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Abstract

The effect of Al content on the microstructure of Ti-xAl-8Nb-3.6C-0.8Mo (at.%) compos-
ites reinforced with carbide particles, where x = 38, 42, 45, and 47 at.%, was studied. The
composites prepared by vacuum induction melting in graphite crucibles followed by centrifugal
casting into graphite moulds were studied in the as-cast and heat-treated state. The intermetal-
lic matrices of the as-cast composites consisting of α2(Ti3Al)-, γ(TiAl)-, and β/B2(Ti)-phases
are reinforced with uniformly distributed carbide particles composed of (Ti,Nb)2AlC-phase
and small amount of (Ti,Nb)C-phase preserved in the cores of some coarse irregular shaped
carbides. The increasing Al content leads to a decrease in the volume fraction of β/B2-phase
and an increase in the volume fraction of the lamellar α2 + γ and single γ-phase regions in the
as-cast composites. The increasing Al content increases shape factor and decreases the mean
size of the primary carbide particles. In the heat-treated composites, the intermetallic matrices
change from multiphase composed of lamellar α2 + γ grains with β/B2-and γ-phase regions
formed along the lamellar grain boundaries, through nearly lamellar to single γ-phase with
increasing Al content. The (Ti,Nb)C regions in the core of some carbide particles transform to
(Ti,Nb)2AlC-phase during the heat-treatment. The Vickers hardness and matrix microhard-
ness decrease with the increasing Al content in both the as-cast and heat-treated composites.

K e y w o r d s: intermetallics, TiAl, composites, casting, microstructure, hardness

1. Introduction

TiAl-based alloys provide a unique set of physi-
cal and mechanical properties for high-temperature
structural applications in turbochargers, automotive
combustion engines, and aircraft engines [1–5]. De-
pending on their chemical composition and processing
parameters, these alloys can be produced with four
different types of microstructure: near-gamma (NG),
duplex (DP), near lamellar (NL), and fully lamellar
(FL) [6–9]. The DP/NG alloys are characterised by
higher room temperature (RT), tensile strength, duc-
tility, and longer fatigue life than FL/NL ones [6]. On
the other hand, the FL/NL alloys exhibit better creep
resistance, higher fracture toughness, and crack propa-
gation resistance than DP/NG structures [7, 8]. How-
ever, insufficient strength of TiAl-based alloys with
various microstructures at high temperatures (above
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800◦C) limit their wide-scale applications [6, 10, 11].
Intermetallic matrix composites may improve this de-
ficiency at high temperatures due to a good combina-
tion of the properties of the intermetallic matrix and
reinforcement. Among various ceramics used as the re-
inforcements, Ti2AlC as a layered ternary MAX-phase
(M is a transition metal, A is an A-group element,
and X is carbon) shows a significant role in toughen-
ing and reinforcing of TiAl-based matrix composites.
The unique combination of both metallic and ceramic
properties of Ti2AlC, such as high fracture resistance,
excellent damage tolerance, good thermal and elec-
trical conductivity, easy machinability, good thermal
shock and oxidation resistance, high elastic modulus
and thermochemical stability benefit fabrication of in-
situ composites [12–16]. Besides the coarse primary
Ti2AlC particles, the additional strengthening of the
in-situ composites can be achieved by fine secondary
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needle-like perovskite P-Ti3AlC and plate-like hexago-
nal H-Ti2AlC precipitates forming in the TiAl matrix
and along grain boundaries as has been observed in
several carbon-containing TiAl-based alloys [17–20].
Various techniques including powder metallurgy,

