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Abstract: Ti2AlC/TiAl composites with a network structure were successfully prepared with carbon nanotubes and 
Ti−45Al−8Nb pre-alloyed powder using spark plasma sintering. The effects of sintering temperature (1200−1350 °C) 
on the microstructural evolution and mechanical properties were systematically investigated. The microstructure of 
Ti2AlC/TiAl composites exhibits duplex, near-lamellar, and fully lamellar structures, as the sintering temperature 
increases from 1200 to 1350 °C. The network structured Ti2AlC phase can refine the microstructure and the phase 
becomes discontinuous at high sintering temperatures. Notably, composites sintered at 1300 °C exhibit excellent 
mechanical properties, with the highest compressive strength (1921 MPa) and fracture strain (26%) at room temperature. 
Moreover, the ultimate tensile strength and fracture strain reach 537 MPa and 3.1% at 900 °C, and 485 MPa and 3.3% 
at 950 °C, respectively. The enhancement of the mechanical properties is attributed primarily to the load bearing, 
particle pull-out, and inhibition of crack propagation induced by Ti2AlC particles. 
Key words: Ti2AlC/TiAl composites; microstructure; spark plasma sinter; high-temperature tensile property; 
strengthening mechanism 
                                                                                                             

 
 
1 Introduction 
 

With the rapid development of the aerospace 
and automotive industries, it is a formidable 
challenge to develop a high-temperature, lightweight 
structural material with superior mechanical 
properties for high-performance and low-energy 
engines [1,2]. TiAl alloys are regarded as one of the 
most promising candidates for replacing traditional 
nickel-based superalloys at high temperatures due 
to their low density, high specific strength, excellent 
high-temperature oxidation resistance, and creep 

resistance [3−5]. Specifically, TiAl alloys have been 
successfully used in low-pressure turbine blades, 
turbocharger wheels, etc. For example, the 4822 
(Ti−48Al−2Cr−2Nb) alloy has been employed in 
the low-pressure turbine blades of the GEnxTM-2B 
engine [6]. Furthermore, TNM, 45XD, and 47WSi 
alloys have been successfully applied to industrial 
gas turbines and automotive engine parts [7−10]. 
However, poor ductility and insufficient strength 
severely restrict their application. 

The use of composite technology is a novel 
strategy for improving the mechanical properties of 
TiAl alloys at various temperatures [11,12]. TiAl 
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composites, especially ceramic particles-reinforced 
TiAl composites, have been widely studied because 
of their simple preparation process, low cost, and 
controllable properties. Recently, TiAl composites 
reinforced with various ceramic particles (such as 
Ti2AlC, Ti2AlN, TiC, Y2O3, TiB2, and WC) [13−16] 
have been prepared, and they exhibit excellent 
mechanical properties. LI et al [17] prepared a 
TiB2-reinforced γ-TiAl composite via hot isostatic 
pressing. The tensile strength and strain of the TiAl 
composite were enhanced by the TiB2-reinforcing 
phases. GUO et al [18] demonstrated that the 
addition of Y2O3 could refine the grains and 
enhance the room-temperature tensile strength and 
ductility of TiAl alloys. 

Notably, the Ti2AlC phase, which has a unique 
layered structure and extraordinary dual metallic 
and ceramic properties, is considered an ideal 
reinforcing phase for preparing TiAl-based 
composites with excellent comprehensive 
properties. LIU et al [19] successfully fabricated 
Ti2AlC/TiAl composites with a full lamellar 
structure by spark plasma sintering (SPS), and   
the micro−nano-Ti2AlC particles were uniformly 
dispersed in the matrix. The ultimate compressive 
strength of the composite at 850 °C is comparable 
to that of other TiAl alloys at 800 °C. Recently, LIU 
et al [20] successfully designed a Ti2AlC/TiAl 
composite with bioinspired micro−nano laminated 
architecture that exhibited excellent compression 
properties at room temperature. The properties of 
TiAl composites are strongly affected by the 
distribution of ceramic particles. Recent studies 
have shown that continuous network reinforcement 
can increase strength without causing severe 
plasticity damage [21−23]. However, the 
strengthening and toughening mechanisms of TiAl 
composites reinforced with three-dimensional 
network-structured Ti2AlC particles are mainly 
assessed based on compression tests, while the 
high-temperature tensile properties and the 
corresponding strengthening mechanisms of TiAl 
composites have rarely been reported. 

