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Abstract: High specific modulus materials are considered excellent for the aerospace industry.
The system Ti-TiAl-B4C is presented herein as an alternative material. Secondary phases formed in
situ during fabrication vary depending on the processing conditions and composition of the starting
materials. The final behaviors of these materials are therefore difficult to predict. This research focuses
on the study of the system Ti-TiAl-B4C, whereby relations between microstructure and properties
can be predicted in terms of the processing parameters of the titanium matrix composites (TMCs).
The powder metallurgy technique employed to fabricate the TMCs was that of inductive hot pressing
(iHP) since it offers versatility and flexibility. The short processing time employed (5 min) was set in
order to test the temperature as a major factor of influence in the secondary reactions. The pressure
was also varied. In order to perform this research, not only were X-Ray Diffraction (XRD) analyses
performed, but also microstructural characterization through Scanning Electron Microscopy (SEM).
Significant results showed that there was an inflection temperature from which the trend to form
secondary compounds depended on the starting material used. Hence, the addition of TiAl as
an elementary blend or as prealloyed powder played a significant role in the final behavior of the
TMCs fabricated, where the prealloyed TiAl provides a better precursor of the formation of the
reinforcement phases from 1100 °C regardless of the pressure.

Keywords: titanium composites; in situ secondary phases; microstructure; inductive hot pressing;
intermetallic

1. Introduction

High specific modulus materials are required in the aerospace sector. Although titanium and its
alloys offer excellent properties desired in this sector [1,2], demands for an increase in their specific
modulus promoted the use of these alloys in the development of titanium matrix composites (TMCs).
Therefore, the low density of the titanium-based matrices combined with the effect of reinforcement
stiffness meet the needs of the aerospace industry.

Among the different types of reinforcement materials employed to produce TMCs, recent studies
present several ceramic materials (TiB, TiB,, and TiC) as suitable candidates due to their high elastic
modulus and hardness, similar thermal expansion coefficients, and density with the titanium matrix [3-6].
The in situ synthesis technology constitutes one of the most promising approaches towards fabricating
the particulate-reinforced titanium-based composite with mechanical properties elevated by the hard
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phases formed in situ [7-9]. It is well known that there are reaction paths between Ti and B4C,
which result in the formation of TiB, TiBy, and TiC. Therefore, the Ti/B4C system has been extensively
studied by many authors in the last decade [10-15].

In addition to B4C particles as starting reinforcement materials, the stiffness effect of the titanium
matrix has been raised through the incorporation of aluminum into the matrix by other authors. In this
way, the formation of intermetallic compounds (Al-Ti) leads to the improvement of the properties [16]
either with the formation of intermetallic compounds from elementary Ti and Al powder or directly by
the incorporation of prealloyed powder to the blending of the starting material. The influence of TiAl
as an elementary blend or as a prealloyed powder as starting material has yet to be widely studied
in the properties of the final specimens. The novelty of the present research work is to determine
possible differences between both systems (Ti matrix-B4C-Ti powder-Al powder vs. Ti matrix-B4C-TiAl
prealloyed powder) in the final properties.

In accordance with the aforementioned, there are a limited number of reports regarding the
microstructural evolution and reaction mechanism of the Ti-B4C system under solid-state sintering,
although it is one of the most popular methods for the preparation of TMCs [10-15]. Furthermore,
the incorporation of Ti-Al as a precursor of intermetallic compounds presents a further aspect to be
taken into account in this work, since the influence of the intermetallic compounds in the formation of
TiB and TiC remains unclear [13].

In this paper, experiments have been carried out to clarify the behavior of the in situ reaction
of the Ti-B4C-TiAl system under solid-state sintering while varying processing parameters and the
raw materials. The importance of determining whether there is any significant influence of the raw
materials on the final properties, in addition to evaluating the behavior of the different specimens
while varying their processing parameters, constitute the motivation points of the present research
work. Concluding, it is pursued to have greater control of the final properties depending on the
composition and manufacturing parameters, and further develop the knowledge of the Ti-B4C system,
by the addition of intermetallic: Ti-Al blended, and prealloyed TiAl.

