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ABSTRACT

Advanced Ti-based composites possess a high strength-to-weight ratio and fracture toughness in a temperature range 20-650 °C and
show a potential for applications in components of up-to-date internal combustion and aircraft engines and equipment for power
generation (fuel cells, gas turbines, compressors, etc.). However, to meet the requirements on the high-temperature reliability of the
products for critical engineering, the operating temperature of developed Ti-based composites should be increased to 750800 °C. In
this work, composites of Ti-Si-X (X=Al and/or Sn, Zr, C) and Ti-Cr-X (X=Al and/or C) systems have been studied. Series of beam
specimens were manufactured by casting. A part of cast specimens was undergone to thermo-mechanical deformation. A strength test
of specimens was carried out according to a three-point bend scheme in a temperature range 20-1000 °C. A single-edge notch beam
(SENB) test of specimens was conducted according to the same scheme in a temperature range 20-900 °C and fracture toughness of
materials was estimated. General trends in high-temperature strength and fracture toughness of the studied composites were substan-
tiated in terms of morphology of the microstructural components and fracture micromechanisms, and the effect of alloying with ultra-
fine elements on resulting mechanical characteristics of the studied composites was found.

Keywords: Ti-Si-X and Ti-Cr-X composites; MAX phase; high-temperature strength; fracture toughness; phase composition; mi-
crostructure; fracture micromechanism

INTRODUCTION

To ensure required operating life of parts and products in hard
operating conditions, there is a need to use high-strength and ox-

to-date internal combustion and aircraft engines and equipment
for power generation (fuel cells, gas turbines, compressors, etc.)
[11-22]. However, to meet the requirements on the high-tem-
perature reliability of the products for critical engineering, the

idation-resistant materials like advanced ceramics (zirconia, alu-
mina, silicon nitride, silicon carbide, etc.) and various compo-
sites. These materials have excellent high-temperature strength
and chemical inertness and can operate under high pressure or
vacuum, high temperature, radiation, corrosion, etc. [1-10].

State-of-the-art Ti-based composites possessing high strength
and fracture toughness in a temperature range 20650 °C have
an advantage over traditional cast or deformed titanium alloys,
for which an operating temperature is limited by 350-450 °C.
Such Ti-based composites possess a high strength-to-weight ra-
tio and show a potential for applications in components of up-

operating temperature of developed Ti-based composites should
be increased to 750—800 °C. Under such conditions, these mate-
rials must maintain high strength and crack growth resistance as
well as corrosion resistance [11, 23-25]. This should be taken
into account while developing new ceramics and composites as
well as modifying microstructure and improving mechanical
characteristics of known materials [26-33]. The substantiation
of chemical composition and processing and treatment modes
are crucial issues in improving the phase compositions, micro-
structure, and mechanical properties of the developed materials
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Depending on the chemical composition, Ti and Cr based com-
posites may comprise some amount of high-temperature phases,
namely, silicides, aluminides, MAX phases, etc. [44-51]. In par-
ticular, MAX phases are formed as quite distinct regions along
the boundaries of titanium or chromium grains in Ti and Cr
based composites [52-55]. It was shown in a number of works
that MAX phases may be effectively used in aerospace industry
and mechanical engineering as well as in power generation
equipment [2, 54, 56]. MAX phases are ternary compounds
which can be described by the conditional formula Mn+1AXn (N
=1,2,3...). Inthis formula, M corresponds to a transition metal
of the d-group (Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta), whereas A
corresponds to an element of the p-group (Si, Ge, Al, Ga, S, P,
Sn, As, Cd, I, Tl, Pb) and X corresponds to carbon or nitrogen
[57].

Among a variety of MAX phases, TisSiC2 MAX phase does not
demonstrate perfect self-healing performance. In the case when
the A atoms of TisSiCz are partially replaced with Al, TisSii-
xAlxC2 solid solutions are formed [18,52,58] that improves self-
healing performance of the material due to the rapid diffusion
and oxidation of aluminum and a high oxidation resistance of
aluminum oxide. Besides, the oxidation temperature of Al can
be lowered to 900 °C in the case of partial replacement of Al
with Sn in TiAIC MAX phase [18, 49, 52, 59]. At temperatures
below 600 °C, SnO2 can be already formed in Ti2Al1.xSn«C
providing its good crack filling properties in this temperature
range. However, no significant increase in the mechanical
strength was found in such a composite because of the low me-
chanical strength of a SnO2 compound and the low bond strength
[52, 59, 60].