In this study, Ti2AlC/TiAl composites with a 
three-dimensional network structure were fabricated 
by SPS at different temperatures. The effects of 
sintering temperature on the microstructural 
evolution and mechanical properties of Ti2AlC/TiAl 
composites were systematically investigated. 
Furthermore, the strengthening and toughening 

mechanisms induced by the three-dimensional 
network structure of the Ti2AlC reinforcement at 
various temperatures were discussed. This study  
is expected to provide theoretical guidance for    
the structural design and high-temperature 
strengthening mechanism of TiAl composites. 
 
2 Experimental 
 

In this study, TiAl prealloyed powder and 
carbon nanotubes (CNTs) were used as the raw 
materials. Ti−45Al−8Nb (at.%) prealloyed powder 
was supplied by Sino-Euro Materials Technologies 
of Xi’an Co., Ltd. (China), and was prepared via the 
plasma rotating electrode method with a particle 
size range of 45−150 μm. CNTs with lengths of 
10−30 μm and diameters of 10−20 nm were 
purchased from Zhongke Times Nano Co. Ltd. 
(China). The 0.6 wt.% CNTs were mixed with TiAl 
prealloyed powder in a planetary ball mill. The 
mass ratio of stainless-steel balls to powder was 3:1, 
and ball milling was performed at a speed of 
300 r/min for 6 h. After ball milling, the CNTs were 
uniformly adhered to the powder, which was mainly 
spherical. Subsequently, the powder mixed added to 
a graphite mold. Finally, vacuum sintering was 
carried out in a LABOX−650F SPS furnace. The 
sintering was performed at 1200, 1250, 1300, and 
1350 °C, with a heating rate of 100 °C/min and a 
holding time of 5 min. The sintering pressure was 
kept constant at 40 MPa and the sintering chamber 
pressure was less than 10 Pa. The size of each 
sintered compact was d30 mm × 15 mm. According 
to the sintering temperature, the composites were 
designated as TA-1200, TA-1250, TA-1300, and 
TA-1350. 

Compression and tensile specimens were cut 
from the sintered compacts using a wire electrical 
discharge machine and polished with silicon carbide 
sandpaper before the mechanical properties were 
tested. Compression tests were carried out on an 
MTS−370.10 universal test machine at room 
temperature with dimensions of d6 mm × 9 mm and 
a constant strain rate of 1×10−3 s−1. The tensile 
specimens were dog-boned-shaped and the gauge 
size was 15 mm × 2 mm × 2 mm. Tensile tests were 
performed on an MTS−370.10 universal test 
machine at 900 and 950 °C, while the strain rate 
was 1×10−4 s−1. After the tensile test, the samples 
were quenched immediately to observe the 
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microstructures. In addition, for accuracy, the 
tensile and compression tests were repeated three 
times for each condition. 

Phase analysis of the sintered composites was 
performed on an X-ray diffractometer with Cu Kα 
radiation (XRD, Empyrean, Netherlands). The 
microstructure of the composites was characterized 
by optical microscopy (OM, IE500M−T/R) and 
scanning electron microscopy (SEM, Hitachi 
SU8010) coupled with energy dispersive spectro- 
scopy (EDS). The samples for OM and SEM 
analysis were polished using SiC emery paper (180#, 
400#, 800#, 1200# and 2000#), followed by etching 
with Kroll’s reagent (HF꞉HNO3꞉H2O=1꞉3꞉6, vol.%). 
Transmission electron microscopy (TEM) analysis 
was conducted on a TECNAI G2 F30−TEM 
instrument operating at 200 kV. The electron 
backscatter diffraction (EBSD) test was performed 
on an Oxford system with scanning step of 0.5 μm. 
The samples for EBSD examination were prepared 
by vibration polishing. The lamellar colony size and 
lamellar spacing were estimated using Nano 
Measure software. 
 
3 Results and discussion 
 
3.1 Microstructure evolution 

Figure 1 shows the XRD patterns of the TiAl 
composites sintered at different temperatures. The 
TiAl composites sintered at different temperatures 
consist of Ti2AlC, γ, and α2 phases, and impurity 
phases are also observed. The higher intensity of 
the diffraction peaks of the γ and Ti2AlC phases can 
be detected in the TA-1200 composite. This is 
attributed to the sintering temperature located in  
the α+γ phase region, resulting in a large amount of  
 

 
Fig. 1 XRD patterns of SPS sintered samples 

γ-phase remaining after cooling. Furthermore, the 
solubility of C atoms in the γ phase is lower than 
that in the α2 phase [24], which results in more 
significant Ti2AlC precipitation. Upon further 
increasing the sintering temperature, the phase and 
diffraction peaks do not change significantly, which 
indicates that the reaction is complete during 
sintering at 1200 °C. 