mechanical alloying, reactive hot pressing, spark
plasma sintering, vacuum induction melting, vacuum
arc remelting, and combustion synthesis have been in-
vestigated for processing of in-situ TiAl matrix com-
posites reinforced with Ti2AlC particles [12–14, 21–
26]. Among these techniques, vacuum induction melt-
ing and precise casting are of large industrial inter-
est for the production of complex-shaped components
such as turbocharger wheels, exhaust valves, or tur-
bine blades in a cost-effective way [3–5]. Melting cru-
cibles showing the highest thermochemical stability
against TiAl melts such as ZrO2 and Y2O3 are ex-
pensive, and CaO is sensitive to the humidity [27–
30]. As was reported by several authors [13, 31, 32],
an increase of carbon content during vacuum induc-
tion melting in relatively cheap graphite crucibles can
be successfully controlled by processing parameters.
Hence, it is of large interest to apply vacuum induc-
tion melting in graphite crucibles for processing of
TiAl-based matrix composites reinforced with carbide
particles.
This paper aims to study the effect of Al content on

the microstructure of centrifugally cast Ti-xAl-8Nb-
-3.6C-0.8Mo (at.%) composites reinforced with car-
bide particles, where x = 38, 42, 45, and 47 at.%.
Also, the effect of heat treatment consisting of solu-
tion annealing and cooling at a constant rate on the
microstructure and redistribution of alloying elements
is reported and discussed. The variation in the Al
content aims at achieving microstructurally different
types of intermetallic matrices such as γ(TiAl), mul-
tiphase with a high amount of lamellar α2(Ti3Al) +
γ regions and lamellar α2 + γ. The γ matrix is ex-
pected to improve room temperature tensile strength,
room temperature ductility, and fatigue life of the
composites compared to those of the composites with
multiphase or lamellar matrices. On the other hand,
improved high temperature creep resistance, higher
fracture toughness and crack propagation resistance
is expected for the composites with a lamellar ma-
trix, which would make these materials interesting for
structural applications beyond 800◦C.

2. Experimental material and procedures

The composites with nominal composition Ti-xAl-
-8Nb-3.6C-0.8Mo (at.%), where x = 38, 42, 45, and
47 at.%, were prepared by vacuum induction melting
in graphite crucibles with an inner diameter of 45 mm
and length of 75 mm. The vacuum chamber of the in-
duction melting furnace was evacuated to a vacuum

pressure of 4.5 Pa and flushed with argon three times.
After increasing the vacuum pressure to 103 Pa by
a partial filling with argon (purity of 99.9995%), the
charge was heated to a melt temperature of 1650◦C
and hold at this temperature for 30 s. The tempera-
ture of the melt was measured by a pyrometer. The
melt was centrifugally cast into a cold graphite mould
at a rotation speed of 250 rpm under a vacuum pres-
sure of 103 Pa. The centrifugally cast conical samples
with a minimum diameter of 12 mm, the maximum di-
ameter of 14 mm, and length of 150mm were removed
from the mould and cut to smaller pieces with a length
of 20 mm for heat treatments and metallographic ob-
servations.
The composites were subjected to heat treatment

consisting of heating to a solution annealing tempe-
rature of 1420◦C at a heating rate of 10◦Cmin−1,
holding at this temperature for 1 h, cooling to a tem-
perature of 700◦C at a rate of 5◦Cmin−1, and fur-
nace cooling to room temperature under argon at-
mosphere. The temperature of the samples was con-
tinuously monitored by the Pt-PtRh10 thermocouple
touching the sample surface. The acquisition of time-
temperature data was performed electronically using
the acquisition module and computer.
Standard metallographic techniques such as grind-

ing on SiC papers, polishing on diamond paste with
various grain sizes ranging from 10 to 0.25 µm, and
etching in a solution of 100 ml H2O, 6 ml HNO3,
and 3 ml HF were used. Microstructure investigations
were performed by optical microscopy (OM), scan-
ning electron microscopy (SEM), scanning electron
microscopy in backscattered electron (BSE) mode,
and X-ray diffraction analysis (XRD). X-ray diffrac-
tion (XRD) analysis was carried out by a diffractome-
ter equipped with an X-ray tube with rotating Cu an-
ode operating at 12 kW. Chemical composition of the
in-situ composites was analysed by energy-dispersive
spectrometry (EDS) calibrated using the standards for
measurements of the composition of carbides (TiC,
Ti2AlC). The average content of carbon in the sam-
ples was measured by LECO CS844 elemental anal-
yser. Oxygen and nitrogen contents were measured
by a LECO ONH836 elemental analyser. Size, mor-
phology, and volume fraction of the coexisting phases
were determined from the digitalised micrographs us-
ing computer image analyser and measured data were
treated by statistical methods.
Vickers hardness measurements were performed by

