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Abstract: The microstructure and creep behavior of C/Y,0; synergistically micro-alloyed high-Al and low-Al TiAl
alloys prepared by induction skull melting (ISM) technology were investigated by advanced electron microscopy.
Microstructure analysis shows that Y,Os particles are dispersed in both alloys; element C is dissolved in low-Al alloys
as solid solution, while it exists as Ti;AlC particles within lamellae in high-Al alloys. Additionally, high-density
nanotwins are generated in high-Al alloys. Creep data show that C/Y,03 micro-alloying significantly enhances creep
resistance of TiAl alloys. This benefits from the dispersion strengthening of Y,Oj3 particles, precipitation hardening of
dynamically precipitated TizAlC particles and lamellar stabilization caused by dissolved C atoms or Ti,AIC particles.
This strategy causes a more significant improvement on creep resistance of high-Al TiAl alloys, which is attributed to
extra twin strengthening effect. At 775—850 °C, these alloys fracture in mixed ductile—brittle mode, but the fracture
characteristics change with the increase of temperature.
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most common method is to tailor the microstructure

1 Introduction

Stimulated by the requirements of flexible
mobility and higher efficiency of aircraft, the
development of lighter and stronger high-
temperature structural materials is imminent [1]. In
recent years, TiAl-based alloys have attracted much
attention, due to the benefits of low density, high
specific strength, excellent oxidation resistance and
the ability to replace heavier nickel-based super-
alloys in the temperature range of 650-750 °C
[2—4]. In order to improve the service temperature
and comprehensive performance of TiAl alloys, the

through reasonable composition design.

The beneficial effects of solid solution
elements such as Nb [5], Cr [6], V [7], Mo [8],
Zr [9] and Fe [10] on the microstructure and
mechanical properties have been studied in detail.
These elements have a non-negligible effect on the
phase constitution of TiAl alloys. In addition, the
micro-alloying of non-metallic elements (B [11],
C [12], Si [13], N [14]) and rare earth elements
(Y [15], Ho [16], Gd [17], La [18]) has received
much attention, and many new strengthening and
toughening mechanisms triggered by these elements
are still being reported. This may be related to
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flexible and diverse existence forms of these
elements at high temperature. Taking element C
as an example, when the C content is below the
threshold, which depends on the alloy composition
and microstructure, it is mainly dissolved in o
phase and plays a role of solid solution
hardening [19]. When the C content is above the
threshold, Ti;AlIC (x=2 or 3) carbides will
precipitate and play a role of precipitation
strengthening [20]. Besides, during long-term creep,
new carbides may re-precipitate, further improving
creep performance [21]. Recently, it has been found
that twins are formed inside P-TizAlC carbides in
TiAl alloy during deformation, which makes it
possible to achieve synergistic strengthening and
toughening [22]. Such an interesting element
deserves more research, but its benefits depend
largely on the distribution and size of carbides. The
coarse carbides are harmful to their strengthening
effect. Therefore, it is necessary to adopt
appropriate strategies to control the distribution and
size of carbides.

In addition, recent studies are gradually
focused on the synergistic micro-alloying, such as
the development of Ti>AlC/Mo,Bs [23], TiC/TiB;
[24], TisSi3/Ti2AIN [25] and other hybrid-reinforced
structures. This strategy has achieved unexpected
strengthening effects. Based on the previous
research, this work intends to adopt a new alloy
design strategy. First, changing the content of the
main element Al to adjust the phase constitution.
Then, introducing the element C and rare earth
oxide Y»0s. Finally, applying long-term annealing
to achieve in-situ precipitation of fine and dispersed
carbides. It is hoped that the service performance of
TiAl alloy, especially the creep resistance, can be
improved by constructing a hybrid-reinforced
structure.

