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Abstract: TiAl alloys are attractive for high-temperature structural applications, yet their creep resistance
and microstructural stability at high temperatures remain critical challenges. In this study, Ti45AI8Nb-0.6C
alloy was prepared by vacuum induction melting to investigate its creep behavior and underlying deformation
mechanisms at 800 °C under 200 MPa. The alloy exhibits a relatively homogeneous microstructure composed
of (y+a,) lamellar colonies, B2 phase, and blocky y phase, with a creep life of 137 h and a typical ductile-brittle
mixed fracture mode. Post-creep microstructural characterization reveals pronounced B2 phase formation,
deformation twinning, lamellar coarsening, and abundant stacking faults at lamellar interfaces. Extensive
dynamic recrystallization occurs during creep, leading to the formation of fine recrystallized grains. The Ti;AIC
phase plays a dual strengthening role by effectively impeding dislocation motion and developing characteristic
defect structures, including high-density dislocations and ladder-like stacking faults during deformation. These
synergistic microstructural evolutions contribute to the enhanced creep resistance of the alloy.
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1 Introduction

TiAl-based intermetallic alloys have emerged as
promising lightweight structural materials for aerospace
applications due to their exceptional combination of
high specific strength, superior oxidation resistance, and
excellent high-temperature mechanical properties™. A
significant milestone in commercialization is achieved
with the successful implementation of Ti-48Al-2Cr-2Nb
alloy in GEnx™ engine low-pressure turbine (LPT)
blades, demonstrating its engineering viability
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for critical rotating components”’. The growing
demand for next-generation aeroengines with higher
thrust-to-weight ratios, extended service life, and
improved fuel efficiency has driven intensive research
on developing advanced TiAl alloys with enhanced
high-temperature capabilities'®’. However, broader
applications of these alloys remain constrained by
their limited high-temperature strength and creep
resistance under extreme service conditions'”.
Recent advances in microstructure engineering have
revealed that near-lamellar microstructures exhibit
particularly outstanding high-temperature strength
and creep performance™'”. These specially designed
microstructures maintain adequate ductility while
effectively impeding dislocation motion and grain
boundary sliding at elevated temperatures, offering
new opportunities for developing next-generation
high-performance TiAl alloys.

Alloying has been widely recognized as an effective
strategy for enhancing the properties of TiAl-based
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alloys!""™. Zhou et al.!"”! developed Ti-46Al1-2.6C-xNb
[x=(0-4)at.%] alloys using ultrasonic-assisted vacuum arc
remelting (VAR). Their results demonstrated that increasing
the Nb content from 0 to 4at.% significantly improved the
ultimate compressive strength from 2,074 MPa to 2,474 MPa
and concurrently increased the fracture strain from 23% to
28%. In a complementary study, Wang et al."" successfully
fabricated Ti-45A1-8Nb alloy using arc-directed energy
deposition (DED), revealing that Nb addition not only
effectively reduced internal defects but also substantially
enhanced mechanical properties through combined solid
solution strengthening, grain refinement, and dislocation
strengthening effects when compared with binary Ti-45Al1
alloy. These findings collectively highlight the crucial role of
Nb alloying in optimizing both the processing characteristics
and mechanical performance of TiAl alloys.

Although Nb is an effective B-stabilizing element in TiAl
alloys, excessive addition can promote the formation of brittle
B2 phase, leading to reduced ductility!”" 20.21]
have shown that this detrimental effect can be counteracted by

!, Recent studies'

incorporating a-stabilizing elements such as carbon. Beyond
compensating for the negative impact of B-stabilizers, carbon
addition independently enhances TiAl alloy performance
through multiple mechanisms®”. Carbon exhibits limited
solid solubility in TiAl alloys, and when its content exceeds
~0.5at.%, it preferentially forms Ti,AIC (H-phase) and Ti;AlC
(P-phase)™ *Y. Li et al.”” systematically investigated this
phenomenon in Ti-43Al-6Nb-1Mo-1Cr-xC [x=(0-1.0)at.%]
alloys prepared by induction skull melting (ISM). Advanced
TEM and HRTEM characterization revealed that P-Ti;AlC
phases maintain a coherent interface with the y-matrix,
facilitating stress transfer while minimizing interface cracking.
These precipitates were found to enhance plastic deformation
capability by promoting dislocation glide and mechanical
twinning, ultimately leading to improved strength and ductility
in high-Nb TiAl alloys.

