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The work is dedicated to the study of phase and structural evolution in titanium matrix
composites reinforced with a pre-synthesized master alloy of the TiH, — FeSiMn — B,C system.
The composite was fabricated using powder metallurgy techniques, employing PTM-1 grade
titanium powder and a pre-synthesized TiH, - FeSiMn - B,C master alloy in varying weight per-
centages (10, 20, and 30 wt. %) followed by vacuum sintering at 1100 — 1200 °C. The influence of
sintering temperature and master alloying element concentration on porosity, microstructure,
phase composition, and microhardness was analyzed. The composites sintered at 1200 °C exhib-
ited lower porosity and higher microhardness due to intensified diffusion processes. SEM, XRD,
and microprobe analysis confirmed the availability of reinforcing phases such as TiB, TiC 5, and
TigSi;B, and revealed a clear dependence of phase morphology and grain structure on the mas-
ter alloy content. Microhardness increased with increasing reinforcement content and sintering
temperature, reaching peak values of up to 12 GPa in regions enriched with high-modulus com-
pounds in the composite with 30 wt.% master alloy.

Keywords: Titanium matrix composites, powder metallurgy, master alloy, high-modulus
reinforcements, microstructure, a-Ti, B-Ti

OcoGsmuBocti (pa3o- Ta CTPYKTYPOYTBOPEHHSA TUTAHOMATPUYHOrO KOMIIO3UTY
apMOBaHOTIO 0araTOKOMIIOHEHTHOIO Jiraypoxo cucreMu Ti-Fe-Mn-Si-C(B).
O. B. Bapanoscvra, A. A Bonudap, I'. A .Baenwox, /l. I. Baparnoscvruii, €.C. Kupuniox, A.1. Aeanos,
O.1. Onigpan, C.®D. Kopiues

PoGora mpucesuena gocmimpreHHO (aszo- TAa CTPYKTYPOYTBOPEHHS TUTAHOMATPHUIHUX
KOMIIO3UTIB, apMOBAHHX IIOTI€PETHBO CHHTe30BaHOI0 Jirarypoio cucremu TiH, — FeSiMn — B,C.
KommosuTu BHUTOTOB/ISIM METOJaMU ITOPOIIKOBOI METAJIypril 3 BUKOPUCTAHHSIM TUTAHOBOTO
moporky mapku PTM-1imomepeaabo cuHTe30BaHOI miratypu cucremu TiH, - FeSiMn - B,Cis pisaum
crigBigHomenaam (10, 20 1 30 mac. %) 3 MOJAJIBIINM CIIIKAHHAM y Bakyymi ripu 1100-1200 °C.
Byo nmpoamasizoBaHo BILIMB TeMIlepaTypu CHIKAHHS Ta KOHIIEHTPAIN JIiraTypy Ha IIOPUCTICTD,
MIKPOCTPYKTYPY, (pas3oBuil ckiajg Ta MiKpoTBepaicTh. [lokaszaHo, 10 KOMIIO3UTH, CIE€YEH] IIPHU
1200 °C, manm MeHIIy IIOPHCTICTE Ta OLIBILY MIKPOTBEPIICTh BHACIIOK IHTeHCHUIKAIi
;:[H(bysiﬁm/lx npoueciB 3a pesynpraramu CEM, PJIA Ta Mikpo30HI0BOrO aHATI3Y HiﬂTBepI[DReHO
HasBHICTDb TAKMX 3MIIIHIOIOUNX (a3, ax TiB, TICO 5 Ta TI58|3B a TAKOYK BCTAHOBJICHO 3aJI€KHICTH
Mopcbonoru das 1 3ePeHHOI CTPYKTYpH BIJT BMICTY JIraTypH. MlRpOTBepJI[lCTB 361JIBH_IyBaJIaCB
i3 TIIBUIMEHHSM BMICTY apMyHOUYNX YACTHHOK 1 TEeMIIepaTypH CIIIKAHHS, J0CATAlYN ITIKOBUX
auavenb g0 12 ['Tla B obiacrsix, HACUYEHUX BUCOKOMOIYJIBHUMH CIIOJYKAMH, Y KOMIIO3UTI 3
30 mac.% siratypu.
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1 Introduction

The search for new materials with high
mechanical properties and affordable cost is
a relevant task in modern metallurgy. Titani-
um alloys, due to their unique properties, are
promising materials for a wide range of appli-
cations. However, traditional titanium alloys
often contain expensive rare elements such as
V, Mo, Nb, and Ta, which limits their use. To en-
hance strength and economic efficiency, mod-
ern research focuses on strengthening titanium
alloys with widely available elements such as
silicon, aluminum, iron, and manganese. This
approach allows us to increase the tensile
strength and ductility of materials without us-
ing expensive rare metals [1, 2, 3, 4].