2. Materials and Methods

2.1. Materials

From the raw materials point of view, both the size and morphology of the starting powders have
been studied in this research as influence factors in the final properties of composites. To this end,
a detailed study has been carried out. A spherical titanium matrix powder (grade 1), manufactured by
TLS GmbH (Bitterfeld, Germany), was used. In order to trigger the formation of secondary phases
formed in situ, boron carbide particles were selected (manufactured by ABCR GmbH & Co KG,
Karlsruhe, Germany). The innovation of this investigation lies in the use of two types of Ti-Al powders.
On one hand, in situ TixAly-based intermetallic compounds from elementary aluminum and fine
titanium powder were used. In this way, these blendings of raw powder led to an expected Ti-Al
intermetallic compound (Ti powder manufactured by TLS GmbH, and Al powder by NMD GmbH,
Heemsen, Germany) [17]. On the other hand, prealloyed powder Ti-Al was used (TiAl* by TLS GmbH).

Table 1. Particle-size distribution of the raw materials.

Material dyo dso (Average Size) dgo
Ti matrix 76.46 109.43 157.37
Ti fine 12.10 29.05 58.26
Al 4.54 8.56 16.24
TiAl 52.49 74.97 107.46

B4C 39.05 63.76 102.03
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By means of the selection of the elementary powder blending and prealloyed powder, a significant
variation in the behavior of the TMCs may be expected. A characterization of all the raw materials was
performed to verify the information supplied by the manufacturers regarding the size and morphology
of powders. Mastersizer 2000 (Malvern Instruments, Malvern, UK) equipment was employed to
verify the average particle size. The results obtained are listed in Table 1. Moreover, Scanning Electron
Microscopy (SEM) images of the powders showed the morphologies of the starting materials employed
in the fabrication of the TMCs. As observed in Figure 1, the prealloyed TiAl (named TiAl*) and the
elementary blend of Ti-Al (named TiAl) present different particle sizes.

Figure 1. Scanning Electron Microscope (SEM) images of the raw powders: (a) spherical titanium

matrix powder morphology; (b) fine titanium; (c) aluminium particles; (d) prealloyed TiAl powder;
(e) faceted B4C particles.

In Figure 1, the SEM images (FEI Teneo, Hillsboro, OR, USA) reflect the spherical morphologies
of the two types of Ti powders and the TiAl prealloyed powder. The fine Al powder presents
an irregular-nodular morphology. Furthermore, B4C particles show a faceted shape.

2.2. Experimental Procedure

The various stages of the experimental procedure are described in this section. Firstly, the material
preparation took place. The consolidation of the specimens was then carried out via inductive hot
pressing. In order to investigate the relation between the starting materials in terms of processing
parameters and TMCs behaviors, a detailed characterization was developed for all specimens
fabricated. Analyses were performed by X-ray diffraction (XRD) (Bruker D8 Advance A25, Billerica,
MA, USA) and SEM to examine the evolution of their microstructure versus variations of the influence
factors: (i) starting materials; (ii) processing temperature; and (iii) consolidation pressure. Furthermore,
density, Young’s Modulus, and the hardness of samples were also measured.

2.2.1. Preparation of the Powders

The powder preparation was carried out in various steps. The first stage involved the mixing of
the elementary blend of Ti-Al. This was made of 64% weight of fine titanium powder and 36% weight
of aluminum powders. It was developed according to the atomic ratio Ti:Al. A Sintris mixer (Sintris
Macchine S.R.L., Piacenza, Italy) was employed for this first powder mixing, for 12 h using ZrO, balls
(@ 3 mm) in cyclohexane. The weight ratio of the ceramic balls and powder was 10:1. After drying,
the Ti-Al was mixed in a vacuum oven at 100 °C for 8 h to evaporate the solvent, and powders were
blended for 2 h. This type of Ti-Al powder was prepared for its combination with the raw matrix
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powder and the B4C particles. A similar content of TiAl blending powder or prealloyed TiAl powder
was incorporated to determine the starting powder mixtures. All these particulate materials were also
blended in a Sintris mixer for 2 h. These mixing processes were employed in previous studies and
obtained the optimal dispersion result of the particles [17].

To summarize, Table 2 shows the tested starting materials under various processing parameters.
It is important to note that pressure was varied to obtain better values of densification in the
TMCs produced from Ti-B4C-TiAl raw materials. Furthermore, to define in a specific way how
the intermetallic (TiAl) compounds could contribute towards blocking the formation of secondary
phases (TiB and TiC), the system Ti matrix with TiAl* (prealloyed powder) and Ti matrix with Ti-Al
elementary blend without B4C particles had to be studied. To this end, additional specimens were
fabricated as indicated in Table 2.