The individual roles of Nb and C in TiAl alloys have
been extensively studied. However, the in-situ formation of
the Ti;AlC phase via the vacuum induction melting (VIM),
particularly its dynamic precipitation behavior during
high-temperature creep and the associated interaction
mechanisms with microstructural defects such as dislocations
and stacking faults, remains insufficiently understood. This
study systematically investigates the optimization mechanism
of graphite additives on the mechanical properties of high
Nb-TiAl alloy. A Ti45A18Nb-0.6C alloy was successfully
developed and prepared via VIM, its high-temperature creep
performance was systematically evaluated. The incorporation
of graphite powder facilitates the in-situ formation of
carbide reinforcements. An in-depth characterization of the
microstructural evolution of TiAl alloys before and after
deformation was conducted. By integrating high-temperature
creep performance testing and fracture morphology analysis,
this study elucidates the interfacial coordinated deformation
mechanism between the carbide reinforcement phases and
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the matrix, and identifies the primary strengthening and
toughening mechanisms.

2 Experimental procedure

High-purity starting materials were employed, including
titanium sponge (99.7% purity), aluminum rods (99.99%), an
aluminum-niobium master alloy (55wt.% Nb content), and
graphite powder (99.98%). The vacuum induction melting
(VIM) process was carried out under a high-purity argon
protective atmosphere, which was introduced when the
base vacuum level dropped below 5x10* Pa. To achieve
optimal microstructural uniformity, the ingot underwent
three successive remelting cycles. The resulting ingot had a
diameter of 150 mm and a height of 80 mm. Subsequently,
test samples were taken from predetermined locations of the
homogenized ingot for characterization.

Microstructural characterization was performed using field
emission scanning electron microscopy (FE-SEM, Hitachi
SU8010) to analyze the deformed structures. For nanoscale
investigation, transmission electron microscopy (TEM,
FEI Tecnai G2 F30) was employed with bright-field
imaging, energy-dispersive X-ray spectroscopy (EDS),
and selected-area electron diffraction (SAED) techniques.
Metallographic specimens were mechanically ground to #2000
grit, polished, and chemically etched using Kroll’s reagent
(5vol.% HF+10vol.% HNO;+85vo0l.% H,0). TEM samples
were prepared by wire-electrode cutting, mechanically thinned
to below 50 pm, and subsequently electropolished with a
twin-jet system using an electrolyte of CH;OH, CH;(CH,),0H,
and HCI1O, in a volume ratio of 6:3:1. Creep tests were
conducted on a universal testing machine under constant
conditions of 800 °C and 200 MPa until specimen failure. Three
thermocouples were strategically positioned along the upper,
middle, and lower sections of the specimen for continuous
temperature monitoring, to maintain the experimental
temperature within acceptable error limits throughout testing.

3 Results and discussion

Figure 1 presents the microstructure of the Ti45AI8Nb-0.6C
alloy. The alloy exhibits a typical lamellar architecture composed
predominantly of alternating y-TiAl and a,-Ti;Al lamellae, as
shown in Fig. 1(a). The corresponding SAED pattern in Fig. 1(c)
confirms the crystallographic orientation relationship between
the y-TiAl and «,-Ti,Al phases as [110]y//[1120]a,. Further
insight into the interfacial atomic arrangement is provided
by the IFFT image of the yellow-framed region in Fig. 1(b),
presented in Fig. 1(d). In addition, the microstructure also
contains the B2 phase and a small amount of y phase distributed
along the grain boundaries, as illustrated in Fig. 1(e), while the
corresponding SAED pattern in Fig. 1(f) further confirms
the presence of the B2 phase. This special phase distribution
characteristic is mainly closely related to the alloy composition
and solidification process. Nb, as a strong B-phase stabilizing
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Fig. 1: Microstructure characterization of Ti45AI8Nb-0.6C alloy: (a) TEM image of a,/y phase; (b) HRTEM image of
a,ly phase; (c) SAED image of a,/y phase; (d) IFFT image of a,/y phase; (e) TEM image of Ti45AI8Nb-0.6C

alloy; (f) SAED image of B2 phase

element, can inhibit the formation of a-phase during the
solidification process of the alloy and induce the ordering
transformation of the high-temperature -phase during cooling,
which ultimately results in the formation of the B2-phase
at room temperature. In addition, the addition of C further
changes the solidification path of the alloy and promotes the
phase equilibrium in the region of high Al content, resulting in
the formation of a (B2+y) mixed-phase structure at the grain
boundaries.