It is known that MAX phases are among a variety of compounds
which belong to the hexagonal crystal system [51, 52, 57, 58].
This peculiarity allows using HP and SPS techniques of pres-
sure-assisted sintering for manufacturing textured bulk MAX
phases. As aresult, the material consists of plate-like grains pref-
erentially oriented under external conditions (e.g., a magnetic
field or a uniaxial pressure). In addition to the mentioned fabri-
cation techniques, spark plasma sintering or direct hot pressing
of MAX phases not allowing formation of highly textured mate-
rial, still may result in formation comparatively distinct MAX
phase regions along the boundaries of titanium grains in Ti and
Cr based composites [13,52,61-65].

It is also known about an anisotropy of mechanical properties of
bulk MAX phases. In particular, high crack growth resistance
and mechanical strength of these materials along specific direc-
tions may be attributed to the lamellar crystal structure [52, 57].
Such mechanical behavior makes them attractive for applica-
tions in hard operating conditions.

Wear resistance and strength tests of ceramics and composites
are widely used for estimating the bearing capacity of the corre-
sponding products [54, 66-68]. However, to prevent the degra-
dation of microstructure of materials in environmentally assisted
harsh conditions [69-73], there is a need to obtain material re-
sistive to microstructural changes in such conditions [74-77].
Microhardness and fracture toughness serve as characteristics of
material for estimating its resistance to the nucleation and
growth of microcracks. For this purpose, the indentation test as
one of the simplest known mechanical method is used [66, 78,
79]. Based on the indentation technique, a variety of loading
schemes and formulas for calculating fracture toughness of ma-
terials were proposed [69, 78, 80, 81]. Thus, to develop a new
ceramic or composite material with required physical and me-
chanical properties, it should be studied in terms of strength and
crack growth resistance and their relations to the chemical and
phase compositions.

The work is aimed at evaluating the influence of chemical com-
position on the phase balance, microstructure, high-temperature

fracture toughness and strength, as well as fracture micromech-
anisms of Ti-Si-X and Ti-—Cr—X composites.

MATERIAL AND METHODS

In this work, titanium-based composites of various systems have
been studied. The composites were prepared from raw materials
by arc melting in an argon atmosphere on a water-cooled copper
hearth [54, 61]. The purities of the elements were as follows: Ti
> 99.6 at%; Cr > 99.99 at%; and Si, C, Al, Sn, Zr > 99.99 at%.
After melting, ingots were annealed at 1200 °C for 5 min. In
some cases (composites 2 and 3, Table 1), ingots were rolled at
a temperature of 1050 °C with applying of the thermo-mechani-
cal deformation of about 40%.

Beam specimens 5.0x7.5x50 mm in size were machined from
ingots or blanks, grinded, and polished (Table 1).

Table 1 Types of the investigated composites and their marking

Composite marking System
1 Ti-Si-Al-Sn-C
2 Ti-Si-Al-Zr-C
3 Ti-Si-Al-Zr-C
4 Ti-Cr-Al-C

The specimens were tested according to a three-point bend
scheme in a temperature range 20-1000 °C. Based on the “load—
flexure” dependences, the fracture stress (of ) was calculated by
the following equation [24,31,35,75]:

15-P-S 1.
o )

where P is the peak load, S is the distance between supporting
rollers, b is the specimen width, and t is the specimen thickness.
To characterize crack growth resistance of materials [82-86], a
fracture toughness characteristic, namely, the critical stress in-
tensity factor (SIF) Kic is often used. One of the simplest meth-
ods of estimation of the fracture toughness is an indentation
method implementing a variety of formulas for calculating the
SIF [87-96]. For a lot of materials, the Kic values calculated by
some of these formulas are consistent with those obtained by
conventional methods of fracture mechanics [78, 96, 97].
Among the last ones, a single-edge notch beam (SENB) test [98—
100] is widely used to estimate fracture toughness of ceramic
and composite materials. This method was thoroughly described
in [97].

In our work, we conducted fracture toughness tests using the
mentioned SENB test method. Specimen series were investi-
gated in a temperature range 20-900 °C using a three-point bend
scheme. For estimating the critical SIF of materials correspond-
ing formulas [98-100] were used.

At least 3 specimens were used for each test temperature of cor-
responding test methods.

For the study of fracture surface morphology and microstructure
of specimens we used a scanning electron microscope (SEM)
Carl Zeiss EVO-40XVP. An INCA Energy 350 system was used
for an energy-dispersive X-ray (EDX) microanalysis of chemi-
cal composition of the materials both in secondary electron (SE)
and back-scattered electron (BSE) imaging modes.