Table 2. Starting composition ! of titanium matrix composites (TMCs) and the fabrication parameters

(by iHP).
Material Ti (Grade 1) Matrix Processing Parameters
30% vol. 20% vol. Temperature (°C) Time (min) Pressure (MPa)

B4C TiAl* 900, 1000, 1100, 1200 5 40
B4C TiAl* 900, 1000, 1100, 1200 5 80
B4C TiAl 900, 1000, 1100, 1200 5 40
B4C TiAl 900, 1000, 1100, 1200 5 80

- TiAl* 900, 1000, 1100, 1200 5 40

- TiAl 900, 1000, 1100, 1200 5 40

! The composition was measured in the mixing stage.

2.2.2. Inductive Hot-Pressing Consolidation Process

A self-made hot pressing machine, inductive Hot Pressing (iHP) equipment of RHP-Technology
GmbH & Co. KG (Seibersdorf, Austria), was employed to perform the consolidation of the specimens.
This equipment enables the time of the operational cycles to be reduced thanks to its advantageous
high heating rate, which in turn is due to its special inductive heating set up. A graphite die was used
for all the iHP cycles (punch & 20 mm). The same procedure to fill the die was carried out for the
consolidation of each of the specimens. The die was lined with thin graphite paper with a protective
coating of boron nitride (BN). As mentioned earlier, Table 2 shows the operational parameters tested in
this work. The vacuum and the heating rate were fixed in all the iHP cycles: heating rate (50 °C-min~!)
and vacuum conditions (5 x 10~ bar). This vacuum value was the maximum that the equipment
would allow.

To graphically represent the development of the TMC fabrication process, Figure 2 shows a sketch
of the equipment and the different manufacturing steps: (i) Preparation of starting materials; (ii) Mixing;
and (iii) Hot Consolidation.

2.2.3. Specimen Characterization

After the manufacture of the specimens, their characterization was carried out. Compacts were
removed from the die and then sand-blasted cleaned to remove the graphite paper residue from the
surfaces. Firstly, a microstructural study was performed, after a thorough metallographic preparation.
The microstructure was studied by means of optical microscopy (OM), using Nikon Model Epiphot
200 (Tokyo, Japan), and by SEM, using JEOL 6460LV (Tokyo, Japan) and FEI Teneo (Hillsboro, OR,
USA). Moreover, an XRD study was carried out on the Bruker D8 Advance A25 (Billerica, MA,
USA) to identify and evaluate the diverse crystalline phases in the composites. Archimedes” method
(ASTM C373-14) was set for the determination of the density. The results obtained were compared
to the measurements performed with other control techniques such as geometrical density (ASTM
B962-13). On the polished cross-section of the specimens, the hardness measurements were carried
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out. Eight indentations were performed on each specimen, avoiding B4C particles. A tester model,
Struers-Duramin A300 (Ballerup, Denmark), was used to ascertain the Vickers hardness (HV10).
To complete the characterization of the specimens, an ultrasonic method (Olympus 38 DL, Tokyo,
Japan) was used to calculate Young’s Modulus by measuring longitudinal and transverse propagation
velocities of acoustic waves [18].
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Figure 2. Sketch of the manufacturing process of the TMCs.