Under creep conditions of 800 °C and 200 MPa, the
strain-time curve of the Ti45AI8Nb-0.6C alloy is presented
in Fig. 2(a). Correspondingly, the alloy exhibits a creep
lifetime of 137 h and a steady-state creep rate of 6.4x10™®s™.
A comprehensive comparison of creep performance between
the developed Ti45A18Nb-0.6C alloy and various other TiAl
alloys/composites”®* is illustrated in Fig. 2(b). As shown
in Fig. 2(b), the creep resistance of the Ti45A18Nb-0.6C
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alloy is comparable to, or even superior to, that of the
reported high-Nb TiAl alloys with similar compositions.
This enhanced performance can be primarily attributed to the
role of carbon.

The deformation microstructures after creep exposure at
800 °C were further examined by TEM (Fig. 3). Along the
(y+a,) lamellae, irregularly shaped B2 phases are distributed
in Fig. 3(a), while dislocations are uniformly distributed
within the y-phase grains. Deformation twinning within the y
phase is clearly observed in Fig. 3(b), and the corresponding
SAED pattern in Fig. 3(c) confirms the twinning relationship.
Additionally, Fig. 3(d) demonstrates the occurrence of
bifurcation dissolution in the a, phase. Figures 3(e) and (f)
highlight a high density of dislocations in the lamellae,
along with pronounced dislocation entanglement. This
observation suggests that dislocation slip serves as the primary
deformation mechanism within the lamellae. Previous studies
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Fig. 2: High-temperature creep properties of Ti45AI8Nb-0.6C alloy at 800 °C under 200 MPa (a) and comparison of
creep properties of Ti45AI8Nb-0.6C alloy with other reported TiAl alloys or composites (b)
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have confirmed that high-temperature deformation activates
a significant number of dislocations™. The interfacial
dislocations observed here originate from mismatch stresses
at y/y or y/a, interfaces, where coherent stresses promote their
formation to accommodate lattice misfit. Such interfacial
dislocations are known to enhance the mechanical properties
of composites.

Figure 4 provides further insight into the microstructural
evolution induced by creep deformation. As illustrated in
Fig. 4(a), a significant number of fine recrystallized grains

are observed along the grain boundaries of the original
lamellar colonies, providing clear evidence for the activation
of dynamic recrystallization (DRX) during high-temperature
deformation. A detailed examination of the yellow-marked
region in Fig. 4(b) reveals a uniform distribution of
dislocations within these newly formed grains, suggesting
that plastic deformation persists even after recrystallization.
Interestingly, some recrystallized grains are found to nucleate
and grow directly from the lamellae, as shown in Fig. 4(c).
In addition to recrystallization, Fig. 4(d) highlights another

Fig. 3: Deformation characteristics of Ti45AI18Nb-0.6C alloy at 800 °C: (a) TEM image of B2 phase; (b) TEM
image of twin in y-TiAl; (c) SAED pattern of twin in (b); (d-e) TEM images of the degraded lamellar
microstructure; (f) TEM image of dislocations in y-TiAl

mellarcoarsening

& 2 um &

Fig. 4: Deformation characteristics of Ti45AI18Nb-0.6C alloy at 800 °C: (a-c) TEM images of dynamic recrystallization in
TiAl alloy; (d) TEM image reveals the coarsened lamellar structure; (e) enlarged view of the white-box region in (d);

(f) SAED pattern of y-TiAl in (e)
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critical microstructural change, the coarsening of lamellar
colonies, which is a typical phenomenon during prolonged
exposure to elevated temperatures. Further high-magnification
analysis in Fig. 4(e) uncovers the presence of extensive
stacking faults at the interfaces of the coarsened lamellar
structures, indicating that interfacial defects play a crucial role
in the deformation and coarsening mechanisms. The presence
of these stacking faults is further confirmed by the streaking
features in the corresponding SAED pattern [Fig. 4(f)].

