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Abstract: Nitrogen was introduced into TiAl pre-alloyed powder using high-temperature gas nitriding, and TiAIN/TiAl
composites with a continuous network structure of the reinforced phase were prepared via spark plasma sintering. The
results show that the hardness of the composite is significantly higher than that of TiAl alloy, and increases with the
increase of nitriding time. The strengthening effect is originated from the synergistic effect of the solid-solution
strengthening caused by the nitriding of the powder, the continuous network of the TiAIN phase with high hardness
and elastic modulus, and the increase of dislocation density. Additionally, the compressive strength of the Ti>AIN/TiAl
composites is lower than that of the TiAl alloy, which is related to a part of TiAIN particles that are directly formed

after nitriding and excessive reinforcement content.
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1 Introduction

Owing to the ordered structure and covalent
bonding of Ti—Al intermetallic compounds [1], TiAl
alloys possess the advantages of low density,
high specific strength, excellent high-temperature
creep performance, and high-temperature oxidation
resistance. The above advantages enabled wide
application prospect of TiAl alloys in aero-engine
and automotive fields, particularly in aircraft
turbine blades, turbine disks, high-pressure
compression turbines, automobile exhaust valves,
and other components [2]. However, the lack of
room-temperature plasticity, fracture toughness and
elevated temperature strength of TiAl alloys limits

their further development and application [3]. At
present, considerable research efforts have
been focused on improving the comprehensive
mechanical properties of TiAl alloys using heat
treatment, alloying, composite strengthening,
ultrafine grains, and regulating phase composition
and distribution; these studies yielded many
important results [4—8]. Among the above methods,
the composite strengthening method can be
used to obtain excellent comprehensive mechanical
properties and therefore, widely used to optimize
the properties of TiAl alloys. For example, YANG
et al [9] successfully prepared Ti,AlC-reinforced
TiAl composites via spark plasma sintering using Ti
powder, Al powder, and carbon nanotubes as raw
materials, improving the compressive yield strength
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and hardness of the sintered samples to 2058 MPa
and 6.12 GPa, respectively. TAN et al [10] produced
a Ti,AIN/TiB/TiAl composite via the addition
of BN particles and arc melting, significantly
improving the compressive strength of the TiAl
alloy without reducing the compressive strain.

In terms of the selection of the reinforced
phase, ternary layered compounds, with properties
of both metals and ceramics, are widely used as the
reinforced phase in various composites [11]. The
general formula of ternary layered compounds is
M,+1AX, (where M represents an early transition
metal, A represents IIIA or IVA group elements, and
X represents nitrogen or carbon) [12]. Common
representatives include Ti;AlC and Ti;AIN, among
which Ti;AIN has a higher hardness and elastic
modulus [13], and its thermal expansion coefficient
is closer to that of TiAl [14]. Thus, Ti»AIN is more
suitable as a reinforced phase for TiAl-based
composites. In situ synthesis of the reinforced
phase can eliminate some material interface
problems, such as brittle layer and wettability [15].
Inspired by honeycomb structures [16] and hard
biomaterials [17], a large number of researchers
have studied new composites with uniform
continuous network structures of the reinforced
phase. For example, HUANG et al [18] obtained
excellent mechanical properties and oxidation
resistance through the design of TiC/Ti6Al4V
network-structured composites. JIAO et al [19]
changed the reinforced phase structure from
isolated particles to a continuous network by
increasing the volume fraction of TiBy, resulting in
excellent tensile and creep properties of the
composites. Moreover, compared with other in situ
sintering methods, spark plasma sintering (SPS) is
an efficient and reliable technology for sintering
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refractory intermetallic compounds [20]. For
example, VOISIN et al [21] successfully prepared a
TiAl turbine blade with the near-net shape using
SPS of TiAl pre-alloyed powder.