Figure 2 presents the metallographic micro- 
structure of the as-sintered TiAl composites. The 
microstructure of the TiAl composites changes 
significantly with increasing sintering temperature. 
As illustrated in Fig. 2(a), the microstructure of the 
TA-1200 composite is composed of a duplex phase 
(DP), which indicates that the sintering temperature 
is located in the α+γ region. During cooling, the 
ordering transformation of α→α2+γ occurs, while 
the γ phase is retained to form small equiaxed 
grains. When the temperature increases to 1250 °C, 
the composite has a near-lamellar (NL) micro- 
structure consisting of (α2+γ) lamellar colonies and 
a small amount of equiaxed γ-phase, as shown in 
Fig. 2(b). The TA-1300 and TA-1350 composites 
are fully lamellar (FL) (Figs. 2(c, d)) because the 
sintering temperature is located in the α single- 
phase region when the temperature reaches 1300 °C. 
During the cooling process, the α→α+γ→ (α2+γ) 
transformation occurs, which results in an FL 
microstructure. 

Figure 3 displays the SEM images of the TiAl 
composites sintered at different temperatures. 
Obviously, there are no defects or particle 
boundaries in the sintered samples, indicating that 
the samples are compact after sintering. As shown 
in Figs. 3(a−d), network-structured reinforcements 
can be observed in the composites. This can be 
attributed to the uniform dispersion of CNTs on the 
TiAl powder surface after ball milling, which form 
a network-structured carbide by the in-situ reaction 
with TiAl during sintering. It has been reported that 
this carbide exists as Ti2AlC at high temperatures 
(>1000 °C) [25,26]. When the sintering temperature 
increases to 1300 °C, the network structure 
becomes discontinuous, and a small amount of 
micro−nano Ti2AlC particles precipitate at the 
interfaces between the γ and α2 lamellae, as 
illustrated in the magnified image in Fig. 3(c). This 
may be due to the low solubility of C in the TiAl 
matrix, which leads to the precipitation of Ti2AlC 
particles. 



Dong-dong ZHU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2273−2287 2276 

 

 
Fig. 2 Metallographic microstructures of TiAl composites prepared at different temperatures: (a) TA-1200; (b) TA-1250; 
(c) TA-1300; (d) TA-1350 
 

 
Fig. 3 SEM images of TiAl composites prepared at different temperatures: (a) TA-1200; (b) TA-1250; (c) TA-1300;   
(d) TA-1350 
 

Figure 4 shows the average lamellar spacing 
and lamellar colony size of the TiAl composites. 
The average lamellar colony size increases from 
44.93 to 106.55 μm as the sintering temperature 
increases from 1200 to 1350 °C. The size of the 

original α/α2 grains has a great influence on 
lamellar colony size. At 1200 °C, γ grains nucleate 
and grow at the α phase interface, which inhibits the 
growth of the α phase, and results in a fine lamellar 
colony. When sintering at 1350 °C, the temperature  



Dong-dong ZHU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2273−2287 2277 

 

 
Fig. 4 Lamellar colony size and lamellar spacing of TiAl 
composites prepared at 1200−1350 °C 
 
is completely located in the α single-phase region. 
The lamellar colony is susceptible to coarsening 
because the α phase grows without restriction. 
Furthermore, there is no significant change in the 
lamellar spacing (approximately 0.6 μm), because 
the lamellar spacing is mainly determined by the 
cooling rate [27]. In this work, all the sintered 
samples are cooled in circulating water to room 
temperature. 

The phase composition of the TA-1300 
composite was further characterized by SEM and 
EDS, as shown in Fig. 5. The results reveal that 
precipitates at the lamellar colony boundaries are 
enriched in Ti and C, while the contents of Al and 
Nb are relatively poor at the corresponding locations. 
In addition, the atomic ratio of precipitated phase  
is Ti꞉Al꞉C꞉Nb=43.15꞉26.73꞉26.18꞉3.94 (Fig. 5(f)). 
Combined with the XRD results in Fig. 1, the 
precipitates can be determined to be Ti2AlC phases. 
These network Ti2AlC phases nucleate and grow at 

the boundaries among different powders during 
sintering, which can significantly inhibit grain 
growth and refine the microstructure [28]. As a 
result, the strength and plasticity of the composites 
are enhanced. 