As a hot-end structural component, sufficient
creep resistance is one of the important indicators
to determine whether TiAl alloys can serve for a
long time at high temperature. There are many
factors affecting creep performance, including
internal alloy composition and microstructure
characteristics [26], as well as external stress and
temperature conditions [27,28]. Among them,
the influence of temperature is inevitable. In
aero-engines, the operating temperature at different
parts is different, which is bound to lead to different
creep strains and creep rates during effective

service life [29]. From the perspective of
microscopic creep mechanism, the change of
temperature will directly cause the substructure
evolution, which greatly affects the service stability.
GUO et al [27] found that there is a critical
temperature range during creep of TiAl alloy.
Below this temperature, the deformation of a»
lamellae is provided by a dislocations, while it is
provided by 2c+a dislocations and larger creep
strain occurs above this temperature. Moreover, it
has been reported that the increase of temperature
will promote the occurrence of the dynamic
recrystallization during creep, which significantly
accelerates the creep rate [30]. Hence, it is of
great significance to explore the creep behavior
at different temperatures, including macroscopic
characteristics and microscopic mechanisms.

In this work, in order to improve the creep
resistance of TiAl alloys, the synergistic micro-
alloying strategy was applied on low-Al and high-
Al TiAl alloys, respectively. The microstructure
characteristics were characterized in detail by
advanced electron microscopy techniques. The
creep behavior at different temperatures was
elucidated, including the fracture mechanism
and phase precipitation mechanism. Meanwhile,
multiple creep strengthening mechanisms were
revealed. This study is expected to provide a
valuable theoretical basis for the development of
creep-resistant TiAl alloys and the design of service
stability.

2 Experimental

2.1 Material preparation

In this study, two low-Al and two high-Al TiAl
alloys were prepared by vacuum induction skull
melting (ISM) technology in argon atmosphere. The
nominal compositions (in at.%) of these four TiAl
alloys are Ti—43Al-6Nb—1Cr—1.5V, Ti—43Al-
6Nb—1Cr—1.5V-0.5C-0.05Y203;, Ti—46Al-6Nb—
1Cr-1.5V and Ti—46A1-6Nb—1Cr—1.5V-0.5C—
0.05Y,0s, respectively. For ease of description,
they are called T43, T43", T46 and T46" alloys.
Raw materials used in this study included Ti
bar (99.9 wt.%), pure Al (99.9 wt.%), pure Cr
(99.9 wt.%), Al-V alloys (56.3 wt.% V), Al-Nb
alloys (52.4 wt.% Nb), nano Y»0; powders
(99.9 wt.%) and pure graphite powders (99.9 wt.%).
In order to ensure the uniform distribution of Y,03
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particles, nano Y.0; powders were wrapped in
aluminum foil and added into melt in the form of a
block through a secondary hopper after other raw
materials were completely melted. By adjusting the
power, Y,0s3 powders fell on the stable melt surface
and sunk into the melt, rather than adhering to
the crucible wall. More importantly, the melt was
subjected to electromagnetic stirring for about
10 min to ensure the uniformity of Y,Os particles.
Then, the melt was poured into the preheated
steel mold, and finally four ingots with a size of
d50 mm X 100 mm were obtained. Subsequently,
the ingots were subjected to long-term annealing at
950 °C for 36 h.

2.2 Creep test and microstructure characterization

The tensile creep tests were conducted on the
RDLI100 creep testing machine at 775—850 °C
under 300 MPa until fracture. Creep specimens
with the gauge size of 10 mm x 5 mm X 2 mm were
obtained by electric discharge machining (EDM)
method. In order to maintain the temperature
uniformity during creep test, it is necessary to hold
for 30 min at the test temperature before applying
the creep load. Three thermocouples at different
positions were used to ensure that the temperature
fluctuation range is within =1 °C. During tensile
creep, the upper die was fixed, and the lower die
moved down. The tensile creep strain (g) was
obtained by real-time displacement measurement
of the lower die. Based on the equation of e=Al/l
(where Al and / are the displacement of the lower
die and the initial gauge length of the specimen,
respectively), the tensile creep strain could be
calculated.

The initial microstructure was characterized
by X-ray diffraction with Cu K, radiation (XRD),
scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). After
creep, the deformed microstructure characteristics
and fracture surface morphology were observed by
SEM in backscattered electron (BSE) mode and
secondary electron (SE) mode, respectively. The
TEM and high-resolution transmission electron
microscopy (HRTEM) were used to detect the
details of twins and precipitates. Samples for XRD
and SEM analysis were prepared by standard
metallographic techniques. The TEM samples were
prepared by twin-jet electropolishing at 25V and
—30°C in the solution consisting of 60 vol.%

CH3;OH, 30vol.% CH3(CH2);OH and 10 vol.%
HCIO,.