At present, the research on the in situ synthesis
of TiAl matrix composites by powder metallurgy
mainly focuses on the preparation of TiAl
matrix composites by mixed element powder
sintering [22—25]. However, less attention to the
research on the preparation of TiAl matrix
composites using TiAl pre-alloyed powder has been
paid. Therefore, in this study, Ti>AIN/TiAl
composites with a new continuous network
structure were successfully prepared via in situ
reaction with TiAl pre-alloyed powder as raw
material, high temperature gas nitriding and SPS
sintering. The microstructure, high temperature
hardness and room temperature compression
properties of Ti;AIN/TiAl composites were
analyzed. In addition, the relationship between
the uniform continuous network reinforced phase
structure on the high-temperature hardness and
room-temperature compression properties of the
Ti,AIN/TiAl composites was determined.

2 Experimental

The raw material was a TiAl pre-alloyed
powder (Ti—48 AI-2Cr—2Nb, approximately 150 um).
Figure 1 shows a schematic of material preparation
divided into three steps. The first step was ball
milling and refining of the TiAl pre-alloyed powder
using a planetary ball mill. The TiAl pre-alloyed
powder was ball-milled and mixed for 6 h at a
speed of 350 r/min. Figures 1(a, b) show the ball
milling and nitriding processes of the pre-alloyed
powder, respectively. The second step was to nitride
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Fig. 1 Preparation process of Ti,AIN/TiAl composite: (a) Ball milling of TiAl pre-alloy powder; (b) Nitriding of TiAl

pre-alloy powder; (c) Nitrided TiAl pre-alloy powder; (d) Spark plasma sintering
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the refined powder in a tubular furnace at 900 °C
with a nitrogen flow rate of 25 mL/min. The
morphology of the powder after nitriding is shown
in Fig. 1(c). In the third step, SPS was used for
sintering and forming, and the operating principles
of the SPS equipment are shown in Fig. 1(d). The
nitrided powder was placed in a graphite mold and
sintered under vacuum at 1250 °C and 40 MPa for
5 min. In this study, the nitrogen content of the TiAl
pre-alloyed powder was controlled by the nitriding
time. To explore the effect of nitriding time on the
microstructure and mechanical properties of
Ti>AIN/TiAl composites, the nitriding time gradient
was set to be 0, 2, 4, and 8h; thus, the
corresponding Ti,AIN/TiAl composites sintered at
different nitriding time were denoted as TAN-0 h,
TAN-2 h, TAN-4 h, and TAN-8 h, respectively.

The hardness values at different temperatures
were measured using a high-temperature hardness
tester (HVT—1000) under low vacuum condition,
50 N load, and 15 s holding time. The selected test
temperature gradients were 25, 200, 400, 600, 700,
and 800 °C, and a low vacuum was used to prevent
damage to the indenter and sample caused by
high-temperature oxidation. The hardness data
under each variable must be measured at least
5 times, and the indentation should be checked by
metallographic microscope after the measurement.
If the indentation is limited to the interior of a
single particle, the hardness data should be tested
and measured again to ensure the accuracy of the
hardness data.

The phase compositions of the Ti>AIN/
TiAl composites and pre-alloyed powder were
determined using Cu K, X-ray diffraction (XRD)
with the scanning range of 10°-90° and step size of
0.02°. The nitrogen content of the powder was
determined using an oxygen—nitrogen—hydrogen
analyzer (ONH836), and the mass of each test
powder was approximately 0.1 g. The micro-
structures of the composites were observed using
scanning electron microscopy (SEM, SUPAR 55
SAPPHIRE) in the backscattered electron mode.
The phase composition was further analyzed using
energy dispersive spectroscopy (EDS). The micro-
structures of the composites were characterized
using transmission electron microscopy (TEM,
TALOS F200X). The microscopic characteristics of
the enhanced phase were further studied using
selected area electron diffraction (SAED) and

high-resolution TEM (HRTEM). The fracture
morphology was observed using SEM to analyze
the fracture mechanism. The cross-section of the
fracture sample was etched in an HF—HNOs;—H,O
solution (5:5:90 in vol.%) to better observe the
section morphology near the fracture and explore
the characteristics of crack initiation and
propagation.