Figure 6 shows the phase volume fraction and 
distribution obtained from the EBSD results of  
the TA-1300 composite. The phase distribution  
map (Fig. 6(a)) clearly indicates that the TA-1300 
composite consists mainly of (α2+γ) lamellar 
colonies and network-structured Ti2AlC particles. In 
addition, α2 is shown in red, γ is shown in green, 
and Ti2AlC is shown in blue. The corresponding 
phase volume fractions are 1.45%, 89.1%, and 
9.45%, respectively. The inverse pole figure of the 
composite (Fig. 6(b)) indicates that multiple crystal 
orientations can be observed within one lamellar 
colony. This is attributed to the γ lamellae with six 
orientation variants precipitating from disordered  
α phases during cooling. According to Fig. 6(c), the 
overlap position between the corresponding pole 
figures of α2 and γ can be observed, indicating the 
existence of the same orientation relationship between 
α2 and γ. As well known, the lamellar structure is 
formed by the ordered transformation of α phase. 
The γ phase nucleates in the α grain, and then 
expands and grows along the (0001)α2

 habit plane 
through a ledge mechanism, which eventually leads 
to the lamellar structure. The α2 and γ lamellae 
within the same grain follow the Blackburn 
orientation relationship, i.e., (0001)α2

//(111)γ, and 

2
[1120] //[110] .α γ  The orientation relationship 
between the in situ synthesized Ti2AlC particles and 
the γ-TiAl interface satisfies (0001)Ti2AlC//(111)γ. 

 

 

Fig. 5 SEM image of TA-1300 composite (a), corresponding EDS element distribution mappings of Ti (b), C (c), Al (d), 
Nb (e), and EDS point analysis result (f) in Fig. 5(a) 
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Fig. 6 EBSD analysis results of TA-1300 composites: (a) Phase distribution map; (b) Inverse pole figure; (c) Pole figure 
 

The phase constituents and orientation 
relationships of the TA-1300 composite were 
investigated using TEM, as shown in Fig. 7. The 
parallel distributions of the γ and α2 lamellae    
and the Ti2AlC particle phase can be observed    
in Figs. 7(a, b). Figure 7(c) shows fast Fourier 
transform (FFT) and high-resolution TEM 
(HRTEM) images of the interfaces of α2-Ti3Al and 
γ-TiAl. The selective area electron diffraction 
(SAED) pattern displayed in Fig. 7(d) indicates that 
the γ and α2 lamellae conform to the orientation 
relationship: (0001)α2

//(111)γ, and 
2

[1120] //[110] .α γ  
The marked particle in Fig. 7(a) is further analyzed 
based on the SAED pattern, which is also identified 
as the Ti2AlC phase with a space group of P63/mmc 
(Fig. 7(e)). The STEM−EDS results in Figs. 7(f−i) 
show that the gray particle phase is rich in Ti and C 
and relatively lacking in Al, which further proves 
that the gray particle phase in Fig. 7(a) is Ti2AlC. 

Figure 8 shows schematic diagrams of the 
microstructural evolution of the TiAl composites 
during sintering. After mechanical ball milling, the 
CNTs are evenly distributed on the surface of the 
TiAl powder, and most of the powder particles are 
still spherical. During sintering, a high-temperature 
spark plasma can momentarily be generated 
between the powders under the action of a high 
electric-pulsed current. Then, the surface of the 
powder is activated, and the local temperature is 

elevated, which may result in localized melting of 
the powder. At the initial reaction stage, the CNTs 
participate in the diffusion reaction of Ti to form 
TiC. Then, Ti2AlC is formed by the reaction of TiC 
and TiAl. In situ synthesized Ti2AlC particles can 
obstruct grain boundary migration and refine  
grains [29]. According to Ti−Al−Nb ternary phase 
diagram [30], the α+γ phase region of the Ti−45Al− 
8Nb alloy is approximately 1200 °C, indicating that 
the matrix phase consists of α and γ phases at 
1200 °C. During subsequent cooling, the α phase 
transforms to (α2+γ) lamellae and retains the γ phase, 
eventually forming DP microstructure. At 1250 °C, 
the temperature is near the α phase transition 
temperature (Tα), and the microstructure consists 
mainly of the α phase and a few γ phases. After 
cooling, an NL microstructure consisting   of a 
lamellar colony surrounded by γ is obtained. When 
the temperature further increases into α 
single-phase region (1300−1350 °C), the matrix is 
composed entirely of α phase. During subsequent 
cooling, phase transformation of α→α+γ→α2+γ 
occurs, and an FL structure is formed. 
 
