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Abstract: In this study, new multilayer TiAl-based composites were developed and characterized.
The materials were produced by spark plasma sintering (SPS) of elemental Ti and Al foils and
ceramic particles (TiB2 and TiC) at 1250 ◦C. The matrix of the composites consisted of α2-TiAl and
γ-TiAl lamellas and reinforcing ceramic layers. Formation of the α2 + γ structure, which occurred
via a number of solid–liquid and solid–solid reactions and intermediate phases, was characterized
by in situ synchrotron X-ray diffraction analysis. The combination of X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive
X-ray (EDX) analysis revealed that an interaction of TiC with Ti and Al led to the formation of a
Ti2AlC Mn+1AXn (MAX) phase. No chemical reactions between TiB2 and the matrix elements were
observed. The microhardness, compressive strength, and creep behavior of the composites were
measured to estimate their mechanical properties. The orientation of the layers with respect to
the direction of the load affected the compressive strength and creep behavior of TiC-reinforced
composites. The compressive strength of samples loaded in the perpendicular direction to layers was
higher; however, the creep resistance was better for composites loaded in the longitudinal direction.
The microhardness of the composites correlated with the microhardness of reinforcing components.

Keywords: composite materials; intermetallics; sintering; microstructure; phase transitions;
synchrotron radiation

1. Introduction

The development of new materials for gas turbine engines is currently one of the key areas in
the field of power and airspace engineering. The traditional materials for application in this field
are iron–nickel and cobalt-based alloys, which are famous due to their high oxidation resistance,
high-temperature strength, and good creep characteristics [1]. However, the main disadvantage of
these materials is their high density. An efficient way to decrease the weight of structural elements
for aircraft applications consists in the replacement of heavy alloys by intermetallics that contain
aluminum. Nickel aluminide (Ni3Al) is a good example of such a compound that could be used for
high-temperature applications [2]. Ni3Al-based superalloys are recommended for the fabrication of gas
turbine engines running in the temperature range between 800 and 1000 ◦C. However, the application
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of these materials does not result in significant weight reductions [3]. For this reason, titanium
aluminides, having a much lower density, are currently considered to be better candidates than heavier
Ni3Al-based alloys [4]. The α2-Ti3Al and γ-TiAl alloys are characterized by such properties as high
specific strength, specific stiffness, and oxidation resistance at elevated temperatures. They can be used
in applications up to 700 ◦C and 900 ◦C, respectively [5]. Thus, the investigation and application of
γ-TiAl is currently an active research area. At present, γ-TiAl-based alloys are used for the fabrication
of turbine blades, automobile valves, and turbocharger wheels [6–10].

The main disadvantage of intermetallic alloys based on titanium aluminides is their low
temperature brittleness (the room temperature ductility does not exceed 2%), which makes the
workability of these alloys very difficult.

However, the microstructure and properties of the alloys based on the mixture of α2 and γ

phases can be controlled by varying the Al/Ti ratio and selection of heat treatment regimes [7,11–13].
Such alloys normally contain between 40 and 48 atomic% Al. Lower Al-containing binary alloys have
increased strength, but at the same time reduced room temperature ductility and oxidation resistance
compared to the alloys with the highest possible Al content. Alloying additions of up to 2 at.% of Cr,
Mn, or V improves the room temperature ductility; the oxidation resistance as well as high-temperature
strength of (α2 + γ) alloys can be improved by alloying with 1–3 at.% of Nb, Ta, Mn, Zr, Hf, and W;
titanium diboride refines grains and can increase ductility and also high-temperature strength due to
precipitation hardening [13].

An alternative way to potentially improve the strength of γ-TiAl materials (not related to
alloying and heat treatment) is fabrication of intermetallic-based composites. Combination of
dissimilar materials could be a reasonable approach to obtain an outstanding combination of
mechanical properties. In a number of studies [14–18], the possibility of improving physical, chemical,
and mechanical properties of titanium aluminides by reinforcement with hard particles has been
considered. In most cases, a reinforcing phase was homogeneously distributed in the intermetallic
matrix. TiC [18–20], Ti2AlC [20–22], TiB2 [23], and SiC [24,25] as well as different oxides [18] and
nitrides [26,27] have been used as a reinforcement phase. For instance, Yue et al. [19] showed that the
addition of 5 vol% TiC to γ-TiAl alloy increased its crack grow resistance by almost 45%. The maximum
strength was reached with 10 vol% of reinforcing particles. Increasing the volume fraction of hard
particles in the structure of the material (up to 20–40%) positively influenced the wear resistance
of the intermetallic material. A γ-TiAl—TiB2 composite has been reported to have high strength
characteristics both at the room and elevated temperatures, with the maximum strength being observed
for 10 vol% of the reinforcement phase [23].

Properly designed and utilized laminated composites can greatly improve the mechanical
performance of structural parts. Over the last few decades, a number of studies were devoted
to the fabrication and characterization of metallic- and intermetallic-based multilayer composites.
These materials typically consist of various similar and dissimilar metals and intermetallic
compounds [28–30]. Complex composite structures containing metallic and intermetallic layers with
ceramic particles and fibers have also been recently developed [31–35]. Multilayered materials possess
a unique combination of mechanical properties. Among them, the fracture toughness as well as the
impact and ballistic properties are particularly impressive [36]. The resistance to ballistic impact can be
explained by local delamination, which reduces the stiffness of individual layers. This allows them to
bend and increases the volume of material that absorbs the energy released during impact. The fracture
and impact toughness increase due to the action of such mechanisms as crack deflection, crack blunting
and bridging, and stress redistribution during delamination. The other important feature of multilayer
composites is the significant anisotropy of properties. Li et al. [37] have shown that the compressive
strength of metallic–intermetallic laminated composites can differ significantly in different loading
directions (i.e., normal or parallel to the layers). Thus, for specific loading conditions, the optimal
orientation of the multilayer within the material should be known to achieve the best performance.
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In this study, the two aforementioned approaches have been combined to fabricate a novel
intermetallic-based material. Intermetallic matrix laminated composites with layers of either TiC or
TiB2 ceramic particles, as the reinforcing phases, have been fabricated. The composite was produced
using a reactive foil sintering technique via a series of complex solid–liquid and solid–solid reactions.
The aim of this study is to investigate the phase transformations that occur during synthesis of the
intermetallic phases from the elemental foils and the characterization of the structure and properties of
the produced ceramic-particle-reinforced γ-TiAl-based composites.