3. Results and Discussion

3.1. XRD Analysis

The X-ray diffraction analysis was employed to identify the phase transformations and probable
reactions during the sintering process. The obtained results were evaluated, compared, and discussed
taking into account the effect caused by variation of the starting materials (Ti-Al, TiAl* and B4C) and of
the processing parameters (temperature (900, 1000, 1100 and 1200 °C) and pressure (40 and 80 MPa)).
Figure 3 shows the XRD patterns of the TMCs processed at different temperatures from the four blends
of raw powders, consolidated under 40 MPa for 5 min.
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Figure 3. X-ray diffraction (XRD) patterns of the TMCs processed under 40 MPa for 5 min, from the
starting materials: (a) Ti matrix with TiAl* (prealloyed powder); (b) Ti matrix with Ti-Al (Ti-Al blend);
(c) Ti matrix with TiAl* and B4C particles; (d) Ti matrix with TiAl and B4C particles.
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It should be borne in mind that Figure 3a,c show the patterns of specimens from Ti and TiAl
powders without the B4C phase. By excluding the Ti peaks, there are crystalline phases related to the
starting materials (TiAl prealloyed or blend powders). The effect of the temperature and the starting
materials are reflected in the pattern of these specimens. It seems that in the specimens from Ti powder
mixed with Ti-Al blend, peaks of TizAl and TiAl are appreciated only below 1000 °C. When prealloyed
TiAl powder is used, peaks of TiAl phase are clearly observed even up to 1100 °C. These results suggest
that this is due to the prealloyed powder being less reactive than the aluminum from the blend powder.
Moreover, aluminum has a tendency to diffuse into the crystalline structure of Ti: it happens from
1200 °C if the raw powder is prealloyed, and from 1100 °C if the starting particles come from the blend
Ti-Al This means that, from 1100 °C, there are only peaks of titanium alpha phase in specimens whose
starting powder was the Ti-Al blend; however, this phenomenon in specimens from Ti with prealloyed
TiAl* takes place at 1200 °C.

Comparing Figure 3b,d, there are substantial differences between patterns of specimens made
from prealloyed TiAl* and Ti-Al blended powders, with the B4C particles processed at the same
temperature. As previously mentioned, the presence of the TiAl phase is only detected up to 1100 °C when
TiAl* prealloyed powder is used in the starting materials of specimens. In this respect, the presence of
the B4C did not affect the TiAl stability.

From the point of view of the phases formed in situ, the difference between patterns of specimens
produced from TiAl* and Ti-Al blend powders are evident (see Figure 3b,d). Considering the study
of phase changes based on variations of rising temperature, if prealloyed powder is used then the
apparition of secondary phases is more notorious in general up to determinate temperatures. It can
be found, when the consolidation temperature is lower than 1100 °C, that the compact only consists
of alpha Ti, B4C and intermetallic phases. By hot pressing at 1100 °C under 40 MPa, a weak peak
corresponding to TiC and two peaks of TiB phases appear, and their intensities increase with the
increment of the operational temperature in specimens processed from TiAl*. The formation of TiC
and TiB is detected at 1200 °C for both types of TMCs. It therefore seems to indicate that the presence
of Al in the blend could act as a block in the secondary reaction at 1100 °C when the consolidation
pressure is 40 MPa.

In order to evaluate whether a certain influence of the inductive pressure exists in the phases formed
in situ, not only was 40 MPa tested as operational pressure, but also 80 MPa. A semi-quantitative
analysis made by the Reference Intensity Ratio (RIR) method, shown in Table 3, was also performed.
Results indicate that such variation contributes towards enhancing the content of the reinforcement
when the specimens are hot-consolidated under 80 MPa. For that matter, at lower temperatures,
peaks and semi-quantification of TiB and TiC can be observed in Figure 4a,b and Table 3. In the case
where specimens are made from TiAl*, weak peaks of TiB and TiC phases appear at 1000 °C; while in
specimens made from Ti-Al blend, the processing temperature to detect secondary phases ascends to
1100 °C. In this respect, this phenomenon has certain similitude with the aforementioned results as
observed in Figure 3b,d. At 1100 °C, the formation of a small amount of intermetallic TizAl can be
appreciated under 80 MPa, thanks to the decomposition of TiAl and the subsequent reactions inside
the Ti matrix. Table 3 confirms these observations.

Table 3. Reference Intensity Ratio (RIR) semi-quantification analysis of TMCs manufactured at 80 MPa
and at different temperatures (by iHP).

Material Temperature (°C) Ti (%) TiAl (%) TizAl (%) TiB (%) TiC (%) B4C (%)
Ti+B4C+TiAl* 1000 °C 71.7 6.6 0.9 2.5 1.0 17.2
Ti+B4C+TiAl* 1100 °C 71.5 4.0 1.1 5.8 1.6 16.1
Ti+B4,C+TiAl* 1200 °C 68.5 0.0 0.0 125 3.6 15.4
Ti+B4C+TiAl 1000 °C 74.1 32 34 0.0 0.0 19.3
Ti+B4C+TiAl 1100 °C 75.5 1.2 2.8 1.9 0.8 17.8

Ti+B4C+TiAl 1200 °C 719 0.0 0.0 9.8 15 16.9
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Figure 4. XRD patterns of the TMCs processed under 80 MPa for 5 min, from the starting materials:
(a) Ti matrix with TiAl* and B4C particles; (b) Ti matrix with TiAl and B4C particles.