3 Results and discussion

3.1 Initial microstructure

Figure 1 shows the initial microstructure
characteristics of four investigated alloys. It can be
seen from the X-ray diffraction patterns in Fig. 1(a)
that both T43 and T46 alloys are composed of y, a»
and B2 phases. Both alloys are characterized by the
major a/y lamellar colony and minor blocky B2
phase and y phase, as shown in Figs. 1(b, ¢). They
exhibit nearly lamellar structure. In contrast,
the content of blocky B2 phase in T46 alloy is
significantly lower than that in T43 alloy. After
introducing trace C and Y»Os, the phase constitution
of both alloys does not change obviously, which
still consists of y, a2 and B2 phases, as verified in
Fig. 1(a). In Figs. 1(d, h), bright white particles are
dispersed in T43* and T46" alloy, which are
confirmed as Y,Os particles by the composition
analysis results in Fig. 1(e). Due to the low content,
they cannot be detected by XRD. In particular, there
are the characteristic diffraction peaks of Ti>AlIC in
the X-ray diffraction spectra of T46" alloy, but not
in T43" alloy, as shown in Fig. 1(a). It can be found
in Figs. 1(f, 1) that there are uniform fine white
particles in ax/y lamellae of T46" alloy, but not in
T43" alloy. Through further TEM observation and
the selected area electron diffraction (SAED)
technique, it can be confirmed that white particles
in lamellae of T46" alloy are Ti,AlC carbides with
an average size of 349.2 nm. In addition, abundant
nanotwins are formed in the initial microstructure
of T46% alloy, as shown in Figs. 1(k-m). The
generation of these nanotwins has a positive effect
on the creep resistance of T46" alloy.

3.2 Creep curves at different temperatures
Figure 2 shows the creep strain—time curves of
four investigated alloys at 775—850 °C. With the
extension of creep time, the creep strain increases
nonlinearly. Two facts can be concluded from Fig. 2.
On the one hand, the creep resistance of TiAl alloys
is extremely sensitive to the alloy composition.
When the Al content is increased from 43 to
46 at.%, the creep life is effectively prolonged, as
shown in Figs. 2(a, c). After introducing trace C and
Y03, the creep life is also significantly extended,
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Fig. 1 Initial microstructures of four investigated alloys: (a) X-ray diffraction patterns; (b) SEM-BSE image of initial
microstructure of T43 alloy; (¢) SEM-BSE image of initial microstructure of T46 alloy; (d—g) SEM-BSE and TEM
images of initial microstructure of T43* alloy; (h—1) SEM-BSE and TEM images of initial microstructure of T46" alloy;
(m) HRTEM image of region enclosed by red box marked in (1)

and the creep strain is reduced. On the other hand,
the tensile creep behavior of four alloys shows
a strong dependence on temperature, which is
manifested in the fact that the creep life decreases
sharply with the increase of temperature. From 775

to 850 °C, the creep life of T43, T43", T46 and T46"
alloys is shortened by 89.6%, 90.6%, 94.6% and
91.2%, respectively. This also strongly indicates
that the creep resistance of TiAl alloy is a key factor
to determine its service temperature limit.
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Fig. 2 Creep strain—time curves of four investigated alloys at 775—850 °C: (a) T43 alloy; (b) T43" alloy; (c) T46 alloy;

(d) T46" alloy

In order to study the effect of temperature on
the tensile creep behavior of four alloys, it is
necessary to establish the creep kinetics based on
the dependence of the minimum creep rate on
temperature. In general, the minimum creep rate
(¢,) and the thermodynamic temperature (7)
follow the Norton—Bailey power-law:

&, =Aa"exp(—&j

RT (1

where A4 is a material constant, ¢ is the creep stress,
n is the stress exponent, R is the molar gas constant
(8.314 J/(mol-K)), and Qc is the apparent activation
energy. Under a constant stress level, Oc can be
calculated by Eq. (2):

o

Figure 3 depicts the relationship between
the minimum creep rate and the reciprocal of
temperature. The creep activation energy values of

oln &
o(1/T)

(2)

T43 and T46 alloys are 383.519 and 408.024 kJ/mol
at 775—850 °C, respectively, which are basically
consistent with the self-diffusion activation
energy (395 kJ/mol) of Al in a, phase [31]. After
introducing C and Y03, the creep activation energy
values of T43" and T46" alloys are reduced to
341.191 and 354.335 kJ/mol, respectively, which
are comparable to the self-diffusion activation
energy (358 kJ/mol) of Al in y phase [32,33].