2. Materials and Methods

Titanium (99.2% Ti, 0.18% Fe, 0.06% C, 0.1% Si, 0.04% N, 0.12% O) and aluminum (99.5% Al,
0.26% Fe, 0.3% Si, 0.03% Ti, 0.02% Cu, 0.06% Zn) foils both with a thickness of 50 µm were used
to synthesize the intermetallic TiAl. TiB2 or TiC powders were chosen as the reinforcement phases
(Figure 1). Figure 2 shows schematically how the samples were prepared. Titanium and aluminum
foils as well as the reinforcing powder were alternatively placed in a titanium container with an outer
diameter of 28 mm and an inner diameter of 26 mm. The weight of TiB2 or TiC powders used for one
layer were 0.047 g and 0.052 g, respectively. These masses of powders should provide the thickness of
the ceramic layers equal to 20 µm after sintering. The titanium container was covered by a titanium
cap with an outer diameter of 30 µm. The use of a titanium container prevented leakage of molten
aluminum during the subsequent sintering of samples.
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Figure 2. The scheme of the workpiece for sintering.

The titanium containers with the arrangement of foils and powder inside were further placed
within a graphite die and sintered using a Labox 1575 spark plasma sintering (SPS) machine (SINTER
LAND Inc., Nagaoka, Japan). The sintering procedure was carried out in two steps. During the first
step, the samples were heated up to 830 ◦C and held at this temperature for 10 min. The pressure
applied during this step was 40 MPa. As was shown in [38], this heating period was sufficient
to consume the layers of aluminum and obtain a composite consisting of titanium and titanium
trialuminide phases. During the second step, the temperature was increased to 1250 ◦C. At this
temperature, the reaction between titanium and titanium trialuminide is expected to result in the
formation of titanium-rich intermetallic compounds. This temperature was maintained for 5 min;
with the pressure being decreased to 10 MPa. During the sintering, the temperature was measured by
a thermocouple mounted in the graphite die. The heating rate was equal to 50 ◦C per minute, and the
cooling rate was 100 ◦C per minute.

The microstructure of samples after the first and the second steps of sintering was investigated by
scanning electron microscopy (SEM) using a LEO Gemini 1530 microscope (Carl Zeiss AG, Oberkochen,
Germany) equipped with an Octane Plus energy dispersive X-ray detector (AMETEK EDAX, Mahwah,
NJ, USA). The specimens for microscopy were prepared according to the following procedure.
The samples were cut using a Sodick AG400L wire discharge machine (Sodik Co., Ltd., Yokohama,
Japan). Then, the cross section of specimens was ground using abrasive paper (up to P2500) and
polished using a VibroMet 2 vibropolishing machine (Buehler, Lake Bluff, Illinois, IL, USA). The fine
structure was investigated using a Philips CM200 transmission electron microscope (TEM) (Philips-FEI,
Hillsboro, OR, USA). The specimens for observation in the TEM were prepared by grinding using
a Gatan Model 656 dimple grinder (GATAN, Pleasanton, CA, USA) and ion polished in a Gatan
691 precision ion polishing system (GATAN, Pleasanton, CA, USA). The average phase composition
of materials was studied using synchrotron X-ray diffraction. The phases in the local areas were
determined using electron diffraction in the TEM.

Synchrotron X-ray radiation diffraction was also used to observe the sequence of reactions
between pure Ti and Al leading to the formation of a γ-TiAl-based material via several solid–liquid
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and solid–solid reactions. For this experiment, commercially pure Ti and Al powders were used.
They were mixed in equiatomic proportion and placed in a thin cylindrical Ti container, which was
closed with a Ti cup welded on top of it. The sample was then placed in an induction furnace,
that was mounted in a DIL805A/D dilatometer, and heated with a rate of 10 ◦C per minute. At 830 ◦C,
the sample was held at temperature for 10 min, and then heating was continued up to 1250 ◦C where
the temperature was held for 5 min. Thus, the heating temperature and the holding time were the
same as during SPS. Cooling was carried out at a rate of 50 ◦C per minute. The temperature was
measured by an S-type thermocouple welded to a container wall. The experiment was performed
in a high-purity argon atmosphere at a pressure of 0.8 mbar. To minimize the influence of oxygen
on the powder mixture, the chamber with the mounted powder compact sample was evacuated
three times to a pressure of 2 × 10−4 mbar using a turbomolecular pump and flushed with argon.
Diffraction patterns were obtained at the Petra III synchrotron radiation source of the German Electron
Synchrotron (Deutsches Elektronen-Synchrotron—DESY, Hamburg, Germany) in the High Energy
Materials Science Beamline (P07) operated by Helmholtz-Zentrum Geesthacht. The X-ray radiation
had an energy of 100 keV, which corresponds to a wavelength of 0.124 Å. The spot size was 1 × 1 mm.
Diffraction rings were recorded in the transmission mode using a Perkin Elmer XRD1621 2D detector
(Perkin–Elmer Corp., Waltham, MA, USA) with a resolution of 2048 × 2048 pixels and a pixel size of
200 × 200 µm. The sample-to-detector distance was 1837 mm. The Debye–Scherrer diffraction rings
were continuously recorded during the heating, holding, and cooling stages of the experiment with
a frequency of 0.1 Hz. The total exposure time for each frame was 4 s, which was obtained from the
summation of 40 frames each exposed for 0.1 s. Two-dimensional diffraction rings were azimuthally
integrated and analyzed as normal intensity against 2θ powder diffraction patterns.

Mechanical properties of local areas within the multilayered materials were estimated from
microindentations made using a Wolpert Group 402 MVD microhardness tester (Wilson Wolpert
Instruments, Aachen, Germany). The load on the diamond pyramid tip was 0.2 kg. Five measurements
of each layer were done for statistical purposes. To investigate the influence of the reinforcement
phase on high-temperature properties, creep tests were performed using SATEC mentor M3 testing
equipment (Instron Industrial Products Group, Grove City, PA, USA). Cylindrical specimens with a
diameter of 2 mm and a length of 3 mm were used for testing. A compressive load was applied to
the samples in a direction that was either parallel or perpendicular to the foils. The creep samples
were loaded to 250 MPa stress at 750 ◦C in the air atmosphere. The room temperature strength of
the materials was determined by compression testing of five specimens per point using an Instron
3369 testing frame. The cubic specimens with dimensions of 5 × 5 × 5 mm3 were used for testing.
The loading rate was 10 mm per minute.