X-ray diffraction (XRD) patterns were recorded on an X-ray dif-
fractometer (Aeris, Malvern Panalytical, United Kingdom) with
Cu Ko radiation operating at 40 kV and 15 mA in the angular
range 26 of 20-90°, with a step of 0.0217°. The XRD analysis
was perfomed using Highscore software and referenced with the
International Center for Diffraction Data (ICDD). The proce-
dures of indexing and structure solutions, as well as the profile
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and structural parameters refinements were carried out using the
WinCSD [101] program.

RESULTS AND DISCUSSION
The microstructure and mechanical properties of the titanium-
based composites of Ti-Si-X and Ti-Cr-X systems in a wide
temperature range have been studied.

XRD analysis of the studied composites

Ti-Si—Al-Sn—C composite (1). The XRD patterns of the investi-
gated composites (Fig. 1) show in detail the peculiarities of their
phase balances. The XRD pattern of composite 1 (Ti-Si-Al-Sn—
C system) contains only peaks of the a-Ti and TiCoe7 phases

(Fig. 1a).
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Fig. 1 XRD patterns of the investigated composites (a) 1, (b) 2,
(c) 3, and (d) 4 (see Table 1)

The o-Ti phase percentage was found to be about 90 wt%,
whereas the TiCoe7 phase percentage was about 10 wt%. The
morphology of these phases was investigated in details using the
microstructure images made at various magnifications. At a low
magnification, one can see quite homogeneous microstructure of
the Ti-Si-Al-Sn—C composite (Fig. 2a). At a higher magnifica-
tion, we can observe distinct microstructural components of this
composite (Fig. 2b). According to a general EDX analysis
(spectrum 1 in Fig. 2b and Table 2), this material contains 87.41
wit% Ti, 6.09 wt% Al, 3.15 wt% Si, and 3.35 wt% Sn. The results
of EDX analysis showed some difference in chemical composi-
tion of the Ti-Si-Al-Sn-C composite material as compared to
the results of XRD analysis. According to EDX analysis (Fig.
2b and Table 2), this material is a metal-matrix composite of
Ti-Si-Al-Sn—C system with high titanium content. It possibly
comprises the titanium matrix phase, TisSiz phase [54, 56, 61],
TisSiC2 MAX phase, and titanium carbide phase. EDX mapping
(Fig. 3) shows locations of chemical elements and can be a use-
ful tool for detecting these phases.

The titanium phase (a-Ti of about 87 wt% Ti, spectrum 2 in Fig.
2b and Table 2) with some amounts of aluminum (6.26 wt%),
silicon (2.39 wt%), and tin (3.88 wt%) is a matrix phase. The
total amount of the a-Ti phase estimated optically using the mi-
crostructure image (Fig. 2b) according to a technique [7] is about
66-70 vol%.

The TisSiz phase with small amounts of aluminum (4.35 wt%)
and tin (2.2 wt%) looks like thin elongated curved areas of light-
gray color about 25 um in length (spectrum 3 in Fig. 2b). These
areas are located at the boundaries of titanium lamella packets.

The total area occupied by them (Fig. 2b) is about 11-12 vol%.
The TisSis phase was not detected by XRD analysis because of
its low percentage.

zones of (b) general (spectrum 1) and local (spectra 2, 3, 4, and
5) EDX analyses, and (c, d, e, f) fractography (SE images) of
specimens of composite 1 after fracture toughness tests at (c, d)
20 °C and (e, f) 650 °C (Table 1)

Table 2 The data of the EDX spectra 1-5 marked in Fig. 2 for a
specimen of composite 1 (Table 1)

Chemical ele- Spectra
ment and X- 1 2 3 4 5
rayseries  wit% at% wi% at% wt% at% wit% at% wi% at%

CK - - 14.88 38.85 24.62 54.32
AlK 6.09 10.31 6.26 10.66 4.35 6.98 325 3.77 274 269
SiK 315 512 239 392 1244 19.14 9.87 11.04 968 9.13
TiK 87.41 83.28 87.47 83.92 81.01 73.08 69.95 45.80 59.80 33.08
Fe K - - 021 0.10
CdL - - - - - - - - 131 031
SnL 335 129 388 150 220 080 205 054 164 037

The Ti3SiC2 MAX phase with small amounts of aluminum (3.25
wt%) and tin (2.05 wt%) looks like thick elongated areas of
dark-gray color about 15 pm in size (spectrum 4 in Fig. 2b).
These areas are located at the boundaries of titanium lamella
packets similarly to the TisSis phase. Carbon in these areas was
detected by EDX mapping (Fig. 3e). The total amount of the
MAX phase (Fig. 2b) is about 14-15 vol%. Both the TisSis phase
and the TisSiC2 MAX phase were not detected by XRD analysis
because of their low percentages.