The creep activation energy refers to the
thermal activation energy that controls the steady-
state creep rate. For T43 and T46 alloys, y phase
and a, phase are the main constituent phases, and
o> phase is more difficult to deform due to fewer
independent slip systems. In this case, the
dislocation motion and diffusion process in
phase become the creep rate control mechanism.
Therefore, the creep activation energy strongly
depends on the energy required for the relevant
physical processes in a, phase, such as the
self-diffusion of Al. WANG et al [34] found that
when the main dislocation slip systems in a, phase
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are activated, the creep activation energy increases
accordingly and creep rate is accelerated. After
introducing C and Y>0s, a; phase of T43" and T46"
alloys is further hardened by solid solution and
precipitation effects, and hardly participates in
creep deformation. In this case, y phase becomes
the main contributor of creep deformation.
Therefore, the element diffusion in y phase
dominates the creep rate. In contrast, the
self-diffusion activation energy of Al in y phase is
lower than that in a; phase, which leads to a lower
creep activation energy in T43" and T46" alloys. In
view of the above analysis, the creep process of
four alloys is inseparable from element diffusion.
The temperature is an important factor determining
the diffusion rate, and thus, the creep behavior of
four alloys is obviously dependent on temperature.
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Fig. 3 Temperature dependence of minimum creep rate:
(a) T43 and T43" alloys; (b) T46 and T46" alloys

3.3 Creep fracture behavior

Figure 4 shows the fracture surface
morphology of T43 and T43" alloys after creep at
different temperatures. There are obvious evidences
of interlamellar fracture characterized by cleavage

planes and translamellar (TL) fracture, which
means the occurrence of brittle fracture,
(Figs. 4(a—h)). Meanwhile, there are also numerous
dimples on the fracture surface, which is a
typical feature of ductile fracture (Figs. 4(ai—hi)).
Therefore, the creep fracture mode of both alloys in
the range of 775-850 °C is mixed ductile—brittle
mode. In contrast, the dimples in T43 alloy are
deeper and the tearing edges are clearly visible,
while the dimples in T43" alloy are less obvious
because they are covered by oxides. This is mainly
because the crack propagation rate of T43" alloy
is slow, so that the dimples formed before crack
growth are severely oxidized. In addition, at the
same creep temperature, the proportion of cleavage
plane in T43" alloy is lower than that in T43 alloy.
It is well known that cracks tend to propagate
along the lamellar interface. In this case, abundant
cleavage planes are formed. However, for T43"
alloy, dissolved C atoms tend to be segregated at
interlamellar locations [35], which slows down the
diffusion process and dislocation motion at the
lamellar interface. In this case, the crack
propagation along the lamellar interface is more
difficult, so the fracture surface exhibits fewer
cleavage planes.

Similarly, in T46" alloy, Ti>AIC carbides
precipitate in the lamellae, which hinders the crack
propagation along the lamellar interface, so
cleavage plane characteristics in T46" alloy are
fewer than those in T46 alloy (Fig.5). It can be
found that T46 and T46" alloys also fracture in
mixed ductile—brittle mode. There is a common
feature in four alloys: with the increase of creep
temperature, the proportion of translamellar fracture
in the brittle fracture characteristics increases, while
that of interlamellar fracture decreases. This is
related to the nucleation position of creep voids at
different temperatures.