3. Results and Discussion

3.1. Observation of the Structural Transformations in the Ti–Al System Using in Situ Synchrotron
Diffraction Analysis

Fabrication of Ti–Al-based intermetallic laminated composites can be carried out via solid–
solid [39] or solid–liquid processes [38]. In the latter case, the process can be accomplished much
faster [38]. However, the main problem of the solid–liquid processes is the possible leakage of molten
aluminium from the reaction zone even at low pressures or when no pressure is applied. This problem
was addressed by Lazurenko et al. [38]. The authors demonstrated that the application of Ti containers
for sintering prevented squeezing of the liquid phase and that the Al was completely consumed in
the formation of intermetallic compounds. Thus, based on this previous experience, it was decided to
carry out pre-sintering in titanium containers at 830 ◦C (for 10 min) in order to transform the Al to an
Al3Ti phase via a solid–liquid reaction. The formation of an α2+γ structure was expected to take place
during the second stage (1250 ◦C, 5 min) via the solid-state reaction of the Al-rich intermetallic phases
with pure Ti.
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To obtain a better understanding of the foil sintering process, in situ synchrotron diffraction
analysis during the heating of elemental Ti and Al powders was carried out. The aim of this experiment
was to investigate the processes occurring during the sintering of Ti and Al in order to optimize the
final phase composition.

The reactions between Ti and Al on heating are shown in Figure 3. Any point on the diagram
represents the intensity of X-ray radiation at a particular 2θ angle and the corresponding time. In the
initial state (before heating), the only significant X-ray intensity observed is for 2θ values associated
with the hcp Ti and fcc Al phases. After the reactions were fully completed (i.e., after cooling down),
the α2 -Ti3Al and γ-TiAl phases were present. The α-Ti peaks observed in Figure 3 after cooling
correspond to the titanium container, which reacted only partially with a powder mixture during
heating. The final intermetallic phases were formed via several reactions with the formation of
intermediate phases. A detailed analysis of these reactions is given below.
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Figure 3. The synchrotron X-ray diffraction patterns represented in 2θ–temperature/time coordinates.
Each row of the “map” corresponds to a one-dimensional diffraction pattern obtained at a particular
temperature and time. The map illustrates the phase transformations that occur in the Ti–Al system
during heating to 1250 ◦C.

The only change observed during the early stage of heating was a shifting of the Ti and Al peaks
to lower angles due to the thermal expansion of the materials. Between 605 and 630 ◦C, the Al peaks
disappeared, which can be clearly seen in Figure 4a. This happened due to the melting of Al and the
beginning of a reaction between Al and Ti. The temperature of 630 ◦C corresponds to an intensive
formation of Al3Ti. Titanium trialuminide peaks grew in intensity in the temperature range between
630 and 830 ◦C (Figure 4b). This compound existed up to 1180 ◦C. Further heating led to an interaction
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between the titanium trialuminide and titanium and the subsequent formation of Ti-enriched phases.
The TiAl phase formed at 1140 ◦C (Figure 4c); Ti3Al peaks appeared around 1200 ◦C (Figure 4d).
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Figure 4. The increase in intensity of peaks of different phases during heating to 1250 ◦C: (a) intensity
of Al (200) peak at 2θ = 3.48 degrees; (b) intensity of Al3Ti (101) peak at 2θ = 2.0 degrees; (c) intensity of
AlTi (001) peak at 2θ = 1.73 degrees; (d) intensity of AlTi3 (101) peak at 2θ = 2.07 degrees; (e) intensity
of Al2Ti peak at 2θ = 1.8 degrees; (f) intensity of a background at 2θ = 4.6 degrees.

It should be mentioned that the formation of TiAl occurred via intermediate reactions (Figures 4e
and 5). Firstly, at a temperature of 830 ◦C, the intensity of titanium trialuminide peaks started to
decrease as the formation of Al2Ti began. The latter phase existed up to a temperature of 1140 ◦C
when TiAl nucleated. Over the temperature range between 1035 and 1200 ◦C, an Al11Ti5 intermediate
compound appeared. This phase is known as the one-dimensional antiphase domain structure
(1d-APS) [40] or “long-period structure” (LP).
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Figure 5. The formation of Al11Ti5 and TiAl phases during heating of the Ti and Al powder mixture
observed by in situ synchrotron diffraction.

The normal Ti α→β transformation can be observed in Figure 3; the reverse transformation
occurs on cooling. During the cooling stage, the peaks of all phases shift to higher angles, indicating a
decrease of the lattice parameters of the metallic and intermetallic phases due to thermal contraction.

The analysis of the obtained data, and consideration of the Ti–Al phase diagram, allowed us to
determine the sequence of reactions occurring in the system during heating and choose the appropriate
temperature for further reactive sintering of Al and Ti foils. The sequence of the reactions is shown
in Figure 6. Being more thermodynamically stable, Al3Ti is the first compound to form. According
to [38], the process of its formation continues until the Al is completely consumed. Since the intensity
of the Al3Ti peaks increased up to 830 ◦C, it can be supposed that Al remained in the sample up to
this temperature. However, even at 630 ◦C, it fully transformed to a liquid state. The early melting
of Al can be explained by exothermal reaction of Al3Ti formation and the heat release, which initiate
the transition of Al to a liquid state already at 630 ◦C. The formation of liquid Al can be approved
by increase of the background intensity, which reaches the maximum at 695 ◦C and decreases in
the temperature range between 785 and 830 ◦C (Figure 4f). Thus, holding the sample at 830 ◦C
promotes the full consumption of Al during the formation of titanium trialuminide. Due to the lack of
aluminum, the reaction between Ti and Al3Ti starts. Al2Ti is the product of this reaction. According to
the Al–Ti phase diagram [40], at a temperature close to 1000 ◦C, the eutectoid mixture of Al3Ti and
Al2Ti transforms to TiAl/1d-APS. First, the 1d-APS forms and then the nucleation of TiAl takes place.
This phenomenon can probably be explained by the fact that Al11Ti5 forms directly from the reaction
of Al3Ti and Al2Ti. However, the Ti content in TiAl should be higher than that in Al3Ti and Al2Ti,
and consequently interaction of the aforementioned components with Ti to form this phase is required.
Due to the wide stability range of the TiAl phase, its composition can widely vary. The content of Ti
in TiAl can reach about 53 at.% at 1120 ◦C and drops slightly as the temperature decreases. For this
reason, an increase of the Ti3Al intensity is observed when the sample is cooled: the excessive Ti in the
TiAl phase aids the formation of the more Ti-rich α2 phase.

It can be concluded that the desirable (TiAl + Ti3Al) composition of the material can be obtained
by heating the elemental foils to a temperature of 1250 ◦C, which guarantees the full completion of the
reaction and the formation of the two (γ and α2) phase structure.
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Figure 6. The sequence of the reactions in the binary Ti–Al system during heating from room
temperature to 1250 ◦C and subsequent cooling.

