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Abstract

Nowadays, the development of high specific modulus materials involves 
 studies of new materials and novel manufacturing routes. From the point of view 
of  composite materials, titanium composites (TMCs) have been long studied for 
their interesting properties, as a result of the conjunction of low-density and high 
mechanical properties, as well as corrosion resistance. Among various processing 
techniques, the in situ reinforced method shows many advantages above the rest. The 
reactions between matrix and reinforcement drive up the final properties of TMCs. 
Varying the processing conditions, in addition to reinforcement type and content, 
significant variations are expected in TMCs’ behaviour. In this regard, the present 
study draws on previous author works. The specimens studied were manufactured 
by hot consolidation processes, inductive hot pressing (iHP) and direct hot  pressing 
(DHP), at different operational parameters and compositions. X-ray powder 
 diffraction (XRD) investigations tied formations of secondary phases to substantive 
changes in TMC behaviour under the influence of the fabrication parameters.

Keywords: XRD analysis, titanium composites, secondary phases, in situ reaction, 
matrix strengthening

1. Introduction

Over the last decades, investigations about composite materials have made 
great advances in understanding the importance of the starting materials and the 
manufacturing process, for the development of novel materials with outstanding 
properties [1]. In this regard, in the field of metal matrix composites, research 
studies have been conducted to achieve optimal bounding matrix reinforcement, 
improving the strength of the metal matrix composites (MMCs) [2]. Light metal 
matrix composites are valued, particularly in certain applications where low density 
should be balanced with mechanical requirements [3]. In particular, titanium 
composites (TMCs) offer these advantages over other light metal matrices [1, 4]. 
Their good corrosion behaviour and high specific properties make TMCs one of the 
most suitable candidates for aerospace applications [5].
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Several authors have described several classifications of these materials. One of 
these classifications could be considered based on the kind of reinforcements: con-
tinuous or discontinuous reinforcement [6, 7]. Other classifications could be done 
according to the manufacturing route: traditional methods or powder metallurgy 
techniques [8–12]. An interesting route to promote the strengthening of the matrix 
is the “in situ” formation of secondary phases. This method allows a clean and well 
bounding between the matrix and the reinforcement [9]; consequently, better final 
behaviour of the TMCs may be expected [13, 14].

On the basis of previous and recent studies, this work focuses on TMCs which 
were manufactured employing discontinuous ceramic reinforcement. These 
ceramic phases were selected according to their reactivity with the titanium matrix. 
Many authors show the great variety of ceramic reinforcements; however, in this 
investigation TiC, TiB2, B, and B4C particles were studied. They were considered as 
precursors of secondary phase formation by in situ techniques [15–20].

From the manufacturing process point of view, powder metallurgy techniques 
of hot consolidation have proved useful at the study of in situ composites [21]. 
Therefore, for the development of TMCs, inductive hot pressing has been selected 
among other manufacturing processes. The experience of the authors in this 
technique had led to laying the basis of this study [22–28].

By a thorough analysis of the properties of the produced specimens via induc-
tive hot pressing at different temperatures by the use of several starting material 
compositions, specific features of the TMCs could be studied. In this regard, the 
employment of the XRD technique is crucial in understanding the reaction phenom-
ena between the matrix and the reinforcement. Furthermore, the behaviour of the 
ceramic particles in the matrix could be unpredictable and variable depending upon 
many factors; this study is the main objective to analyse the phenomena that could 
occur when factors as starting powder composition and processing parameters are 
varied and ultimately how these factors affect the final properties of the TMCs.

2. Materials and methods

The interest in understanding the influence of the starting materials on the final 
behaviour of TMCs motived the study of three ceramic materials as reinforcements 
testing various concentrations in titanium matrices. Hence, for the TMC manufac-
ture, diverse starting blends were prepared. The innovation of this investigation lies in 
the phase analysis carried out in specimens made from these blends. The employment 
of several operation temperatures and reinforcement typologies and concentrations 
allowed for the searching of significant differences, among the fabricated TMCs, 
while all these specimens have been processed at similar processing conditions.