Figure 6 shows the deformed microstructure
near the creep fracture of four alloys in the range
of 775-850°C. At 775°C, in addition to the
generation of main cracks, a small number of
secondary cracks also appear, as indicated by the
yellow arrows in Figs. 6(a, e, i, m). During the
propagation of main cracks, the crack tip meets
with different types of interfaces, including
lamellar interface, B2/y phase interface, lamellar
colony boundary, etc., due to the microstructure
inhomogeneity and the diversity of the constituent
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Fig. 4 Tensile creep fracture surface morphologies of T43 and T43" alloys at different temperatures

phase of four alloys. These interfaces have different
resistance to crack propagation [36]. In this case, a
part of the main crack tip can easily change the
original propagation direction and deflect to form a
new secondary crack. When the creep temperature
rises to 800 °C, the number of secondary cracks
gradually increases (Figs. 6(b, f, j,n)). As creep
temperature further increases to 850 °C, another
type of secondary crack gradually appears in four
alloys. These secondary cracks do not originate
from the main crack, but are formed by nucleation,
growth and merging of voids at other locations, as

indicated by the red arrows in Figs. 6(d, h, 1, p). At
higher temperatures, voids are easier to nucleate,
which promotes the formation of more secondary
cracks and accelerates creep fracture. In addition,
compared with T43 and T46 alloys, T43" and T46"
alloys containing C/Ti,AlIC and Y,Os3 have fewer
and shorter secondary cracks, exhibiting higher
crack resistance.

Both the increase in the proportion of the
translamellar fracture and the formation of
secondary cracks with the increase of temperature
may be related to the nucleation of creep voids.
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Fig. 5 Tensile creep fracture surface morphologies of T46 and T46" alloys at different temperatures

Therefore, the nucleation positions of creep voids at
different temperatures are specially observed, as
shown in Fig. 7. Obviously, in four alloys, creep
voids tend to nucleate at the B2/y phase interface
and B2/lamellar colony boundary, but the situation
is slightly different with the change of temperature.
At a lower temperature (775 °C), creep voids are
mainly formed at the B2/y phase interface at the
lamellar colony boundaries (Figs. 7(a, e, i, m)). As
the temperature increases, in addition to the

lamellar colony boundaries, more voids can also
generate at the B2/y interface inside the lamellar
colony. On the one hand, at higher creep
temperatures, the increase in the void nucleation
number and position creates conditions for the
formation of more secondary cracks, accelerating
fracture. On the other hand, at higher temperatures,
voids nucleate and grow directly inside the lamellar
colony, which further facilitates the outward
propagation of cracks from the interior of lamellar
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Fig. 6 Deformed microstructures near fracture of four investigated alloys at different temperatures

colony in the translamellar form. In addition, it can
be concluded that introducing C and Y»O; has no
effect on the nucleation of creep voids.

3.4 Multiple creep strengthening mechanisms

It can be clearly seen in Fig. 2 that the creep
resistance of both T43 alloy and T46 alloy is
significantly enhanced after introducing C and
Y,0s. The average increase of creep life of T43
alloy is about 237.85% in the temperature range
of 775—850 °C, while that of T46 alloy is about
379.43%. This means that this strengthening
strategy shows greater potential in high-Al TiAl
alloys. More importantly, the creep resistance of
T46" alloy is stronger than that of T43" alloy. The
creep life of T46" alloy in the range of 775-850 °C
is about 113.68% longer than that of T43" alloy.
The average increase of creep life caused by the
increase of Al content is about 58.08%. This implies

that there are extra strengthening effects to
contribute to the remaining increase of 55.60%.
Therefore, it is necessary to reveal the multiple
creep strengthening mechanisms.
3.4.1 Role of Y»Os particles

As shown in Figs. 1(d, h), a large number of
Y20s particles are dispersed in T43" and T46"
alloys. Previous studies have reported that Y,Os
particles can play a key strengthening role in
the tensile deformation of TiAl alloys at room
temperature and high temperature [37,38]. In
order to verify whether Y,Os; particles have a
strengthening effect during creep, a detailed
analysis was performed using TEM and SEM, as
shown in Fig. 8. In the high-angle annular dark field
(HAADF) image in Fig. 8(a), Y2O; particles exhibit
a bright white contrast due to higher atomic number.
The composition analysis results in Fig. 8(a) and
the SAED pattern in Fig. 8(c) confirm that these
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Fig. 8 Morphology of Y,0s3 particles after creep:
(a) HAADF image; (b) BF TEM image; (c) SAED
pattern; (d, ¢) SEM images

particles are Y,0s. It can be clearly seen from the
bright field (BF) TEM image in Fig. 8(b) that there
are dislocation pile-ups at Y»Os/matrix interface,
which manifests that Y,Os particles have the ability
to hinder dislocation slip. The dislocation pile-ups
may generate local back stress in soft y matrix,
which can slow down the subsequent dislocation
motion and result in creep deceleration. In addition,
due to the strong bonding strength between Y»O;
and matrix, no cracks or voids appear at the
Y>0s/matrix interface under the action of stress
concentration caused by the dislocation pile-ups at
the interface (Figs. 8(d, e)). This creates favorable
conditions for Y,Os particles to play a stable
strengthening role.
3.4.2 Role of C/carbides