Alloying elements influence the stabilization
of the B-phase and determine both the phase
composition and the mechanical properties of
the alloys. The study of the structural stability
of B-titanium alloys is often associated with the
development of multicomponent systems con-
taining both B-stabilizers (e.g., Mo, Nb, Ta) and
elements with a low Young’s modulus (e.g., Sn,
Zr, and Al) [5].

According to phase diagrams, elements Fe,
Cr, Cu, Ni, Co, and Mn form eutectoid phases
with titanium. According to the theory of Bani
and Zhou [5], their Mo-equivalent coefficient
exceeds 1.0, indicating their significantly great-
er ability to stabilize the B-phase compared to
monotectoid elements such as Mo, W, and V. For
example, Fujii and Maeda [6] noted that titani-
um alloys with added iron exhibit higher tensile
strength than traditional titanium alloys with
rare earth elements. Majima [7] demonstrated
that the Ti-6Fe wt.% alloy exhibited improved
mechanical properties after quenching from the
temperature range of single-phase B.

Manganese in titanium alloys has the same
effect as aluminum [8]. The use of Mn as an al-
loying element in traditional titanium alloys
has been considered in binary Ti-8Mn. This alloy
was developed for aircraft and structural parts.
Like Fe, Mn is a strong eutectoid B-stabilizer,
provides solid solution strengthening, and has
a high diffusion coefficient in Ti. The introduc-
tion of Mn into titanium alloys significantly in-
creases the hardness of the material up to 122
GPa (Ti;,Mn), but reduces its ductility [9, 10].
Studies of binary Ti-Mn alloys [11, 12] obtained
by powder metallurgy methods have shown that
hot deformation after sintering affects the me-
chanical properties. With a Mn content of 8 to
13 wt.% in the alloys, the formation of a brittle
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®-titanium phase is observed [12]. The develop-
ment of new titanium alloys and the implemen-
tation of non-traditional metallurgical methods
are relevant for reducing material and produc-
tion costs. One of the key approaches is the use
of inexpensive alloying elements to reduce the
cost of titanium alloys. B-stabilizers such as Fe
and Mn are promising for creating new cost-ef-
fective alloys. Powder metallurgy is an ideal
method for the production of such alloys, since
it not only reduces energy consumption but also
ensures high initial yield and minimizes the
number of production stages [13, 14].

To date, a large number of composite tita-
nium matrix alloys have been created, for the
alloying which various reinforcing compounds
are used, such as TigSi,, CrB, B,C, SiC, TiC, TiN,
TiB, and Al,Oj5 [15, 16]. It should be noted that
for the reinforcement of titanium, one or several
of the above reinforcing compounds are usually
used. The most studied composites based on ti-
tanium and its alloys, reinforced with SiC and
Al,O4 fibers or TiC particles, demonstrate high
strength, hardness, and wear resistance. In
recent years, TiB [17, 18] has been recognized
as the most suitable reinforcing material for
the titanium system due to its thermodynamic
and mechanical stability, as well as the ability
to create minimal residual stresses. However,
of great interest is the possibility of using a
multi-component matrix titanium powder as a
strengthening additive, which combines most of
the above strengthening particles, such as TiC,
TiB, TizSis, as well as other promising strength-
ening phases, such as Mng g, Tij 4¢ and TigSiC,.
The use of multiphase composites also opens
up new opportunities for optimizing mechani-
cal properties by controlling the microstructure
and distribution of strengthening phases in the
matrix.

