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Abstract: This work focuses on the study of the microstructure, hardening, and stiffening effect
caused by the secondary phases formed in titanium matrices. These secondary phases originated from
reactions between the matrix and boron particles added in the starting mixtures of the composites.
Not only was the composite composition studied as an influencing factor in the behaviour of the
composites, but also different operational temperatures. Three volume percentages of boron content
were tested (0.9 vol %, 2.5 vol %, and 5 vol % of amorphous boron). The manufacturing process used
to produce the composites was inductive hot pressing, which operational temperatures were between
1000 and 1300 ◦C. Specimens showed optimal densification. Moreover, microstructural studies
revealed the formation of TiB in various shapes and proportions. Mechanical testing confirmed that
the secondary phases had a positive influence on properties of the composites. In general, adding
boron particles increased the hardness and stiffness of the composites; however rising temperatures
resulted in greater increases in stiffness than in hardness.
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1. Introduction

Over the last few decades, titanium matrix composites (TMCs) have been considered as valuable
materials for diverse applications in aerospace industries. This sector demands materials that can
achieve high specific stiffness in addition to possessing good thermal stability at high operational
temperatures, such as TMCs [1–6].

Many studies have focused on the development of TMCs by different techniques.
Comparing conventional methods as ingot metallurgy with powder metallurgy routes, due to the
high chemical reactivity of Ti, the conventional ingot metallurgy process has not been suitable to
manufacture TMCs with ex situ additive. During the ingot metallurgy process, there could be no
control in the formation of undesirable products. Furthermore, powder metallurgy (PM) technologies
overcome certain problems of conventional processes: wettability between the matrix and the ceramic
reinforcements, and long and complex processing steps [7]; for that reason, powder metallurgy (PM)
processes have been widely used for the fabrication of TMCs. In this context, two types of PM routes
have been established to produce these specific materials: ex situ and in situ methods [2]. In ex situ
processes, stable ceramics such as TiC, TiB, SiC, and ZrC have been generally employed. There is little
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reactivity between these types of ceramics and the titanium matrix. Therefore, no compounds are
synthesized during the consolidation and sintering stages. This means that the size of the ceramic
particles as well as their morphology could not vary. Moreover, in such composites, the interface
between the reinforcing particles and matrix is often a source of weakness since there are differences in
the thermal expansion coefficients between matrix and reinforcement. Another factor of weakness
could be the thin oxide layers formed on the surfaces of the reinforcements when they have been
incorporated into the matrix. The bonding between particles and matrix could be affected by these
oxide layers [8].

Regarding the synthesizing in situ method, thanks to the high reactivity of titanium matrix
with the additive elements from compounds (Si3N4, TiB2, and B4C), stable secondary phases can be
formed [9]. That is why in situ PM processes are currently considered ones of the best techniques due
to the excellent properties of the produced materials. The main advantage of these kinds of composites
lies in the stable interface formed between the matrix and the reinforcing phase [10–17]. Among diverse
materials that could act as reactive compounds with titanium, boron (B) has been considered as a
suitable candidate to start in situ secondary reinforcing phases. Many recent works have presented this
non-metallic element as an ideal reactive to promote the formation of TiBW (TiB, TiB2) reinforcements
via solid-state reactions. The significance of these borides as reinforcements is based on the fact that
they are chemically compatible with the matrix, in addition to having similar densities and thermal
expansion coefficients [18–21]. Moreover, it is well known that the properties of pure titanium matrix
can be improved by the appearance of these TiBW precipitates (Young’s modulus of 110 GPa for pure
titanium and 467 GPa for TiB) [22,23]. A previous author describes that the morphology of TiBW

reinforcements is more effective for strengthening effect when they are arranged in one direction and
the growth of TiBW takes place anisotropically within a short time at high operational temperatures due
to the high reaction speed of B particles and Ti [23]. From a point of view of the size and morphology
of the reinforcements, the present work also studies these characteristics and their relationship with
the processing conditions and composition of the TMCs.

The employ of fast powder metallurgy methods as hot press technique, saves processing time,
which could affect the size and the morphology of the TiBW precipitates. In particular, inductive hot
pressing (iHP) technology is valued for in situ TMCs manufacturing due to its short operational time
(high heating rate ≤100 ◦C/min) [24–26]. The use of this technique has facilitated the investigation
of TMCs’ properties and the secondary phases formed at different processing temperatures [27,28].
Despite the advantages of this process, the restrictions of the specimens’ size (diameters of 20 mm) limit
the measurement of tensile and bending properties of the final specimens. For that reason, in this work,
in addition to the iHP process, Direct Hot Pressing (dHP) technology has been employed. Through
a pressure assisted sintering with direct heating of a pressing die, the consolidated composites can
be formed directly from powders in a short period of time (<15 min). Direct hot pressing is also
characterized by a high heating/cooling rate (≤100 ◦C/min) [29,30].