3.2. Characterization of Laminate Composites Obtained by the SPS of Elemental Foils and Ceramic Particles

3.2.1. Characterization of Composite Structure

Figure 7a,b show the cross section of composites reinforced by TiB2 and TiC particles after the first
stage of sintering (830 ◦C). As can be seen, the materials possessed a layered structure. EDX analysis
revealed that the brighter layers were titanium and that the darker layers consisted of titanium
trialuminide (Table 1). The reinforcement particles (TiB2 (Figure 7a) and TiC (Figure 7b)) were located
between the dark-gray layers of Al3Ti.
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Figure 7. The cross section of the materials: (a) the composite reinforced by TiC after the first sintering
step; (b) the composite reinforced by TiB2 after the first step of sintering; (c) the composite reinforced
by TiC after the second step of sintering; (d) the composite reinforced by TiB2 after the second step of
sintering. The images were taken using an SEM in the backscattered mode.
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Figure 8. Al3Ti layer (a) and the transition layer between Al3Ti and Ti (b) developed during the SPS of
specimens at 830 ◦C.

Table 1. EDX analysis of the local areas shown in Figures 7 and 8b.

Spot Number Al (at.%) Ti (at.%)

Spot 1 - 100
Spot 2 74.75 25.25
Spot 3 - 100
Spot 4 74.4 25.6
Spot 5 37.3 62.7
Spot 6 36.9 63.1
Spot 7 51.8 48.2
Spot 8 12.8 87.2
Spot 9 44.1 55.9
Spot 10 63.5 36.5

Besides the thick bright and dark layers, several thin interlayers were observed in the composites.
They were formed at Ti and Al3Ti interfaces (Figure 8). Since the SEM images were recorded using the
backscattered electron detector, the gradual change of colors within the layers indicates differences in
the Al/Ti ratio. The brighter the layer, the higher its Ti content. The results of elemental analysis of
these interlayers are shown in Table 1. The phenomenon of intermetallic interlayer formation during
SPS of Ti–Al3Ti composite has been described previously [38]. EDX and TEM investigations revealed
that the interlayers consisted of several phases: Al2Ti, AlTi, and AlTi3. Their formation resulted from
the reaction between Ti and Al3Ti when Al was fully consumed.

X-ray diffraction analysis confirmed the formation of additional phases in the composites
(Figure 9a). In the diffraction pattern of the sample with titanium carbide, the minor peaks
corresponding to Al2Ti, AlTi, and Ti3Al could be identified. The major peaks corresponded to Ti,
Al3Ti, and the ceramic component (TiB2 or TiC). Phases that resulted from transformations between
reinforcing phases and the matrix elements during low-temperature sintering were not observed.

The formation of Ti-rich phases during SPS at 830 ◦C was observed in [38]. According to the
above-described in situ synchrotron diffraction analysis, holding the samples at this temperature does
not result in the formation of Ti-rich phases. Consequently, TiAl and Ti3Al compounds could appear
as a result of local overheating during SPS induced by inhomogeneous heat distribution across the
sample. Overheating could be explained by the particularities of the SPS process [41] as well as by a
release of heat when the Ti and Al react [42].
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Figure 9. The phase composition of multilayer composites containing TiB2 and TiC after SPS at:
(a) 830 ◦C; (b) 1250 ◦C. The highest peak intensity was 1000 arbitrary units.

During the second step of SPS, the samples were heated to a higher temperature (1250 ◦C) and
kept at this temperature for 5 min. The microstructure of the resulting composites obtained is shown
in Figure 7c,d. Both materials consisted of alternative layers of intermetallic and a ceramic phase.
It should be mentioned that, in the composite reinforced by TiC, two types of layers were observed,
while in the material containing TiB2, three types of layers were formed. Dark layers in the sample
with TiB2 consisted of 51.8 at.% Al and 48.2 at.% Ti, i.e., had a composition similar to equiatomic TiAl.
These layers were mainly located along the reinforcement inclusions and their presence can probably
be explained by incomplete diffusion between titanium and titanium trialuminide. Elemental analysis
of the light layers revealed that they consisted of approximately 37 at.% Al and 63 at.% Ti. According
to the Al–Ti phase diagram, alloys in the concentration range between 33 and 50 at.% Al contain a
mixture of γ and α2 phases. The two-phase structure of these layers was confirmed by microstructural
analysis, which revealed the lamellar morphology of the intermetallic layer (Figure 7c,d). The lamellar
structure was also observed using TEM (Figure 10). Analysis of the diffraction patterns obtained by
TEM (Figure 10a) and X-ray diffraction analysis (Figure 9b) confirmed the existence of both the γ

and α2 phases. The sample reinforced by TiC contained about 37 at.% Al in the intermetallic layer.
The deficiency of Al in intermetallic layers can be explained by its interaction with the reinforcement
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phase. Structural analysis (Figure 7a,c) established that the morphology of TiC particles changed
after 1250 ◦C sintering: equiaxed grains presented in the sample after 830 ◦C transformed into
elongated grains. X-ray diffraction analysis of the sample reinforced with TiC confirmed that, during
heating to 1250 ◦C, the TiC particles interacted with Al, which resulted in the formation of Ti2AlC
(Figure 9b). According to an isothermal section of the ternary Ti-Al-C phase diagram, this phase exists
at 1250 ◦C [43]. Ti2AlC is a typical example of Mn+1AXn (MAX) phases [44]. Thus, Al was partly
consumed to the formation of the MAX phase, which prevented the formation of γ-phase in this sample.
The absence of γ-TiAl is clearly seen in the XRD pattern in Figure 9b. During sintering, no interaction
between the titanium di-boride and the matrix material occurred. This is apparent from the presence of
unreacted TiB2 within the final microstructure (Figure 5b). In a number of studies [45–47], the process
of TiB phase was observed by SPS of a TiB2 powder or (TiB2 + Ti) composites; however, the process of
new phase formation requires the higher temperatures. It was also shown for the Ti-Al-TiB2 sample
that the particles of the reinforcement phase did not form a solid layer but were densely distributed
within a thin layer of the intermetallic matrix (Figure 10b). Diffraction patterns obtained from two
neighboring regions indicated the co-existence of TiB2 and a (α2 + γ) mixture in the reinforcing layer.
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Figure 10. TEM micrographs of the sample reinforced with TiB2 particles: (a) an intermetallic layer;
(b) a reinforcement layer.
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3.2.2. Mechanical Properties of the Materials

The composites obtained after SPS processing had very heterogeneous microstructures due to the
presence various different layers. The properties of these layers differ significantly. To estimate the
properties of individual layers, microhardness testing was applied.

