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Abstract: Ti,AIC/TiAl composites with different volume fractions were prepared by hot pressing technology, and their
reinforced structural characteristics and mechanical properties were evaluated. The results showed that when the
reinforced phase volume fraction of Ti,AlC was 20%, three-dimensional interpenetrating network structures were
formed in the composites. Above 20%, Ti,AlC phase in the composites accumulated and grew to form thick skeletal
networks. The microplastic deformation behavior of Ti,AlC phase, such as kink band and delamination, improved the
fracture toughness of the composites. Comparative analysis indicated that the uniform and small interconnecting
network structures could further reinforce the composites. The bending strengths of composites prepared with 20 vol.%
Ti,AlC reached (900.9+45.0) MPa, which was 25.5% higher than that of TiAl matrix. In general, the co-continuous

Ti,AlIC/TiAl composite with excellent mechanical properties can be prepared by powder metallurgy method.
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1 Introduction

TiAl alloys possess remarkable properties
including low density, high creep, and superior
strength at elevated temperatures. Therefore, TiAl
alloys are expected to partially replace nickel-based
superalloys at temperatures of 600—950 °C. So far,
TiAl alloys have been successfully used in aero-
engine blades, supercharged impeller, and exhaust
valves [1]. However, their low plasticity at room
temperature restricts their large-scale applications.
Notably, the mechanical properties of alloys can
often be improved by adding metallic elements
(such as Nb, Mo, Ta, and W) [2—4] or non-metallic
elements (such as B, C, and Si) [5,6]. In recent
years, TiAl intermetallic matrix composites (IMCs)
have attracted increasing attention due to their
tailored microstructures and enhanced mechanical

properties [7—9]. Integrating the advantages of both
ceramic and metal, MAX phase (M is a transition
metal, A is an A-group element, and X is nitrogen
or carbon) exhibits not only good high-temperature
stability, but also capability to improve the
toughness of TiAl composites at room temperature,
through micro-plastic deformation mechanism.
CHEN et al [10] and YANG et al [11] synthesized
Ti,AIC/TiAl composites via in situ hot pressing and
studied the in situ synthesis mechanism of
composites, respectively. LAPIN et al [12,13] used
centrifugal casting to prepare in situ Ti,AIC/TiAl
composites. Their results suggested improvement in
creep properties of composites due to the formation
of the granular Ti,AIC phase. SONG et al [14]
employed vacuum arc melting to obtain Ti,AlC/
TiAl composites with improved strength and
plasticity under the cooperative contribution of TiC
and TiL,AIC.
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Compared to other composite structures, IMCs
with interpenetrating structures have better strength,
toughness, and wear resistance. CHENG et al [15]
and WANG et al [16] prepared Ti,AlC/TiAl and
Ti,AIN/TiAl composites with three-dimensional
network structures by in situ synthesis technology
to yield composites with excellent wear resistance.
On the other hand, co-continuous IMCs with a high
melting point are usually prepared by in situ
synthesis technologies. The microstructures and
properties of obtained composite materials are
significantly influenced by the exothermic reaction,
residual reactants, and/or intermediates.

In this study, commercial Ti4822 alloy powder
and Ti,AIC powder were used as raw materials to
prepare three-dimensional interpenetrating network
structure composites. The formation of Ti,AlC
network reinforcement structure and its effects on
the mechanical properties of the as-obtained
composites were evaluated at room temperature.
The study is expected to provide guidance for the
preparation of co-continuous IMCs with high
melting point by powder metallurgy method.

2 Experimental

2.1 Materials

Ti4822 (0—20 um, automized powder, Ti
60.34 wt.%, Al 3230 wt.%, Nb 4.51 wt.%, Cr
2.85 wt.%) and Ti,AIC (<75 um, vacuum sintering)
powders were employed as raw materials. Figure 1
shows scanning electron microscopy (SEM) images
of the powders, revealing that the sphericity of the
particles of TiAl powder was relatively high;
however, the surface of Ti,AlC prepared by vacuum
sintering exhibited typical quasi-plastic deformation
characteristics such as layered delamination and
kink band. Different composite powders were
prepared by varying the volume fractions of the two
powders. The specific composition of each sample
is listed in Table 1.