a universal hardness testing machine. Vickers hard-
ness tests were carried out at an applied load of 298 N,
holding time at the point of load application of 2 s and
rate of load application of 15 N s−1 on the as-cast and
heat-treated samples. Vickers microhardness measure-
ments of the matrix of the composite were performed
by a microhardness tester. The measurements were
performed at an applied load of 0.98 N and dwell time
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Ta b l e 1. Chemical composition of the composites

Element (at.%) Element (wt.ppm)
Composite

Ti Al Nb Mo C O N

38Al 49.3 ± 0.3 38.1 ± 0.4 8.0 ± 0.1 0.8 ± 0.1 3.8 ± 0.1 866 ± 46 339 ± 38
42Al 45.3 ± 0.4 42.1 ± 0.3 8.1 ± 0.1 0.8 ± 0.1 3.7 ± 0.1 835 ± 41 390 ± 42
45Al 42.6 ± 0.1 45.0 ± 0.4 7.9 ± 0.1 0.7 ± 0.1 3.8 ± 0.1 874 ± 47 398 ± 46
47Al 40.6 ± 0.2 47.2 ± 0.2 7.9 ± 0.1 0.7 ± 0.1 3.6 ± 0.1 885 ± 49 375 ± 40

Fig. 1. The microstructure of the as-cast composites, BSE: (a) 38Al, (b) 42Al, (c) 45Al, and (d) 47Al. The chemical
composition of analysed regions marked in the figures is summarised in Table 2.

of 10 s on polished and slightly etched sections of the
centrifugally cast and heat-treated samples. Instru-
mented nanoindentation measurements of coexisting
phases were carried out at an applied load of 0.01 N
and holding time at the point of load application of
2 s on polished and slightly etched samples using a
nanoindenter with Berkovich tip of the indenter.

3. Results

3.1. Chemical composition

The average chemical composition of the studied

composites designated as 38Al, 42Al, 45Al, and 47Al is
summarised in Table 1. The content of Al in the ingots
is in accordance with the designed nominal composi-
tions Ti-xAl-8Nb-3.6C-0.8Mo-0.B (at.%), where x =
38, 42, 45, and 47 at.%. The content of the other al-
loying elements (Nb, Mo, C) in the studied composites
varies only within the experimental error of the mea-
surements. As has been shown in recent works [31,
33], vacuum pressure ranging from 103 to 104 Pa has
no significant effect on the content of the alloying ele-
ments, especially the content of Al, which is suscepti-
ble to evaporation. The measured contents of oxygen
and nitrogen in all studied composites do not exceed
900 wt.ppm and 400 wt.ppm, respectively.



380 A. Klimová, J. Lapin / Kovove Mater. 57 2019 377–387

Fig. 2. The typical XRD patterns of the as-cast composites.
The identified coexisting phases are indicated in the figure.

3.2. Microstructure

3.2.1. The microstructure of as-cast
composites

The microstructure of the as-cast composites is
formed by multiphase intermetallic matrices rein-
forced with relatively homogeneously distributed car-
bide particles, as seen in Fig. 1. The matrices of
the composites consist of three phases: α2(Ti3Al),
γ(TiAl), and β/B2(Ti), as is indicated by the XRD
patterns in Fig. 2. The matrix of the 38Al composite
is formed mainly by the α2 + γ and β/B2-phase re-
gions (Fig. 1a). The matrix of the 42Al, 45Al, and 47Al
composites consists of γ- and α2-phases and low vol-
ume fraction of β/B2-phase, as seen in Figs. 1b–d. The
matrix of the 42Al composite is formed predominantly
by single γ and α2 + γ regions (Fig. 1b). The pseudo-
duplex matrices of both the 45Al and 47Al composites
are composed of lamellar γ+α2 colonies and large in-
terdendritic γ-phase regions, as seen in Figs. 1c,d.
The measured chemical compositions of the lamel-