The titanium carbide phase (TiCoe7, spectrum 5 in Fig. 2b) is in
the form of distinct round-shaped particles of dark-gray color
about 3 um in size. The particles are distributed uniformly both
in the a-Ti matrix phase and at the boundaries of titanium la-
mella packets. Similarly to the TisSiC2 MAX phase, the presence
of carbon in these places was revealed by EDX mapping (Fig.
3e). The total area occupied by them (Fig. 2b) is about 5-7 vol%.
Besides, small amounts of the TisSiz phase and the TisSiC:
MAX phase are probably neighboring these carbide phase parti-
cles since some amount of silicon (9.68 wt%), along with small
amounts of aluminum (2.74 wt%), iron (0.21 wt%), cadmium
(1.31 wt%), and tin (1.64 wt%), were also detected in these ar-
eas.

Ti-Si—Al-Zr—C composite (2). The XRD pattern of composite 2
(Ti-Si—Al-Zr—C system) contains peaks of the a-Ti, TiCo67, and
TisSiC2 MAX phases (Fig. 1b). Its phase composition was found
to be as follows: a-Ti phase (about 70 wt%), TiCo.67 phase (about
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12 wt%), and TisSiC2 MAX phase (about 18 wt%). The micro-
structure image of the Ti-Si-Al-Zr—C composite made at a low
magnification showed its homogeneous microstructure (Fig.
4a). The microstructure image of a higher magnification pre-
sents uniformly distributed areas of arbitrary shapes differing in
colors (Fig. 4b). A general EDX analysis (spectrum 1 in Fig. 4b
and Table 3) showed 76.79 wt% Ti, 6.77 wt% C, 3.88 wt% Al,
5.75 wt% Si, and 6.81 wt% Zr in this material. Thus, this mate-
rial is a metal-matrix composite of Ti-Si-Al-Zr—C system pos-
sibly comprising the titanium matrix phase, (Ti, Zr)sSiz phase
[54, 56, 61], TisSiC2 MAX phase, and titanium carbide phase.
Locations of these phases may be determined using EDX map-
ping (Fig. 5).

litanium

Aluminum

Carbon Tin
Fig. 3 SEM microstructure of composite 1 (a) and related EDX
maps of (b) titanium, (c) silicon, (d) aluminum, (e) carbon, and

(f) tin

Fg. 4 SEM a, b) microstructures (SE iagés) with marked
zones of (b) general (spectrum 1) and local (spectra 2, 3, and 4)

EDX analyses, and (c, d, e, f) fractography (SE images) of spec-
imens of composite 2 after fracture toughness tests at (c, d)
20 °C and (e, f) 700 °C (Table 1)

The o-Ti phase (89.65 wt% Ti, spectrum 2 in Fig. 4b and Ta-
ble 3) with some amounts of aluminum (5.14 wt%), silicon (1.1
wt%), and zirconium (4.11 wt%) is a matrix phase. The total
amount of the a-Ti phase (Fig. 4b) is about 52-55 vol%.

The (Ti, Zr)sSis phase looks like round-shaped particles of dark-
gray color about 5 um in size (spectrum 3 in Fig. 4b). These
areas are adjacent to the titanium lamella packets. The total area
occupied by them (Fig. 4b) is about 4-6 vol%. Besides, small
amounts of the TisSiC2 MAX phase and the TiCos7 phase are
probably neighboring these particles since some amount of car-
bon (6.97 wt%),

along with a small amount of aluminum (1.46 wt%), was also
detected in these areas. However, the (Ti, Zr)sSis phase was not
revealed by XRD analysis because of its small percentage.

Titanium

Silicon

. Zirconium i Carbon
Fig. 5 SEM microstructure of composite 2 (a) and related EDX
maps of (b) titanium, (c) silicon, (d) aluminum, (e) zirconium,
and (f) carbon

The titanium carbide phase TiCos7 with small amount of the
TisSiC2 MAX phase and also small amounts of aluminum (5.09
Wt%) and zirconium (2.69 wt%) looks like textured bulk MAX
phase regions about 35-60 pum in size consisting of thin lamellae
(spectrum 4 in Fig. 4b). These regions are uniformly distributed
in the titanium matrix. The total amount of these regions (Fig.
4b) is about 35-45 vol%.

