover, no drop was occurred in hardness of TiB2 

and titanium phase (alpha and beta) at large penetration depths, which is probably due to 

the higher thickness of TiB2 in comparison with the maximum penetration depth and 

uniform mechanical properties of titanium, respectively. The variation of elastic modulus 

with contact depth shows relatively the same trend (Fig. 10c). Also, the increment of 

stiffness with changes in depth (Fig. 10b) attributes to work hardening made on different 

phases due to the applied load of indenter. It is remarkable to note that, the contact 

stiffness values of all phases increased linearly proportional to contact depth, but the 

contact stiffness value of TiBw increased with a slightly decreasing slope. According to the 

investigations performed by Li and Bhushan [22], for a uniform material with a constant 

elastic modulus value, the contact stiffness is linearly proportional to contact depth, but for 

a non-uniform material, the stiffness of the examined phase changes when the chemical 

composition varies at different indentation depth. So it seems that due to the non-uniform 

structure of TiBw under the indented region, the increment of stiffness with changes in 

depth is non-linear.

The nano-mechanical properties of TiB2-corona, as the interfacial phase, address a strong 

connection between the matrix and the reinforcement phases of the composite. As it can be 

clearly seen in Fig. 10, such a phase approximately shows the average mechanical 

properties of the matrix and reinforcement phases which indicates a stiff connection 

between the mentioned phase and both of the matrix and reinforcements. The influences of 

such interface phase, manifest as the superior macro-mechanical properties of T1200 

sample in comparison with the others, although adequate fraction of TiB whickers in 

T1200 sample should also be considered. However, at elevated temperatures, the 

mechanical properties of the mentioned interfacial phase may decrease due to the 

extensive atomic diffusion, leading to poor macro-mechanical properties of the composite, 

as discussed before.
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Fig. 10. Obtained nano-indentation curves (a) load, (b) harmonic contact stiffness, (c) elastic modulus and (d) 
hardness as a function of contact depth for the existed TiB2, TiB2-corona, TiBw, β-Ti and α-Ti phases in T1200 

composite.

4. Conclusions

The in-situ synthesized TiB reinforced titanium matrix composites were fabricated using 

spark plasma sintering method. The effects of sintering temperature on the mechanical 

properties were investigated using controlled experiments. The results indicated that the 

Ti-TiB2 composites sintered at 1200°C show the highest relative density of 99.88% along 

with a good combination of ultimate tensile strength (541 MPa), elongation (6.62%), 

macro-hardness (428 HV30) and micro-hardness (501 HV0.3). The increase of above 

mentioned mechanical properties with rising sintering temperature is mainly attributed to 
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increased relative density and formation of higher volume fractions of TiB whiskers. While 

decreasing the bending strength from 1273 to 967 MPa, the sintering temperature raised 

from 1050 to 1350°C which is possibly due to the plastic limitation imposed on the matrix 

by the existed agglomerated ceramic phases and stress concentration at the tips of TiB 

whiskers which impede the plastic flow of the matrix. Besides, compared with room 

temperature properties, the tensile strength of the composites has a significant decrement 

at elevated temperature, mainly attributed to the variations in the mechanical properties of 

the interfacial phase, grain growth and softening of the matrix. Nanoindentational 

approach was conducted to illustrate the superior mechanical properties of sample 

sintered at 1200°C, and the elastic modulus, hardness and stiffness of phases existing in Ti-

TiBw composite were also measured. Results indicated that the elastic modulus and 

stiffness were increased for α-Ti, β-Ti, TiBw, TiB2-corona and TiB2, respectively.
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Captions of Tables:

Table. 1. Codding system of the prepared samples based on their sintering temperatures.
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Table. 2: Calculated mean values of elastic modulus, hardness and contact stiffness for α-Ti, 
β-Ti, TiBw, TiB2-corona and TiB2 phases in T1200 sample.

Figure captions:

Fig. 1. (a) Heating and (b) pressing schedule of the samples through SPS process.

Fig. 2. Relative density of the samples vs. the sintering temperature.

Fig. 3. Optical microscopy images of the microstructure of (a) T1200 and (b) T1350 
samples, indicate the excessive grain growth in sample sintered at 1350°C.

Fig. 4. The macro/micro hardness variation vs. the SPS temperature.

Fig. 5. (a) Optical and (b) SEM images of the polished surface of sample sintered at 1200°C

Fig. 6. Influence of sintering temperature on flexural strength of Ti-4.8 wt.% TiB2 
composites.

Fig. 7. Room temperature tensile properties of the specimens sintered at different 
temperatures.

Fig. 8. Engineering tensile stress–strain curves of the T1200 and T1350 composites tested 
at 600°C.

Fig. 9. (a) SEM micrograph of the microstructure of T1200 sample and (b) Optical 
micrograph of the residual imprints on the surface of T1200 after indentation by Berkovich 
diamond nano-indenter tip.

Fig. 10. Obtained nano-indentation curves (a) load, (b) harmonic contact stiffness, (c) 
elastic modulus and (d) hardness as a function of contact depth for the existed TiB2, TiB2-
corona, TiBw, β-Ti and α-Ti phases in T1200 composite..
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Highlights:

- Increased relative density and in-situ formed TiBW lead to enhanced tensile strength. 
- The agglomerated TiBW and unreacted TiB2 caused bending strength drop.
- The variation sequence of E and S are: TiB2 > TiB2-corona > TiBW > α -Ti > β-Ti.
- The hardness of TiB2 was the highest whereas the lowest value found in α-Ti.