After creep deformation at 800 °C/200 MPa, the morphology
of Ti;AIC in the Ti45AI8Nb-0.6C alloy is presented in Fig. 5.
As shown in Fig. 5(a), the recrystallized grains exhibit a high
density of dislocations along with numerous precipitates.
Figure 5(b) provides a magnified view of the yellow
rectangular region marked in Fig. 5(a), revealing extensive
precipitated phases distributed along these dislocations. Further
characterization of the precipitates is presented in Figs. 5(c)

y-TiAl

O o
& F

| P-Ti,AIC

and (d), which display the SAED pattern and HRTEM image,
respectively. The combined analysis of these figures confirms
that the precipitated phase is Ti;AlC. The corresponding IFFT
image in Fig. 5(e) indicates that dislocations are also present
within the Ti,AlC precipitates themselves, while the geometric
phase analysis (GPA) result in Fig. 5(f) reveals pronounced
stress fluctuations at the Ti;AlC/y-phase interface. These
precipitates play a critical role in obstructing dislocation
motion, thereby significantly enhancing the creep resistance of
the alloy. Furthermore, previous studies have demonstrated that
elastic interactions between carbon atoms and dislocations lead
to the formation of Cottrell atmospheres, which effectively pin
dislocation motion™. To overcome this pinning effect, elevated
local stresses are required. Consequently, solute carbon atoms
enhance the alloy’s creep resistance by increasing the critical
resolved shear stress for dislocation glide.

i o .
[110]y//[010]p-Ti;AIC 10 1/nm

P-Ti,AIC

Fig. 5: Deformation characteristics of Ti,AIC in Ti45AI8Nb-0.6C alloy at 800 °C: (a-b) BF image of Ti;AIC
phase; (c) SAED image of Ti,AlIC phase; (d) HRTEM image of Ti,AIC/TiAl phase; (e) IFFT image of
Ti;AIC phase; (f) GPA image of Ti;AIC/TiAl phase

Figure 6 further elucidates the interaction between deformation
twins and Ti;AIC precipitates under creep conditions. An
HRTEM image in Fig. 6(a) captures the evolution path of twins
formed under an applied load of 800 °C/200 MPa. Figure 6(b)
shows the EDS elemental mapping of the region in Fig. 6(a),
demonstrating that the carbides are segregated within the
central region at the junction of the two twins. The diffraction
spots in Fig. 6(c4) can be indexed to the Ti;AlC phase, while
Figs. 6(c1)-(c4) present the corresponding FFT patterns
of the twin crystals and the Ti;AlC region. Figures 6(d)
and (e) present the IFFT images of the yellow- and
green-marked regions in Fig. 6(a), respectively. A high density
of crystallographic defects is observed at the interfaces
between intersecting twins, as shown in Fig. 6(a). Notably,
Twin 2 maintains a straight morphology without significant
distortion even after intersecting with Twin 1. The IFFT

analysis in Fig. 6(d) reveals distinct atomic disorder zones at
both the Twin 1/Twin 2 interface and the interfaces between
the twins and the Ti;AIC phase, accompanied by a high density
of dislocations.

Moreover, Fig. 6(e) shows that Ti;AlC itself contains a large
number of dislocations and stacking faults, some of which display
a characteristic step-like configuration. These observations

BT who

are consistent with previous findings by Wang et al.
reported that Ti;AIC can be sheared by dislocations, leading
to the formation of stacking faults and intersecting stacking
fault configurations. At 800 °C, enhanced local atomic
rearrangement mitigates the nearest-neighbor violation around
complex stacking faults, thereby promoting the formation
of stacking faults in Ti;AlC. Specifically, the glide of partial
dislocations facilitates the propagation of stacking faults
along the {111} planes, which subsequently interact to form
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Fig. 6: Deformation characteristics of Ti,AIC in the Ti45AI8Nb-0.6C alloy at 800 °C: (a) typical HRTEM image of the
deformed Ti,AIC at 800 °C; (b) corresponding element distribution in (a); (c1-c4) FFT image of HRTEM in (a);
(d) IFFT image of the yellow-box region in (a); (e) IFFT image of the green-box region in (a)

intersecting stacking fault configurations. The resulting
step-like arrangement may further strengthen the precipitates
by acting as effective barriers to dislocation motion, rendering
Ti;AIC a potent obstacle to dislocation glide at elevated
temperatures.