The procedure consisted of putting the
powders in stainless steel ball milling tank filled
with argon for ball grinding. The ball/material mass
ratio was set at 5:1, rotation speed at 300 r/min, and
ball milling time at 2 h. After sieving and drying,
the resulting powder was placed in a graphite mold
(30 mm in diameter) and sintered in vacuum hot
pressing furnace. During sintering, the furnace
temperature was firstly increased to 600 °C at a

heating rate of 10 °C/min followed by 1000 °C at
20 °C/min, 1150 °C at 10 °C/min and maintained
for 1 h, then to 800 °C at 10 °C/min, and finally to
room temperature during furnace cooling. The
furnace pressure during this process was set at
30 MPa. After completion of insulation, the
pressure was removed to yield samples with a
diameter of 30 mm and a height of 10 mm.

Fig. 1 SEM images of powders: (a) Ti4822; (b) Ti,AIC

Table 1 Chemical compositions of composites (vol.%)

Sample ID TiAl Ti,AIC
TACO 100 0
TACI10 90 10
TAC20 80 20
TAC30 70 30
TAC40 60 40

2.2 Characterization

The specimens used for mechanical properties
measurements were prepared by electrical discharge
machining. Room temperature compression and
three-point bending tests were carried out using an
INSTRON 5569 testing system. The dimensions of
specimens used for compression tests were
d4 mm x 6 mm at a constant strain rate of 107 s
The dimensions of specimens employed for flexural
strength testing were 2 mm * 4 mm % 20 mm. The
bars were loaded with spans of 10 mm, and
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crosshead speed utilized for bending strength
testing was 0.5 mm/min.

The microstructural characterization was
performed by field-emission SEM (Quanta FEG
250). V(HF):¥(HNOs):¥(H,0) at the ratio of 1:3:6
was used as metallographic etchant, and pure
HF was employed for deep etching. The phase
compositions were analyzed by X-ray diffraction
(XRD, D8-Advance, Bruker). The specimens with
dimensions of 10 mm x 10 mm % 5 mm were cut by
electrical discharge machining and polished to
1 um. The hardness measurements were collected
on a Vickers hardness machine (430SVA, Wilson
Wolpert) using a 1 kg load for 10 s.

3 Results and discussion

3.1 Phase composition

XRD patterns of the TiAl alloys and
Ti,AlIC/TiAl composites prepared with different
Ti,AIC contents after sintering are presented in
Fig. 2. The matrix of the alloy contained a,-Ti;Al
and y-TiAl phases, and volume fraction of Ti,AlC
phase was significantly increased in the composites.
With the increase in the volume fraction of Ti,AIC,
the intensity of Ti,AIC peak was significantly
enhanced for composites. Unlike Ti,AIC/TiAl
composites prepared by in situ reaction, composites
obtained herein contained only p-TiAl, a,-Ti;Al,
and Ti,AlC phases. No other intermediate products,
such as TiAls;, Ti,Als, Ti3AIC, and Ti;AlC, were
noticed. Moreover, no unreacted Ti, C and TiC
phase were recorded, indicating the formation of
composites with fewer impurities.
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Fig. 2 XRD patterns of TiAl alloy and Ti,AIC/TiAl
composites

3.2 Microstructures

Microstructural images of the substrate and
composite materials prepared with different Ti,AlC
contents are provided in Fig.3. The Ti4822
substrate was composed entirely of a,+y lamellar
structure and the diameters of ay*+y lamellar
colonies exceeded 300 um (Fig. 3(a)). Composite
materials appeared to be compact without holes.
The morphological characteristics showed different
forms of Ti,AlC phase distributed in a,+y lamellar
colonies. At low Ti,AlC contents, Ti,AlC phase was
distributed as small dispersed particles at the
boundaries of a,+y lamellar colonies with diameters
of around 3 um (Fig. 3(b)). At Ti,AlC phase content
of 20vol%, most Ti,AIC particles became
interlinked to form obvious network structures with
the exception of some isolated Ti,AlC particles with
sizes ranging from 3 to 6 um. At Ti,AlC content of
30 vol.%, Ti,AlC particles with sizes around 6 pm
completely formed three-dimensional network
morphologies. Moreover, some Ti,AlC particles
aggregated and grew to yield blocky structures with
diameters above 10 um. With further increase in the
Ti,AlC phase content to 40 vol.%, Ti,AIC phase in
the composite material completely aggregated and
grew to form larger network structures. Figure 3(f)
shows the partial enlarged drawing of Ti,AlC
network in TACA40, revealing the existence of a
small number of particles at the interface between
Ti,AlC skeleton and the substrate, which might be
the AL,O; impurity introduced during the material
preparation process.