3 Results

3.1 Microscopic characteristics

Figure 2 shows the micromorphology and
energy spectrum of the powder before and after
nitriding. As shown in Fig. 2(a), ball milling
resulted in the breaking of particles into
fine-grained structures with different shapes,
causing the accumulation of powder particle defects,
thus enhancing the diffusion of the powder and was
conducive to subsequent nitriding [26,27]. At the
same time, the size of the TiAl pre-alloyed powder
decreased, conducive to the densification of TAN
composites and the improvement of the properties
of TAN composites [28]. Figure 2(b) shows the
powder morphology after nitriding: white flocks
were evenly distributed on the powder surface. The
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Fig. 2 Micromorphology and energy spectrum of TiAl

pre-alloy powder after ball milling: (a) Before nitriding;
(b) After nitriding
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results at Point 1 showed that N appeared in
this characteristic area, implying the successful
formation of nitride layer on the surface of the TiAl
pre-alloyed powder particles by high-temperature
nitriding in N, atmosphere.

The XRD results for the TiAl pre-alloyed
powder before and after nitriding are shown in
Fig. 3. Figure 3(a) shows the XRD patterns of the
TiAl pre-alloyed powder at different nitriding time,
indicating that the phase composition of the powder
before nitriding was TiAl, and a new characteristic
peak appeared after nitriding. The XRD results and
literature [29] suggested that the new characteristic
peak corresponded to the TiN and Ti,AIN phases
formed after powder nitriding. Figure 3(b) shows an
enlarged image of the strongest characteristic peak
region of the TiAl phase in Fig. 3(a), showing
that after nitriding, the position of the strongest
characteristic peak slightly shifted to a lower
diffraction angle, similar to the results obtained by
BARS et al [30]. This result implied that nitrogen
atoms diffused into the TiAl lattice and a solid
solution conducive to improving the material
properties was formed.

WANG et al [31] found that the solid solution
of nitrogen atoms in Ti powder was formed after
high-temperature nitriding for 0.5h, while the
minimum nitriding time was 2h. Therefore, a
sufficient amount of solid solution was formed
during the nitriding of the TiAl pre-alloyed powder
for 2 h. This conclusion is consistent with the result
that there is little difference in the shift of the
main peak position caused by the solid solution
in Nitriding-2 h, Nitriding-4 h, and Nitriding-8 h
samples in Fig. 3(b). According to a study by ROY
et al [32], when nitrogen concentration was higher
than the solid solubility of N in TiAl, the nitride
phase began to form on the powder surface, as seen
in Fig. 3(a). The TiN phase was formed in the
powder after nitriding for 2 h, but the characteristic
peak intensities of TiN and Ti»AIN were small after
nitriding for 2 and 4 h, attributed to the short
nitriding time and insufficient diffusion between the
active nitrogen and alloy powder at high
temperatures. With an increase in nitriding time, the
intensities of the characteristic peaks of TiN and
Ti2AIN increased. Especially after nitriding for 8 h,
the intensity of the characteristic peaks of the TiN
and Ti>AIN phases was several times higher than
that before nitriding, indicating that the alloy

powder diffused sufficiently at this nitriding time.
Therefore, it can be concluded that the nitriding of
the TiAl pre-alloyed powder can be divided into
two processes: a small number of N atoms enter the
lattice of y-TiAl to produce a solid solution, and
then the excessive N forms TiN and Ti,AIN on the
powder surface. At the same time, the nitriding time
determines the yield of reaction products.
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Fig. 3 XRD patterns of different samples: (a) TiAl
pre-alloy powder at different nitriding time; (b) Enlarged
region of strongest diffraction peak of TiAl pre-alloyed
powder

It is worth noting that the TiAl phase is still the
main phase in all titanium aluminum nitride
pre-alloyed powders, indicating the retention of a
large number of the original TiAl phases throughout
nitriding. The TiN phase formed on the powder
surface is the key raw material for the in situ
generation of the continuous network of the
reinforced phase, whereas TiAIN produced during
nitriding may act as the reinforced phase. Prior
research [25,33] showed that the continuous
network of TiAIN produced by in situ reaction
during sintering has a greater strengthening effect
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than the directly added reinforced phase: the latter
improves the hardness and strength but also reduces
the plasticity of the material. Excessive reinforced
phase may also increase material brittleness and
reduce its strength. Therefore, studies on nitriding
should avoid the direct formation of Ti,AIN
particles as much as possible, and more N atoms
should be introduced in the form of a solid solution
or TiN. The nitrided TiAl pre-alloyed powder is
hereafter referred to as TiAl(N) powder.