In previous works [19, 20], we investigated
the influence of ferroalloys containing tita-
nium B-stabilizers, such as Fe, Mn, Si, on the
structure and phase composition of titanium
alloys. Boron carbide compound B,C was used
as a source of carbon and boron. As a result of
thermal synthesis, we obtained a compact con-
taining the following phases: TiC, TizSis, TiB,
Mng 55Tig 48, and TigSiC,. During sintering, bo-
ron carbide and titanium powders interact to
form thermodynamically stable TiB particles
uniformly distributed throughout the titanium
alloy matrix with clear interphase boundar-
ies, as well as titanium carbide (TiC) particles,
which are important for further increasing the
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Fig. 1 SEM images of the thermally synthesized multicomponent composite structure (a) (phase compo-
nents: S1, S2 — TiC; S3 — Ti—-Mn system; S4, S5 — TiB; S6, S7 — Ti—Si system) and fragment of the diffraction
pattern of a master alloy of the TiH, — FeSiMn — B,C system synthesized at 1250 °C (b)

hardness and wear resistance of the material.
A small addition of boron (B) or borides (B,C)
significantly improves the microstructure of
sintered titanium alloys and also affects the
change in the morphology of a-Ti [21, 22, 23, 24].
In [21], for the first time in the process of pow-
der metallurgy (PM) of titanium alloys, a small
amount of boron and boride powders (B,C and
B,Si) was first used, which led to a significant
refinement of previously formed B-grains.

Thus, the aim of this work is to study the
phase and structural components of titanium
matrix composites reinforced with multicom-
ponent strengthening particles TiC, TizSis, TiB,
etc. The use of such strengthening materials
opens up prospects for creating cost-effective
and high-performance composites that can
compete with traditional titanium alloys. This
will reduce production costs and improve the
mechanical properties of titanium matrix com-
posite materials.

2 Experimental materials
and methods

For the fabrication of the powder metallurgy
titanium matrix composite, titanium powder
of PTM-1 grade (0.08 N; 0.05 C; 0.35 H; 0.40
Fe+Ni; 0.1 Si; 0.004 Cl) according to TU 14-22-
57-92 and a pre-synthesized, milled master al-
loy of the TiH, — FeSiMn - B,C system were used
(details regarding the master alloy production
technology and its properties are described in
previous studies [19, 20]). The microstructure
of the synthesized composite material and a
fragment of its diffraction pattern are depicted
in Figure 1.
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The composite powder mixture was pre-
pared in the following ratios:

1. 90Ti+ 10 wt. % master alloy;

2. 80 Ti+ 20 wt.% master alloy;

3. 70 Ti+ 30 wt.% master alloy.

The mixed powders were compacted at 650
MPa. The pressed compacts were sintered in an
SShVL-1.2.5/25-M04 vacuum furnace at tem-
peratures ranging from 1100 to 1200 °C for 1
hour. The density and porosity of the obtained
composites were determined according to DSTU
IS0 2738:2009. The microstructure of the com-
posites was studied using a JEOL scanning
electron microscope (JEOL Ltd, Japan, 2007),
and a JXA-8200 electron probe microanalyzer,
which allows measuring the chemical composi-
tion of materials. The phase composition of the
samples was determined by X-ray diffraction
in filtered Co-K, radiation (A = 0.15418 nm)
using a DRON-3M diffractometer at 20-130°
with step-by-step scanning. Vickers microhard-
ness tests were performed on a PMT-3 device
under a load of 0.5 kg for 30 s, and the aver-
age value of seven measurements was taken for
each sample.

3 Results and discussion

The results of the experimental sintering
(Figure 2) at 1100°C show that for all samples,
the initial sintering stage is characterized by
minimal shrinkage and lower density of the ma-
terial. Samples sintered at 1200°C demonstrate
a significantly denser structure. The increase
in temperature led to better compaction of the
material, resulting in a more homogeneous sur-
face, especially in the case of higher concentra-
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C

tions of alloying phases. Figure 2 shows the ap-
pearance of titanium-based alloy samples with
varying master alloy concentrations (10 %, 20
%, 30 % (wt.)) after sintering at two different
temperatures: 1100°C and 1200°C.