The scope of this research is the study and evaluation of the relationship between the compositions
of determinate TMCs, their processing conditions and their final properties.

2. Materials and Experimental Procedures

The starting materials were commercial Ti powders grade 1 and amorphous B particles,
manufactured by TLS GmbH (Bitterfeld, Germany) and ABCR GmbH & Co. KG (Karlsruhe, Germany)
respectively. The characterisation of both powders was performed to verify the information about
their size and morphology supplied by the manufacturers. The particle size distribution of the
starting powders was determined by laser diffraction analysis (Mastersizer 2000, Malvern Instruments,
Malvern, UK). The average particle size of the titanium and amorphous boron powders are listed
in Table 1.
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Table 1. Particle size distributions of the starting powders.

Particle Size Distribution Ti (µm) Amorphous B (µm)

D10 11.88 0.74
D50 28.13 2.44
D90 51.42 14.51

Before the hot consolidation of the composites, the blends of the powders were prepared.
The tested compositions and their operational parameters are shown in Table 2. The titanium powder
and each different volume percentage (vol %) of the amorphous B particles were mixed by tubular
machine (Sintris mixer) for 16 h with ceramic balls (ZrO2) of 3 mm diameter. The weight ratio of
ceramic balls to powder was 10:1. Moreover, the use of hexane helped towards the distribution
of the fine particles of amorphous B in the metallic matrix. The powder mixture was dried and
subsequently blended a second time for several minutes without the ceramic balls, to avoid possible
agglomerations. This was the same blending procedure used for producing composites as in previous
authors’ works [28,30]. Then, the target composition of three different powder mixtures was made
from titanium and 0.9, 2.5 and 5 vol % of B particles. With these compositions the predesigned values
of TiB are 2.65, 7.42, and 15.02 vol % respectively. These values were calculated based on the theoretical
densities: (i) 4.51 g/cm3 for titanium, (ii) 4.56 g/cm3 for TiB, and (iii) 2.46 g/cm3 for boron [1].

Subsequently, the hot and rapid consolidation of the specimens was carried out. Two machines
were employed to manufacture the specimens. The first was a self-made hot pressing machine, inductive
Hot Pressing (iHP) equipment made by RHP-Technology GmbH & Co. KG (Seiberdorf, Austria).
Its main advantage is its high heating rate due to its special inductive heating set-up.

The die used for all the ihp cycles was made from graphite (punch Ø 20 mm). It was lined with thin
paper with a protective coating of boron nitride (bn) for each ihp cycle. Then, it was introduced into
the hot pressing machine, with fixed processing parameters, heating rate and vacuum conditions [16].

Six specimens were consolidated by this iHP method (see Table 2). The second machine was
used to fabricate specimens with suitable dimensions in order to measure their mechanical properties.
Assuming the composite with low properties and TiB precipitates formation (5 vol % B at 1000 ◦C),
a second rapid hot pressing machine (direct hot pressing dHP with larger die (Ø 80 mm)) was also
used in order to measure mechanical properties.

Table 2. Composition and processing parameters for the manufacturing of titanium matrix
composites (TMCs).

Amorphous B (vol %) Temperature (◦C) Pressure (MPa) Dwell Time (min) Processing Method Diameter (mm)

0.9 1100 50 15 iHP * 20
2.5 1100 50 15 iHP 20
5 1000 50 15 iHP 20
5 1000 35 15 dHP * 80
5 1100 50 15 iHP 20
5 1200 50 15 iHP 20
5 1300 50 15 iHP 20

* inductive Hot Pressing (iHP) and direct Hot Pressing (dHP).

Regarding the operational parameters, Figure 1 shows the evolution of the cycle’s parameters for
each of the composites manufacturing runs in terms of temperature, pressure, and displacement of
the punches (uniaxial press). Figure 1a relates to the representative cycle in each of the hot pressing
machines. For dHP, the starting pressure and the heating rate are lower than in iHP due to requirements
of this technique.