3.2 Mechanical properties and fracture 

morphologies 
In order to investigate the mechanical 

properties of the TiAl composites, compression 
tests were carried out on a universal test machine at  
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Fig. 7 Bright-field TEM images of TA-1300 composite (a, b), HRTEM image at α2/γ interface (c), Orientation 
relationship of γ and α2 (d), SAED pattern of Ti2AlC (e), STEM−EDS maps (f−i) of (a) 
 

 
Fig. 8 Schematic illustrations of microstructural evolution of TiAl composites during SPS 
 
room temperature. The engineering stress‒strain 
curves and corresponding compressive properties 
are shown in Fig. 9. The composites exhibit 
significant plastic deformation before fracture, 

including three stages: (1) an elastic deformation 
stage at a strain of less than 8%, (2) a plastic 
deformation stage from 8% to the stage before 
fracture, and (3) a fracture stage. With increasing 
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sintering temperature, the compressive strength and 
fracture strain of the composites first increase and 
then decrease. The TA-1300 composite exhibits a 
maximum compressive strength and fracture strain 
of approximately 1921 MPa and 26%, respectively. 
The strength and fracture strain of the TA-1350 
composite decrease to 1803 MPa and 22%, 
respectively. Compared to other composites, the 
TA-1300 composite exhibits best mechanical 
properties due to its homogeneous and fine fully 
lamellar microstructure. 

Figure 10 shows the fracture morphologies of 
the TiAl composites after compression failure. The 
TiAl composites exhibit a typical brittle fracture 

mode, with mainly trans-lamellar and interlamellar 
fractures characteristics. The trans-lamellar fracture 
is formed due to the shear stress being 
perpendicular to the direction of the lamellae or 
forming a slight angle, and the fracture morphology 
shows the characteristics of a tearing ridge. The 
interlamellar fracture is attributed to the nucleation 
of microcracks at the α2 and γ lamellar interfaces 
and propagation along the lamellae to form smooth 
planes. The fracture mode of the TA-1200 
composite is intergranular fracture, and secondary 
cracks and a small amount of tear ridge features  
are observed in Fig. 10(a). The fracture pattern   
of the TA-1250 and TA-1300 composites is mainly 

 

 
Fig. 9 Room temperature compressive curves of TiAl composites (a), and corresponding compressive strength and 
fracture strain (b) 
 

 
Fig. 10 Room-temperature compression fracture morphologies of TiAl composites: (a) TA-1200; (b) TA-1250;       
(c) TA-1300; (d) TA-1350 
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trans-lamellar, with cracks requiring a greater load 
to cut through the lamellar structure. The fracture 
morphology of the TA-1350 composite is shown in 
Fig. 10(d), which shows that interlamellar fracture 
is the primary fracture pattern. The microcracks 
nucleate at the α2/γ interfaces and propagate along 
the interfaces. The fracture surface forms a great 
number of facets, which may result in the poor 
plasticity of TiAl alloys [31]. Notably, cracks or tear 
steps in the vicinity of Ti2AlC are observed in all 
fracture morphologies after compression, indicating 
that Ti2AlC plays a role in transferring loads and 
hindering crack propagation. 

Tensile tests of the composites were conducted 
at 900 and 950 °C, and the corresponding 
engineering stress‒strain curves are shown in 
Figs. 11(a, b). The tensile test curves reveal that the 
ultimate tensile strength of the composites first 
increases and then decreases with increasing 
sintering temperature. The TA-1200 composite 
exhibits the lowest ultimate tensile strength and the 
lowest fracture strain, of approximately 461 MPa 
and 2.5%, respectively. The TA-1300 composite 
with a fine full-lamellar microstructure has a 
maximum tensile strength of 537 MPa. However, as 
the temperature increases to 1350 °C, the ultimate 
tensile strength and fracture strain decrease to 
496 MPa and 2.9%, respectively. The tensile test 
results at 950 °C are shown in Fig. 11(b). The 
engineering stress‒strain curves before fracture of 
the composites all become flat, and the fracture 
strength decreases compared to that of the samples 
at 900 °C. Noteworthy, the TA-1300 composite still 
maintains a high ultimate fracture strength of 
485 MPa at 950 °C. The fracture mechanisms are 
further discussed and analyzed in combination with 
the fracture morphologies. 