XRD patterns of the TAN composites are
shown in Fig. 4. Several characteristic peaks
appeared in the composite TAN-0 h, corresponding
to the TisAl phase by qualitative analysis. These
characteristic peaks were formed because the
sintering temperature exceeded 1125 °C (eutectoid
reaction temperature of the TiAl alloy) [34], and the
TizAl phase was formed during furnace cooling. At
the same time, the TiN phase obtained by powder
nitriding disappeared after sintering, indicating that
the TiN phase underwent an in situ reaction during
SPS sintering and was completely consumed to
form a TiAIN strengthened phase [35]. Similarly,
the Ti3Al phase transformed during cooling.

TAN-2 h
— . A \ Y ST
TAN-0 h

10 20 30 40 50 60 70 80 90
260(°)
Fig.4 XRD patterns of TAN composites at different
nitriding time

As seen from the characteristic peak of the
phase composition in Fig. 4, with the increase
in nitriding time, the content of the Ti,AIN
strengthened phase increases, while the contents of
TiAl and TizAl phases continue to decrease,
especially the content of the TizAl phase in
TAN-8 h. This result shows that with the increase in
nitriding time, the content of the TiN phase in the
powder increases. Therefore, in the in situ reaction,
a greater amount of the TiAl phase reacts with the

TiN phase to form the Ti,AIN-reinforced phase [36],
leading to the reduction in the amount of the TiAl
phase and the TisAl phase precipitated during
cooling.

The microstructures of the TAN composites
are shown in Fig.5. No obvious pores were
observed on the composite surface, consistent with
the high density of the composite. As shown in
Figs. 5(a, b), the TAN-O h composite was mainly
composed of equiaxed y grains and y/a lamellae,
into which equiaxed a and y transformed at high
temperatures during cooling. At the same time,
owing to the mutual pinning of a and y and rapid
SPS sintering, the grain growth was slow and
insufficient; therefore, the grain size obtained in
Fig. 5 is small, 10—40 pm [37]. Similarly, because
TiAl was still the main phase of the nitrided powder,
the microstructures of the other three composites
also contained the same two-state structure, as
shown in Figs. 5(d—f), respectively.

The microstructure of the TAN-2 h composite
was assessed using energy spectrum analysis to
determine the composition of different contrast
phases. The analysis results are
Figs. 5(g—i). Figure 5(g) shows the molar fraction
of the dark gray phase (Point 1) in Fig. 5(c), in
which the molar ratio of Ti:AL:N is approximately
2:1:1. Combined with the XRD analysis results, this
phase is a Ti;AIN-strengthened phase formed in situ
during high-temperature sintering. Point 2 in
Fig. 5(c) is a typical layered structure, and its molar
ratio of Ti:Al is close to a typical layered TiAl
intermetallic compound. Combined with the XRD
results, these results indicated a mixed phase of
TiAl and Ti3Al. The molar ratio of Ti:Al at Point 3
in Fig. 5(c) was approximately 1:1, corresponding
to the TiAl matrix phase of the material. According
to the point scanning analysis results and
Figs. 5(d—f), the TixAlN-reinforced phase was
distributed uniformly in the composite as a
continuous network, indicating the successful
preparation of a TiAIN/TiAl composite with a new
network structure by gas nitriding and SPS of the
TiAl pre-alloyed powder.

Statistical analysis of the reinforced phase
content of the three composites (Figs. 6(a—c))
showed that with the increase in nitriding time, the
structure of the reinforced phase structure changed
from discontinuous to continuous, and the thickness
increased; the highest content (volume fraction) of

shown in
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the reinforced phase was 19.89% and the lowest
was 2.95%. Additionally, as shown in Fig. 6, the
reinforced phase was present in two distribution
states: TiAl matrix surrounded by the Ti,AIN
reinforced phase with a continuous network
structure and a small part of the reinforced phase
pinned in the TiAl matrix in granular form. In order
to further quantitatively characterize the nitrogen
content in nitrided powder corresponding to
different nitriding time, oxygen—nitrogen—hydrogen
analyzer (ONH836) was used for quantitative test.
The mass fraction of nitrogen in powder after
nitriding for 2, 4 and 8 h was 0.32%, 0.96% and
2.1%, respectively.