To further investigate the three-dimensional
reinforced composite structures, the characteristics
of Ti,AlC-reinforced phase after removal of TiAl
matrix by deep etching were evaluated and the
results are presented in Fig. 4. At Ti,AlC phase
content of 10 vol.%, dispersed particles were
mainly noticed. At Ti,AlC phase contents exceeding
20 vol.%, the reinforced phase Ti,AIC formed
obvious three-dimensional interpenetration network
structures (Figs. 4(b—d)). With further increase in
the content, the Ti,AlIC phase gradually
accumulated and grew to form thick skeletal
network  structures.  Therefore, the three-
dimensional continuous interpenetrating network
structures of Ti,AlC reinforcement and TiAl matrix
were obtained by hot pressing. On the other hand,
the characteristics of the interpenetrating network
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Fig. 3 SEM micrographs of TiAl and Ti,AlIC/TiAl com

structure and scale of reinforcing phase could be
adjusted by the content of reinforcing phase.
Consequently, the regulation of the microstructures
and properties of high melting point co-continuous
composites was achieved by powder metallurgy
technology.

3.3 Mechanical properties

The Vickers hardness values of the alloy and
composites are illustrated in Fig. 5. Significant
increase in hardness was observed after the addition
of Ti,AlC reinforcement. Compared to TiAl matrix,
the Vickers hardness values of TAC10 and TAC20
were enhanced by about 30%, and those of TAC30
and TAC40 by 38% and 55% (similar to HV 567.5),
respectively. Thus, harder Ti,AIC reinforcement
significantly increased the deformation resistance
inside the composite material. Besides, two

posites: (a) TACO; (b) TACI10; (c) TAC20; (d) TAC30;
(e) TACA40; (f) High magnification image of Ti,AlC network and Al,Os particles

interconnected structures formed by high volume
fraction Ti,AlC reinforcement led to the production
of interlock structures, further improving the
deformation resistance of the composites. The
introduction of Ti,AlC also resulted in the effective
increase on the phase refinement scale of o,ty
lamellar colonies, thereby enhancing the carrying
capacity of substrates.

Typical compressive stress—strain and flexural
strength—deflection curves of TiAl alloy and
Ti,AIC/TiAl composites at room temperature are
shown in Fig. 6. The matrix displayed good
compressive strength and compression plasticity
(Fig. 6(a)). The compressive strength of the matrix
was close to 1800 MPa but both compressive yield
strength and elastic modulus were relatively low.
The introduction of Ti,AlC phase significantly
improved the yield strength and elastic modulus of
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Fig. 4 SEM images of Ti,AlIC after etching of TiAl substrate: (a) TAC10; (b) TAC20; (c) TAC30; (d) TAC40
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Fig. 5 Vickers hardness of TiAl alloy and Ti,AIC/TiAl
composites

the material. Figure 6(a) exhibits the compression
curves, demonstrating that the offset yield strengths
of composites TAC10, TAC20, TAC30 and TAC40
were 1090, 1105, 1145, and 1195 MPa, respectively.
Moreover, the compressive yield strengths of the
composites were all above 1000 MPa. This value
was two times that of TiAl matrix and increased
gradually with the increase in the content of
reinforcement phase. At low Ti,AlC phase
contents (TAC10 and TAC20), the composites
illustrated better compression plasticity and higher
compressive strength. At higher Ti,AIC phase
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Fig. 6 Compressive (a) and bending (b) curves of TiAl
alloy and Ti,AIC/TiAl composites at room temperature
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contents (TAC30 and TAC40), the compression
plasticity and compressive strength of the
composites decreased obviously, and TAC20
showed the best values among several prepared
composite materials.

The results of three-point bending resistance
tests are presented in Fig. 6(b). TiAl alloy and
Ti,AIC/TiAl composites showed obvious brittle
fracture characteristics. The bending strengths of
other composites were significantly higher than
that of TiAl alloy matrix except that of TAC40
composite.