Figure 3 illustrates the dependence of the
porosity of the composite materials on the sin-
tering temperature and master alloy content.
According to these data, increasing the sinter-
ing temperature from 1100 °C to 1200 °C for all
the compositions studied leads to a decrease in
porosity.

The composites containing 10 wt.% of rein-
forcing particles exhibit the highest porosity at
both 1100 °C and 1200 °C. However, with an
increase in the master alloy content to 20 wt.%
and 30 wt.%, the porosity decreases, especially
at the higher sintering temperature. Increas-
ing the fraction of reinforcing components to 20
wt.% reduces the composite porosity by approx-
imately 1.35-1.5 times compared to composites

Functional materials, 32, 4, 2025

Fig. 2 External appearance of the Ti +
10 wt.% master alloy (a), Ti + 20 wt.%
master alloy (b), and Ti + 30 wt.%
master alloy (c) samples after sinter-
ing at temperatures of 1100 °C (left)
and 1200 °C (right).

containing 10 wt.% of reinforcing particles. The
samples with 30 wt.% master alloy have the
lowest porosity, which reaches 9 % at a sinter-
ing temperature of 1200 °C, which is 2.2 and
3 times lower compared to the composite con-
taining 20 and 10 wt.% of reinforcing particles,
respectively. It should be noted that with an in-
crease in the sintering temperature, a tendency
towards a decrease in the porosity of samples of
all compositions is observed. This i1s explained
by the intensification of diffusion processes and
the activation of mass transfer mechanisms at
elevated temperatures, which leads to a reduc-
tion in pore size and their coalescence. The in-
crease in the amount of liquid phase in the al-
loys when the temperature rises to 1200 °C pro-
motes the movement of titanium particles and
their convergence with each other. This leads
to an increase in the contact area between the
particles and promotes their denser packing.
Within this temperature range, diffusion pro-
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Table 1. Element content (at.%) at different points of the sintered composites

g L on [ w [ e [s [ 8 [ o [ S
1 94.75 0.61 2.82 0.23 — 1.60 (B-Ti)*
2 97.72 0.01 0.00 0.24 — 2.03 (a-Ti)*
3 71.97 0.02 0.02 0.02 19.87 8.10 HMR
4 93.67 0.67 3.72 0.24 — 1.70 (B-Ti)
5 97.80 0.06 0.06 0.29 — 1.79 (a-Ti)
6 52.05 0.00 0.12 0.11 43.57 4.15 HMR
7 91.87 1.37 4.94 0.89 — 0.93 (B-Ti)
8 97.27 0.10 0.03 0.62 — 1.98 (a-Ti)
9 52.40 0.04 0.04 0.32 42.58 4.62 HMR

Note: ()* indicates a solid solution based on a- or B-Ti

cesses are localized near the grain boundaries
of titanium. Free protrusions and defective ar-
eas of the grains dissolve, and coagulated atoms
are deposited in more equilibrium areas, which
helps bring the grains closer to their equilib-
rium shape. The X-ray diffraction patterns of
the samples after sintering at temperatures of
1100 and 1200 °C are shown in Figure 4.

The X-ray diffraction analysis shows that
all the samples are predominantly composed
of hexagonal a-Ti. For composites containing
10 and 20 wt.% of the master alloy, the peak
corresponding to the a-Ti (101) plane consis-
tently exhibits the highest relative intensity.
When introducing 10 wt.% of the master alloy
and a sintering temperature of 1100 °C, peaks
of titanium carbide TiC are present. Upon in-
creasing the sintering temperature to 1200 °C,
peaks of rhombic TiB appear on the diffraction
pattern, which are recorded at 20 angles of
38 and 52°. With an increase in the reinforc-
ing particle content to 20 wt.%, along with TiC
and TiB, the formation of a small amount of the
ternary phase TigSi;B is observed. The content
of 30 wt.% reinforcing particles leads to an in-
crease in the number and intensity of TiC and
TigSi;B peaks.