As shown in Fig. 7, EDS analysis was used for
TAN-2 h to analyze its composition. Figure 7(a)
shows the results of the line scan composition
analysis, where the line scanning area passes
through the matrix and network structure. The
results show that when passing through the network
structure, the intensities of Ti and N increase, while
the intensity of Al decreases, and the decrease for
Al is greater than the increase for Ti and N,
corresponding to the element change from the TiAl
phase to the Ti>AIN phase. Figure 7(b) shows the
results of the surface scanning composition analysis,
where N is mainly enriched in the network structure
at the boundary of the TiAl matrix phase, where Al
is deficient and the content of Ti slightly increases.
In the area outside the network structure, the
contents of Al and Ti are significantly higher.
Different elements have different light and dark
distributions in the TiAl matrix phase, indicating
that the composition of each element fluctuates
alternately in the equiaxed y grain and y/o, lamellar
clusters in the matrix structure.

The TAN-8 h composite was studied using
TEM to further understand the distribution and
growth morphology of the reinforced phase and
matrix structure; the results are shown in Fig. 8.
Figures 8(a—c) show bright-field TEM images, and
Figs. 8(d, e) correspond to the SAED of Points 1
and 2 in Figs. 8(a, b), respectively. EDS component
analysis was also carried out for Points 1 and 2.
According to the EDS and SAED results, the
reinforced phase was Ti;AIN and the matrix phase
was TiAl. Figures 8(a—c) show that the reinforced
phase has two distribution forms: the Ti,AIN phase
surrounding the TiAl matrix in a continuous
network structure (Fig. 8(a)) and the Ti>AIN phase
pinned in the TiAl matrix in granular form
(Fig. 8(c)). The layered structure in the TiAl matrix
can also be observed in Fig. 8(b), which is
consistent with the SEM results (microstructure and
morphology) of the composites in the previous
section. In addition, there are three forms of the
growth of the granular Ti;AlN-reinforced phase:
equiaxed, rod, and hexagonal [15,29,38]. Figure 8(f)
shows a high-resolution image of the Ti,AIN-
strengthened phase with the atoms presenting
an obvious layered arrangement, consistent with
the characteristics of TiAIN ternary layered
compounds. The measurements showed that the
lattice spacing of the Ti,AIN phase was 0.844 nm.

3.2 Room temperature and high-temperature
hardness of sintered composites
The Vickers hardness of the composites at
different temperatures is shown in Fig. 9, which
shows the relationship between the hardness of the
composites, nitriding time, and test temperature. As
shown in Fig. 9, with an increase in nitriding time

Layered mapping

Fig. 7 SEM—EDS results of TAN-2 h composite: (a) Line scanning; (b) Surface scanning
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phase, respectively; (f) HRTEM image of reinforced phase

from O to 8 h, the hardness of the TAN composites
steadily increased; at room temperature, the
hardness of the composites increased by 53% (from
HV 322 to HV 492). At high temperatures, the
hardness of the TAN composites was also greatly
improved. The highest improvement was observed
in the hardness of TAN-8 h, a 63% increase (from

{10T1)

o <:j;>(10T3)
_ (0000) .

(0002),

™,

“0.844 ﬁrﬁ

HV 215 to HV 351) at 600 °C. The results show
that the new process proposed in this study
successfully improved the hardness of the TAN
composites at different temperatures. This
achievement will potentially promote the
application of TiAl in high-temperature structural
materials.
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Fig. 9 Room temperature and high-temperature hardness
of Ti,AIN/TiAl composites and TiAl alloys