Figure 11(c) shows a comparison of the 
high-temperature tensile properties at different 
temperatures between the network-structured 
Ti2AlC/TiAl composites prepared in this work and 
other TiAl alloys (prepared by casting or powder 
metallurgy) [32−41]. SUN et al [32] studied the 
microstructure and properties of as-sintered and 
as-forged Ti−45Al−10Nb composites reinforced 
with Ti2AlC particles. The tensile fracture strength 
of the composites was only 410 MPa at 900 °C 
(compared to a fracture strength of 537 MPa at 
900 °C in this work). LAPIN et al [33] prepared 
in-situ carbide particle-reinforced TiAl composites 

 

 
Fig. 11 High-temperature tensile engineering stress‒
strain curves of composites tested at 900 °C (a) and 
950 °C (b), and comparison of tensile properties of 
composites with other alloys (c) 
 
by vacuum induction melting and studied their 
high-temperature deformation behavior. The tensile 
fracture strength of the TiAl composites was close 
to 300 MPa at 950 °C (compared to a fracture 
strength of 485 MPa at 950 °C in this work). It 
appears that the strength of the composite prepared 
in this work is better than that of other TiAl alloys 
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prepared by different optimization methods and 
traditional casting methods. In summary, our 
research improves the high-temperature strength 
and service temperature of TiAl composites and 
significantly reduces the plastic loss. 

The fracture morphologies of the TiAl 
composites after tensile tests at 900 and 950 °C  
are shown in Fig. 12. Distinct river patterns and 
stepped and rock candy morphologies can be 
observed in TA-1200 (Figs. 12(a, b)). This shows a 

mixed fracture mode of trans-lamellar fracture and 
intergranular fracture. For the TA-1250 composite, 
a stepped morphology and a few smooth cleavage 
planes can be observed on the fracture surface of 
the composite (Figs. 12(c, d)). The TA-1300 and 
TA-1350 composites exhibit the typical mixed 
modes of trans-lamellar fracture and interlamellar 
fracture (Figs. 12(e−h)). The fracture morphologies 
of the composites after tensile tests at 900 and 
950 °C are very similar, indicating that the fracture 

 

 
Fig. 12 Tensile fracture morphologies of TiAl composites tested at 900 °C (a, c, e, g) and 950 °C (b, d, f, h):         
(a, b) TA-1200; (c, d) TA-1250; (e, f) TA-1300; (g, h) TA-1350 
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mechanisms do not change at different test 
temperatures. In addition, dimples can be observed 
at the fracture surface, which can be attributed to 
the peeling of Ti2AlC from the matrix. This is the 
main strengthening and toughening mechanism of 
TiAl composites. 

Generally, the main plastic deformation 
mechanism of TiAl alloys is dislocation activity, 
such as dislocation multiplication, dislocation 

accumulation, and dislocation interaction in slip 
systems. It can be observed in Fig. 13 that the 
microcracks nucleate at the colony boundaries as 
well as at the α2/γ lamellar interface and propagate 
along the Ti2AlC/matrix interface with a partial tear 
in the Ti2AlC phase. This indicates that Ti2AlC can 
hinder dislocation slip during deformation and 
strengthen the grain boundaries, which can prevent 
cracks from passing directly through contiguous 

 

 

Fig. 13 SEM images of crack extension in composites tested at 900 °C (a, c, e, g) and 950 °C (b, d, f, h): (a, b) TA-1200; 
(c, d) TA-1250; (e, f) TA-1300; (g, h) TA-1350 
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grains and deflect the crack direction several times. 
During the fracture process, the energy required for 
crack propagation is consumed, thereby increasing 
the fracture strength of the composites. More cracks 
are observed on the side of the failed sample at 
950 °C than at 900 °C (Figs. 13(b, d, f, h)). This is 
because thermal activation promotes dislocation 
movement and a high interfacial sliding drive force 
is produced, thereby facilitating crack initiation at 
950 °C. 