On concluding the XRD analysis of the specimens, in those produced at 1100 °C, patterns are
slightly different; a transition can be observed with temperature. It is therefore necessary to delve into
further depth regarding the phase evolution information by microstructure observation with SEM and
optical microscopy.

3.2. Microstructural Characterization

The identification was performed on phases formed in situ and intermetallic compounds through
a microstructural study of the specimens. In order to present the results of this study in a suitable
way, several comparisons between diverse specimens are performed based on: (i) starting materials;
(if) consolidation pressure; and (iii) processing temperature.

Regarding the powders used in the fabrication, a first comparison between TMCs processed from
TiAl* and Ti-Al blend powder is carried out. Figure 5 shows microstructures of the specimens processed
at two temperatures (1000 °C and 1200 °C), for 5 min and with pressure at 80 MPa, whereby the starting
materials constitute the influence factor to be evaluated. By hot pressing at 1200 °C, no presence of TiAl
or TizAl phases remains, for either TMCs made from TiAl* or Ti-Al blend. However, if the temperature
of the hot pressing is 1000 °C, then intermetallic phases are observed (Figure 5a,c). The distribution
in the Ti matrix of the TiAl-based phases depends on the starting materials employed. While the
microstructure of the specimens with TiAl* shows the TiAl-based phases as nodular morphology into
the matrix, the location and morphology of these phases in TMC made from Ti-Al blend is totally
different. The equiaxial grain of the Ti matrix in TMCs from Ti-Al blend can be appreciated thanks to
the location of the intermetallic compound at grain boundaries. This phenomenon was also studied in
previous work by the authors [17]. Through the use of TiAl*, the grain boundaries are free to react
with the B4C particles. For this reason, the presence of secondary phases at a lower temperature is
observed, which means that TiB and TiC form first in these TMCs.
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Figure 5. SEM images of the TMCs processed under 80 MPa for 5 min, from the starting materials:
(a) Ti matrix with TiAl* and B4C particles at 1000 °C; (b) Ti matrix with TiAl* and B4C particles at
1200 °C; (c) Ti matrix with Ti-Al and B4C particles at 1000 °C; (d) Ti matrix with Ti-Al blend and B4C
particles at 1000 °C.

Figure 5b,d show the SEM micrographs of the TMCs compacted at the highest pressure
(80 MPa) and the highest temperature (1200 °C). From the cross-section of the specimens, a uniform
distribution of the reinforcing phases without porosity can be observed, which indicates that
a well-bonded composite structure can be achieved by means of the inductive hot-pressing process
under these conditions.

Figure 6 displays the evolution of the microstructures of the TMCs under the processing
parameters of 40 MPa pressure and at temperatures of 1000 and 1200 °C. As commented previously
for specimens processed under 80 MPa, the higher the temperature becomes, the more the secondary
phases are formed. Regarding densification, certain cracks and porosity could be observed close to the
B4C particles. In particular, there are micro cracks close to intermetallic phases at lower temperatures,
as it can be observed in Figure 6a.

The interface zone between the matrix and B4C particles is clear. It can be observed from
Figure 6b,d that TiC areas and TiB whiskers are tightly fixed to the Ti matrix and no microdefects
appeared due to the clean reaction interface between the matrix and the phases formed in situ.
When B4C dissolves in B and C elemental particles, carbon particles present higher diffusion than do
boron particles in the matrix, and they form round dendritic TiC phases far from that of the original
B4C. Boron particles stay close to B4C, surrounding the particles and forming TiB whiskers.