The microhardness of the intermetallic layers was 427 ± 39 HV. The microhardness of the layers
containing TiB2 and Ti2AlC particles was significantly higher: 1555 ± 256 HV and 784 ± 83 HV,
respectively. It is interesting to note that the microhardness of the Ti2AlC layer measured in this
work was higher than that reported by other authors [48,49]. It was claimed in the aforementioned
studies that the microhardness of pure Ti2AlC ranges from 3 to 6 GPa. The microhardness of TiB2 is
usually 25–35 GPa. The lower microhardness level of the TiB2 layers obtained in the composite is due
to the structure of these layer represented by the intermetallic matrix with hard ceramic inclusions.
The same is evidenced by a wide range of interval of confidence. The distribution of hard particles is
inhomogeneous, and the lower microhardness level (about 1200 HV) corresponds to a small density of
particles at the surface area, while the higher density of the particles leads to the higher microhardness
(up to 1900 HV).

Compression tests were carried out to estimate the room temperature strength of the composites.
The results of tests obtained when the load was applied either parallel or perpendicular to the layers are
shown in Figure 11. The tests showed that the ultimate compressive strength of the samples containing
TiB2 was higher compared to that of the composite reinforced with Ti2AlC. It may be noticed that the
orientation of the layers is important only in the case of Ti2AlC reinforcement.
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Figure 11. The ultimate compressive strength of the samples reinforced by TiB2 and Ti2AlC particles.

The highest compressive strength reached 1600 MPa for the material reinforced by TiB2 layers.
According to the literature [50–52], the typical value of the ultimate compressive strength for the binary
two-phase TiAl alloy equals to 1415–1430 MPa. Thus, addition of TiB2 contributes to the strengthening
of a binary TiAl. At the same time, Ti2AlC is not efficient as a reinforcing phase. This observation
is in good agreement with the data presented in [50,51], showing that if a composite contains only
TiB2 particles as a reinforcing phase, the increase of the compressive strength can be more significant
compared to the material reinforced by both TiB2 and Ti2AlC.

Fractographic investigations of the samples after the compressive tests showed that loading the
materials parallel to the layers mainly caused a delamination type of fracture (Figure 12c). Loading
perpendicular to the layers led to an upsetting of the sample and nucleation of cracks in the direction
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of loading (Figure 12a,e). A specific feature of the composite reinforced with TiB2 was a sliding-type
of fracture, where the layers slid relative to one another and left the traces at the fracture surface
(Figure 12f,h). These traces were probably formed by the movement of reinforcing particles at the
interfaces between two adjacent intermetallic layers. Fracture of the samples containing Ti2AlC
occurred in a brittle manner, resulting in an intergranular fracture surface (Figure 12b,d).
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The difference in strength between the two testing directions can be probably explained by the
shearing processes that took place when the specimens were loaded parallel to the layers (Figure 12d).
The presence of the reinforcement layers does not allow the sample to be freely deformed when the
load is parallel to the layers (Figure 12a,e) when mainly the intermetallic component of the composite
is subjected to deformation. Thereby, the strong ceramic layers in parallel mode restrict deformation
and lead thus to premature brittle failure.

The creep tests revealed that loading parallel to the layers resulted in better creep resistance
compared to samples loaded perpendicular to the layers (Figure 13). The layers containing ceramic
particles seem to have acted as reinforcing elements and did not allow the sample to be easily deformed.
Thus, the creep strain of the samples tested perpendicular to the layers was higher (Figure 14a,b).
After 150 h of loading at 750 ◦C perpendicular to the layers, creep strains of 5.2% and 6% were
developed in the Ti2AlC- and TiB2-reinforced composites, respectively. For loading parallel to the
layers, the creep strain values were 2.7% and 4%, respectively. For both composite types, the creep strain
developed was lower for loading parallel to the layers. However, in the case of TiB2 reinforcement,
the difference in the strain rate values was insignificant.
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Figure 13. The creep curves for tests performed at 750 ◦C at an initial stress of 250 MPa: (a) samples
reinforced with Ti2AlC; (b) samples with TiB2.

The creep rate did not vary significantly as a function of the type of reinforcing particles and a
scheme of loading. In all cases, it was of the order of 10−8 s−1. A small anisotropy was observed when
loading the material with Ti2AlC layers: the specimens loaded in the direction parallel to the layers
possessed a lower creep rate. Thus, the presence of a hard phase contributes to the creep properties of
TiAl alloy independently of their composition or orientation. Reinforcement with the ceramic phase
slows down creep by 2–3 orders of magnitude depending on the structural state of the alloy. It was
reported in [53] that the Ti-Al48 alloy with equiaxed grains demonstrated a creep rate of about 9 ×
10−5 s−1, while the alloy with the lamellar structure possessed the creep rate of 9 × 10−5 s−1 under the
same loading and temperature conditions chosen in this work. The close value of the magnitude for
a creep rate as that demonstrated in the present study was reached by the complex alloying of TiAl.
For example, the value of 10−8 s−1 was observed for Ti-47Al-2Cr-2Nb [54,55], Ti-48Al-2Cr-2Nb-1B [56],
Ti-46Al-2W-0.5Si-B [56], and Ti-46.0Al-1.8Cr-3.0Nb-0.2W-0.1C-0.2Si [53].

The metallographic investigation of the crept specimens reinforced with Ti2AlC showed that
the layered structure was better preserved when loading perpendicular to the layers (Figure 14c,d).
For loading parallel to the layers fragmentation of the layers was observed (Figure 14a,b). Particles of
the reinforcement phase formed agglomerates in the intermetallic matrix. Investigations of the samples
containing TiB2 revealed weak traces of the layers when loaded in the direction parallel to the layers
(Figure 14e,f). No layered structure was preserved during creep testing perpendicular to the layers
(Figure 14g,h). Due to the high hardness, the sample subjected to cracking when loaded.
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Figure 14. The microstructure of the composite reinforced with Ti2AlC after creep testing to around
150 h: (a,b) loading parallel to the layers; (c,d) loading perpendicular to the layers; and the composite
reinforced by TiB2 after creep testing to around 150 h; (e,f) loading parallel to the layers; (g,h) loading
perpendicular to the layers.