The titanium grade 1 employed was manufactured by TLS GmbH (Bitterfeld, 
Germany). This titanium powder showed a spherical morphology and D50 below 45 μm. 
The four ceramic reinforcements were chosen considering their reactive behaviour in 
respect of the secondary phases’ formation in titanium matrices. The supplier for TiC 
powder was H.C. STARK GmBH (Goslar, Germany) and for B4C powders was abcr 
GmbH (Karlsruhe, Germany), and the company for TiB2 was Treibacher Industrie AG 
(Althofen, Austria). The characterization of all the powders was carried out to verify 
the manufacturers’ data about their size and morphology. The particle size distribution 
of the powders was measured by laser diffraction analysis (Mastersizer 2000, Malvern 
Instruments, Malvern, United Kingdom); these results are shown in Table 1.

X-ray powder diffraction analysis was done using a Bruker D8 Advance A25 
(Billerica, Massachusetts, United States of America) with Cu-Kα radiation for the 
phase characterisation of as-received Ti, TiC, TiB2, and B4C powders and studying 
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Material Morphology D50 (μm)

Ti Spherical 29.05

TiC Faceted 4.9

TiB2 Irregular 4.76

B4C Faceted 63.76

Table 1. 
Characteristics of the starting materials.

Figure 1. 
XRD analysis of the starting powders: Ti grade 1, TiC, TiB2, and B4C.
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the phase evolution of sintered TMCs. The reference intensity ratio (RIR) analysis 
was performed to semi-quantitatively determine the phases. This method is based 
on setting the diffraction data to the diffraction of standard reference materials. 
The intensity of a diffraction peak profile is a convolution of diverse factors, being 
the most representative of the concentration of the analysed species.

In Figure 1, the X-ray diffraction spectra of the starting materials (as-received) 
are shown. Based on the obtained diffraction patterns, these materials consist of 
only Ti, TiC, TiB2, and B4C, respectively.

Previously in the TMC consolidation, the raw material blends were prepared 
according to the fixed percentages in volume (see Table 2). The mixing procedure 
was described in previous authors’ work [28]. Next, the specimens were sintered. 
To consolidate the TMCs, a self-made hot pressing machine, inductive hot pressing 
(iHP) equipment of RHP-Technology GmbH & Co. KG (Seibersdorf, Austria), was 
used. This machine enabled the operational cycle time to be reduced thanks to its 
advantageous high heating rate, which in turn is due to its special inductive heating 
setup. The prepared powders were inserted in the graphite die; it was lined with 
thin graphite paper and a protective coating of boron nitride (BN). The same pro-
cedure and die were used for all the iHP cycles (punch Ø 20 mm). Methods based 
on this rapid hot consolidation are considered as preferred techniques for in situ 
fabrication of nearly fully dense TMCs [29]. In Table 2, the processing conditions 
are shown. Likewise, the curves of the process cycle are represented graphically in 

Ti matrix and 

reinforcement

Processing parameters

Reinforcement material Volume 
[%]

Temperature  
[°C]

Time 
[min]

Pressure  
[MPa]

TiC 10, 20, 30 1000, 1100, 1200 15 50

TiB2 10, 20, 30 1000, 1100, 1200 15 50

B4C 10, 20, 30 1000, 1100, 1200 15 50

Table 2. 
Reinforcement percentages and processing parameters.

Figure 2. 
Diagram of the inductive hot-pressing cycle: time vs. temperature and piston displacement.
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Figure 2. The iHP equipment worked in vacuum conditions (5 10−4 bar), the cycle 
heating rate being 50°C/min. Following the consolidation, the specimens were 
dislodged from the graphite die and cut in half vertically.

After a thorough metallographic preparation on the cross section of the speci-
mens, the X-ray analysis and the microstructural study were performed. It was 
studied by means of SEM, using JEOL 6460LV (Tokyo, Japan) and FEI Teneo 
(Oregon, United States of America). Furthermore, the hardness measurement was 
carried out; seven indentations were performed on each specimen, avoiding the 
ceramic particles. A tester model, Struers Duramin A300 (Ballerup, Denmark), was 
employed to ascertain the Vickers hardness (HV2). An ultrasonic method (Olympus 
38DL, Tokyo, Japan) was employed to calculate the Young modulus by measur-
ing longitudinal and transversal propagation velocities of acoustic waves [30]. 
Archimedes’ method (ASTM C373-14) was set for the density measurement.