lar α2 + γ (region 3), single-phase γ (region 4), α2
(region 5) and β/B2 (region 6) (see Fig. 1) are sum-
marised in Table 2. The β/B2-phase regions are en-
riched by Nb and Mo. These two elements act as
strong stabilisers of the β-phase, which modify signif-
icantly binary Ti-Al phase diagram and tend to par-
tition into β-phase rather than into the α- (Ti-based
solid solution), α2- or γ-phases [34]. As shown by XRD
in Fig. 2 and EDS analysis in Table 2, the primary car-

Fig. 3. (a) Volume fraction of primary carbide particles,
lamellar α2 + γ colonies and β/B2 regions in the as-cast
composites; (b) Volume fraction of primary carbide parti-
cles, α2, γ, and β/B2 regions in the heat-treated compos-
ites. The Al content in the composites is indicated in the

figure.

bide particles belong to hexagonal (hP8) type MAX-
-phase (Ti,Nb)2AlC. In the cores of some coarse irreg-
ular shaped (Ti,Nb)2AlC particles, small regions of
(Ti,Nb)C-phase with fcc (cF8) crystal structure are
observed (region 2 in Fig. 1). The solubility of Nb in
(Ti,Nb)2AlC-phase reaches (0.78 ± 0.06) of the aver-
age Nb content measured in the composites. The Al
content in the composite ranging from 38 to 47 at.%
has no significant effect on the solubility of Nb in the
carbide particles. The similar tendency of lower con-
tent of Nb in MAX-phase particles compared to aver-
age content in the composites with 8 at.% of Nb was
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Ta b l e 2. Chemical composition of coexisting microstructural regions measured by EDS in the as-cast and heat-treated
composites

