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Abstract: In this work, the nucleation and growth beha-
vior of Ti2AlC and Ti3AlC nano-precipitates in Ti–44Al–1.2C
alloys were systematically studied by observing their distri-
bution, morphology, and interface atomic structure. The
experiment results show that the needle-like C atom segre-
gation zones in TiAl alloys are the nucleation site of Ti2AlC,
and the long axis direction of segregation zones is parallel
to the TiAl(111) plane. The rod-like Ti2AlC nano-precipitates
mainly distribute at the TiAl/Ti3Al interface, and the orien-
tation relationship between them is [1̅01]TiAl//[112̅0]
Ti2AlC//[1120̅]Ti3Al, (111)TiAl//(0001)Ti2AlC//(0001)Ti3Al.
The needle-like Ti3AlC nano-precipitates distribute in
TiAl with the orientation relationship of [001]Ti3AlC//
[001]TiAl, (100)Ti3AlC//(100)TiAl, (020)Ti3AlC//(020)TiAl,
and (110)Ti3AlC//(110)TiAl during the nucleation stage.
After growing into the rod-like, the orientation relationship
between Ti3AlC precipitates and TiAl is [11̅0]Ti3AlC//[11̅0]
TiAl, (001)Ti3AlC//(001)TiAl, (220)Ti3AlC//(220)TiAl, and
(111)Ti3AlC//(111)TiAl. Both the needle- and rod-like Ti3AlC

precipitates preferentially grow along the [001]TiAl direc-
tion. The crystal structure and lattice mismatch between
Ti2AlC and Ti3AlC nano-precipitates and the TiAl matrix
determine their distribution, morphology, and interface
atomic structure.

Keywords: TiAl alloys, Ti2AlC and Ti3AlC nano-precipi-
tates, nucleation and growth, interface atomic structure

1 Introduction

The requirements for engine performance have become
increasingly stringent due to the rapid development of
the aerospace and automotive fields in recent years,
i.e., lighter, stronger, and higher. The development of
new lightweight, high-temperature structural materials
has become the key to improving engine performance
and reducing energy consumption. TiAl alloys are expected
to become the competitive high-temperature structural
materials to replace nickel-based superalloys at the service
temperature of 650–850°C due to their high melting point,
low density, high specific strength, and specific modulus
[1–7]. Nevertheless, the practical application of TiAl alloys
at room temperature (<2%) was limited due to their poor
ductility. To overcome the aforementioned shortcomings,
researchers discovered that alloying technology is a reli-
able method to enhance the mechanical properties of TiAl
alloys. In addition to the commonly used metallic elements
(Nb, Cr, and B), the infinitesimal non-metallic elements (C,
N, and O) can also have an effect on the microstructure and
mechanical properties of TiAl alloys [8–12].

Domestic and foreign studies have shown that the C
atom could refine the microstructure by changing the
solidification path of TiAl alloys and could also improve
their strength and creep resistance through solid solution
strengthening and precipitation strengthening [13,14].
Noteworthy is the fact that the effect of precipitation
strengthening is related to the C content. Wang et al.
[15] found that the room temperature tensile properties
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of Ti–47Al–2Nb–2Cr could be significantly improved when
the C content reaches 0.2 at.%. Li et al. [16] also found that
0.5 at.% C content could simultaneously improve the ulti-
mate tensile strength and elongation of the Ti-43Al-6Nb-
1Mo-1Cr alloy. Previous studies have shown that the C
atom has a solid solution limit in TiAl alloys, and its solid
solubility is greatly affected by factors such as temperature
and alloying elements [17,18]. When the C content exceeds
the solid solution limit of TiAl alloys, two kinds of carbides
will precipitate, i.e., Ti2AlC and Ti3AlC. Schwaighofer et al.
[19] found that the addition of C could cause the precipita-
tion of the fine Ti2AlC carbides in TiAl alloys. Wu et al. [20]
proved that both the fine Ti2AlC and Ti3AlC carbides could
precipitate from C-containing TiAl alloys, and the carbide
precipitates could also refine the microstructure of the TiAl
matrix. Lapin et al. [21] studied the high-temperature
deformation behavior of C-containing TiAl alloys and
found that the fine Ti2AlC and Ti3AlC carbide precipi-
tates could improve the creep resistance of TiAl alloys
by hindering the movement of dislocations. Based on
the aforementioned analysis, it could be seen that the
precipitation of Ti2AlC and Ti3AlC carbides significantly
improves the microstructure and mechanical properties
of TiAl alloys, necessitating further research into their
precipitation (nucleation and growth) behavior. How-
ever, according to our knowledge, the correlative inves-
tigation has not been reported up to date.