Since the creep tests were performed in the air atmosphere, formation of an oxide layer was found
on the surface of all samples (Figure 15).
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4. Conclusions

1. The sequence of phase transformation leading to the formation of a two-phase (α2 + γ) structure
from the reaction of Ti and Al was studied using in situ synchrotron X-ray diffraction analysis.
The formation process occurred via a series of liquid–solid and solid–solid reactions and was
accompanied by the formation of a number of intermediate phases. Some of these intermediate
phases (e.g., Al11Ti5) were preserved in the material until the final stage of sintering at 1250 ◦C.
The precipitation of Ti3Al occurred during cooling.

2. Heating the ceramic particle containing laminated samples to 1250 ◦C resulted in reactions
between the metallic components themselves and also with the reinforcement particles (in the
case of TiC reinforcement). For the composite made with TiC, a reaction between the TiC and
the metallic elements produced a Ti2AlC MAX phase. At the same time, the reaction between
ceramic particles and the matrix in the sample reinforced by TiB2 was not observed. TiB2 particles
did not form a solid layer; TEM investigations revealed that the reinforcement layers consisted of
TiB2 within an intermetallic matrix.

3. Compression tests showed that the strength of the material reinforced by TiB2 was higher than
that of the Ti2AlC (TiC-based composite) material. The relation between orientation of the
layers with respect to the loading direction and mechanical properties was observed only in the
case of Ti2AlC reinforcement. The room temperature strength was higher when loading was
perpendicular to the layers. However, this loading orientation had worse creep resistance at
750 ◦C/250 MPa than when loading was performed parallel to the layers.

Author Contributions: Conceptualization, D.V.L.; Methodology, J.P., V.I.M., and M.A.E.; Validation, U.L. and
A.S.; Formal Analysis, I.A.B., F.P., and D.V.L.; Investigation, A.A.K., J.P., A.S., and D.V.L.; Resources, V.I.M. and
M.A.E.; Data Curation, I.A.B.; Writing (Original Draft Preparation), D.V.L.; Writing (Review & Editing), I.B.A.,
A.S., J.P., and F.P.; Visualization, D.V.L.

Funding: This work was supported by the Ministry of Education and Science of the Russian Federation according
to Federal Task 11.7662.2017/BCh.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mouritz, A.P. (Ed.) Superalloys for gas turbine engines. In Introduction to Aerospace Materials; Woodhead
Publishing: Cambridge, UK, 2012; pp. 251–267.

2. Stoloff, N.S. Physical and mechanical metallurgy of Ni3Al and its alloys. Int. Mater. Rev. 1989, 34, 153–184.
[CrossRef]

3. Jozwik, P.; Polkowski, W.; Bojar, Z. Applications of Ni3Al based intermetallic alloys-current stage and
potential perceptivities. Materials 2015, 8, 2537–2568. [CrossRef]

http://dx.doi.org/10.1179/imr.1989.34.1.153
http://dx.doi.org/10.3390/ma8052537


Materials 2019, 12, 629 18 of 20

4. Sauthoff, G. Intermetallics; VCH: Weinheim, Germany, 1995.
5. Gupta, R.K.; Pant, B.; Sinha, P.P. Theory and practice of γ + α2 Ti aluminide: A review. Trans. Indian Inst. Met.

2014, 67, 143–165. [CrossRef]
6. Tetsui, T. Effects of high niobium addition on the mechanical properties and high-temperature deformability

of gamma TiAl alloy. Intermetallics 2002, 10, 239–245. [CrossRef]
7. Huang, S.C.; Chesnutt, J.C. Gamma TiAl and its Alioys. In Intermetallic Compounds; Westbrook, J.H.,

Fleischer, R.L., Eds.; John Wiley & Sons: New York, NY, USA, 1995; Volume 2, pp. 73–90.
8. Nathal, M.V.; Darolia, R.; Liu, C.T.; Martin, P.L.; Miracle, D.B.; Wagner, R.; Yamaguchi, M. Structural

Intermetallics; TMS: Warrendale, PA, USA, 1997; p. 157.
9. Tetsui, T. Development of a TiAl turbocharger for passenger vehicles. Mater. Sci. Eng. A 2002, 329–331,

582–588. [CrossRef]
10. Loria, E.A. Gamma titanium aluminides as prospective structural materials. Intermetallics 2000, 8, 1339–1345.

[CrossRef]
11. Westbrook, J.H. Applications of Intermetallic Compounds. MRS Bull. 2013, 21, 26–29. [CrossRef]
12. Westbrook, J.H.; Fleisher, R.L. Magnetic, Electrical and Optical Properties and Applications of Intermetallic

Compounds; Buffins Lane: Chichester, UK, 2000; p. 221.
13. Appel, F.; Paul, J.D.H.; Oehring, M. Gamma Titanium Aluminide Alloys; Wiley-VCH Verlag GmbH&Co. KGaA:

Weinheim, Germany, 2011; p. 752.
14. Cheng, T.T.; Wills, M.R.; Jones, I.P. Effect of major alloying additions on the microstrusture and mechanical

properties of γ-TiA. Intermetallics 1999, 7, 89–99. [CrossRef]
15. Kevorkijan, V.S.; Škapin, D. Fabrication and characterization of TiAl/Ti3Al-based intermetallic composites

(IMCS) reinforced with ceramic particles. Assoc. Metall. Eng. Serbia AMES 2009, 15, 75–89.
16. Dong, L.; Zhang, W.; Li, J.; Yin, Y. Fabrication of TiAl/B4C composites from an Al-Ti-B4C system reinforced

by TiC, TiB2 in-situ. Adv. Mater. Res. 2009, 79–82, 477–480. [CrossRef]
17. Kakitsuji, A.; Miyamoto, H.; Shingu, H.; Mabuchi, H.; Tsuda, H.; Morii, K. Combustion Synthesis of

TiAl-Base Composite under High Pressure. Rev. High Press. Sci. Technol./Koatsuryoku No Kagaku To Gijutsu
1998, 7, 1075–1077. [CrossRef]

18. Ai, T.T. Microstructures and mechanical properties of in-situ Al2O3/TiAl composites by exothermic
dispersion method. Acta Metall. Sin. 2008, 21, 437–443. [CrossRef]

19. Yue, Y.L.; Gong, Y.S.; Wu, H.T.; Wang, C.B.; Zhang, L.M. Fabrication and Mechanical Properties of TiC/TiAl
Composites. J. Wuhan Unive. Technol. Mater. Sci. Ed. 2004, 19, 1–4.