3. Results and discussions

3.1 X-ray diffraction analysis and microstructural study

This section has been structured according to the employed reinforcement, in 
order to present the results and to perform their discussion clearly and concisely. 
Therefore, there have been three subparts taking into account the ceramic materials 
used as starting reinforcements in the TMC manufacturing.

3.1.1 TiC

The X-ray diffraction spectra of TMCs made from TiC-Ti blends are shown in 
Figure 3. Based on the obtained diffraction patterns, these materials consist of Ti and 
TiCx phases. On the one hand, the X-ray analysis reveals that there are only Ti and 
TiC phases in specimens produced at 1000°C, regardless of whether the highest or 
the lowest TiC concentration (vol.%) was used in the starting blend. Likewise, only 
TiC stoichiometric phase is detected in specimens made from 10 vol.% of TiC, even 
in specimens produced at 1100 and 1200°C. On the other hand, the peak intensity of 
the Ti phase decreased; meanwhile, there was an apparition of slight diffraction peaks 
of nonstoichiometric TiC phase named TiC0.67. It suggested that there were possible 
reactions between the Ti and diffused C from the TiC particles at high concentrations 
(20 vol.% TiC and 30 vol.% TiC). The intensification of the nonstoichiometric TiC 
peaks from 1100 to 1200°C indicates the increase in the volume fraction of this phase, 
which can be confirmed by the RIR semi-quantification analysis. The results from 
RIR analysis are shown in Table 3. These results may lead to the assumption that the 
phenomenon of C diffusion was more significant at the highest TiC concentration 
(30 vol.%) and the highest operational temperature (1200°C). In agreement with the 
values of the RIR semi-quantification analysis in Table 3, the higher the TiC in starting 
materials was used, the higher the TiC phase values in the RIR analysis was detected.

To clarify the distribution of the nonstoichiometric TiCx phases in TMCs, 
energy-dispersive X-ray spectroscopy (EDS) analysis was performed. In Figure 4, 
the EDS result revealed that there were concentration gradients between the centres 
of the TiC particles and the matrix. This clearly demonstrated the value of the 
temperature and the starting material compositions as influencing factors in the 
final behaviour of the TMCs. Moreover, it can be observed from Figure 4 that C 
was diffused in the region, which is rich in titanium. This is in accordance with the 
slight displacement of the Ti peaks in the TMC patterns when the specimens were 
consolidated especially at 1200°C.
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From the microstructural point of view, there were several differences observed in 
the specimens, which depended not only on the processing temperature employed but 
also on the starting reinforcement concentration. In this regard, the lower the concen-
tration of TiC (10 vol.%), the fewer the pores observed in the TMC microstructure. 
Moreover, some agglomerations of the TiC particles could be clearly appreciated in 
specimens made from the blend with 30 vol.% of TiC; there are little pores observed 

Temperature (°C) vol.% Ti (%) TiC (%) TiC0.67 (%)

1000 10 97.8 2.2

20 96.3 6.4

30 88.5 11.5

1100 10 96.9 3.1

20 91.9 8.1

30 84.4 15.6

1200 10 94.6 3.6 1.8

20 91.4 8.6

30 81.0 19.0

Table 3. 
Reinforcement percentages and processing parameters.

Figure 3. 
XRD patterns of TMCs reinforced using (a) 10 vol.% of TiC, (b) 20 vol.% of TiC and (c) 30 vol.% of TiC.
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in the centre of these ceramic particles’ agglomerations in the titanium matrices 
(Figure 5a). The pores tended to close with the increase in temperature. In line with 
the diffusion phenomenon mentioned above, a possible reason for the porous reduc-
tion may be the diffusion of the C element and, consequently, the formation of TiCx 
phases. Furthermore, the cited pores could also be caused by material removal during 
the metallographic preparation, which suggested that major bonding between TiC 
particles and the matrix decreases the material removal. It indicates that the reaction 
between the C sourced by TiC particles and Ti from the matrix involved a strong 
interfacial bonding. Therefore, the rising of the temperature benefited, and it was 
very useful to obtain major densification. It is worth noting that the reinforcement 
agglomeration could be a problem as a barrier for affecting the diffusion phenomenon 
and the interfacial contact. For that reason, the pores are only observed in the centre 
of the mentioned agglomerations (see Figure 5).