The strengthening effect of Ti,AIN/TiAl
composites was induced by a series of strengthening
mechanisms caused by nitriding and the
Ti2AlN-reinforced phase. The TiAIN phase has a
higher elastic modulus and hardness than the TiAl
alloy matrix [39]; therefore, Ti»AIN is the main
bearing phase when the external load contacts and
destroys the material. Moreover, the reinforced
phase can also hinder crack propagation by
increasing the crack path or consuming crack
propagation energy through tearing [40], explained
by the shear lag model adopted by FANG et al [35].
Further, according to the dislocation density
formula (Eq. (1)), the difference in the thermal
expansion coefficient is directly proportional to the
dislocation density, while the thermal expansion
coefficients of the TiAl matrix material and
TiAlN-reinforced phase are different [41].
Therefore, introducing the Ti,AIN reinforced phase
increases the dislocation density and further affects
the hardness of the material [42]. The TEM image
of TAN-8 h shows that the yellow mark in
Fig. 10(a) is the clean bonding interface of the TiAl
matrix without the Ti>AlN-reinforceed phase, with
no dislocations and stacking faults. However, from
the white marks in Figs. 10(a, b), it can be observed
that there are large numbers of stacking faults,
dislocations, and dislocation pinning at the bonding
interface between the Ti,AlN-reinforced phase and
TiAl matrix phase. This phenomenon further proves
that introducing the Ti,AIN-reinforced phase leads
to an increase in dislocation density, thus improving
the hardness of the material.

12A0ATv,

() M

where p is the dislocation density, d; is the particle
size of the reinforcement, Aa is the difference in the
thermal expansion coefficient between TiAl and the
reinforced phase, AT is the difference between the
processing and room temperatures, b is the
amplitude of Burgers vector, and v, is the Poisson
ratio of precipitate.

Disftset fites

-
Fig. 10 TEM images of TAN-8 h composite: (a) Excellent
binding interface and defective interface between matrix

phase and reinforced phase; (b) Dislocation pinning and
stacking faults between interfaces of matrix phase and
reinforced phase

Further, the XRD analysis of the nitriding
process of the TiAl pre-alloyed powder in Fig. 3(b)
shows that the main characteristic diffraction peak
of the TiAl alloy powder shifts after nitriding, and
the degree of shift increases with increasing
nitriding time. This is because, during nitriding, in
addition to the formation of nitrides on the powder
surface, some of the N atoms dissolved in the lattice
of the alloy cause lattice distortion, resulting in
the shift of the characteristic diffraction peak of
the material [41]. Moreover, the solid solution
phenomenon further enhances solid solution
strengthening and improves the hardness of the
TAN composite.
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Figure 9 shows that although the nitriding time
increases exponentially, at room temperature, only
the hardness of TAN-2 h increases significantly,
while the hardness increment of TAN-4h and
TAN-8 h slows down. Based on the above analysis
of the strengthening mechanism, the reason for this
phenomenon may be that with the increase in
nitriding time, the solid solution strengthening and
the increased dislocation density reach saturation,
after which the increase in hardness is mainly
caused by the bearing effect of a higher volume
fraction of the reinforced phase; thus, the overall
growth has little difference.

In addition to the effect of nitriding time on
hardness, temperature also significantly affects the
hardness of the composites. As shown in Fig. 9,
with an increase in temperature, the hardness of the
composites decreased continuously, explained by
Egs. (2) and (3) proposed by HISOKIN, and
SHERBY and ARMSTRONG, respectively. Both
the above expressions prove that the hardness of the
material is an exponentially decreasing function of
temperature [43,44]; therefore, the hardness of TAN
composites continues to decrease with an increase
in temperature. Simultaneously, the hardness of
the TiAl alloy and its three composites decreases
significantly at 600 °C. In addition to the fact that
the hardness is inversely proportional to the
temperature, it may also be related to the ductile—
brittle transition temperature of TiAl alloy. As the
ductile-brittle transition temperature of the TiAl
alloy is 600—820 °C [45], the material may change
from brittleness to toughness at approximately
600 °C, resulting in poor deformation resistance
and a decrease in hardness.

H=Aexp(—BT) 2)
H=Aexp(B/T) 3)

where H is the hardness, 4 and B are constants, and
T is the temperature.