20. Chen, R.; Fang, H.; Chen, X.; Su, Y.; Ding, H.; Guo, J.; Fu, H. Formation of TiC/Ti2AlC and α2+γ in in-situ
TiAl composites with different solidification paths. Intermetallics 2017, 81, 9–15. [CrossRef]

21. Chen, Y.L.; Yan, M.; Sun, Y.M.; Mei, B.C.; Zhu, J.Q. The phase transformation and microstructure of TiAl/T
Ti2AlC composites caused by hot pressing. Ceram. Int. 2009, 35, 1807–1812. [CrossRef]

22. Cheng, J.; Li, F.; Fu, L.; Qiao, Z.; Yang, J.; Liu, W. Dry-sliding tribological properties of TiAl/T Ti2AlC
composites. Tribol. Lett. 2014, 53, 457–467. [CrossRef]

23. Lee, T.W.; Lee, C.H. Microstructure and mechanical properties of TiB2/TiAl composites produced by reactive
sintering using a powder extrusion technique. J. Mater. Sci. Lett. 1999, 18, 801–803. [CrossRef]

24. Hashimoto, K.; Fujino, Y.; Kuramata, T. Oxidation behavior of SiC/TiAl composite material.
Solid State Phenom. 2007, 127, 109–114. [CrossRef]

25. Lee, D.B.; Park, J.H.; Park, Y.H.; Kim, Y.J. High temperature oxidation of TiAl/SiCp composites manufactured
by MA-SPS process. Mater. Trans. JIM 1997, 38, 306–311. [CrossRef]

26. Liang, W.L.; Hu, R.; Liu, Y.W.; Zhang, T.B.; Li, J.S. Mechanical properties and microstructure of in situ formed
Ti2AlN/TiAl(WMS) composites. Rare Metals 2014. [CrossRef]

27. Liu, P.; Sun, D.; Han, X.; Wang, Q. Investigation on the crystallographic orientation relationships and interface
atomic structures in an in-situ Ti2AlN/TiAl composite. Mater. Des. 2017, 130, 239–249. [CrossRef]

28. Nambu, S.; Michiuchi, M.; Inoue, J.; Koseki, T. Effect of interfacial bonding strength on tensile ductility of
multilayered steel composites. Compos. Sci. Technol. 2009, 69, 1936–1941. [CrossRef]

29. Lazurenko, D.V.; Bataev, I.A.; Mali, V.I.; Lozhkina, E.A.; Esikov, M.A.; Bataev, V.A. Structural Transformations
Occurring upon Explosive Welding of Alloy Steel and High-Strength Titanium. Phys. Met. Metallogr. 2018,
119, 469–476. [CrossRef]

http://dx.doi.org/10.1007/s12666-013-0334-y
http://dx.doi.org/10.1016/S0966-9795(01)00121-2
http://dx.doi.org/10.1016/S0921-5093(01)01584-2
http://dx.doi.org/10.1016/S0966-9795(00)00073-X
http://dx.doi.org/10.1557/S0883769400035478
http://dx.doi.org/10.1016/S0966-9795(98)00016-8
http://dx.doi.org/10.4028/www.scientific.net/AMR.79-82.477
http://dx.doi.org/10.4131/jshpreview.7.1075
http://dx.doi.org/10.1016/S1006-7191(09)60006-5
http://dx.doi.org/10.1016/j.intermet.2017.02.025
http://dx.doi.org/10.1016/j.ceramint.2008.10.009
http://dx.doi.org/10.1007/s11249-013-0284-x
http://dx.doi.org/10.1023/A:1006645302032
http://dx.doi.org/10.4028/www.scientific.net/SSP.127.109
http://dx.doi.org/10.2320/matertrans1989.38.306
http://dx.doi.org/10.1007/s12598-014-0363-7
http://dx.doi.org/10.1016/j.matdes.2017.05.061
http://dx.doi.org/10.1016/j.compscitech.2009.04.013
http://dx.doi.org/10.1134/S0031918X18050095


Materials 2019, 12, 629 19 of 20

30. Vecchio, K.S. Synthetic multifunctional metallic-intermetallic laminate composites. JOM 2005, 57, 25–31.
[CrossRef]

31. Vecchio, K.S.; Jiang, F. Fracture toughness of Ceramic-Fiber-Reinforced Metallic-Intermetallic-Laminate
(CFR-MIL) composites. Mater. Sci. Eng. A 2016, 649, 407–416. [CrossRef]

32. Han, Y.; Lin, C.; Han, X.; Chang, Y.; Guo, C.; Jiang, F. Fabrication, interfacial characterization and mechanical
properties of continuous Al2O3 ceramic fiber reinforced Ti/Al3Ti metal-intermetallic laminated (CCFR-MIL)
composite. Mater. Sci. Eng. A 2017, 688, 338–345. [CrossRef]

33. Lin, C.; Han, Y.; Guo, C.; Chang, Y.; Han, X.; Lan, L.; Jiang, F. Synthesis and mechanical properties
of novel Ti-(SiCf/Al3Ti) ceramic-fiber-reinforced metal-intermetallic-laminated (CFR-MIL) composites.
J. Alloys Compd. 2017, 722, 427–437. [CrossRef]

34. Liu, J.; Zhang, L.; Jiang, F.; Zhang, M.; Wang, L.; Yun, F. Elasto-Plastic Mechanical Properties and Failure
Mechanism of Innovative Ti-(SiCf/Al3Ti) Laminated Composites for Sphere-Plane Contact at the Early Stage
of Penetration Process. Materials 2018, 11, 1152. [CrossRef] [PubMed]

35. Bataev, I.A.; Pavliukova, D.V.; Zhuravina, T.V.; Makarova, E.B.; Terentiev, D.S. Formation by welding by
explosion of layered composite materials from diverse steels. Obrab. Metallov Met. Work. Mater. Sci. 2010,
1, 6–8.