In the present work, the distribution, morphology,
and interface atomic structure of Ti2AlC and Ti3AlC nano-
precipitates in Ti–44Al–1.2C alloys were systematically
observed using transmission electron microscopy (TEM),
and the nucleation and growth behavior of two carbides in
TiAl alloys were concluded. This study has a guiding sig-
nificance for controlling the morphology and distribution
of Ti2AlC and Ti3AlC nano-precipitates and contributes to
optimizing the mechanical properties of TiAl alloys.

2 Experimental methods

In this study, spherical Ti powder (99.95% purity, ∼25 μm),
spherical Al powder (99.95% purity, ∼25 μm), and gra-
phene nanosheets were used as raw materials for the pre-
paration of carbon-containing TiAl alloys. The Ti/Al/C
composite powders were obtained by a high-energy ball
milling equipment with argon gas protection based on the
atomic ratio of Ti–44Al–1.2C. Afterward, the composite
powders placed in a graphite mold were compacted
through the pneumatic press, and then the carbon-con-
taining TiAl alloy sample was prepared by vacuum hot

pressing sintering at 1,623 K with 40MPa for 2 h. The
TiAl alloy sample was cut into a sample of 10 × 10 ×
10mm3, and the solution was treated at 1,523 K for 20 h
and aged at 1,173 K for 1 h. It is worth emphasizing that in
order to prevent the alloy from oxidizing at high tempera-
tures, the heat treatment process is carried out in a quartz
tube filled with argon as a protective gas. The microstruc-
ture and element distribution were characterized by scan-
ning electron microscopy (SEM, JSM-7800F) coupled with
energy dispersive spectroscopy. The cylindrical specimens
with the size of Φ6mm × 9mm were used for the room-
temperature compression tests by an electronic universal
material testing machine (ZUAG-I250 KN). The high-tem-
perature compression tests of the TiAl alloys with the same
cylindrical size were carried out on the Gleeble-3800
system with a strain rate of 0.001 s−1. The sample for
TEM analysis was machined into 0.5mm from the aged
sample using wire-electrode cutting and mechanically
ground to about 60 μm, then cut into 3-mm-diameter foils.
The Gatan precision ion polishing system (Gatan Model
695) was used for further thinning, and morphology ana-
lysis and phase identification were carried out by TEM
(JEM-2100) with an accelerating voltage of 300 kV.

3 Results and analysis

3.1 Microstructure and mechanical
properties

Figure 1(a)–(c) shows the SEM microstructure and corre-
sponding elemental point analysis of TiAl alloys after
heat treatment, respectively, and it could be observed
that the TiAl matrix consists of TiAl and Ti3Al phases in
the form of lamellar colonies. Figure 1(d) shows the room-
temperature compressive stress–strain curve of the TiAl
alloys, and the results indicated that the compressive
strength is about 1,591 MPa and the compressive strain
is about 16.7%. As can be seen from the true stress–strain
curve in the inset, the true stress increases with an
increasing strain rate. The true stress increases sharply
with the increase in deformation strain in the initial stage
and then increases slowly to the highest point of true
stress. In addition, as shown in Figure 1(e), the compres-
sive strength of the TiAl alloys at 800°C is about 639 MPa.
The room-temperature and high-temperature compres-
sive performances of this work are at a middle level among
the reported TiAl alloys and TiAl-based composites, which
may be related to the carbon content, sintering temperature,
and time.
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3.2 Nucleation and growth behavior of
Ti2AlC nano-precipitates in TiAl alloys