Table 3 The data of the EDX spectra 1-4 marked in Fig. 4 for a

specimen of composite 2 (Table 1)
Chemical el- Spectra

ement and 1 2 3 4

X-rayseries  Wt%  at%  wt% at%  wi% at%  wit% at%
CK 6.77 2175 - - 6.97 2155 7.30 22.94
AlK 388 556 514 88 146 201 3.07 4.29

SiK 575 791 110 182 1969 26.04 1062 14.26
TiK 76.79 6190 89.65 87.20 57.46 4453 69.10 54.41
ZrL 681 288 411 210 1442 587 991 4.10
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Ti-Si—Al-Zr—C composite (3). The XRD pattern of composite 3
(Ti-Si—Al-Zr—C system) is similar to that of composite 2 and
contains peaks of the a-Ti, TiCoe7, and TisSiC2 MAX phases
(Fig. 1c). Its phase composition is as follows: a-Ti phase (about
75 wt%), TiCo.e7 phase (about 17 wt%), and TisSiC2 MAX phase
(about 8 wt%). The microstructure image of the Ti-Si-Al-Zr-C
composite made at a low magnification showed a quite homoge-
neous microstructure with some resemblance to the microstruc-
ture of composite 2 (Fig. 6a). The microstructure image of a
higher magnification presents randomly distributed areas of ar-
bitrary shapes (Fig. 6b). As a result of a general EDX analysis
(spectrum 1 in Fig. 6b and Table 4), 83.1 wt% Ti, 5.07 wt% Al,
5.94 wt% Si, and 5.89 wt% Zr were found in this material. Un-
expectedly, no signs of carbon were detected. Like composite 2,
this material is a metal-matrix composite of Ti-Si—Al-Zr-C sys-
tem possibly comprising the o-Ti matrix phase, (Ti, Zr)sSiz
phase [54, 56, 61], Ti3SiC2 MAX phase (only according to XRD
analysis), and titanium carbide phase. Locations of these phases
may also be determined using EDX mapping (Fig. 7).

T R { Gt i
Fig. 6 SEM (a, b) microstructures (SE images) with marked
zones of (b) general (spectrum 1) and local (spectra 2, 3, and 4)
EDX analyses, and (c, d, e, f) fractography (SE images) of spec-
imens of composite 3 after fracture toughness tests at (c, d)
20 °C and (e, f) 700 °C (Table 1)

The o-Ti matrix phase (89 wt% Ti, spectrum 2 in Fig. 6b and
Table 4) with some amounts of aluminum (5.99 wt%), silicon
(1.07 wt%), and zirconium (3.94 wt%) is presented in an amount
of about 56-60 vol%.

The (Ti, Zr)sSis phase with a small amount of aluminum (2.07
wt%) looks like particles of arbitrary shapes about 5-25 pm in
size united in colonies or distributed randomly (spectrum 3 in
Fig. 6b). They occupy the total area of about 26-30 vol% (Fig.
6b). For an unknown reason, this phase was not detected by
XRD analysis.

Table 4 The data of the EDX spectra 1-4 marked in Fig. 6 for a
specimen of composite 3 (Table 1)
Chemical ele-

Spectra

ment and X- 1 2 3 4
ray series Wt% at%  wWt%  at%  wt%  at%  wit%  at%
CK - - - - - - 11.22 32.70
AlK 507 855 599 1027 207 332 509 6.61
Si K 594 961 107 176 20.85 3209 0.88 1.09
TiK 83.10 78.90 89.00 8597 6545 59.08 80.12 5857
ZrL 589 294 394 200 1163 551 269 1.03

The TiCos7 phase with a small amount of the TisSiC2 MAX
phase and some amounts of aluminum (5.09 wt%) and zirco-
nium (2.69 wt%) looks like particles of arbitrary shapes about
1-5 pm in size distributed randomly in titanium matrix (spec-
trum 4 in Fig. 6b). The total amount of these particles (Fig. 6b)
is about 14-18 vol%.

Titanium

Aluminum

Zirconium Carbon
Fig. 7 SEM microstructure of composite 3 (a) and related EDX
maps of (b) titanium, (c) silicon, (d) aluminum, (e) zirconium,
and (f) carbon

Ti—Cr-Al-C composite (4). The XRD pattern of composite 4
(Ti-Cr-Al-C system) contains peaks of the Ti(Cr), TiCos,
CrsCz, and Cr2AIC phases (Fig. 1d). Its phase composition was
found to be as follows: Ti(Cr) phase (about 78 wt%), TiCo.s7
phase (about 12 wt%), CrsC2 phase (about 4 wt%), and Cr.AIC
phase (about 6 wt%). At a low magnification, distinctly grained
microstructure of the Ti-Cr—Al-C composite can be observed
(Fig. 8a). The microstructure image of a higher magnification
presents grains of a matrix phase with uniformly distributed tiny
particles inside and the fringe-like grain boundary regions. The
fringes consist of needle-shaped particles differing in colors
(Fig. 8b). A general EDX analysis (spectrum 1 in Fig. 8b and
Table 5) showed 54.4 wt% Ti, 37.34 wt% Cr, 5.12 wt% C, and
3.14 wt% Al in this material. The material presenting a metal-
matrix composite of Ti-Cr—Al-C system possibly comprises the
Ti(Cr) matrix phase, chromium oxide phase, CrsCz phase,
TiCos7 phase, and Cr2AIC or/and (Crz3Tiys)sAlIC2 MAX phase
[3,18,102]. Locations of these phases may be determined using
EDX mapping (Fig. 9).