3.1.2 TiB2

Figure 6 shows the XRD patterns of the TMCs reinforced with TiB2 particles. In 
this respect, particular attention will be devoted to the existence of peaks of Ti3B4, 
while there was an increment of the temperature from 1100 to 1200°C. Likewise, it 
can be seen that the XRD patterns of the specimens produced at 1000°C only con-
tain strong diffraction peaks of TiB2 phase and slight diffraction peaks of TiB phase. 
The Ti3B4 peaks appear independently of the starting TiB2 concentration (vol.%), 
being only related to the processing temperature (1100 and 1200°C).

Table 4 shows the semi-quantification analysis of the TMCs reinforced by TiB2 par-
ticles. As many authors describe [9, 12, 13, 16, 19, 22, 29], there are reactions between B 
from TiB2 particles and the Ti matrix, resulting in the in situ TiB phase. Thus, it would 
be expected that the percentages of in situ TiB phase were proportional to the initial 
composition of TiB2 in the starting blend. However, observing the values presented 
in Table 4, the key parameter was the temperature instead of the concentration, 

Figure 4. 
On the left, SEM image of TMCs processed at 1200°C, with starting TiC composition of 20 vol.%. On the right, 
EDX analysis of three spots on the cross section of such TMC.

Figure 5. 
SEM images of TMCs made from composition of 30 vol.% of TiC hot consolidated at (a) 1000°C and  
(b) 1200°C.
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Figure 6. 
XRD patterns of TMCs reinforced in the starting blend with (a) 10 vol.% of TiB2, (b) 20 vol.% of TiB2, and 
(c) 30 vol.% of TiB2.

Ti matrix and TiB2

Temperature [°C] vol.% Ti (%) TiB2 (%) TiB Ti3B4 (%)

1000 10 91.3 4.7 4.0

20 78.2 19.0 2.8

30 68.3 28.1 2.9

1100 10 90.2 4.1 3.9 1.8

20 77.9 12.0 6.8 3.3

30 65.0 24.8 7.4 2.8

1200 10 88.5 2.5 6.2 2.6

20 76.7 3.9 12.3 7.1

30 72.9 3.5 20.9 3.4

Table 4. 
RIR semi-quantification analysis of TMCs made from Ti-TiB2 blends, manufactured at different temperatures 
(by iHP).
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promoting the apparition of TiB as in situ formed phase. Owing to the rising tempera-
ture, the diffusion mechanism was driven by the temperature increments of 100°C 
(from 1000 to 1100°C and from 1100 to 1200°C). The highest temperature (1200°C) 
played a major role in the formation of TiB, independently of the operational tempera-
ture. Obviously, at the same temperature, there was more TiB detected in specimens 
made from starting powder with the higher TiB2 composition (30 vol.% of TiB2).

Microstructural study of these TMCs confirmed the visual existence of the in 
situ TiBx phases. Moreover, some pores were detected in areas where the TiB2 par-
ticles were slightly agglomerated. As mentioned in the results of the microstructural 
analysis of TMC reinforced by TiCx phases, the referred pores were located in the 
centre of particle agglomeration. The higher the concentration of particles and the 
lower the operational temperature, the more significant the apparition of pores in 
the TMCs. In Figure 7, the commented pores can be recognized.

The influence of the temperature was relevant once again to close these pores, 
as in similitude with the TiC. Many studies [31] attempted to show the importance 
of strong bonding between the matrix and the TiBx phases; the no contact between 
the reinforcement and the matrix, in addition to the inappropriate processing 
temperature, inhibited the formation of in situ secondary phases. By increasing the 
operational temperature, improvement in the diffusion phenomenon was expected.