Figure 2(a) shows the high-resolution transmission elec-
tron microscopy (HRTEM) morphology of the needle-like

C atom segregation zones in TiAl, and Figure 2(b) is the
fast Fourier transform (FFT) pattern of the square area in
Figure 2(a). According to the calibration result in Figure
2(b), it could be seen that quite a few segregation zones in
Figure 1(a) distribute parallel to each other along the TiAl

Figure 1: The SEM microstructure and mechanical properties of TiAl alloys: (a) SEM image; (b) element composition of Point 1 in (a);
(c) element composition of Point 2 in (a); (d) room-temperature compressive stress–strain curve; and (e) high-temperature compressive
stress–strain curve.

Figure 2: The TEM analysis of C atom segregation in TiAl alloys. (a) HRTEM image of segregation zone; (b) FFT pattern; and (c) IFFT image of
segregation zone.
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(111). It could be observed from the inverse FFT (IFFT)
image in Figure 2(c) that the segregation zone is only a
few unit cells wide and its lattice arrangement is distorted
to a certain extent compared with the surrounding TiAl
matrix. Based on the morphology and crystallographic
knowledge, we consider that the C atom segregation
zone nucleates on TiAl(111) and then grows along TiAl
(111) to be needle-like. In addition, we also think that
as C atoms continue to segregate, this region will trans-
form into Ti2AlC nano-precipitates, which will be dis-
cussed in detail in Section 4.

Figure 3 shows the nucleation and growth behavior
of rod-like Ti2AlC nano-precipitates precipitated from the
TiAl/Ti3Al interface. As seen in Figure 3(a), the TiAl/Ti3Al
matrix consists of lamellae γ-TiAl and lamellae α2-Ti3Al,
and also found that a small number of rod-like Ti2AlC
nano-precipitates distribute at the TiAl/Ti3Al interface.
Figure 3(b) shows the HRTEM image of the square area
in Figure 3(a), and it could be observed that the width of
theTi2AlCnano-precipitate isabout 10 nm. Insets (b-1), (b-2),
and (b-3) inFigure3(b)are theFFTpatterns corresponding to

Ti3Al, Ti2AlC, and TiAl, respectively. According to the cali-
bration results, it could be determined that inset (b-1) is the
TiAl along the [1̅01] zone axis, inset (b-2) is the Ti2AlC along
the [112̅0] zone axis, and inset (b-3) is the Ti3Al along the
[112̅0] zone axis. The FFT pattern of the TiAl/Ti2AlC/Ti3Al
interface is shown in Figure 3(c), and the corresponding
indexed pattern of Figure 3(c) is shown in Figure 3(d).
According to the calibration result in Figure 3(d), their orien-
tation relationship is as follows:

[1̅01]TiAl//[112̅0]Ti2AlC//[112̅0]Ti3Al, (111)TiAl//(0001)
Ti2AlC//(0001)Ti3Al.

Figure 3(e) and (f) shows the IFFT images of the
square area 1 and 2 in Figure 3(b), respectively. The
IFFT images were marked to see the atomic arrangement
of the interface more clearly, as shown in Figure 3(e)–(f),
where the following red, purple, and blue circles repre-
sent the TiAl atoms, Ti2AlC atoms, and Ti3Al atoms,
respectively. Figure 3(f) exhibits that the atomic stacking
sequence of Ti2AlC can be regarded as the sequence of
BABABAB along the [0001] direction, where the under-
lined letters correspond to Al layers and the non-