Element (at.%)
Sample Region Phase

composition Ti Al Nb Mo C

1 (Ti,Nb)2AlC 42.7 ± 3.3 24.9 ± 2.6 6.0 ± 0.4 – 26.4 ± 0.7

2 (Ti,Nb)C 46.5 ± 2.0 0.8 ± 0.2 5.4 ± 1.0 – 47.3 ± 1.0
38Al

3 α2 + γ 49.2 ± 0.6 41.9 ± 0.5 8.0 ± 0.5 0.9 ± 0.2 –

6 β/B2 50.5 ± 0.7 39.3 ± 0.7 8.9 ± 0.2 1.3 ± 0.1 –

1 (Ti,Nb)2AlC 44.9 ± 0.3 24.6 ± 0.3 5.1 ± 0.1 – 25.5 ± 0.5

3 α2 + γ 50.5 ± 0.2 40.7 ± 0.5 8.0 ± 0.2 0.7 ± 0.1 –

38Al-HT 4 γ 46.4 ± 1.2 44.4 ± 1.1 8.5 ± 0.1 0.7 ± 0.1 –

5 α2 51.9 ± 0.4 38.9 ± 0.3 8.3 ± 0.1 0.9 ± 0.1 –

6 β/B2 51.8 ± 1.2 35.4 ± 1.2 10.1 ± 0.6 2.7 ± 0.5 –

1 (Ti,Nb)2AlC 40.4 ± 3.4 25.3 ± 3.8 6.8 ± 0.4 – 27.5 ± 1.9

2 (Ti,Nb)C 40.6 ± 3.3 3.8 ± 3.7 6.5 ± 0.3 – 49.1 ± 1.0

42Al 3 α2 + γ 45.5 ± 0.1 45.3 ± 0.3 8.4 ± 0.2 0.8 ± 0.1 –

4 γ 45.4 ± 0.3 45.1 ± 0.5 8.7 ± 0.3 0.8 ± 0.1 –

6 β/B2 45.9 ± 0.4 41.3 ± 1.2 10.7 ± 0.4 2.1 ± 0.5 –

1 (Ti,Nb)2AlC 41.0 ± 1.5 24.7 ± 1.6 5.9 ± 0.1 – 28.3 ± 1.5

3 α2 + γ 46.3 ± 0.2 44.0 ± 0.2 8.9 ± 0.1 0.9 ± 0.1 –

42Al-HT 4 γ 44.1 ± 0.4 46.3 ± 0.5 8.8 ± 0.1 0.8 ± 0.1 –

5 α2 51.9 ± 0.7 37.9 ± 0.7 9.2 ± 0.2 1.0 ± 0.1 –

6 β/B2 47.7 ± 0.4 38.5 ± 0.2 9.8 ± 0.3 4.1 ± 0.1 –

1 (Ti,Nb)2AlC 41.0 ± 1.7 24.7 ± 0.9 6.6 ± 0.5 – 27.7 ± 1.5

2 (Ti,Nb)C 43.3 ± 2.9 1.7 ± 1.4 6.2 ± 1.0 – 48.8 ± 1.2
45Al

3 γ + α2 43.6 ± 0.4 47.3 ± 0.5 8.4 ± 0.3 0.7 ± 0.1 –

4 γ 42.5 ± 0.5 49.3 ± 1.2 7.4 ± 0.9 0.8 ± 0.1 –

1 (Ti,Nb)2AlC 43.0 ± 0.8 23.9 ± 0.4 5.5 ± 0.1 – 27.5 ± 1.2
45Al-HT

4 γ 42.3 ± 0.3 48.7 ± 0.4 8.2 ± 0.1 0.8 ± 0.1 –

1 (Ti,Nb)2AlC 42.2 ± 1.2 25.2 ± 1.3 6.0 ± 0.4 – 26.5 ± 1.1

2 (Ti,Nb)C 48.0 ± 2.3 0.5 ± 0.1 4.7 ± 1.1 – 46.8 ± 1.1
47Al

3 γ + α2 42.3 ± 0.5 48.5 ± 0.5 8.4 ± 0.2 0.8 ± 0.1 –

4 γ 40.0 ± 1.5 52.7 ± 2.6 6.5 ± 1.0 0.7 ± 0.1 –

1 (Ti,Nb)2AlC 43.2 ± 1.6 25.9 ± 1.4 5.7 ± 0.1 – 25.0 ± 0.2
47Al-HT

4 γ 41.6 ± 0.2 50.8 ± 0.5 6.7 ± 0.2 0.9 ± 0.2 –
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Fig. 4. (a) SEM micrograph of fine secondary carbide pre-
cipitates in the as-cast 45Al composite and position of EDS
line analysis; (b) EDS line analysis of carbon through fine

carbide particles.

ascribed by Fang et al. [35] to preferential segregation
of Nb into the matrix. In all primary carbide particles
including their cores, the Mo content was under de-
tectable limit of the applied EDS analysis indicating
that Mo is either not soluble or its solubility is very
low in the MAX-phase.
The Al content has no significant effect on the vol-

ume fraction of the primary carbides in the as-cast
composites, and all measured deviations fall within
the experimental error of the measurements, as shown
in Fig. 3. The average volume fraction of carbide par-
ticles is measured to be (13.6 ± 0.3) vol.%, and the
volume fraction of (Ti,Nb)C regions formed within the
primary particles represents (1.4 ± 0.2) vol.%. The
increasing Al content from 38 to 47 at.% leads to a
decrease in the volume fraction of β/B2-phase and
an increase in volume fraction of lamellar α2 + γ and
single γ-phase regions, as seen in Fig. 3a. However,
the lamellar α2 + γ regions of the as-cast 45Al and
47Al composites are not stable during cooling, and oc-
casionally, the precipitation of fine secondary carbide
particles is observed within the partially decomposed
α2 lamellae, as shown in Fig. 4.
Figure 5 shows the effect of Al content on the

mean length of major axis Lmaj, mean length of minor

Fig. 5. Length of major axis Lmaj, length of minor axis
Lmin, and shape factor SF of the primary carbide parti-
cles in (a) as-cast and (b) heat-treated composites. The Al
content in the composites is indicated in the figure.