SEM images of the microstructure of TMCs processed at 1100°C are shown in 
Figure 8. The results about homogenous distribution and increase in the volume of 
reinforcements in the Ti matrix are in accordance to the RIR analysis. In Figure 8a, 
the reinforcements on the matrix can be easily recognized. Observing the micro-
structural evolution by increment of the composition, the smaller TiB2 particles 
were surrounded by the in situ formed phases when the starting composition of 
TiB2 was the lowest. However, in Figure 8c, coarse TiB2 particles were also sur-
rounded by phases with minor size.

Figure 7. 
SEM image of TMC reinforced with 30 vol.% of TiB2 particles consolidated at 1000°C.

Figure 8. 
SEM images of TMCs processed at 1100°C with different percentages of TiB2 in the starting blends:  
(a) 10 vol.%, (b) 20 vol.%, and (c) 30 vol.%.
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The rising in temperature was crucial for reactions between the matrix and the 
TiB2 particles. At 1200°C, there were major diffusion of B through the matrix and 
more formation of the in situ TiBx phases. Figure 9 shows two different areas on 
a cross section (iHP at 1200°C), where the B distribution varied considerably; the 
darkest region in the centre corresponds with the highest concentration of B. It 
suggests that the dark grey areas were originally the TiB2 particles, which were sur-
rounded by the in situ TiBx phases.

3.1.3 B4C

The use of B4C offers considerable scope for diversification and development 
of in situ secondary phases (TiC and TiB). Hence, a wide range of studies intended 
to demonstrate the suitability of B4C as a source of B and C for in situ secondary 
phases, owing to its reactive behaviour with the Ti matrix. The B4C particles can 
trigger reactions whose products contribute to enhance the TMC properties. In this 
regard, TiC and TiB phases may expect to be observed and analysed in this type of 
TMCs. Figure 9 shows the XRD patterns of the TMCs reinforced with B4C particles. 
It can be verified that the highest temperature of the iHP process and the holding 
time (15 minutes) were insufficient for a full reaction between the boron carbide 
particles and the titanium matrices, even at the lowest concentration of B4C. Thus, 
this fact occurred independently of the starting compositions, confirmed by the 

Figure 9. 
SEM image of TMC with 10 vol.% of TiB2 in the starting blend, processed at 1200°C.

Ti matrix and B4C

Temperature [°C] B4C vol.% Ti (%) B4C (%) TiB (%) TiC (%)

1000 10 92.2 5.7 1.6 0.5

20 86.4 10.8 1.8 1.0

30 78.0 18.3 2.2 1.5

1100 10 90.6 5.7 2.7 1.0

20 81.2 10.3 6.5 2.0

30 73.3 17.9 6.5 2.3

1200 10 89.0 4.9 5.0 1.1

20 80.6 10.0 7.0 2.3

30 64.4 17.1 14.3 4.2

Table 5. 
RIR semi-quantification analysis of TMCs made from Ti-B4C blends, manufactured at different temperatures 
(by iHP).
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existence of peaks related to the boron carbide. Likewise, there were observed peaks 
matching TiB and TiC patterns.

The intensification of TiB and TiC peaks from 1000 to 1200°C reflects the 
increase in the volume fraction of these phases, which can also be seen in the RIR 
analysis shown in Table 5.

The microstructural study shows the homogenous dispersion of the B4C particles 
in the matrix. In this context, there were no agglomerations visually detected. This 
suggests that there was no porosity related to particles agglomerations as commented 
previously in TMCs reinforced by TiB2 and TiC. It could be considered as an advantage 
of the B4C as reinforcement in comparison with other ceramic particles. Figure 11 
shows TMCs processed at the same temperature with different B4C percentages.

Regarding the processing temperature, there were significant differences related 
to the reaction between the matrix and the B and C from the B4C particles. At the 
lowest temperature (1000°C), the formation of the in situ TiB and TiC phases was 
proportional to the starting content of B4C. Employing 10 vol.% of B4C, small pro-
portions of in situ phases were detected (see Table 5). However, increasing the tem-
perature to 1100°C and using 10 vol.% of B4C, the percentage of in situ TiC phase 
doubled its value, also, by the employment of 20 and 30 vol.%. This is in agreement 
with the intensity of the peaks of this phase in the TMC patterns (Figure 10). As 
expected, the major in situ formation of secondary phases took place at 1200°C.