Figure 3: The TEM analysis of rod-like Ti2AlC nano-precipitates at the TiAl/Ti3Al interface: (a) TEM image of TiAl/Ti3Al and rod-like Ti2AlC;
(b) HRTEM image of the TiAl/Ti2AlC/Ti3Al interface; (c) FFT pattern of the TiAl/Ti2AlC/Ti3Al interface; (d) indexing of the FFT pattern in (c); (e)
IFFT image of the Ti2AlC/TiAl interface; and (f) IFFT image of the Ti3Al/Ti2AlC interface.
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underlined letters correspond to Ti layers, and the result
is consistent with the previously studied layered crystal
structure of Ti2AlC [22–24]. Furthermore, based on the
arrangement of interface atoms, it could be concluded
that both the Ti2AlC/TiAl interface and the Ti3Al/Ti2AlC
interface show good atomic matching, indicating that
these interfaces are coherent.

In addition to the precipitation of rod-like Ti2AlC at
the TiAl/Ti3Al interface, the rod-like Ti2AlC nano-precipi-
tate could also be observed in Ti3Al, as shown in Figure
4(a). Figure 4(b) shows the HRTEM image of the Ti3Al/
Ti2AlC interface, and the insets (b-1) and (b-2) are the
corresponding FFT patterns of Ti3Al and Ti2AlC, respec-
tively. It could be determined from the calibration results
that inset (b-1) is the Ti3Al along the [112̅0] zone axis and
inset (b-2) is the Ti2AlC along the [112̅0] zone axis. Figure
4(c) shows the FFT pattern of the Ti3Al/Ti2AlC interface,
and Figure 4(d) is the corresponding indexed pattern of
Figure 4(c). Figure 4(e) and (f) is both IFFT images of the
Ti3Al/Ti2AlC interface, and atomic arrangement results
indicate that the orientation relationship between Ti3Al
and Ti2AlC is the same as that in Figure 3(e), i.e., [112̅0]
Ti3Al//[1120̅]Ti2AlC and (0001)Ti3Al//(0001)Ti2AlC.

3.3 Nucleation and growth behavior of
Ti3AlC nano-precipitates in TiAl alloys

Apart from the distribution of Ti2AlC nano-precipitates in
TiAl alloys, we also observed the precipitation of needle-
like Ti3AlC, as shown in Figure 5(a). It could be seen that
the high-density needle-like Ti3AlC nano-precipitates in
TiAl alloys are distributed parallel to each other, and there
are numerous dislocations around them. Figure 5(b) shows
the HRTEM image of needle-like Ti3AlC nano-precipitates
in TiAl, and Figure 5(c) is the FFT pattern of the square
area in Figure 5(b). The calibration result shows that the
TiAl corresponds to the [11̅0] zone axis, and it could be
determined that the Ti3AlC nano-precipitates grow needle-
like along the TiAl[001] direction according to the mor-
phology in Figure 5(b).

Based on the aforementioned analysis, it could be
observed that the needle-like Ti3AlC nano-precipitates
grow along the TiAl[001] direction. Therefore, the needle-
like Ti3AlC nano-precipitates show dot-like cross-sections
when imaged along the TiAl[001] direction, and the corre-
sponding TEM images were shown in Figure 6(a) and (b).
Figure 6(c) shows theHRTEM image of the needle-like Ti3AlC