In TiAl alloys, the existence of element C
mainly includes two forms, namely solid solution
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and precipitate as Ti:AlC carbides. It can be seen
from Fig. 1 that the element C mainly exists in the
form of uniformly dispersed Ti>2AlC carbides in the
lamellae in T46" alloy before creep, while it mainly
exists in the form of dissolved C atoms in T43"
alloy. In this study, the dynamic precipitation of
carbides is found during creep of T43" alloy at
775 °C, as shown in Fig. 9. In the BF TEM image
in Fig.9(a), it can be clearly seen that fine
ellipsoidal carbides precipitate in y lamellae and
there is a complex interaction between them and
dislocations. From the HRTEM image in Fig. 9(b)
and SAED patterns in Figs. 9(c—e), it can be
inferred that these carbides are P-TizAlC and
maintain a well-established orientation relationship
with the y matrix as (111 4c/(111),, and
[011]5; aic//[011],. Subsequently, the geometric
phase analysis (GPA) method was applied to
evaluate the local strain distribution near TizAIC
carbides, where the HRTEM image in Fig. 9(b) was
used as the input for the GPA calculation. The GPA
results are shown in Fig. 9(f). According to the

(N Drac//(111),
[01T ]y, a1c//[0T1],

10 1/nm Y

y+TiAIC

quantitative calculation results in Fig. 9(g), it can be
found that TisAlC carbides are mainly subjected to
compressive strain. In addition, a special structure
is generated at the interface between TizAlC and
matrix (Region R3 in Fig. 9(b)). As indicated by the
yellow dotted line in Fig. 9(i), there are a series of
extended straight lines perpendicular to the stacking
fault plane among the diffraction spots, proving that
this special structure is the stacking fault (SF). The
method of identifying SF using this diffraction
characteristic has been widely recognized [39]. In
addition, from the superposition of GPA map and
HRTEM image in Fig. 9(h), it can be found that
the SFs exhibit a different strain distribution from
the matrix, which means that the generation of SFs
may hinder the dislocation motion. Similarly, QI
et al [40] clarified that the SFs can inhibit
more dislocation slips. During creep, with the
precipitation of TizAIC, misfit strain and lattice
distortion energy are formed between TizAlC and
y matrix, which provides the driving force for
the generation of SFs. Meanwhile, Ti3AlC carbides
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Fig. 9 Precipitation of carbide in T43" alloy during creep at 775 °C: (a) BF TEM image of precipitates in y phase;

(b) HRTEM image of precipitate and matrix; (¢, d) SAED patterns obtained via fast Fourier transform (FFT) on Regions
R1 and R2 marked in (b); (¢) SAED pattern of precipitate and matrix obtained via FFT; (f) GPA map of strain
distribution of entire region in (b) (X//[111], and Y//[200]y ); () eyy strain partitioning curve of white rectangle region

marked in (f) (The scanning direction is shown by white arrow); (h) Superposition of HRTEM image and GPA map of
Region R3 in (b); (i) SAED pattern of y matrix containing SFs obtained via FFT
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have a complex reaction with dislocations, which
is likely to induce the dissociation of perfect
dislocation, resulting in partial dislocations. Then,
the slip of partial dislocation leads to the formation
of SFs [41].