Figure 12 reveals how the in situ phases surrounded the B4C particles, being a reac-
tion layer clearly defined. Obviously, the higher the starting B4C composition, the more 

Figure 10. 
XRD patterns of TMCs reinforced in the starting blend with (a) 10 vol.% of B4C, (b) 20 vol.% of B4C, and  
(c) 30 vol.% of B4C.



High-Resolution Inelastic X-Ray Scattering

12

the formation of in situ phases. Regardless of the starting compositions, the morpholo-
gies of the in situ phases TiC and TiB are similar to the ones observed previously. On 
the one hand, there were precipitates with the particular whisker shape of TiB in the 
matrix. On the other hand, the presence of TiC can be seen as globular precipitated; 
both in situ phase morphologies have been wide and thoroughly studied [32].

3.2 Physical properties of the TMCs.

The relative density of the specimens was around 99.5% in the majority of the 
specimens, even in those whose microstructures had a few pores. It means that the 
processing parameters were suitable to achieve full densification.

As expected, the highest values of hardness and Young modulus were recorded 
in specimens whose starting blends were made from the highest ceramic particle 
contents. Figure 13 shows a comparison of the hardness and Young modulus values 
of the TMCs produced at the three processing temperatures (1000, 1100, and 
1200°C) and using the three compositions (10, 20, and 30 vol.%).

The operational temperature contributed to enhancing the hardness and the 
Young modulus; however, its influence varied depending on the type of ceramic par-
ticles employed in the starting blend, as reflected in Figure 13. TMCs reinforced by 

Figure 11. 
SEM images of TMCs produced at 1000°C with (a) 10 vol.% of B4C, (b) 20 vol.% of B4C, and (c) 30 vol.% of B4C.

Figure 12. 
SEM images of TMCs produced at 1200°C with (a) 10 vol.% B4C, (b) 20 vol.% B4C, and (c) 30 vol.% B4C.

Figure 13. 
Hardness (HV2) and Young modulus values vs. operational temperature of the TMCs made from the different 
blends.
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TiB-TiB2 phases showed the highest hardness measured. This development is closely 
related to the content of in situ formed TiB. Although there was also in situ formed 
TiB in TMCs made from blends with B4C particles, the maximum percentage formed 
(14 vol.%) in these specimens was lower than in TMCs made from the blend with 
TiB2 (20 vol.%). In both cases, the TMCs were processed at 1200°C and 30 vol.%. In 
similar conditions, the highest Young modulus was also observed in TMCs reinforced 
with TiB-TiB2 phases, in agreement with the commented results above.

In specimens made from blends with TiC, the main variation was only caused 
by the addition of more TiC content. Hardness and Young modulus values hardly 
increased by temperature, despite the diffusion of the C in the matrix and the 
TiC0.67 formed.

Contrary to common thinking, the B4C reinforcement did not behave as the 
best precursor of in situ phases. Consequently, the expected properties may vary 
from the obtained values of hardness and Young modulus. The TiC and TiB formed 
were slightly lower than the in situ TiB formed in TMCs with TiB2. That means 
that the diffusion of B alone was major and the C could decelerate such diffusion. 
Furthermore, it should be highlighted that in specimens made from B4C, the values 
of hardness and Young modulus showed a wide standard deviation. This could be 
related to the in situ formed precipitates and their dispersion in the matrix.

4. Conclusions

The conclusions of the current study which analyse the influence of the starting 
materials and operational temperature in the TMC properties are drawn:

• Reinforcing the titanium matrix with ceramic materials results in an enhance-
ment of the TMC mechanical properties caused by the formation of in situ 
phases.

• XRD analysis states that the diffusion phenomenon of B and C elements into 
the matrix increases by the rising temperature; it is becoming increasingly 
important in the apparition of secondary phases.

• In evaluating the appropriateness of the operational parameters, the lower 
the temperature, the less the reactivity reinforcement matrix. This phenom-
enon was more significant when the concentration of reinforcement was the 
lowest one.

• The highest hardness and Young modulus of the TMCs were measured in 
specimens reinforced by TiB2 particles.

• The densification of the specimens was achieved at the processing parameters 
tested.
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