axis Lmin, and mean shape factor SF of the primary
(Ti,Nb)2AlC particles. The shape factor is calculated
according to a relationship SF = 4πA/P 2, where A is
the area, and P is the perimeter of the carbide par-
ticles. It should be noted that the mean length and
mean shape factor of the carbide particles are deter-
mined from log-normal distribution function using sta-
tistical data (more than 2000 measured particles in
each composite). The shape factor of the primary car-
bide particles increases from 0.36 to 0.50, and their
size characterised by the length of major andminor
axis decreases with increasing Al content in the com-
posites, as seen in Fig. 5a.
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Fig. 6. SEM micrographs showing microstructure of the heat-treated composites: (a) 38Al-HT, (b) 42Al-HT, (c) 45Al-HT,
and (d) 47Al-HT. The chemical compositions of analysed regions marked in the figures are summarised in Table 2.

3.2.2. The microstructure of heat-treated
composites

The solution annealing of the studied compos-
ites at 1420◦C and their consecutive cooling to room
temperature induce phase transformations in the
metastable intermetallic matrices and primary car-
bide particles, as shown in Fig. 6. Table 2 summarises
the measured chemical composition of the coexisting
phases, including primary carbide particles. The ma-
trix of the heat-treated 38Al composite (38Al-HT)
consists of lamellar α2 + γ grains with β/B2- and
γ-phase regions formed along the lamellar grain
boundaries, as seen in Fig. 6a. The volume fraction of
β/B2-phase decreases to 11 vol.%, which is less than
half of the volume fraction of the β/B2-phase in the as-
cast sample, as seen in Figs. 3a and 3b. The matrix of
the heat-treated 42Al composite (42Al-HT) is formed
predominantly by the γ-phase, α2-phase in the form of
thick lamellae or small irregular regions, and a small
amount of β/B2 particles, as shown in Fig. 6b. The
matrices of the heat-treated 45Al and 47Al compos-
ites (45Al-HT and 47Al-HT) are composed of single
γ grains, as shown in Figs. 6c,d. The residual fine β/B2
particles remain in the matrix of the heat-treated 45Al
and 47Al composites, especially due to their stabilisa-
tion by Mo (Table 2).
Despite the high solution annealing temperature,

the studied composites are not predisposed to unde-
sirable grain growth, which usually accompanies solu-
tion annealing of TiAl-based alloys in α-phase field [9].
Due to the presence of primary carbide particles, both
the lamellar and γ grains in the matrices of the heat-
treated composites with different Al content remain
relatively small, and their average grain size ranges
from 30 to 50 µm.
During the solution annealing, the (Ti,Nb)C re-

gions in cores of the coarse irregular shaped carbide
particles transform to (Ti,Nb)2AlC-phase. This trans-
formation is accompanied by a variation in particle
morphology and an increase of the shape factor from
0.36–0.39 measured in the as-cast composites up to
0.47–0.50 in the heat-treated 38Al and 42Al ones, as
shown in Fig. 6b. However, an increase in the vol-
ume fraction of the primary carbide particles in the
heat-treated composites compared to that of the as-
cast ones are not explicit because all measured differ-
ences fall within the experimental errors of the mea-
surements, as seen in Figs. 3a,b. Figure 5b indicates
that the mean length of the major axis andminor axis
of the primary carbides increases in the heat-treated
composites compared to those measured in the as-cast
ones. The increase in the measured size of the primary
carbide particles can be explained by the elimination
of narrow boundaries between individual particles dur-
ing the heat-treatment, especially in the coarse irregu-
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Fig. 7. The evolution of Vickers hardness HV30 and mi-
crohardness HVm of the matrix with the Al content:
(a) as-cast composites; (b) heat-treated composites. The
Al content in the composites is indicated in the figure.

lar shaped carbides. However, this increase in the size
is connected with a negligible change in a volume frac-
tion of the primary carbide particles.