The graphs shown in Figure 1b are drawn in order to compare all the run cycles across both iHP
and dHP equipment. As it is appreciated, the temperature versus time is represented in addition to
the punch displacement versus time. In all the cycles, the holding time (15 min) and the vacuum
conditions (5 × 10−4 bar) were fixed. In particular for the iHP runs, the consolidation temperature was
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varied: 1000, 1100, 1200, and 1300 ◦C (see Figure 1b). These values of temperature were employed to
investigate the effect of 100 ◦C increments in the microstructure and properties of specimens made
from same starting powder composition. In case of the specimen fabricated by dHP, the operational
conditions were similar than the iHP ones; however, only an operational temperature of 1000 ◦C was
set. This value was fixed according to a previous authors’ work in which an interesting microstructure
phenomenon took place at this temperature in TMCs at similar conditions, but made from different
raw materials [28].
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Figure 1. (a) Graphical representation of temperature vs. time in iHP and dHP cycles; (b) temperature
variations vs. time and shrinkage displacements vs. time for TMCs processing cycles from the same
starting powders.

Once the iHP and dHP cycles were finished, the samples with 20 and 80 mm of diameter
were taken out from the respective dies and cleaned by a sand blasting machine to remove the
graphite paper remains from the surfaces. Then, the characterization of all the specimens was
performed. Firstly, metallographic preparation of all the specimens was carried out carefully to
study the newly-formed phases and the microstructure of the TMCs. The specimens were cut in two
pieces. The cross-section was polished. In this prepared cross section the X-ray (XRD) diffraction
analysis was performed. Then, XRD equipment (Brunker D8 Advance A25, Billerica, MA, USA)
was employed to identify the diverse crystalline phases in the composites. The microstructure
characterisation was studied by optical microscope (OM), Nikon Model Epiphot 200 equipment
(Tokyo, Japan), and by scanning electron microscope (SEM) JEOL 6460LV (Tokyo, Japan), integrated
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with electron backscatter diffraction (EBSD) detector and Energy Dispersive Spectroscopy (EDS).
The measurements of the precipitates’ sizes were performed using the software Image-Pro Plus 6.2
(Media Cybernetics, Rockville, MD, USA).

The density of the specimens was measured by Archimedes’ method (ASTM C373-14). The results
were compared to the theoretical density calculated by rule of mixtures. Hardness measurements
were carried out on the polished cross-sections of the specimens. Eight indentations were done
by a tester model, Struers-Duramin A300 (Ballerup, Germany), to ascertain the Vickers hardness
(HV10). The estimation of the specimens’ Young’s Modulus was made by ultrasonic method
(Olympus 38 DL, Tokyo, Japan). It was used with a pulse generator/receiver, recording the transit
time (outward/return) through the thickness. This technique allowed the determination of both the
longitudinal (VL) and transverse (VT) propagation velocities of acoustic waves. To correctly measure
the propagation velocities of these waves, the surface of samples must be properly grinded and
polished (to create samples with smooth and parallel surfaces) and the delay times of transducers
minimised by following an iterative measurement protocol. The Young’s Modulus was calculated
from the density (g/cm3), VL and VT [31]. Tensile tests were performed on a universal testing machine
Instron 5505 (Norwood, MA, USA) with a strain rate of 1 mm/min. Additionally, the same machine
was employed to carry out the flexural tests at 5 mm/min. Both properties were evaluated according
to the standards UNE EN 10002-1:2002 and UNE EN ISO3325 respectively.

3. Results and Discussion

The obtained results are presented and discussed considering the two main issues of this work:
(i) the influence of starting powder compositions (vol % of amorphous B) at identical processing
conditions; (ii) the effect of rising temperature (1000, 1100, 1200, and 1300 ◦C) for the same starting
powder mixture (5 vol % of amorphous B).

3.1. Microstructural Study and XRD Analysis

Firstly, taking into account the volume percentages (vol %) of the amorphous B particles added in
the blend, the microstructures of the specimens are compared. Figure 2 shows the SEM images of three
specimens fabricated at 1100 ◦C for 15 min and made from the mixtures of Ti and amorphous B with 0.9,
2.5, and 5 vol %, respectively. As it might be expected, precipitates are observed in the microstructure
of the specimens, since at this temperature (1100 ◦C) there have been reactions between the matrix
and the boron particles [10,32]. As many authors have previously described, these precipitates are
supposed to be in situ formed TiB [28,33] because of this reaction (see Figure 2). It is important to
highlight a clear evolution of the size and the volume of the precipitates related to the amorphous B
content (vol %). As predicted, the increment of the B content in the composites causes the appearance
of more boride precipitates. According to the phase diagram, alpha titanium plus TiB phases are
expected in these systems [34].