Figures 14(a, b) display the EBSD results near 
the fracture of the TA-1300 composite after tensile 
tests at 900 °C. A band contrast diagram is shown in 
Fig. 14(a), which reveals that the crack propagates 
and deflects along the edge of the Ti2AlC grain. The 
(α2+γ) lamellae near the cracks are bent, indicating 
 

 
Fig. 14 Band contrast diagram (a), local misorientation 
in vicinity of crack fracture obtained by EBSD (b), and 
diagram of microscopic fracture mechanism of TiAl 
composites (c) 

that the lamellar colony is subjected to a large 
deformation during the tensile test. As shown in 
Fig. 14(b), the crack expansion is hindered by   
the network-structured Ti2AlC phase, resulting in 
severe deformation of the lamellae in the vicinity of 
the cracks and a high misorientation concentration 
at the corresponding locations. This indicates that 
the lamellar colonies are significantly deformed 
during the tensile deformation process, resulting in 
a remarkable stress concentration. 

The fracture mechanism of Ti2AlC/TiAl 
composites is summarized in Fig. 14(c). The 
microcracks caused by the stress concentration 
preferentially initiate at the tri-boundaries and α2/γ 
lamellar interfaces, and then the cracks propagate 
along the interface of the Ti2AlC/TiAl matrix and 
α2/γ lamellae. During tensile tests, Ti2AlC acts as a 
hard phase to bear more load. CHEN et al [15] 
measured the nanoindentation hardness of the 
Ti2AlC phase to be 11.4 GPa. In addition, they 
found that Ti2AlC acts as a barrier during 
deformation, which deflects the crack propagation 
direction and improves the strength and ductility. 
When cracks propagate to the discontinuous Ti2AlC 
phase, they extend through the Ti2AlC phase into 
the (α2+γ) lamellar colonies in a zig-zag pattern. 
When the direction of crack extension is the same 
as that of the lamellae, the crack can easily 
penetrate into the entire lamellar colony. From the 
above analysis, it can be concluded that continuous 
network-structured Ti2AlC phases can impede the 
glide of dislocation sources during testing, deflect 
the direction of crack propagation, and consume the 
energy required for crack extension, thus improving 
the high-temperature strength and ductility of TiAl 
alloys. 
 
4 Conclusions 
 

(1) A three-dimensional network of Ti2AlC 
reinforcement can be synthesized in situ by adding 
CNTs to TiAl pre-alloyed powders. The Ti2AlC 
phase is distributed in the matrix as a network and 
inhibits grain growth, which results in a fine 
microstructure. 

(2) With increasing sintering temperature,  
the precipitation of the Ti2AlC phase becomes 
discontinuous. In the temperature range of 
1200−1300 °C, the composites are duplex, nearly 
lamellar, and fully lamellar. At 1350 °C, the 
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lamellar colonies become coarse. 
(3) The network-structured Ti2AlC/TiAl 

composites exhibit excellent mechanical properties. 
The compressive strength and fracture strain of  
the TA-1300 composite at room temperature are 
1921 MPa and 26%, respectively; the ultimate 
tensile strength and fracture strain at 900 °C are 
537 MPa and 3.1%, respectively. 

(4) During compression and tensile tests, 
Ti2AlC can act as a hard phase to bear more load, 
deflect the crack propagation direction and consume 
the energy for crack expansion, thereby increasing 
the strength and ductility of the TiAl alloy. 
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放电等离子烧结制备网络结构 Ti2AlC/TiAl 复合材料的 
显微组织演变及力学性能 
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摘  要：利用碳纳米管和 Ti−45Al−8Nb 预合金粉末为原料，通过放电等离子烧结成功制备了具有网络结构的

Ti2AlC/TiAl 复合材料。系统研究了烧结温度(1200～1350 ℃)对显微组织演变和力学性能的影响。结果表明，随着

烧结温度从 1200 ℃升至 1350 ℃，复合材料显微组织呈现双态、近片层和全片层结构。网状结构的 Ti2AlC 相能够

细化组织，且随着温度的升高而变得不连续。在 1300 ℃下烧结的复合材料表现出最高的抗压强度和断裂应变，

分别为 1921 MPa 和 26%。此外，复合材料在 900 ℃时的极限拉伸强度和断裂应变为 537 MPa 和 3.1%，在 950 ℃

时仍然高达 485 MPa 和 3.3%。Ti2AlC 承载载荷、颗粒拔出和抑制裂纹扩展是提高复合材料力学性能的主要原因。 

关键词：Ti2AlC/TiAl 复合材料；显微组织；放电等离子烧结；高温拉伸性能；强化机理 
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