Figure 4: The TEM analysis of rod-like Ti2AlC nano-precipitate in Ti3Al: (a) TEM image of Ti2AlC in Ti3Al; (b) HRTEM image of the Ti3Al/Ti2AlC interface;
(c) FFT pattern of the Ti3Al/Ti2AlC interface; (d) indexing of the FFT pattern in (c); and (e and f) IFFT images of the Ti3Al/Ti2AlC interface.
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nano-precipitates, where the TiAl is on the right side of the
image. Figure 6(d) is the FFT pattern of the square area in
Figure 6(c), and it can be seen that the diffraction spots of
Ti3AlC appear between the diffraction spots of TiAl. The
diffraction spots of Ti3AlC phase exist in the TiAl phase,
which is due to the lattice parameters of Ti3AlC and TiAl

being quite similar, thereby the diffraction spots of Ti3AlC
appear at the superlattice position of TiAl with the face-cen-
tered tetragonal structure, which also proves the formation
of Ti3AlC nano-precipitates from TiAl. The corresponding
index pattern of Figure 6(d) is shown in Figure 6(e), and
the calibration result shows that the Ti3AlC is along the

Figure 5: The TEM analysis of needle-like Ti3AlC nano-precipitates in TiAl alloys: (a) TEM image of needle-like Ti3AlC in TiAl; (b) HRTEM image
of needle-like Ti3AlC in TiAl; (c) FFT pattern of TiAl.

Figure 6: The TEM analysis of needle-like Ti3AlC nano-precipitates in TiAl alloys: (a and b) TEM images; (c) HRTEM image; (d) FFT pattern of
the square area in (c); (e) indexing of the FFT pattern in (d); and (f) IFFT image of the square area in (c).
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[001] zone axis, the TiAl is along the [001] zone axis, the
Ti3AlC(100) is parallel to the TiAl(100), the Ti3AlC(020) is
parallel to the TiAl(020), and the Ti3AlC(110) is parallel to
the TiAl(110). Therefore, the following orientation relation-
ship results:

[001]Ti3AlC//[001]TiAl, (100)Ti3AlC//(100)TiAl, (020)
Ti3AlC//(020)TiAl, (110)Ti3AlC//(110)TiAl.

Figure 6(f) shows the IFFT image of the square area in
Figure 6(c). As exhibited in Figure 6(f), the blue and red
circles represent the TiAl and Ti3AlC atoms, respectively.
According to the atomic stacking sequence and the inter-
face structure of Ti3AlC and TiAl, it could be concluded
that Ti3AlC remains the coherent interface with TiAl
during the precipitation.

Figure 7(a) shows the TEM image of the rod-like
Ti3AlC precipitate in TiAl alloys after growth. The selected
area electron diffraction (SAED) pattern of the rod-like
Ti3AlC precipitate and TiAl is shown in Figure 7(b), and
Figure 7(c) is the indexing of the FFT pattern in Figure
7(b). It could be observed that the large, bright spots
represent the electron diffraction of TiAl and the small,
dark spots represent the electron diffraction of Ti3AlC.

The calibration result indicates that the Ti3AlC is along
the [11̅0] zone axis, the TiAl is along the [11̅0] zone axis,
the Ti3AlC(001) is parallel to the TiAl(001), the Ti3AlC
(220) is parallel to the TiAl(220), and the Ti3AlC(111) is
parallel to the TiAl(111). Thus, the orientation relation-
ship is as follows:

[11̅0]Ti3AlC//[11̅0]TiAl, (001)Ti3AlC//(001)TiAl, (220)
Ti3AlC//(220)TiAl, (111)Ti3AlC//(111)TiAl.

Figure 7(d) is the HRTEM image of the rod-like Ti3AlC
precipitate in Figure 7(a). Figure 7(e) and (f) shows the
FFT pattern and IFFT image of the square area in Figure
7(d), respectively. It could be observed from Figure 7(e)
that the interplanar spacing of Ti3AlC(001) and Ti3AlC
(110) is 0.418 and 0.295 nm, respectively, which further
proved that the rod-like precipitate is Ti3AlC.