In order to verify the universality of the
dynamic precipitation of TisAlC during creep,
the microstructures of T43" and T46" alloys after
creep at lower temperature (775 °C) and higher
temperature (850 °C) were analyzed by TEM in
detail, as shown in Fig. 10. For T43" alloy, fine
dispersed Ti3;AIC carbides are found in y lamellae
at different positions at 775 °C (Figs. 10(a, b)).
These carbides can effectively pin dislocations,
thereby slowing down the creep rate. Surprisingly,
numerous TizAIC carbides also precipitate in 7y
lamellae at 850 °C (Fig. 10(c)). The average size
increases from 41.7 nm at 775°C to 67.4 nm at
850 °C, as shown in Fig. 11(a). These carbides can
still effectively pin dislocations. In addition, the
carbides precipitating at 850 °C can also induce
the formation of SFs (Figs. 10(d, di)). From the
above analyses, it can be deduced that in the creep
process of T43" alloy at different temperatures,
in addition to the strengthening caused by Y»0;
particles and dissolved C atoms, the dynamically
precipitated TisAlC carbides also play a key role.

For T46" alloy, after creep at 775 °C, a large
number of Ti3AIC carbides with an average size of
51.4 nm precipitate, and dislocations are pinned to

T43+ alloy, 775 °C T43+ alloy, 850 °€

form complex dislocation tangles (Fig. 10(e)). As
the creep temperature increases to 850 °C, the
average size of TizAlC carbides increases to
112.6 nm, and carbides still exhibit a good ability
to pin dislocations (Figs. 10(g) and 11(a)). It is
worth noting that after creep of T46" alloy, not
only new Ti3AlC carbides precipitate, but also the
initial Ti>AlC particles still exist (Figs. 10(f, h)).
On the one hand, the initial Ti;AIC and the
newly-formed Ti;AIC exist in different locations.
The initial TiAlC particles mainly exist in o
lamellae, while the newly-formed TisAlC mainly
exists in y phase. On the other hand, the average
size of initial Ti,AIC particles is much larger than
that of newly-formed Ti3AIC particles. The average
size of Ti,AlC particles is 357.5 nm after creep at
775 °C and 359.6 nm after creep at 850 °C, which is
basically the same as that of 349.2 nm before creep.
This also indicates that the Ti,AIC particles can
maintain good high-temperature stability during
creep. The existence of Ti,AIC particles is
beneficial to improving the high-temperature
stability of a»/y lamellar structure. Stable lamellar
structure is one of the important factors for TiAl
alloy to obtain high creep resistance [42]. Therefore,
in T46" alloy, creep strengthening effect is mainly
resulted from the dispersion strengthening of Y,0s
particles, precipitation hardening of dynamically
precipitated TizAIC particles as well as the
stabilization of initial Ti,AlC on the lamellae.

T46* alloy, 775 °C

T46" alloy, 850 °C

Fig. 10 Precipitation of carbides in T43" alloy and T46" alloy at 775 °C and 850 °C
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Figure 11(b) illustrates the role of C/carbides
in T43" and T46" alloys. For T43" alloy, C atoms
are dissolved in the matrix, and no carbides
are formed before creep. During creep, fine TizAlC
carbides precipitate and effectively pin dislocations.
For T46" alloy, the C content exceeds the solid
solubility limit, so Ti,AlC particles are formed
in the lamellac before creep. During creep, the
presence of these Ti,AlC particles can stabilize the
lamellar structure and weaken lamellar degradation.
Meanwhile, Ti;AIC carbides also precipitate in
T46* alloy, and the complex interaction with
dislocations slows down the dislocation slip rate.
Therefore, whether in T43" alloy or T46" alloy,
the strengthening effect by element C is caused by
many factors.

3.4.3 Role of nanotwins

The above analysis manifests that T46" alloy
has higher creep resistance than T43"* alloy. On the
one hand, higher Al content is beneficial to the
extension of creep life, which is verified by the
creep data of T43 and T46 alloys in Fig. 2. This is
mainly attributed to the decrease in the content of
hard and brittle B2 phase in T46 alloy with higher
Al content. According to the statistics at the
beginning of Section 3.4, in the longer creep life
of T46" alloy than T43" alloy, the strengthening
amplitude caused by the increase of Al content
accounts for half at most. Additionally, it is widely
believed that the stabilizing effect of Ti,AlC in
T46* alloy on the lamellae is stronger than that
of dissolved C atoms in T43" alloy, which is
also responsible for the longer creep life of
T46* alloy. More importantly, there is another

special strengthening mechanism, namely twin
strengthening. This novel strengthening concept
is gradually applied to improving the tensile
and compressive properties of TiAl alloys, and its
feasibility and rationality are recognized [43,44].