A comprehensive fractographic analysis was conducted to
clarify the fracture behavior of the Ti45A18NDb-0.6C alloy, as
shown in Fig. 7. The fracture surfaces in Figs. 7(a)-(c) exhibit
typical mixed ductile—brittle characteristics, including cleavage
steps, river patterns, and shallow dimples. Particularly,
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Fig. 7(c) reveals that these dimples exhibit limited depth,
which can be attributed to the carbide-hindered formation
of B2/y interfaces during creep deformation. Since dimples
preferentially nucleate at B2/y interfaces, the presence of
carbides restricts interface formation, thereby resulting in
shallow dimple morphologies. The crack propagation path,
revealed by BSE images in Figs. 7(d)-(f), is accompanied
by several microstructural evolution features such as
microcracking, lamellar bending, and crack branching. In
the early stage of propagation, cracks preferentially advance

Dimples

Bending

i

Fig. 7: Fracture morphology of Ti45AI8Nb-0.6C alloy (a-c) and BSE images of crack propagation

in Ti45A18Nb-0.6C alloy (d-f)
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along a,/y interfaces, whereas pronounced crack deflection
and branching occur at later stages. These sophisticated
crack propagation mechanisms effectively alleviate stress
concentration at the crack tip through stress field redistribution,
thereby remarkably retarding the final fracture process.

Figure 8 schematically illustrates the creep-induced
microstructural evolution in Ti45A18Nb-0.6C alloy. From the
figure, it can be seen that for the Ti45AI8Nb-0.6C alloy, the
microstructure consists of (a,+y) lamellar colonies with B2
phase and blocky y phase, where the B2 phase alternates with
the blocky y phase. During creep exposure, carbon diffusion
facilitates the formation of the Ti;AlC phase, which acts as

an effective barrier to dislocation motion and substantially
enhances creep resistance. Simultaneously, unique defect
configurations develop within the precipitates, including
high-density dislocations and terraced stacking faults,
contributing to the thermal stability and strengthening
capability of Ti;AIC at elevated temperatures. Post-deformation
characterization reveals substantial dynamic recrystallization
and secondary B2 phase precipitation. In addition, crack
propagation exhibits preferential orientation perpendicular
to the loading axis, with effective stress dissipation
achieved through crack deflection and microcrack branching
phenomena.

a, lamellae diffusion DRX

a, lamellae

a, lamellae

Dislocation

-
+

I._
&t

NTlaAIC

acking
1 faults )

Fig. 8: Schematic diagram illustrating the effect of microstructure evolution on creep resistance of Ti45A18Nb-0.6C alloy

4 Conclusions

In this study, Ti45A18Nb-0.6C composite was fabricated by
the VIM method, and its microstructural development was
thoroughly investigated. Mechanical property assessments
were performed, and the associated deformation mechanisms
were analyzed, culminating in the subsequent conclusions:

(1) The Ti45AI8NDb-0.6C alloy fabricated via VIM exhibits
a well-defined microstructure comprising (y-TiAl+a,-Ti;Al)
lamellae, B2 phase, and blocky y phase with alternating
distribution. This unique microstructure contributes to
exceptional creep resistance, demonstrating a remarkable creep
life of 137 h under demanding conditions of 800 °C/200 MPa.

(2) The Ti45AI8Nb-0.6C alloy shows mixed ductile-brittle
fracture features, with cracks growing perpendicular to the
loading direction. After deformation, the microstructure
changes significantly, forming B2 phase, twins, and stacking
faults, while also undergoing recrystallization during creep.

(3) The enhanced creep resistance originates from the effects
of Ti;AIC phase, which serve dual functions: effectively
impeding dislocation motion while developing unique defect
configurations including high-density dislocations and
ladder-like stacking faults. These microstructural modifications
collectively contribute to the superior high-temperature
performance of the alloy system.
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