4 Discussion

In a nutshell, the C atoms solid-dissolved in the TiAl
alloys will generate Ti2AlC and Ti3AlC nano-precipitates

Figure 7: The TEM analysis of rod-like Ti3AlC precipitate after growth in TiAl alloys: (a) TEM image of Ti3AlC and TiAl; (b) SAED pattern of
Ti3AlC and TiAl; (c) indexing of the FFT pattern in (b); (d) TEM image of rod-like Ti3AlC; (e) FFT pattern of Ti3AlC; and (f) IFFT image of Ti3AlC.
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during the aging process, and their distribution, mor-
phology, and orientation relationship with TiAl are quite
different. Therefore, in the following sections 4.1 and 4.2,
we attempt to explain the different morphology, distribu-
tion and orientation relationship between Ti2AlC and
Ti3AlC nano-precipitates by investigating their crystal
structures and lattice mismatch. The crystal structure
and lattice parameters of TiAl, Ti3Al, Ti2AlC, and Ti3AlC
are demonstrated in Table 1.

4.1 Nucleation and growth mechanism of
Ti2AlC nano-precipitates

Previous research has shown that C atoms are inevitably
solid-dissolved in the TiAl matrix during the aging pro-
cess, and the concentration of C atoms in Ti3Al is higher
than that in TiAl. As reported by Menand et al. [25] using
the advanced Atom Probe Technique (APT), the solid
solution of C atom in Ti3Al (0.15%, molar fraction) is
3–5 times higher than in TiAl. They tentatively concluded
that the difference in solid solubility of C atom in Ti3Al
and TiAl is mainly due to the different interstitial vacan-
cies occupied by C atom in the two-phase lattice. Scheu et
al. [18] further investigated the interstitial vacancies of
TiAl and Ti3Al, and found that the C atom are mainly
solidified in the octahedral interstitial of the TiAl and
Ti3Al, and the Ti6-type is the best solid solution intersti-
tial vacancy structure. Among them, Ti3Al with D019
structure possesses this Ti6-type octahedral interstitial,
while the TiAl with L10 structure contains Al4Ti2 and
Al2Ti4-type octahedral interstitial, thus resulting in rela-
tively higher solid solubility of C atoms in Ti3Al. During
the solid-phase transition stage, the lamellae of TiAl were
first formed in Ti3Al, and the TiAl/Ti3Al lamellar colony
was finally formed when the system reached the equili-
brium state [26,27]. Because more defects distribute at the
two-phase interface and the arrangement of atoms is
loose, which is more beneficial to the enrichment of C
atoms, the Ti2AlC nano-precipitate tends to nucleate at
the TiAl/Ti3Al interface [28]. The formation process of
the Ti2AlC precipitate at the TiAl/Ti3Al interface can be

described as follows: Ti3Al → TiAl + Ti3Al → TiAl +
Ti2AlC, and the process will be described in detail later
through the schematic diagram of the atomic model.
Furthermore, a small number of C atoms have segregated
before diffusing to the grain boundary due to the effects
of kinetics and thermodynamics, resulting in the precipi-
tation of Ti2AlC in TiAl and Ti3Al. For the precipitation of
Ti2AlC in TiAl, the C atoms precipitate and form the seg-
regation zone parallel to TiAl(111), which then promotes
the nucleation of Ti2AlC in this zone, as shown in Figure 2.
The specific atomic planes of Ti2AlC and TiAl(111) have a
good match in the interface structure after nucleation.
While for the precipitation in Ti3Al, both the Ti2AlC and
Ti3Al are hexagonal crystal structure and their chemical
compositions have similar ratios of Ti and Al elements,
thereby the Ti2AlC with thermodynamically stable phase
also tend to precipitate from Ti3Al, as shown in Figure 4. It
is worth noting that the precipitation of Ti2AlC from Ti3Al
or TiAl is nucleated on the close-packed planes between
them to minimize the interfacial energy.