3.3. Hardness and microhardness

Figure 7 shows the effect of Al content on Vickers
hardness HV30 and matrix microhardness HVm of the
as-cast and heat-treated composites.
The decrease of the Vickers hardness HV30 with

the increasing Al content (Fig. 7a) can be related
mainly to a decrease of the matrix microhardness.

The phase transformations lead to a decrease of
matrix microhardness HVm and Vickers hardness
HV30 of the heat-treated composites in comparison
with those of the as-cast ones. The measurements of
the indentation nanohardness HIT indicate that the
γ-phase is the softest phase in the composite with
HIT = (6.8± 0.4) GPa, and β/B2-phase with HIT =
(8.2 ± 0.7) GPa is the hardest phase in the inter-
metallic matrices, what is in a good agreement with
the results reported in recent works [36, 37]. The high
amount of the lamellar α2 + γ colonies and β/B2-
-phase regions in the 38Al-HT composite result in
a high Vickers hardness value of about 400 HV30.
The phase transformations in the multiphase matrix
of 45Al and 47Al composites to the soft γ-phase during
the heat-treatment lead to a decrease of the Vickers
hardness to about 300 HV30. Besides the softening
of the matrix, the phase changes in the primary car-
bide particles contribute to a decrease in the hardness
of the heat-treated composites. The measurements of
the nanohardness of primary carbide particles indi-
cate that the nanohardness of the (Ti,Nb)C-phase
reaches an average value of (23.7 ± 0.8) GPa in the
as-cast composites. On the other hand, the nanohard-
ness of (Ti,Nb)2AlC phase is measured to be only
(10.3 ± 0.5) GPa in both the as-cast and heat-treated
composites. Hence, the transformation of (Ti,Nb)C to
(Ti,Nb)2AlC-phase leads to a softening of the primary
carbide particles during the heat treatment.

4. Discussion

Since phase diagrams describing phase transforma-
tions in the studied composites with chemical compo-
sition close to 8 at.% Nb, 1 at.% Mo, and 3.6 at.%
C are not available, the solidification path and phase
equilibria can be estimated based on phase diagrams
reported for Nb-, Nb-Mo-, and C-doped TiAl-based al-
loys [38–42]. According to the ternary Ti-Al-C-phase
diagrams [42], the cubic TiC1−x-phase is formed as a
primary solidification phase in the melt at high tem-
peratures. During solidification, TiC1−x transforms
into hexagonal H-Ti2AlC-phase. Based on the mi-
crostructural observations of the studied as-cast and
heat-treated composites, the casting temperature of
1650◦C applied in the present work corresponds to
two-phase equilibria L + (Ti,Nb)C and during solid-
ification a new equilibrium L + (Ti,Nb)2AlC is cre-
ated. Differences in the solubility of C in the particu-
lar phases and different sizes of L + (Ti,Nb)2AlC or
L+(Ti,Nb)2AlC + β phase fields in the studied com-
posites affect the formation and growth of primary
(Ti,Nb)2AlC particles during casting. The shorter the
L + (Ti,Nb)2AlC or L + (Ti,Nb)2AlC+ β phase fields
and higher the cooling rate, the smaller (Ti,Nb)2AlC
particles are formed. In the case of the 38Al composite,
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L + (Ti,Nb)2AlC or L + (Ti,Nb)2AlC + β fields are
supposed to be the widest of all four investigated com-
posites, which leads to the formation of large amount
of thin long plate-like particles together with coarse
clustering carbides during solidification. On the other
hand, the solidification of the 45Al and 47Al compos-
ites includes narrow L + (Ti,Nb)2AlC phase field and
solidification accompanied with a peritectic type of re-
action/transformation, which leads to the formation of
significantly smaller primary carbide particles, as seen
in Fig. 5.
The formation of the secondary carbide particles,