TiB precipitates can be appreciated presenting the typical morphology of whiskers [18,32,35–37].
In this study, two different morphologies of TiB precipitates have been considered through
an evaluation of the length/width ratio: whiskers and rounded hexagonal shapes (Figure 2).
The processing time is short (15 min) in hot press techniques. Therefore, the studied microstructures
revealed, besides high length/width ratio whiskers, also precipitates in which the aspect ratio was
close to 1.

The reinforcements with high aspect ratio (whiskers) can form anisotropically during higher
sintering temperature due to the high reaction speed of B particles and Ti [23]. All of the TiBW

precipitates are randomly distributed in the matrix.
To verify the composition of both types of precipitates, EDS analysis has been performed in the

marked spots in Figure 2b. Using 0.9 vol % of B particles, the size of the round precipitates is the
smallest one compared to the rest of the precipitates’ size formed in TMCs, with B contents of 2.5
and 5 vol %. It is observed that increasing the content of B, the size of the precipitates also increased.
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The whiskers’ lengths remain generally constant although the widths increase slightly by increasing
the B content. Moreover, the round hexagonal precipitates become larger. In Figure 2c, there are some
darker grey areas where the B particles are believed to remain in the titanium matrix without reacting.Metals 2017, 7, 457  6 of 14 
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Figure 2. Scanning electron microscope (SEM) images of TMCs manufactured at 1100 ◦C with different
content of amorphous B in their starting powders: (a) 0.9 vol %; (b) 2.5 vol %; and (c) 5 vol %; (b1) EDS
spectra spot (1); (b2) EDS spectra spot (2); and (b3) EDS spectra spot (3).

The second target parameter of the study is the processing temperature for specimens fabricated
from identical starting powder (5 vol % of amorphous B). There are relevant changes in the
microstructures of the composites caused by increasing the consolidation temperature from 1000
to 1300 ◦C. This phenomenon can be observed in Figure 3. The lower the temperature, the fewer the
number of formed precipitates. Titanium grains can be clearly recognised (see spot 2 in Figure 3a).
Additionally, there are possible agglomerations of the reinforcing phases located in these grain
boundaries. Regarding the reaction between Ti and B at 1000 ◦C, the time (15 min) and operational
temperature are insufficient to promote an atomic diffusion phenomenon of boron into the matrix
grains. EDS analysis reveals grey areas corresponding to such B particles agglomeration (see in
Figure 3). However, only one increment of 100 ◦C (from 1000 to 1100 ◦C) causes the origin of TiB
precipitates in the matrix with the two different morphologies previously mentioned. When the
operational temperature rises from 1100 to 1200 ◦C, the size of the round hexagonal shapes becomes
bigger (see Figure 3b,c). In relation to the whisker morphology, the changes caused by the increment
of the temperature are more easily appreciated in their thickness than in their length.

The tendency to thicken the size of the precipitates remains constant up to 1200 ◦C. Comparing the
microstructure of Figure 3c,d, variations in size of the precipitates are not visible. In both SEM images
(TMCs fabricated at 1200 and 1300 ◦C) the thickness of the whiskers, 1.06 and 1.26 µm, respectively, are
larger than the ones formed at 1100 ◦C, 0.92 µm. The size of the round hexagonal precipitates, 1.51 µm
at 1200 ◦C and 1.67 µm at 1300 ◦C, is a little bigger than in TMCs processed at 1100 ◦C, 1.24 µm.
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To go into detail about precipitates, a semi-quantitative study of both types of precipitates
(whiskers and round shapes), considering their size and frequency/image, were developed by image
analysis (using ten SEM images at the same magnifications for each specimen). It is important to
note that, in the specimens where their precipitates are located at the grain boundaries, this image
analysis could not be carried out. The main parameters evaluated after the image analysis are:
(i) mean length and mean width of the whiskers; (ii) maximum length and maximum width of the
whiskers; and (iii) mean and maximum diameter for the round shapes precipitates. The results of the
measurements are represented in Figure 4.

In general, there are more whisker precipitates than round shapes, independent of the composite
compositions and processing temperature.