The Ti(Cr) matrix phase comprises titanium (57.3 wt%, spec-
trum 2 in Fig. 8b and Table 5) and chromium (39.2 wt%) with
some amount of aluminum (3.5 wt%). The total amount of the
Ti(Cr) phase (Fig. 8b) is about 6672 vol%.

The areas of black color located at the grain boundaries (spec-
trum 3 in Fig. 8b) contain in total 49.17 wt% Ti, 25.14 wt% Cr,
14.3 wt% C, 8.08 wt% O, and 3.31 wt% Al. The maximum
amounts of chromium and oxygen exactly at the grain bounda-
ries (Fig. 9c and Fig. 9d, respectively) evidence a hypothesis on
the existence of the chromium oxide phase in this composite
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[102]. Some amounts of titanium, aluminum, and carbon de-
tected by EDX analysis (spectrum 3 in Fig. 8b and Table 5) are
presented in the surrounding Ti(Cr) matrix phase and also in tiny
particles of the titanium/chromium carbide phase. The total
amount of these areas (Fig. 8b) is about 4-6 vol%.

m

Fig. 8 SEM (a, b) microstructures (SE images) with marked
zones of (b) general (spectrum 1) and local (spectra 2, 3, 4, and
5) EDX analyses, and (c, d, e, f, g, h) fractography (SE images)
of specimens of composite 4 after fracture toughness tests at (c,
d) 20 °C, (e, f) 700 °C, and (g, h) 800 °C (Table 1)

Table 5 The data of the EDX spectra 1-5 marked in Fig. 8 for a
specimen of composite 4 (Table 1)

Chemical ele- Spectra
ment and X- 1 2 3 4 5
rayseries  wt% at% wit% at% wit% at% wt% at% wi% at%
CK 512 17.78 - — 1430 35.77 11.99 35.30 6.29 19.95

oK - - - - 8.08 1517 - - 3.86 9.20
AlK 3.14 485 350 623 331 369 298 391 274 387
TiK 54.40 47.40 57.30 57.52 49.17 30.84 50.98 37.63 50.29 40.00

CrK 37.34 29.97 39.20 36.25 25.14 14.53 34.05 23.16 36.82 26.98

A local EDX analysis of a round-shaped particle of dark-gray
color about 1 pm in size (spectrum 4 in Fig. 8b and Table 5)
showed 50.98 wt% Ti, 34.05 wt% Cr, 11.99 wt% C, and 2.98
wt% Al. This particle probably was the titanium carbide phase
TiCos7 or CrsC phase identified by XRD analysis, whereas
some amounts of titanium, chromium, and aluminum were de-
tected by EDX analysis in the surrounding Ti(Cr) matrix phase.
The total amount of these carbide particles was about 10-12
vol%.

The thin needle-shaped particles of light-gray color about 15 pm
in length (spectrum 5 in Fig. 8b) forming the fringe-like grain
boundary regions and containg 50.29 wt% Ti, 36.82 wt% Cr,
6.29 wt% C, 3.86 wt% O, and 2.74 wt% Al present a mixture of
the TiCog7, Cr2AIC or/and (CrasTiys)sAlC2 MAX phase [3, 18,
102], and Al203 phases that surround the Ti(Cr) phase grains.
EDX mapping shows the absence of titanium in the thin needle-
shaped particles (Fig. 9b) and quite large amounts of chromium

and aluminum (Fig. 9c and Fig. e, respectively). This evi-
dences the Cr2AlIC or/and (Crz3Tiys)sAlC2 MAX phase to be ad-
jacent to the chromium oxide phase and located along Ti(Cr)
grain boundaries as needle-shaped (textured) microregions
[3,102]. In contrast, quite large amounts of oxygen and carbon
can be seen on the “needle-shaped fringes—Ti(Cr) matrix™ inter-
faces (Fig. 9d and Fig. 9f, respectively) that confirms the loca-
tion of the titanium/chromium carbide phase and Al.O3 phase in
these places. The total amount of the regions occupied by these
phases is about 14-16 vol%. However, the Al.O3 phase was not
detected by XRD analysis because of its small percentage.