The results of micro X-ray structural analy-
sis fully correlate with the X-ray diffraction pat-
terns described above. Quantitative analysis
(Figure 5, Table 1) showed that the light gray
areas in the microstructure photographs con-
sist mainly of 91-94 at.% titanium, as well as
some Mn, Fe and Si, and may represent a solid
solution based on B-Ti (Table 1, spectra 1, 4, 7).
The gray areas correspond to a solid solution
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Fig. 3 The influence of sintering temperature on
the porosity of the composites

based on a-titanium, with a titanium content
of approximately 98 at.% (Table 1, spectra 2,
5, 8). The dark gray areas consist of high-mod-
ulus reinforcements (HMR) of the TiB, TiCg g,
and TizSi,B types (Table 1, spectra 3, 6, 9).

A detailed quantitative analysis of the mi-
crostructure of the sintered composites showed
that the addition of the alloying component
significantly affects the grain size and the
morphology of the a-Ti-based phase (Fig. 5).
Although visual identification of the B-Ti-type
phase in the microstructural images is difficult
due to its small quantity, the X-ray diffraction
data clearly confirm the presence of this phase.
It 1s known that iron and manganese atoms
have a wide homogeneity range in titanium,
which leads to their partial dissolution in the

Functional materials, 32, 4, 2025
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Fig. 4 Fragments of the X-ray diffraction patterns of composites containing 10 wt.% (a, b), 20 wt.% (c, d),
and 30 wt.% (e, f) master alloy after sintering at 1100 °C and 1200 °C

Ti matrix. According to [25], B-phase be formed This indicates the effectiveness of adding sta-
the regions of Fe and Mn dissolution. Moreover, bilizers (Fe and Mn) to B-Ti, which, according
the authors noted that Fe atoms significantly to the molybdenum equivalent (MoE) definition
contribute to the refinement of a-phase grains.

Functional materials, 32, 4, 2025 591
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[26], promote the formation and stabilization of
the B-phase even in small amounts.

Depending on the alloying content and sin-
tering temperature, strengthening particles of
the TiB, TiC0,5, and TigSi3B types are observed
inside the a-Ti-based phase and, to some extent,
outside the a-Ti phase. The authors of [27] state
that at 882 °C during cooling, a peritectoid re-
action occurs (according to the Ti-B phase dia-
gram: B-Ti + TiB — a-Ti), which coincides with
the a—B transformation (at 881 °C). According
to this reaction, TiB can act as a nucleation site
for the a-Ti phase if their lattice parameters are
well-matched. Based on the X-ray diffraction
results, the lattice parameters of T!B (ortho-
rhomb%c) are a = 6.020 A, b =3.038 A, and ¢ =
4.256 A. These b and ¢ parameters correspond
toaandc parameters of theoa-Ti phase (hexago-
nal, a = 2.940 A, ¢ = 4.68 A), respectively. TiB
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Fig. 5 SEM micrographs (COMPO mode) show-
ing the microstructure of composites sintered at
1200 °C with 10 % (a), 20 % (b), and 30 % (c)
master alloy

particles formed during heating above 700 °C or
precipitated from the B-Ti phase during cooling
may serve as nucleation sites for the a-Ti phase.
This also explains why most TiB particles are
located inside the a-Ti grains. Furthermore, the
authors of [27] note that the boron contained
in titanium alloys leads to the formation of
nearly equiaxed a-Ti grains and also restricts
the growth of B-phase grains.

The sintering temperature and the in-
creased content of reinforcing particles lead
to an increase in microhardness compared to
the unreinforced titanium alloy. To assess the
influence of the reinforcing particles on micro-
hardness, an area free from pores and contain-
ing various microstructural components typical
of the investigated material was selected. The
composite matrix, which mainly consists of tita-
nium and small amounts of Mn and Fe, exhibits

Functional materials, 32, 4, 2025
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Table 2. Effect of alloying additive content and sintering temperature on the microhardness of titanium

matrix composites

o . . o Microhardness
Master alloy content, wt.% | Sintering temperature, °C Structural component (HV), GPa
(6 -Ti) 3.38+4.32
1100 (a -Ti) 5.45-5.93
HMR —
90 Ti + 10 master alloy
8 -Ti) 3.32+3.48
1200 (o -Ti) 6.01+6.5
HMR —
® -Ti) 4.15+4.72
1100 (a-Ti) 5.71-6.16
HMR 8.06 + 9.42
80 Ti + 20 master alloy
(6 -Ti) 4.6+5.8
1200 (@-Ti 6.1-7.5
HMR 8.25+10.87
B -Ti) 4.8+5.9
1100 (o -Ti) 7.86+8.85
HMR 9.56+11.35
70 Ti + 30 master alloy
® -Ti) 4.63+5.62
1200 (@ -Ti) 7.36+9.47
HMR 10.86+12.01