Concerning the dimensions of the whisker precipitates, the increase of the temperature and the
boron content in the starting blend involves an increase of both mean values (length and width).
Figure 4c shows a gradual growth in whisker size at higher temperatures and at higher volumes of
boron. Each increment of 100 ◦C drives the growth of whisker mean length size by approximately
15% at the same composite composition. However, the effect of the processing temperature and the
boron addition is not the same in the maximum length and width of the whiskers. Despite increasing
both temperature and composition, a dimensional limit around 26 µm exists in their maximum length.
This means that there are not whiskers measured with length higher than 26 µm independently of
these two factors. Regarding the maximum width, affected only by temperature, maintains a value of
around 0.12 µm across different compositions.

With respect to the round-shaped precipitates (Figure 4d), the higher the temperature and
the volume of boron content are, the higher mean and maximum diameters of the precipitates.
An increment of 100 ◦C, from 1100 to 1200 ◦C, produces a 21% increase to the mean diameters
of these precipitates.

Related to the manufacturing processes, iHP and dHP, similar microstructures of composites were
observed in specimens from the same starting powder in spite of their different fabrication methods.
This means that at the same processing conditions (1000 ◦C for 15 min) but in different hot pressing
machines, the microstructural properties are alike (see Figure 5). It could therefore be argued that the
results obtained could be reproduced using either machine. At 1000 ◦C, there is insufficient diffusion
time and temperature to end the boron source to form TiB.
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The phenomenon of the agglomeration of B particles at the grain boundaries and inhomogeneous
microstructure was observed in both composites.Metals 2017, 7, 457  8 of 14 
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The results of XRD analyses confirm the TiB formation as a product of the reaction between the
matrix and the B particles. Figures 6 and 7 show the XRD patterns of the composites made from
several starting powders (vol % of B) and processing at different temperatures, respectively. In general,
no recordable peaks of TiB2 are observed in all of the XRD patterns. Comparing the effect of the starting
powder compositions, the lower the B content is, the lower the observed peak of TiB is (see Figure 6a).
However, at the same operational conditions, increasing the vol % of B to 5%, there are sharper peaks
for TiB phase (see in Figure 6c). The influence of temperature on the formation of the TiB phase is quite
clear as shown by the XRD patterns in Figure 7. It is well known that, by increasing temperature, the
reaction between Ti and B tends to be more complete. This can be seen clearly in Figure 7. XRD peaks
of TiB in composite produced at 1000 ◦C are slightly weaker than the ones in the pattern of composite
produced at 1100 ◦C. Moreover, there are two new weak peaks corresponding to the TiB phase when
the temperature increases from 1100 to 1200 ◦C.

However, there is very little variation in the pattern of composites processed at 1300 ◦C compared
to specimens produced at 1200 ◦C. The reason is related to the diffusion phenomena in both cases
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being high enough (at 1200 and 1300 ◦C). At these high temperatures, the content of TiB could be
higher if the time were to be increased.Metals 2017, 7, 457  9 of 14 
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The semi-quantitative analyses, made by the Reference Intensity Ratio (RIR) method, allowed for
the determination of TiB fractions (see Figure 8). The calculated values of TiB (vol %) are lower than
the theoretical values of in situ formed TiB (considering full reaction between the matrix and the B
particles). The incomplete reaction between the Ti and B could be the responsible of such differences.
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The higher the B content, the greater the differences are between the in situ formed TiB at 1100 ◦C
and the TiB content calculated theoretically. Increasing the temperature from 1000 to 1100 ◦C leads to a
slight increase of the amount of TiB formed. However, when the temperatures reach 1200 and 1300 ◦C
there are fewer differences between the in situ formed TiB and the theoretical one.

3.2. Density, Hardness, Young’s Modulus, and Mechanical Properties

In general, the relative density of the TMCs reach values of 98% (Table 3). There is an improving
effect in the densification resulting from the increase of the processing temperature. Furthermore, the
density was affected by the TMCs composition; the higher the content of reinforcements the higher
the densification.

Table 3. Densification values of processed TMCs.