litanium

Chromium Oxygen

Aluminum Carbon
Fig. 9 SEM microstructure of composite 4 (a) and related EDX
maps of (b) titanium, (c) chromium, (d) oxygen, (e) aluminum,
and (f) carbon

Mechanical behavior of the studied composites and micro-
structure related fracture mechanisms

The studied composites exhibited distinct temperature depend-
ences of both strength and fracture toughness (Fig. 10). In par-
ticular, the composites 1 (Ti-Si-Al-Sn-C system), 2 (Ti-Si—
Al-Zr-C system), and 3 (Ti-Si-Al-Zr-C system) showed high
and invariant values of fracture toughness (Fig. 10b) in a tem-
perature range of 20 °C to 500 °C. In this range, fracture tough-
ness of these composites is about 20 MPa-m'2. In contrast, the
monotonously changing temperature dependences of strength
(increasing for composite 1 and decreasing for composites 2 and
3, Fig. 10a) were revealed.

A specimen of composite 1 undergone to the fracture toughness
test at 20 °C exhibited a distinct fracture surface (Fig. 2c, d) cor-
responding to a mixed fracture along the boundaries of titanium
lamella packets and transgranular fracture across titanium grains
in the case when a cleavage plane coincides with the direction
of crack propagation. This fracture micromechanism is related
to the comparatively high fracture toughness (Fig. 10b).
Strength of this composite increased from about 760 MPa at
20 °C to 1000 MPa at 500 °C.

Fracture surface of a specimen of composite 2 tested at 20 °C
(Fig. 4c, d) corresponds to a fracture along the boundaries of ti-
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tanium lamella packets. No transgranular fracture across tita-
nium grains occurred. Therefore, a coarse relief of fracture sur-
face was formed that was a reason of high fracture toughness of
the composite (Fig. 10b).
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Fig. 10 Temperature dependences of (a) strength and (b) fracture
toughness of the studied composites (Table 1)

Similarly to this material, fracture surface of a specimen of com-
posite 3 tested at 20 °C (Fig. 6c¢, d) exhibited a coarse relief cor-
responding to high fracture toughness of the composite
(Fig. 10b).

Strength of composites 2 and 3 decreased from 1400 MPa and
1250 MPa at 20 °C to 1230 MPa and 1240 MPa at 500 °C, re-
spectively. Nevertheless, such a level of strength is high enough
and meets the requirements to materials of this system.

A testing temperature in a range of 600 °C to 850 °C is critical
for these three composites since for each composite a maximum
of fracture toughness appeared on the corresponding depend-
ence is shifted towards a certain temperature. Its location is re-
lated to the microstructural peculiarities of a composite, its
chemical and phase compositions, as well as dominant fracture
micromechanism.

For composite 1, a temperature above 600 °C is critical since it
corresponds to the maximum of fracture toughness (Fig. 10b).
A specimen undergone to the fracture toughness test at 650 °C
exhibited blunted edges of titanium lamella packets (Fig. 2e),
microregions of transverse fracture of thin TisSiC2 MAX phase
lamellae (Fig. 2f), and signs of quazi-brittle failure of the TisSis
phase grains on fracture surface (Fig. 2f). The fracture toughness
is as high as in the case of testing at 20 °C (Fig. 10b). Obviously,
a transition from quazi-brittle (at 600 °C) to high-temperature
ductile fracture (at 650 °C) occurred that was followed by some
lowering of fracture toughness (from 24 MPa-m*? at 600 °C to
19 MPa-m'? at 650 °C, Fig. 10b). Probably, tin also contributes
to the transition process. Strength of this composite decreased
from about 1000 MPa at 600 °C to 650 MPa at 700 °C
(Fig. 10a).

A temperature corresponding to the maximum of fracture tough-
ness for composite 2 is about 700 °C (Fig. 10b). Such a shift by
100 °C compared to composite 1 is important in terms of high-
temperature mechanical stability of the studied composites.
Fracture surface of a specimen of composite 2 tested at 700 °C
(Fig. 4e, ) exhibited a coarse relief with signs of plastic elonga-
tion of titanium grains corresponding to the highest fracture
toughness of the composite among the tested ones (Fig. 10b). No

transgranular fracture across titanium grains occurred and no
signs of debonding between TisSis phase grains or TisSiC2 MAX
phase lamellae and titanium matrix were detected (Fig. 4f).