Figure 7 shows the effect of pressure at the transition temperature (1100 °C), and confirms the
XRD results. Indeed, at the higher pressure of 80 MPa, both the bonding of TiAl* and the diffusion of
aluminum in the Ti matrix improved.
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Figure 6. SEM images of the TMCs processed under 40 MPa for 5 min, from the starting materials:
(a) Ti matrix with TiAl* and B4C particles at 1000 °C; (b) Ti matrix with TiAl* and B4C particles at 1200 °C;
(c) Ti matrix with Ti-Al and B4C particles at 1000 °C; (d) Ti matrix with Ti-Al blend and B4C particles at

1000 °C.
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Figure 7. SEM images of the TMCs processed for 5 min, from the starting materials: (a) Ti matrix with
TiAl* and B4C particles at 1100 °C under 40 MPa; (b) Ti matrix with TiAl and B4C particles at 1100 °C
under 40 MPa; (c) Ti matrix with Ti-Al and B4C particles at 1100 °C under 80 MPa; (d) Ti matrix with
Ti-Al blend and B4C particles at 1100 °C under 80 MPa.

For the conclusion of the microstructural study, a compositional mapping of several elements
(Ti, Al, C, and B) is carried out to determine the possible reactions of the constituents of the TMCs
at the four processing temperatures tested (900 °C, 1000 °C, 1100 °C, and 1200 °C). The specimens
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studied are those of the TMCs with TiAl* under 80 MPa. The influence of the temperature in the
microstructural evolution can be well appreciated in Figure 8. By hot pressing at 900 °C, there are
clear areas corresponding to the intermetallic TiAl from the prealloyed powder (TiAl*), Ti matrix,
and the B4C particles. As the temperature rises, through the diffusion and reaction of the elements,
the in situ secondary phases appear. These reactions become more evident from 1100 °C. Additionally,
the intermetallic compound begins to be more reactive. In this way, the aluminum diffusion into
the matrix is more noticeable at 1100 °C as displayed in Figure 8c. Owing to the increment of the
temperature up to 1200 °C, the decomposition and reaction of the intermetallic compounds become
imminent. Furthermore, as demonstrated in previous research work and mentioned previously,
the higher the processing temperature, the greater the content of TiB and TiC phases, and the lower the
intermetallic-phase content.

Figure 8. Mapping of the TMC processed by hot pressing for 5 min under 80 MPa, from the starting
materials Ti matrix with TiAl* and B4C at the four processing temperatures: (a) 900 °C, (b) 1000 °C,
(c) 1100 °C, and (d) 1200 °C.

3.3. Density, Hardness and Young’s Modulus

Density, hardness, and Young’s Modulus properties are three significant indicators that reflect the
reliability of the inductive hot-pressing process and the veracity of the operational parameters employed.
These properties are evaluated and compared in terms of whether the processing temperature and
pressure are increased.

The use of the intermetallic compound in the form of prealloyed powder or Ti-Al blend
powders involves variations in the microstructure of the specimens by the temperature as well as
the addition of the B4C; it is therefore crucial to evaluate their effect on the final properties of the
manufactured specimens.

In the specimens manufactured without B4C, if the temperature is rising from 900 °C to 1000 °C
under 40 MPa, then the density of the specimens made from TiAl* increases by only 0.2% (4.364 and
4.374 g/cm?, respectively) and for specimens from the Ti-Al blend, this increase is 0.7% (4.371 and
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4.339 g/cm?, respectively). These increments are negligible values. If the temperature rises from
1100 °C to 1200 °C, the densification increments of the specimens remain below 0.1%. This means that
the densification is well performed even at the lowest temperature.

In general, with B4C particles at the lowest temperature (900 °C), the density of the specimens
made from TiAl* presents lower values (3.400 g/cm? at 40 MPa and 3.497 g/cm? at 80 MPa) than
the other specimens from Ti-Al blend powder (3.530 g/cm? at 40 MPa and 3.606 g/cm? at 80 MPa).
This is in agreement with microstructures observed in Figure 6. The microcracks at the border of the
intermetallic phase are visible in specimens processed at 900 °C and 40 MPa; however, under identical
conditions, the specimens made from Ti-Al blend powder show no such microdefects. On increasing
the pressure of the hot consolidation up to 80 MPa, these defects become slightly visible.