36. Lesuer, D.R.; Syn, C.K.; Sherby, O.D.; Wadsworth, J.; Lewandowski, J.J.; Hunt, W.H., Jr. Mechanical behaviour
of laminated metal composites. Int. Mater. Rev. 1996, 41, 169–197. [CrossRef]

37. Li, T.; Jiang, F.; Olevsky, E.A.; Vecchio, K.S.; Meyers, M.A. Damage evolution in Ti6Al4V-Al3Ti
metal-intermetallic laminate composites. Mater. Sci. Eng. A 2007, 443, 1–15. [CrossRef]

38. Lazurenko, D.V.; Mali, V.I.; Bataev, I.A.; Thoemmes, A.; Bataev, A.A.; Popelukh, A.I.; Anisimov, A.G.;
Belousova, N.S. Metal-Intermetallic Laminate Ti-Al3Ti Composites Produced by Spark Plasma Sintering
of Titanium and Aluminum Foils Enclosed in Titanium Shells. Metall. Mater. Trans. A 2015, 46, 4326–4334.
[CrossRef]

39. Lazurenko, D.V.; Bataev, I.A.; Mali, V.I.; Bataev, A.A.; Maliutina, I.N.; Lozhkin, V.S.; Esikov, M.A.; Jorge, A.M.J.
Explosively welded multilayer Ti-Al composites: Structure and transformation during heat treatment.
Mater. Des. 2016, 102, 122–130. [CrossRef]

40. Schuster, J.C.; Palm, M. Reassessment of the binary aluminum-titanium phase diagram. J. Phase Equilib. Diffus.
2006, 27, 255–277. [CrossRef]

41. Vanmeensel, K.; Laptev, A.; Hennicke, J.; Vleugels, J.; Van Der Biest, O. Modelling of the temperature
distribution during field assisted sintering. Acta Mater. 2005, 53, 4379–4388. [CrossRef]

42. Harach, D.J.; Vecchio, K.S. Microstructure evolution in metal-intermetallic laminate (MIL) composites
synthesized by reactive foil sintering in air. Metall. Mater. Trans. A 2001, 32, 1493–1505. [CrossRef]

43. Cornish, L.; Cacciamani, G.; Cupid, D.M.; De Keyzer, J.; Materials Science International Team. Partial
Isothermal Section at 1250 ◦C: Datasheet from MSI Eureka in Springer Materials; MSI, Materials Science
International Services GmbH: Stuttgart, Germany, 2009; Available online: http://materials.springer.com/
msi/phase-diagram/docs/sm_msi_r_10_014870_02_full_LnkDia2 (accessed on 15 October 2018).

44. Xiao, Z.; Zhu, X.; Chu, Z.; Xu, W.; Wang, Z.; Wu, B. Investigation of Ti2AlC formation mechanism through
carbon and TiAl diffusional reaction. J. Eur. Ceram. Soc. 2018, 38, 1246–1252. [CrossRef]

45. Mukhopadhyay, A.; Venkateswaran, T.; Basu, B. Spark plasma sintering may lead to phase instability and
inferior mechanical properties: A case study with TiB2. Scr. Mater. 2013, 69, 159–164. [CrossRef]

46. Eriksson, M.; Salamon, D.; Nygren, M.; Shen, Z. Spark plasma sintering and deformation of Ti–TiB2

composites. Mater. Sci. Eng. A 2008, 475, 101–104. [CrossRef]
47. Zhang, Z.-H.; Shen, X.-B.; Wang, F.-C.; Lee, S.-K.; Fan, Q.-B.; Cao, M.-S. Low-temperature densification of

TiB2 ceramic by the spark plasma sintering process with Ti as a sintering aid. Scr. Mater. 2012, 66, 167–170.
[CrossRef]

48. Hong, X.; Mei, B.; Zhu, J.; Zhou, W. Fabrication of Ti2AlC by hot pressing of Ti, TiC, Al and active carbon
powder mixtures. J. Mater. Sci. 2004, 39, 1589–1592. [CrossRef]

49. Barsoum, M.W.; El-Raghy, T.; Ali, M. Processing and characterization of Ti2AlC, Ti2AlN, and Ti2AlC0.5N0.5.
Metall. Mater. Trans. A 2000, 31, 1857–1865. [CrossRef]

50. Shu, S.; Tong, C.; Qiu, F.; Jiang, Q. Effect of Ceramic Content on the Compression Properties of
TiB2-Ti2AlC/TiAl Composites. Metals 2015, 5, 2200–2209. [CrossRef]

http://dx.doi.org/10.1007/s11837-005-0229-4
http://dx.doi.org/10.1016/j.msea.2015.10.018
http://dx.doi.org/10.1016/j.msea.2017.02.024
http://dx.doi.org/10.1016/j.jallcom.2017.06.057
http://dx.doi.org/10.3390/ma11071152
http://www.ncbi.nlm.nih.gov/pubmed/29986419
http://dx.doi.org/10.1179/imr.1996.41.5.169
http://dx.doi.org/10.1016/j.msea.2006.05.037
http://dx.doi.org/10.1007/s11661-015-3002-5
http://dx.doi.org/10.1016/j.matdes.2016.04.037
http://dx.doi.org/10.1361/154770306X109809
http://dx.doi.org/10.1016/j.actamat.2005.05.042
http://dx.doi.org/10.1007/s11661-001-0237-0
http://materials.springer.com/msi/phase-diagram/docs/sm_msi_r_10_014870_02_full_LnkDia2
http://materials.springer.com/msi/phase-diagram/docs/sm_msi_r_10_014870_02_full_LnkDia2
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.10.039
http://dx.doi.org/10.1016/j.scriptamat.2013.02.027
http://dx.doi.org/10.1016/j.msea.2007.01.161
http://dx.doi.org/10.1016/j.scriptamat.2011.10.030
http://dx.doi.org/10.1023/B:JMSC.0000016156.04680.3a
http://dx.doi.org/10.1007/s11661-006-0243-3
http://dx.doi.org/10.3390/met5042200


Materials 2019, 12, 629 20 of 20

51. Shu, S.; Tong, C.; Qiu, F.; Jiang, Q. Effect of Mn, Fe and Co on the compression strength and ductility of in
situ nano-sized TiB2/TiAl composites. SpringerPlus 2015, 4, 784. [CrossRef] [PubMed]

52. Shu, S.; Qiu, F.; Xing, B.; Jin, S.; Wang, J.; Jiang, Q. Effect of strain rate on the compression behavior of TiAl
and TiAl–2Mn alloys fabricated by combustion synthesis and hot press consolidation. Intermetallics 2013,
43, 24–28. [CrossRef]

53. Karthikeyan, S.; Viswanathan, G.B.; Gouma, P.I.; Vasudevan, V.K.; Kim, Y.W.; Mills, M.J. Mechanisms and
effect of microstructure on creep of TiAl-based alloys. Mater. Sci. Eng. A 2002, 329–331, 621–630. [CrossRef]

54. Wang, J.N.; Schwartz, A.J.; Nieh, T.G.; Liu, C.T.; Sikka, V.K.; Clemens, D. Creep of a Fine-Grained, Fully-Lamellar,
Two-Phase TiAl Alloy at 760 ◦C; Lawrence Livermore National Lab.: Livermore, CA, USA, 1995.

55. Harrison, W.; Abdallah, Z.; Whittaker, M. A model for creep and creep damage in the γ-titanium aluminide
Ti45Al2Mn2Nb. Materials 2014, 7, 2194–2209. [CrossRef] [PubMed]
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