In general, the hardness of TAN-8h was
higher than that of the TiAl alloy at 600, 700, and
800 °C by 63%, 54%, and 59%, respectively. This
result provided the basic data for using these
composites for high-temperature parts of aerospace
equipment. In this study, a new process of nitriding
and sintering TiAl pre-alloyed powder, potentially
expanding the structural design of TiAl composites,
was proposed. Therefore, in the next section, the
room-temperature compression properties of TAN

composites were tested. The compression and
fracture properties of the TAN composites were
further analyzed through the compression fracture
morphology.

3.3 Compression and fracture properties of

sintered composites

Figure 11(a) shows the compressive stress—
strain curves of the TAN composite, which are
divided into three parts. In the early stage of
deformation, the flow stress increases and shows
strain hardening; then, the stress gradually increases,
and finally, fracture occurs. With the increase in
nitriding time, the compressive strain of the
material gradually decreases. Based on the results
in the previous section, the reason may be that the
increase in the hardness of TAN composite leads to
a decrease in material plasticity to a certain extent.
As shown in Fig. 11(b), with the increase in
nitriding time, the compressive strength of the TAN
composite also decreases, especially for TAN-4 h,
possibly because a large number of the reinforced
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Fig. 11 Compressive properties of TiAIN/TiAl

composites and TiAl alloys: (a) Compressive stress—
strain curves; (b) Ultimate compressive strength and
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phases were formed in the composites, leading to an
increase in the material brittleness, which are
consistent with the conclusions of LIU et al [33].

The compressive strengths of TAN-4h and
TAN-8 h exhibited little difference. Combined with
the microstructure of the composites, this finding
shows that the composites, after nitriding for 4 h,
formed a continuous network of the reinforced
phase, improving the hardness of the materials and
reducing their plasticity; compared with nitriding
for 4 h, nitriding for 8 h only thickened the network
structure of the reinforced phase. Therefore, there
was little difference in the overall compressive
strength between the TAN-4 h and TAN-8 h phases.
Importantly, although the compressive strength and
compressive strain of the TAN composites were
lower than those of the original TiAl pre-alloyed
powder sintered using the same process (shown in
Fig. 11(b)), their maximum compressive strength
reached 2279 MPa, and the maximum compressive
strain was as high as 36.78%.

Figure 12 shows the compressive fracture
morphologies of TAN-0 h, TAN-2 h, and TAN-8 h
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at room temperature. In the compressive fracture
shown in Fig. 12(a), crack propagation can be
clearly observed in TAN-0 h; moreover, inter-
granular propagation, transgranular propagation, and
microcracks were observed in the main crack
propagation process, indicating that the matrix
structure of the TiAl alloy cannot stop crack
propagation. Figures 12(b, c) show the high-
magnification images of the fracture features. There
is a large area of characteristic morphology similar
to intergranular fracture and cleavage surface
formed by partial dissociation fracture on the
fracture surface; in addition, river-like characteristic
patterns can be observed on some cleavage surfaces.
There are also through-layer fractures in the matrix
layered structure and some layered distortion
morphology caused by an external force. The above
characteristics show that the fracture mode of
TAN-O h is mainly brittle fracture, with small
amount of plastic deformation in some parts.
Figures 12(d—f) show the fracture morpho-
logies of TAN-2h. The honeycomb structure in
Fig. 12(d) was analyzed by EDS to determine the
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Fig. 12 Compressioven fracture morphologies of Ti,AIN/TiAl composites and TiAl alloys: (a—c) TAN-0 h; (d—f) TAN-
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phase  composition of  different fracture
morphologies. The results show that the honeycomb
structure is a Ti;AlN-reinforced phase, the
remaining cleavage structure is the TiAl matrix
phase, and the reinforced phase structure of
TAN-2 h is discontinuous. The pinning and pulling
out of the reinforced phase particles can be seen in
the high-magnification images in Figs. 12(e, f).
Moreover, there are characteristic morphologies of
intergranular fracture and through-layer fracture,
and some broken reinforced phase particles can be
seen at the crack propagation. Figures 12(g—i) show
the fracture morphology of TAN-8 h. Figure 12(g)
shows that there are large pieces of the reinforced
phases that fall off; too many reinforced phases are
not conducive to improving the comprehensive
mechanical properties of the Ti,AIN/TiAl
composites [31,46]. Figures 12(h,1) show two
forms of TAN-8 h after compression fracture, i.e.,
the continuous mesh-reinforced phase and dispersed
particles after crushing of the mesh-reinforced
phase.