Based on typical interface precipitation, Figure 8
shows the schematic diagram of the nucleation and
growth behavior of Ti2AlC nano-precipitates precipitated
from the TiAl/Ti3Al interface. Figure 8(a) is the atomic
model of the TiAl/Ti3Al interface, the red cube represents
TiAl, the hexamorphic column represents Ti3Al, and the
blue cube represents the Ti6-type octahedral interstice.
First, the solid solubility of interstitial C atoms in Ti3Al
decreases with the decrease in temperature, thus making
it easy to precipitate from the TiAl/Ti3Al interface with
more defects. Then, with the continuous precipitation
of C atoms, under the influence of thermodynamics and
kinetics, Ti2AlC carbides are formed with the interface as
the nucleation point, as shown in Figure 8(b). According to
the crystal structure and the minimization of elastic strain
energy, Ti2AlC tend to form a good atomic matching with
a coherent interface with the TiAl(111) and Ti3Al(0001),
i.e., TiAl(111)//Ti2AlC(0001)//Ti3Al(0001). Finally, the Ti2AlC
grow rod-like along the TiAl(111)/Ti3Al(0001) interface, as
shown in Figure 8(c). The formation reason for the rod-like
morphology could be explained through the interface
atomic model in Figure 8(d), the atomic models of closely
packed TiAl(111) surface, Ti2AlC(0001) surface, and Ti3Al

Table 1: The crystal structure and lattice parameters of TiAl, Ti3Al, Ti2AlC, and Ti3AlC

Phase Crystal structure Space group a (nm) b (nm) c (nm)

TiAl Tetragonal P4/mmm (123) 0.4018 0.4018 0.4065
Ti3Al Hexagonal P63/mmc (194) 0.5780 0.5780 0.4647
Ti2AlC Hexagonal P63/mmc (194) 0.2968 0.2968 1.3223
Ti3AlC Cubic Pm-3m (221) 0.4156 0.4156 0.4156
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(0001) surface, and TiAl/Ti2AlC/Ti3Al interface. It could be
seen that the Ti2AlC(0001) is composed of the same kind of
atoms, while along the [0001] direction it is composed of
different kinds of atoms, and every two Ti6C octahedra
are separated by an Al layer along the [0001] direction.
Due to the layered atomic arrangement, the growth rate
of Ti2AlC parallel to the (0001) plane is higher than that
along the [0001] direction. In addition, it is worth men-
tioning that the Ti2AlC precipitated at the TiAl/Ti3Al inter-
face can inhibit the further growth of the lamellae, thereby
improving the stability of the structure, which is conducive
to effectively improving the mechanical properties of the
TiAl alloy [29,30].

4.2 Nucleation and growth mechanism
of Ti3AlC nano-precipitates

The Ti3AlC nano-precipitates in this article preferentially
grow into needle- and rod-like structures along the [001]
TiAl during the nucleation and growth stage. Figure 9

shows the schematic diagram of the nucleation and
growth of Ti3AlC in TiAl. First, the dissolution of intersti-
tial C atoms in the TiAl matrix tends to form the TiAl(C)
solid solution with Al2Ti4-type octahedral interstices, as
shown in Figure 9(a). Afterward, since the crystal struc-
ture and atomic arrangement of Ti3AlC and TiAl(C) solid
solution are quite close, as the thermodynamics gradu-
ally tends to the equilibrium state, the upper and lower Al
atoms of the octahedral interstice are easily replaced by
Ti atoms to form the initial Ti3AlC with the TiAl(001)
plane as the nucleation site. The Ti3AlC precipitates
maintain a coherent atomic correspondence with the
interface between TiAl during the initial nucleation pro-
cess, as shown in Figure 9(b). Figure 9(c) shows the
growth model of Ti3AlC and the needle-like direction cor-
responding to the TiAl[001]. The formation of needle-like
morphology is mainly due to the fact that Ti3AlC and TiAl
have a lower lattice mismatch in the [001] direction than
in the [100] and [010] directions. Li et al. [31] have calcu-
lated that the lattice mismatch between Ti3AlC and TiAl is
3.13% along the [100] and [010] directions and 2.16%
along the [001] direction. Therefore, it could be concluded