their size, and morphology is closely related to the
chemical and phase composition of the matrix, espe-
cially to the solubility of C in the particular phases.
The interstitial atoms of C exhibit various solubility
limits in the coexisting phases of TiAl-based alloys,
and moreover, their solubility is also affected by the
presence of additional alloying elements such as Nb,
Mo or Cr [36, 43, 44]. In general, the solubility of C in
β/B2-phase is negligible [45]. The maximum solubility
of C in α2-phase was measured to be ∼ 1.0–1.5 at.%
[36, 43]. The maximum solubility of C in γ-phase of
Nb-doped TiAl-based alloys was estimated to be much
smaller, only 0.25–0.4 at.% [43, 44]. In Nb-doped TiAl-
based alloys with a higher content of Al than Ti, the
solubility limit of C in γ-phase is even smaller and
was measured to be below 0.1 at.% [46]. Due to the
lower solubility limit of C in the γ-phase in compari-
son with that in the α2-phase, the secondary carbide
particles precipitate alongside α2/γ lamellar interfaces
and γ/γ grain boundaries during cooling in the moulds
(see Fig. 4) or consequent heat treatment [47, 48].
The decrease of matrix microhardness and Vickers

hardness of the 45Al and 47Al composites and forma-
tion of a single γ-phase matrix are expected to im-
prove room-temperature ductility of TiAl-based ma-
trix composites reinforced with carbide particles [6–
8]. Slip systems in α2-phase with hcp structure are
limited compared with the slip systems of γ-phase.
The plastic deformation occurs preferentially in the
γ-phase but reinforcing (Ti,Nb)2AlC particles hinder
the dislocation motion, which results in an increase
of yield strength and creep resistance [47, 48]. How-
ever, such ductilisation of the composites through the
formation of the γ matrix is at the expense of a de-
crease of high-temperature creep resistance charac-
terised by higher minimum creep rates [48] and shorter
creep life assuming Monkmann-Grant empirical for-
mula [49] compared to composites with fully lamellar
matrix [13].

4. Conclusions

The effect of Al content ranging from 38 to 47 at.%
on the microstructure of the as-cast and heat-treated

Ti-xAl-8Nb-3.6C-0.8Mo (at.%) composites reinforced
with carbide particles was studied. The following con-
clusions are reached:
1. The microstructure of the as-cast composites

is formed by multiphase intermetallic matrices rein-
forced with relatively uniformly distributed primary
carbide particles. The matrices of the composites con-
sist of α2-, γ-, and β/B2-phases. The primary car-
bide particles are composed of (Ti,Nb)2AlC-phase and
a small amount of (Ti,Nb)C-phase preserved in the
cores of some coarse irregular shaped carbides.
2. The increasing Al content from 38 to 47 at.%

leads to a decrease in the volume fraction of β/B2-
-phase and an increase in the volume fraction of the
lamellar α2 + γ and single γ-phase regions in the as-
cast composites. The increasing Al content has no sig-
nificant effect on the volume fraction but increases
shape factor, and decreases the mean size of the pri-
mary carbide particles.
3. In the heat-treated composites, the intermetallic

matrices change frommultiphase composed of lamellar
α2 + γ grains with β/B2- and γ-phase regions formed
along the lamellar grain boundaries, through nearly
lamellar to single γ-phase with increasing Al content.
The (Ti,Nb)C regions in the core of some carbide par-
ticles transform to (Ti,Nb)2AlC-phase during the heat
treatment. The heat treatment increases the mean size
of the primary carbide particles but has no significant
effect on their volume fraction.
4. The Vickers hardness and matrix microhardness

decrease with the increasing Al content in both the as-
cast and heat-treated composites. The heat treatment
leads to a softening of the composites. The decrease of
the Vickers hardness and microhardness with increas-
ing Al content is more pronounced in the heat-treated
composites.
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