By raising the operational temperature from 900 °C to 1000 °C and from 1100 °C to 1200 °C
under 40 MPa, the densification of the TMCs, whose starting powder has B4C particles and TiAl*,
presented increments of 2.1% and 3.5%, respectively. The density therefore has a gradual tendency
to increase in accordance with the temperature. Related to the specimens made from Ti-Al blend
powder with B4C particles, the temperature influence is less significant. If the operational temperature
increases from 900 °C to 1000 °C and from 1100 °C to 1200 °C, then there is an augmentation of 1.5%
approximately of densification in both cases; however, from 1000 to 1100 °C the density remains
constant. Furthermore, the phases formed in situ by the reactions eliminate the possible porosity in the
matrix, thereby promoting bonding between the matrix and reinforcements. In this regard, density is
promoted by temperature.

While evaluating the influence of the consolidation pressure at the same constant manufacturing
temperature (1200 °C) for each type of powder, the increment in pressure from 40 MPa to 80 MPa
involves increases in percentages of 2.7% (3.724 and 3.826 g/ cm?, respectively) when TiAl* prealloyed
powder is used and 1.4% (3.710 and 3.763 g/cm?, respectively) for Ti-Al blend powder.

Hardness and Young’s Modulus properties of the specimens are displayed in Figures 9 and 10;
their measured values are shown while taking into account the starting materials and the pressure
employed (40 MPa and 80 MPa).

a) Ti+20 vol % TiAl* b) Ti +20 vol % TiAl*+ 30 vol % B.C
500 500
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Figure 9. (All the specimens consolidated at 40 MPa). Processing temperature (°C) vs. hardness
(HV10) and Young’s Modulus (GPa): (a) Ti + 20 vol % TiAl*; (b) Ti + 20 vol % TiAl* + 30 vol % B4C;
(c) Ti + 20 vol % TiAl (d) Ti + 20 vol % TiAl + 30 vol %B4C.
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Figure 10. (All the specimens consolidated at 80 MPa). Processing temperature (°C) vs. hardness
(HV10) and Young’s Modulus (GPa): (a) Ti + 20 vol % TiAl* + 30 vol % B4C; (b) Ti + 20 vol % TiAl +
30 vol % B4C.

On one hand, Figure 9a,c show the behavior of specimens made from Ti with TiAl* and from Ti-Al
blend without B4C particles, respectively. On the other hand, Figure 9b,d illustrate the properties of
TMCs with B4C made from TiAl* and Ti-Al blend, respectively. All these specimens are consolidated
at 40 MPa.

Hardness of the specimens is also compared on the basis of the process parameters. In specimens
without B4C particles, the values of hardness are significantly affected by raising the temperature.
By 900 °C hot pressing, the specimen from TiAl* (182 HV) presents lower hardness values than does
the specimen from the Ti-Al blend (195 HV), as shown in Figure 9a,c. The homogeneous distribution of
the intermetallic compound at the Ti grain boundaries of the matrix provides evidence of its improved
strengthening effect. In the case of the specimens from TiAl*, at 900 °C, the microstructure study
reveals a number of cracks close to the areas of the intermetallic TiAl compound. It could contribute
towards reducing their hardness. In specimens made from TiAl*, Figure 9a, when the temperatures
tested vary from 900 °C to 1000 °C, from 1000 °C to 1100 °C, and from 1100 °C to 1200 °C, then their
hardness increases by 11%, 28%, and 28%, respectively. It can be observed in Figure 9¢, that when
temperature rises from 1100 °C to 1200 °C, there is only 7% of increment in hardness of specimens
made from the Ti-Al blend. A possible explanation for this hardness increment may be related to the
decomposition of the intermetallic compound into the Ti matrix. In the case of specimens from TiAl*,
the intermetallic phases are observed in the matrix up to 1100 °C. However, in specimens from the
Ti-Al blend, the intermetallic phases appear up to 1000 °C. The gain in hardness in general for the
specimens made from TiAl* without B4C particles is of 80% when comparing specimens produced at
900 °C and 1200 °C. Under these same conditions, the increment of hardness in specimens from Ti-Al
blend powder is of 64% (from 900 °C to 1200 °C). In spite of this, by means of 1200 °C hot pressing,
the specimens’ hardnesses become 329.6 &= 25.6 HV and 319.8 & 19.7; this makes sense, since at 1200 °C,
in both cases, the Al is not as intermetallic and is located into the matrix, thereby reinforcing it.