For composite 3, in contrast to composite 2, a temperature cor-
responding to the maximum of fracture toughness is about
800 °C (Fig. 10b). However, the shift by 200 °C compared to
composite 1 is rather related to a difference in phase composi-
tions of these materials. On fracture surface of a specimen of
composite 3 tested at 700 °C (Fig. 6e, f), a coarse relief of frac-
ture along titanium lamella packets with an average size smaller
than in composite 2, with signs of plastic elongation of titanium
grains, was observed. Such fracture surface morphology is con-
sistent with slightly lower fracture toughness of composite 3
than composite 2 (Fig. 10b). Similarly to composite 2, no trans-
granular fracture across titanium grains was found and no signs
of debonding between the (Ti, Zr)sSiz or TiCo.67 or TisSiC2 MAX
phase components and the a-Ti matrix phase were detected (Fig.
6f).

In contrast to mechanical behavior of above-mentioned materi-
als, composite 4 showed invariant values of both strength (Fig.
10a) and fracture toughness (Fig. 10b) in a temperature range of
20 °C to 600 °C. Strength of this composite is about 500 MPa in
this temperature range with a trend to increasing, whereas frac-
ture toughness is about 5 MPa-m*2. Increased strength (up to
650 MPa at 700 °C and 800 °C, Fig. 10a) and fracture toughness
of the composite (steep increase up to 19 MPa-m'? at 800 °C,
Fig. 10b) are the evidences of a change in the fracture micro-
mechanism. Fracture surface of a specimen of composite 4 un-
dergone to the fracture toughness test at 20 °C showed signs of
transgranular cleavage fracture with separation of fringe-like
grain boundary regions of the chromium oxide, aluminum oxide,
and Cr2AIC phases and the titanium/chromium carbide phase
particles in places where the advancing crack crossed them (Fig.
8c, d). A different pattern of fracture surface was observed in a
specimen of composite 4 after the fracture toughness test at
700 °C (Fig. 8e, f). Because of intense plasticization of the
Ti(Cr) matrix phase at this temperature, multiple microregions
of ductile metal surrounding each of titanium/chromium carbide
particles that are embodied into a Ti(Cr) matrix grains (Fig. 8e)
with visible shear bands (Fig. 8f) as signs of plastic deformation
of the matrix phase during crack growth can be seen. Such frac-
ture micromechanism is related to a temperature-assisted relax-
ation of stress in the crack tip vicinity that corresponds to some
increase in fracture toughness of the material at 700 °C
(Fig. 10b). Finally, a phenomenon of substantial increase in both
strength (Fig. 10a) and fracture toughness of the composite
(Fig. 10b) at 800 °C may be explained in terms of phase trans-
formations due to high-temperature diffusion of some elements,
in particular, aluminum and oxygen [18, 52, 58, 102]. Besides,
distinct “needle-shaped Cr2AlIC phase—Ti(Cr) matrix” interfaces
disappeared due to the interdiffusion of chromium, aluminum,
and oxygen between the chromium oxide phase, the Cr2AIC
MAX phase, and the matrix phase. This, in turn, caused a change
in the fracture micromechanism [54, 75]. In this composite,
high-temperature fracture occurred at 800 °C (Fig. 8g, h) with a
steep increase in fracture toughness, due to diffusion of some
elements and pore coalescence at the boundaries of the Ti(Cr)
phase grains (Fig. 8h). No titanium/chromium carbide phase
particles serve as stress concentrators, even in the places where
the advancing crack crossed them (Fig. 8g). Thus, this tempera-
ture promotes quazi-ductile character of crack growth resulted
in striations (Fig. 8h) similarly to fatigue crack growth in high-
strength ductile materials at ambient temperature [54].

Thus, based on results of the strength test and fracture toughness
tests along with analysis of microstructure peculiarities and frac-
ture micromechanisms revealed in the whole temperature range
investigated, the general tendencies in temperature dependent
mechanical behavior of titanium-based composites have been
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substantiated. The Ti-Si—X composites can serve as high-tem-
perature structural materials at an operating temperature up to
750 °C, whereas the Ti-Cr—X composite exhibits high-tempera-
ture stability at a higher temperature by about 50 °C.

CONCLUSIONS

In this work, we have studied mechanical behaviors of the Ti—
Si-X and Ti-Cr—X composites in a temperature range of 20—
900 °C.

1. The microstructure peculiarities and phase compositions of
the studied composites were substantiated.

2. It was shown that strength and fracture toughness parameters
are suitable for the characterization of mechanical behavior of
the composites in the investigated temperature range.

3. The phenomenon of increased strength and fracture toughness
of Ti-Cr—Al-C composite was revealed and explained in terms
of the morphology of microstructural components and dominant
fracture micromechanisms.
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