Figures 13(a—c) show the fracture morphology
of the compressed sample surface after corrosion.
Figure 13(d) shows bright-field TEM image.
Figures 13(e, f) show HRTEM images of the phase
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boundary between the reinforced phase and the
matrix phase. Given that the compressive strength
decreases with an increase in the hardness of
composites, this study analyzed this phenomenon in
combination with SEM images, TEM images, and
literature research. The main reasons for this may
be as follows.

Firstly, because of the inherent brittleness of
the reinforced phase [47,48], the analysis of
hardness and compressive strength in the previous
section showed that the hardness of the composite
in this study increased simultaneously with
brittleness to a certain extent.

Secondly, ZHANG et al [46] found that the
formation of a large-area network of the reinforced
phase often leads to the emergence of pores.
Figure 13 shows that the cracks in the composite
materials often start at the holes where the
reinforced phase is not closely combined with the
matrix. The main cracks commonly expand along
the interface between the Ti;AIN particles and
matrix structure, resulting in poor bonding.
Although the reinforced phase deflected cracks,
stopped cracks, and tore the reinforced phase to
prevent crack propagation, the overall compressive
strength of the material still decreased.

Crack terminates
at leAlN

Interface

Interface . :
diffusion zone

diffusion zone §

Fig. 13 Fracture morphologies of TAN-0 h (a), TAN-2 h (b) and TAN-8 h (c) composites after corrosion, TEM image of
TAN-8 h composite (d) and HRTEM image of composite TAN-8 h (e, )
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Thirdly, CUI et al [49] found that the
mismatch of the thermal expansion coefficient and
weak self-adhesive strength between the two phases
leads to an increase in residual stress and
deterioration of interphase bonding. As seen in
Figs. 13(e, ), there are two interface bonding states
between the reinforced phase and the matrix
structure, in which the bonding interface in
Fig. 13(e) has an interface diffusion bonding area;
thus, the interface is smooth and clean, and the
bonding strength is excellent [41]. However, the
bonding interface in Fig. 13(f) is poor, thus
unfavorable to strong bonding between the two
phases. The former is the Ti;AlN-reinforced phase
formed in situ from the TiN phase produced after
the nitriding of the powder during sintering, and the
latter is a small part of the Ti,AIN particles directly
formed during the nitriding of the powder.
In conclusion, the latter leads to a decrease in
the compressive properties of the composites.
Therefore, in future research, more appropriate
preparation process parameters need to be
further explored to obtain excellent comprehensive
properties.

4 Conclusions

(1) Nitrogen was introduced into TiAl pre-
alloyed powder wusing high-temperature gas
nitriding, and Ti,AIN/TiAl composites with a
continuous network structure of the reinforced
phase were prepared via SPS.

(2) The continuous network Ti;AIN phase in
Ti,AIN/TiAl composites is composed of Ti,AIN
phase produced in situ during the SPS sintering
process and Ti;AIN particles produced during
the high temperature gas nitriding process. The
former was conducive to sintering bonding and
densification of the composites, whereas the latter
was not.

(3) The hardness of the Ti,AIN/TiAl
composites after nitriding for 8 h was the highest
irrespective  of the temperature. The most
significant increase in hardness was observed at
600 °C, i.e., hardness of HV 351, 63% higher than
that of the TiAl alloy.

(4) The bearing effect of the continuous
network of the Ti;AIN phase with high hardness
and elastic modulus, the dislocation density
increased by the differences in the coefficients of

thermal expansion, and the mechanism of solid
solution strengthening caused by the nitriding of the
powder were the main reasons for the significant
improvement in the hardness of the composites.

(5) The compressive strength of the
TiAIN/TiAl composites was lower than that of the
TiAl alloy prepared using the same parameters,
preliminarily attributed to the weak bonds between
the matrix phase and a part of Ti,AIN particles
directly formed after nitriding, the inherent
brittleness of the part of Ti;AIN particles, and the
pore defects caused by a part of Ti,AIN particles.
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