When B,4C particles are added to the starting materials of the TMCs, the variations of hardness
account for the reactions between the matrix and B,4C particles, as well as the intermetallic behavior.
For these types of TMCs, not only could the temperature be evaluated as a factor of influence, but the
pressure employed during the hot consolidation stage, 40 MPa and 80 MPa, could also be considered
as a factor. By 900 °C hot pressing, specimens compacted under 80 MPa show greater hardness
than specimens consolidated under 40 MPa, regardless of the starting materials (from TiAl* or Ti-Al
blend with B4C). This trend occurs in general at all processing temperatures, and can be observed in
Figure 9a,b,d. In the case of TMCs made from TiAl* at 1000 °C, the effect of the pressure is significant;
the hardness measured in specimens compacted at 40 MPa and 80 MPa are 223.8 £ 19.6 HV and
274 £ 30 HV, respectively. This fact may be linked to the formation of the secondary phases. In the
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case of the TiAl* powder, there are reactions between the Ti matrix and the C and B from the B,C
particles, even at lower temperatures, when the pressure applied is 80 MPa, as previously stated.
At 1100 °C under this pressure, the hardness of the TMCs from TiAl* is greater than the hardness of
specimens from Ti-Al blend powder.

In concluding the hardness study, the higher the pressure and temperature employed, the greater
the hardness measured. In particular, at 1200 °C, the hardnesses of TMCs from TiAl* and Til-Al
blend powder show values of 405.8 &+ 38 HV and 456 + 12 HV, respectively. These values are in
agreement with the microstructure observed and the XRD analysis studied. The greater the content of
the secondary phases, the greater the hardness.

In the framework of Young’s Modulus properties, specimens without B4C particles show values
of approximately 115 GPa, regardless of whether they are made from TiAl* or Ti-Al blend power.
Moreover, this value remains constant even when the operational temperature rises. In contrast,
through the addition of B4C, the variations in the processing parameters contribute towards
an increment in the Young’s Modulus of the specimens, independently of the starting powder (TiAl*
or Ti-Al blend powder). At 900 °C, the specimens with B4C particles consolidated at 40 MPa showed
lower Young’s Modulus values than did the specimens without B4C manufactured under similar
conditions. This finding suggests that the incorporation of the B4C into the matrix could reduce Young’s
Modulus. This is due to the existence of certain porosity close to the B4C particles, and to the absence
of good bonding at this low temperature between the Ti matrix and the B4C phase. The increments of
Young’'s Modulus with rises in temperature reflect the formation of in situ phases. This trend occurs
for TMCs consolidated under the two pressures tested (40 MPa and 80 MPa).

It can therefore be deduced that by varying the starting powder and parameters, the behavior of
the TMCs are clearly affected.

4. Conclusions

The following conclusions can be drawn:

e  The formation of secondary phases (TiB and TiC) is affected by the addition of TiAl in the starting
blend. If the TiAl is prealloyed powder, more content of TiC and TiB was detected by XRD analysis
at a lower temperature (1100 °C) than in the case of the starting blend made from elementary
powders Ti-Al. Regarding the processing conditions, the higher the pressure, the more content of
TiB and TiC at similar processing temperatures, regardless of the starting powder.

e  The microstructure characterization reveals significant evolution of the secondary phases in the
matrix by the temperature. The pressure influence confirms XRD results. The intermetallic
compounds are located as nodular morphology in Ti matrix for TiAl* specimens and at grain
boundaries in Ti-Al blend specimens. The secondary-phase morphologies are TiB whiskers and
dendritic TiC. With pressure (80 MPa), decomposition of TiAl* takes place at lower temperature.

e  Regarding the processing parameters effect on the density, hardness, and Young’s Modulus.
In general, raising the temperature results in better values of density and higher values of
hardness. If there are B4C particles in the starting materials then the effect of increasing pressure
in parallel to the temperature promotes the strengthening of the TMCs by the phases formed
in situ. However, Young’s Modulus remains constant if no particles of B4C are included in the
starting powder blend. When B4C is added, Young’s Modulus rises with temperature, and is
higher with TiAl than with TiAl*¥; this is due to the substitutive solution between Ti and Al

e The higher the pressure becomes, the lower the temperature at which the in situ secondary
phases are formed. The consolidation pressure has a slight influence on the density of specimens
processed at the same temperature, whereby the higher the pressure becomes, the better the
densification is achieved. Hardness and Young’s Modulus follow the same trend.
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