To evaluate the effects of Ti,AlC phase content
on the mechanical properties of composites, the
compressive and flexural strengths of TiAl alloy
and Ti,AIC/TiAl composites were obtained at room
temperature. Figure 7 demonstrates that the matrix
displays the highest compressive strength
((1797.5+£65.9) MPa). After the addition of Ti,AlC
at 10 or 20 vol.%, the compressive strength of the
composites gradually declined to about 1500 MPa.
With the increase in the content of Ti,AIC to 30
or 40vol.%, the compressive strength of the
composites decreased significantly to about
1200 MPa. Unlike the variation law of compressive
strength, Ti,AlC significantly improved the
three-point bending strengths of the composites
except TAC40. Compared to that of TiAl matrix,
the bending strengths of TAC10, TAC20, and
TAC30 were found to increase by 16.7%, 25.5%,
and 20.5%, respectively. The bending strength of
TAC20 was the highest ((900.9+45.0) MPa), which
was much higher than that of the composites
fabricated by reactive hot pressing [15]. Therefore,
TAC20 composite showed the highest flexural
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Fig. 7 Compressive and flexural strengths of TiAl alloy

and Ti,AlIC/TiAl composites

strength while maintaining elevated compressive
strength,  indicating  better = comprehensive
mechanical properties.

3.4 Fractograph and strengthening mechanism

Typical translamellar and interlamellar
fractures in TiAl alloy are provided in Fig. 8(a). The
microfracture morphologies showed interlaced
serrated  sections, while the macrofracture
morphologies displayed uneven steps between
different a,+y lamellar colonies. The mechanical
properties of TiAl alloys were mainly determined
by the size of lamellar colonies, as well as lamellar
spacing of a,+y lamellar structure. Figures 8(b—e)
exhibit that the macroscopic
composites are flat with obvious brittle fracture
characteristics. Steps caused by partial crack
deflection were observed on sections of TACI10,
TAC20 and TAC30, while TAC40 appeared with
completely flat and brittle fracture. Therefore,
the microscopic fracture characteristics showed
fractures consisting of large cleavage plane, bright
white tearing edge, and local river pattern. The dark
gray cleavage plane and local river pattern were
associated with the fracture characteristics of TiAl
matrix; however, the bright white tearing edge
reflected the micro plastic fracture behavior of
Ti,AlC phase.

The existence of numerous cleavage steps and
tensile tearing regions on the fracture surface
indicated that the introduction of Ti,AIC phase
could enhance the quasi-cleavage fracture of TiAl
matrix. Moreover, the introduced Ti,AlC phase
was characterized by typical microscopic plastic
deformation mechanisms, such as kink band and
delamination, as well as particle pull-out and crack
deflection behavior (Fig. 8(f)). The transformation
of such fracture behaviors provided the composites
with high fracture and damage tolerance, thereby
better strengthening.

The enhanced structural characteristics of
Ti,AIC phase also impacted the fracture behavior of
the composites. Isolated Ti,AlC phase in TACI0
coordinated the deformation of lamellar colonies
and played an enhancing role. The enhancement of
Ti,AIC particles was reflected in the refinement of
the TiAl substrate on the one hand and the
enhancement of the load transfer on the other hand.
The network-like Ti,AlIC structures of TAC20
and TAC30 composites not only provided sufficient

sections of the
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Fig. 8 Fracture morphologies of TiAl alloy and Ti,AIC/TiAl composites: (a) TACO; (b) TAC10; (c) TAC20; (d) TAC30;

(e) TACA40; (f) High magnification of Ti,AlC fracture surface

microscopic toughening mechanism but also
realized certain interlock function of the two-phase
three-dimensional interpenetrating structure. This,
in turn, yielded better strengthening role and
improved comprehensive mechanical properties.
For TAC40, the thick Ti,AlIC network skeleton
structure weakened the bearing capacity of the
matrix, and prior crack propagation in the skeleton
yielded composites with poor compressive and
bending abilities. Therefore, uniform and fine
two-phase interpenetrating structures were obtained
by adjusting the volume fraction of the reinforcing
phase. This further improved the comprehensive
mechanical properties of Ti,AIC/TiAl composites.

4 Conclusions

(1) The increase in volume fraction of the
reinforcing phase resulted in the change in the

reinforced structure of the Ti,AIC/TiAl composite
from particle reinforcement to two-phase co-
continuous network structure.

(2) The microplastic deformation mechanism
of TiAIC phase and its transformation to
coordinate the deformation behavior of TiAl matrix
yielded composites with high fracture and damage
tolerance, thereby better strengthening effect.

(3) Appropriate reinforcing phase volume
fraction was a key parameter to obtain uniform and
fine interpenetrating structures, which is expected
to further improve the comprehensive mechanical
properties of Ti,AIC/ TiAl composites.
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