the lowest hardness, ranging from 3.48 to 5.9
GPa, depending on the content of reinforcing
particles and the sintering temperature. The
a-Ti grains containing some carbides or borides
demonstrate slightly higher hardness, in the
range of 6.01 to 9.4 GPa. The highest hardness
values were measured for phases identified as
Ti combined with high-modulus reinforcements,
reaching 8.06 to 12.1 GPa, depending on the
content of reinforcing particles (Table 2).

It should be noted that titanium boride
compounds exhibit higher hardness compared
to other high-modulus compounds distributed
within the titanium grains. Therefore, the het-
erogeneity of hardness within individual grains
may be associated with the uneven clustering
of reinforcing particles. These clusters may
lead to localized increases in hardness in spe-
cific regions of the grains.

The hardness of titanium alloys depends
largely on their microstructure, which in turn
is determined by processing and heat treat-
ment. According to previous studies, depending
on the processing method, thermal treatment,
or phase composition, materials with the same
chemical composition may demonstrate signifi-
cantly different hardness values [28, 29].

The obtained microhardness values are con-
sistent with the literature data. For example,
B-titanium alloys quenched from the B-phase
region typically exhibit hardness in the range

Functional materials, 32, 4, 2025

of 2.74-3.04 GPa, while an increased fraction
of the a-phase results in a hardness range of
4.51-4.9 GPa [30]. Additionally, the authors of
[31] obtained similar hardness values for the
matrix and demonstrated that the hardness of
the reaction layer identified as a mixture of TiB
and TiC reached 13.3 GPa (Table 2), which also
corresponds to the microhardness of the com-
posite with 30 wt.% additive in the region of
clustered high-modulus compounds.

Conclusions

The results of this study allow us to draw
the following conclusions:

1. A significant dependence of the structure
and phase composition of the composite alloys
on the alloying additive content and sintering
temperature has been demonstrated. Samples
with a higher concentration of the additive
(20% and 30%) show a lower level of porosity
compared to those containing 10%, especially
when sintered at 1200 °C. This is attributed to
enhanced diffusion processes and the activa-
tion of mass transfer mechanisms that promote
material densification.

2. X-ray diffraction analysis revealed that
all sintered samples consist predominantly of
hexagonal a-Ti, with a dominant (101) diffrac-
tion peak. The detection of a small amount of
B-Ti phase confirms its stabilization under cer-
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tain chemical composition conditions. In the
composite with 10 wt.% additive and a sinter-
ing temperature of 1200 °C, peaks of titanium
carbide (TiC) and titanium boride (TiB) were
observed. Increasing the content of reinforcing
particles to 20 wt.% resulted in the formation
of the ternary phase TizSisB along with TiC and
TiB.

3. Micro-X-ray spectral analysis identified
the presence of three structural zones: a com-
posite matrix (Ti + Fe, Mn, Si), a-Ti grains, and
high-modulus reinforcement particles, such as
TiB, TiC 5, and TizSisB. Furthermore, the study
demonstrated that both the amount of alloying
additive and the sintering temperature played
a significant role in determining the morphol-
ogy and grain size of the a-Ti phase.

4. The microhardness of the sintered com-
posite was shown to be influenced by both the
sintering temperature and the reinforcing par-
ticle content. The composite with the lowest
reinforcing particle content (10 wt.%) exhibited
the lowest hardness. A positive correlation was
observed between increasing sintering temper-
ature and reinforcing particle content, and the
resulting microhardness of the structural com-
ponents. Notably, in the Ti + 30 wt.% compos-
ite, the matrix hardness ranged from 4.63 and
5.62 GPa, the a-Ti phase microhardness ranged
from 7.36 and 9.47 GPa, and the zone with the
highest concentration of high-modulus rein-
forcements displayed the highest microhard-
ness values — from 10.86 to 12.01 GPa.
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