Specimen Temperature (◦C) Densification (%)

Ti + 0.9 vol % 1100 96.61
Ti + 2.5 vol % 1100 98.10
Ti + 5 vol % 1000 98.42

Ti + 5 vol % (dHP) 1000 98.73
Ti + 5 vol % 1100 98.46
Ti + 5 vol % 1200 98.91
Ti + 5 vol % 1300 99.35

The hardening and stiffening effects induced by the TiB precipitates, in addition to the grain
refinement due to the reinforcement content, are two phenomena described by previous authors [7,32].
Hardening induced by TiB precipitates and a slight grain refinement are observed in the in situ TMCs
fabricated from the three powder mixtures (0.9%, 2.5%, and 5% volume of boron) and at different
temperatures (1000, 1100, 1200, and 1300 ◦C). On one hand, as shown in Figure 9a, the higher the B
content the higher the hardness and the Young’s Modulus. The hardness increases by 5% from 0.9 to
2.5 vol % B content and by 32% from 0.9 to 5 vol %. This is closely related to the in situ formed TiB as
shown in Figure 8. Clearly, the content of the reinforcement particles and secondary phases contribute
to the hardening effect. The tendency of the Young’s Modulus to increase is less pronounced than the
hardness’ trend with values of 5% and 18% respectively (see in Figure 9a).
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On the other hand, increasing the temperature also promotes the variations in the hardness and
Young’ Modulus due to the number of precipitates. In this case, the increase of the temperature
more greatly affects the enhancement of the Young’s Modulus than the hardness of the specimens.
In general, the values of hardness remain around 300 HV while the Young’s modulus values present
increases related to the specimens processed at 1000 ◦C; 4%, 10%, and 25% for 1100, 1200, and 1300 ◦C,
respectively (see Figure 9b). Even though the microstructure seems similar in specimens produced at
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1200 and 1300 ◦C, the increase of stiffness could be the result of ongoing reactions in the matrix and a
higher densification value for the one produced at 1300 ◦C.

To study the specimen’s microstructure and its mechanical behaviour, the composite produced
from the powder mixture with 5% of volume percentage of boron and hot pressed at 1000 ◦C was
also fabricated via dHP to carry out tensile and bending tests. Table 4 shows a summary of the tensile
properties tested at room temperature and at 250 ◦C; as ultimate tensile stress (σUTS), as well as the
deformation (ε). Additionally, the flexural behaviour of this kind of composite is also presented
(ultimate bending strength, σUBS, and deformation, ε).

Table 4. Mechanical properties of in situ TMCs produced at 1000 ◦C with 5 vol % of Boron.

Material Tensile Properties Bending Properties

Ti + 5 vol % of B

Room temperature 250 ◦C Room temperature

σUTS (MPa) ε (%) σUTS (MPa) ε (%) σUBS (MPa) ε (%)

780 1.94 533 6.18 1454.38 3.44

With respect to the tensile properties measured at room temperature, there is an increase in the
σUTS (MPa) due to the boron addition (values are compared to the σUTS of pure Ti grade 1, from 240 to
345 MPa [38,39]. However, the ductility behaviour is significantly lower compared to the reference
values of pure Ti grade 1 (20%). The distribution of the reinforcement in the matrix and the in situ
formed TiB increases the strength of the material. The location of the reinforcement of some particles
around the matrix grains blocks the dislocation motion promoting the embrittlement of the matrix
and improving the strength of the material. When the tensile test is carried out at 250 ◦C, there is an
increase in the percentage of the maximum deformation of the material. However, the σUTS measured
at this temperature shows a lower value than σUTS measured at room temperature. As expected,
the motion of the dislocation was encouraged by the increase of the temperature during the tensile test.
There is a considerable enhancement to the σUBS.

From the point of view of the microstructural behaviour, specimens in which the distribution
of precipitates is homogenous inside the matrix, better mechanical behaviour can be expected with
respect to density, hardness, and Young’s Modulus.

4. Conclusions

The following conclusions can be drawn:

- High densification composites are produced. The influence of the in situ formed TiB and
processing conditions on the material behaviour is verified.

- The microstructural study reveals changes in the composites depending on the operational
temperatures. In the range of 1000 to 1100 ◦C, the location of the precipitates and the boron
particles evolves from the grain boundaries into the matrix. Up to 1100 ◦C, two different
morphologies of TiB precipitates have been considered: whiskers and round hexagonal shapes.
Increasing the temperature promotes a gradual growth of the TiB phases. At the same composite
composition, the TiB precipitates remained relatively constant even if the temperature rose from
1200 to 1300 ◦C.

- Relating to the boron addition, variations of the sizes of these secondary phases were also
observed. Although the addition of more boron involved greater formation of precipitates,
the proportions between the boron content and the TiB formed were lower at the highest boron
content in the starting mixture. The formed TiB and the boron particles significantly contributed
to the hardening and stiffness effects. Increasing the temperature helped to increase the stiffness
of the composites more than its hardness.
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