Through detailed TEM observation, there is no
twin in T43" alloy, but there are abundant twins in
T46" alloy. As shown in Fig. 12(a), a large number
of nanotwins are generated in T46" alloy after creep
at 775 °C, which can be proved by the HRTEM
image in Fig. 12(b) and the SAED pattern in
Fig. 12(c). Besides, there are complex interactions
between twins and dislocations. According to
the GPA map and strain distribution curve in
Figs. 12(d—f), it can be found that the twins and
matrix exhibit completely different local strain
fields, and the strain level at the twin boundary is
the largest. Therefore, it is reasonable to speculate
that twin boundaries/twins can act as obstacles
to dislocation motion during creep. Then, the
existence of twins and twin intersections can greatly
shorten the mean free path for dislocation motion,
thus enhancing the work hardening ability, so that
the alloy can maintain a long steady-state creep
stage. Meanwhile, with the dynamic precipitation
of Ti;AlC carbides, a more complex interaction
among dislocations, twins and carbides gradually
occurs (Fig. 12(g)), which further reduces the
dislocation mobility. Similarly, after creep at 850 °C
there are still numerous twins in T46" alloy, and
more abundant twin intersections are formed
due to stronger thermal activation (Fig. 12(h)).
Therefore, twin strengthening plays a key role in
the high creep resistance of T46" alloy.

b
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dislocations and carbides; (h) TEM image of twin intersections

4 Conclusions

(1) Both the T43 and T46 alloys exhibit nearly
lamellar structure, but the content of B2 phase
in T46 alloy is lower than that in T43 alloy. By
synergistic micro-alloying, Y,Os particles are
introduced into both alloys, while the C element
exists in different forms. It exists as dissolved C
atoms in low-Al alloy, but as Ti>AlC particles in
high-Al alloy. In addition, high-density nanotwins
are induced in high-Al alloys.

(2) In the temperature range of 775—850 °C,
the creep life of high-Al T46 alloy is about 58.08%
longer than that of low-Al T43 alloy. By C/Y20;
synergistic micro-alloying, the creep life of T43 and
T46 alloys is obviously prolonged by an average
of 237.85% and 379.43%, respectively. This
composition design strategy has more significant
advantages in improving creep performance of
high-Al TiAl alloys.

(3) During creep at 775—850 °C, four alloys all

fracture in mixed ductile—brittle mode. Creep voids
tend to nucleate at the B2/y phase interface and
B2/lamellar colony boundary. The lamellar interface
is strengthened by introducing C element, which
results in a greater tendency to translamellar
fracture. Meanwhile, the crack propagation
resistance is also improved.

(4) There are multiple creep strengthening
mechanisms induced by C/Y20s synergistic micro-
alloying: dispersed Y,0Os particles can hinder
dislocation slip; dynamically precipitated fine
Ti3AlC carbides can effectively pin dislocations; the
dissolved C atoms and large-size Ti,AIC particles
can improve the lamellar stability. Particularly, the
extra strengthening effect in high-Al alloys is
attributed to high-density nanotwins.
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EAERE TSI T AMBEMABALRRET

RIRR 2, AR, @ 2

1 ME/REE TR s o Pin T X 5 SR e
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FPRTEG, fRWAR 2, B OAE Y, m o2

& JRKVEE 150001 ;

2. MRIETRE: MBRES TREZRE, WRIE 150001;
3. MR MR SRE&SR, SiFH 550025

O R T BEORIT T T IR LB ARASM) I 1K C/Y 205 W ARG G4 = SR AMIRER TIAL S 410
WEHLMITAAT . RMEHLA T HTRY]: Y205 BRLIREUGEM S TIAL G ok C DB A E TR
Gad, M ThAIC BRERAE T mAEa R ZE0. W4, & TIAL G484 S5 YRR . B E0RE
HESE C/Y20: W B2 IR TIAl §E MRS ), ZAAET Y203 BRI 7REGRIL . 38T ) TiAIC Bk
FIUTE SR AL LA K [V C J5 T 81 TAIC FORLE MU Fr 2R gt . LIRS T e TIAL & RGP A B2 1)
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EIRBEM TG, WIREHIEG T
KR Eet TIAL G4 WARAT Y Z880Ril: BRACVINTtH: WiRURHIE
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