Figure 8: The schematic illustration for the nucleation and growth mechanism of Ti2AlC nano-precipitates: (a) the TiAl/Ti3Al interface and
Ti3Al with Ti6-type octahedral interstice; (b) the nucleation of Ti2AlC; (c) the growth of Ti2AlC; and (d) the surface of TiAl(111), Ti2AlC(0001),
and Ti3Al(0001) and the Ti3Al/Ti2AlC/TiAl interface.
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that the morphology of Ti3AlC in TiAl is determined by the
lattice mismatch between them. Furthermore, the lattice
mismatch of the Ti3AlC and TiAl is different at different
precipitation stages. Considering the strain energy, the
lattice mismatch between Ti3AlC and TiAl is lower during
the nucleation stage, and the elastic strain field between
Ti3AlC and TiAl is almost isotropic due to the small size
of Ti3AlC. The lattice mismatch further increases as the
growth of the Ti3AlC precipitates; thus, in order to decrease
the strain energy at the interface, the Ti3AlC needs to grow
along the [001]TiAl direction, where the lattice mismatch
is much lower. Figure 9(d) shows the atomic models of
TiAl and Ti3AlC, and it can be clearly seen that the atomic
arrangements between them are quite similar, which further
verifies the above phase transition process.

Based on the above analysis, the Ti2AlC and Ti3AlC
nano-precipitates form the coherent interface (low-energy
interface)with the TiAl matrix during precipitation, thereby
reducing the overall free energy. It is worth mentioning that
Ti3AlC is a metastable phase, and the decomposition of
Ti3AlC at high temperatures will promote the nucleation
and growth of Ti2AlC with the increase in aging temperature
and time. Therefore, it will be an interesting point to inves-
tigate the effect of carbide morphology evolution on the
mechanical properties of TiAl alloys in the future.

5 Conclusions

In this article, the nucleation and growthbehavior of Ti2AlC
and Ti3AlC nano-precipitates were investigated by obser-
ving their distribution, morphology, and interface struc-
ture. The conclusions could be summarized as follows:
1) The needle-like C atom segregation zones in TiAl are

the nucleation sites of Ti2AlC precipitates, and the
long axis direction of the segregation zones is parallel
to the TiAl(111) plane.

2) The rod-like Ti2AlC nano-precipitates mainly distri-
bute at the TiAl/Ti3Al interface, and the orientation
relationship between them is [1̅01]TiAl//[1120̅]Ti2AlC//
[112̅0]Ti3Al and (111)TiAl//(0001)Ti2AlC//(0001)Ti3Al.
Both the Ti2AlC/TiAl interface and the Ti3Al/Ti2AlC
interface show good atomic matching, indicating that
these interfaces are coherent.

3) The needle-like Ti3AlC nano-precipitates distribute in
TiAl with the orientation relationship of [001]Ti3AlC//
[001]TiAl, (100)Ti3AlC//(100)TiAl, (020)Ti3AlC//(020)
TiAl, and (110)Ti3AlC//(110)TiAl during the nucleation
stage. While the orientation relationship between rod-
like Ti3AlC and TiAl is [11̅0]Ti3AlC//[11̅0]TiAl, (001)
Ti3AlC//(001)TiAl, (220)Ti3AlC//(220)TiAl, and (111)
Ti3AlC//(111)TiAl.

Figure 9: The schematic illustration for the nucleation and growth mechanism of Ti3AlC nano-precipitates: (a) the atomic model of TiAl(C)
solid solution with Al2Ti4-type octahedral interstice; (b) the nucleation of Ti3AlC; (c) the growth of Ti3AlC; and (d) the atomic model of TiAl
and Ti3AlC.
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4) The lattice mismatch of Ti3AlC and TiAl in the [001]
direction is lower than in other directions during the
nucleation and growth stages, thus both the needle-
and rod-like Ti3AlC precipitates grow preferentially
along the [001]TiAl direction.
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