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1 Introduction
Due to the long-term operation of aero-engine 
components under high-temperature and high-pressure 
conditions, increasing stringent requirements are 
proposed on the high temperature performance of 
materials. The advanced intermetallic TiAl-based 
alloy is considered the most promising in terms of 
development high-temperature structural material 
in the aerospace industry field by reason of its 
outstanding overall mechanical properties[1-3], such as 
low density, high specific strength, and outstanding 
oxidation resistance[4-6]. So far, with the unremitting 
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efforts of scientists, some systems of TiAl-based 
alloys have been successfully applied to low-pressure 
turbine blades in aero-engines[7,8]. However, the 
insufficient creep resistance and poor room temperature 
plasticity of TiAl-based alloys hinder their widespread 
applications[2]. Adding high melting point elements 
such as Nb to the alloy system is an effective method 
to improve the high-temperature performance 
of TiAl-based alloys. The rapid development of 
high-Nb TiAl-based alloy has become the possibility to 
solve the problem of its limited applications[9], with the 
ultimate service temperature being 60-100 °C higher 
than that of traditional TiAl alloy[10-12].

In addition, it has been reported that the creep 
properties of TiAl-based alloys are quite susceptible 
for the change of microstructure[13-15]. In general, the 
full lamellar (FL) and near lamellar (NL) structures 
have good high-temperature creep resistance. Through 
heat treatment[16], directional solidification[6], thermal 
mechanical processing[17], and other methods, the 
microstructure of the alloy can be controlled to 
improve the creep resistance. With the introduction of 
high-melting point elements, the requirements for alloy 
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melting are higher. Electromagnetic cold crucible melting 
technology has been widely used in the melting and preparation 
of materials because of its advantages of melting high-melting 
point, active materials and uniform composition of prepared 
materials. Electromagnetic cold crucible technology is often 
used to prepare high-temperature active metals such as 
Ti-based alloys[18], TiAl-based alloys[19-21], and monocrystalline 
silicon[22,23] by melting. Therefore, in this work, a fully lamellar 
high-Nb TiAl alloy was prepared using electromagnetic 
cold crucible solidification technology to obtain good creep 
resistance.

Most of metals or alloys have the similar creep characteristics, 
including initial-creep stage, steady-creep stage, and 
accelerated-creep stage[24]. The steady-creep stage of the alloy, 
balanced by the mutual restriction of work hardening and 
dynamic recovery, is of great significance for inferring the 
creep mechanism. Just at this moment, the creep rate is the 
smallest and constant. The apparent stress exponent of creep 
can be calculated by the minimum creep rate in the steady-state 
stage, which can be used to infer the creep mechanism[25]. 
Therefore, a creep test with a duration of 200 h was carried 
out to obtain the steady-state creep rate for calculation.

The microstructure of TiAl-based alloy is quite sensitive 
to changes in Al content[26]. The content of B2 phase will 
gradually decrease with the increase of Al content, because the 
increase of Al element changes the solidification path, thereby 
affecting the formation of B2 phase. Liang et al.[27] found 
that as the content of Al element increased, the solidification 
path changed from single β solidification to a mixed form 
of β solidification and interdendritic peritectic solidification, 
limiting the formation of B2 phase and improving the creep 
resistance. Previous research[28-30] on high-Nb TiAl alloys 
mainly focused on Al content ranging from 43at.% to 45at.%, 
while, in this study, a TiAl-based alloy with a nominal 
composition of 46at.% was used.

An electromagnetic cold crucible was utilized to prepared 
Ti-46Al-8Nb alloy with a fully lamellar structure. The creep 
behavior was systematically studied under temperature and 
stress conditions close to the actual working environment. 
The correlation between microstructure and properties was 
established, and the creep mechanism at a given temperature 
and stress level was clarified to assist in the safety design of 
TiAl-based alloys in practical situations.

2 Materials and methods
2.1 Material preparation
The raw mate r i a l s fo r me l t ing were pure t i t an ium 
(99.99wt.%), high-purity aluminum (99.97wt.%), and Al-Nb 
alloys. The materials used in this work were repeatedly 
melted three times using vacuum consumable electrode 
melting under a vacuum degree not exceeding 1.3×10-1 Pa
and a leakage rate not exceeding 0.10 Pa·min-1. Then, they 
were remelted via electromagnetic cold crucible melting to 
reduce cracks to obtain a 15 kg ingot. The ingot was cut into 

the specimens with cross-section of 4 mm×2 mm and a gauge 
length of 24 mm for creep testing. The nominal composition 
(in at.%) of the alloy in this study was Ti-46Al-8Nb. The 
actual alloy composition (in at.%) was detected using 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) technology. Table 1 summarizes its actual chemical 
compositions.

Table 1: Chemical composition of Ti-46Al-8Nb alloy (at.%)

Nominal composition Experimental composition

Ti-46Al-8Nb
Ti Al Nb

46.74 45.39 7.87

2.2 Microstructure characterization
Microstructure before and after creep was characterized  
using optical microscopy (OM, Olympus, GX-71, China) and 
scanning electron microscopy (SEM, Hitachi, TM4000, Japan) 
in back scattered electron (BSE) mode. The samples used for 
microstructure observation were processed by sanding with 
400, 800, 1200, 2000 mesh standard SiC abrasive papers, 
mechanical polishing with diamond paste (W1.5), and etching 
in an optimized Kroll reagent of 20% HF, 2% HNO3, and 
78% H2O (vol.%) for 4-5 s. The phase constitution was 
assessed by X-ray diffractometer (XRD, Panalytical, 
Empyrean, Netherlands) with Cu-Kα radiation scanning from 
20°-90° at a scanning speed of 10°·min-1.

2.3 Creep performance characterization
Figure 1 shows the device, sample size, and the process of 
the creep testing. The creep performance testing was carried 
out using the uniaxial tensile mode of the electronic creep 
endurance testing machine (LISHI, LDRD-50, China) under 
vacuum condition to obtain creep curves under conditions 
of 780, 800, 820 °C and 125, 150, 175 MPa for 200 h, with 
a constant load loading method, as shown in Fig. 1. The 
deformation during creep process was measured and recorded 
by the deformation measurement system and data acquisition 
system provided by the creep testing machine. Based on the 
obtained data of creep curves, the apparent stress exponent and 
the apparent creep active energy were calculated.

3 Results 
3.1 As-cast microstructure
The X-ray diffraction pattern of Ti-46Al-8Nb alloy is shown 
in Fig. 2. Obviously, there are three phases, which are α2, γ, 
and B2 phase. Figure 3 shows the as-cast microstructure of the 
Ti-46Al-8Nb alloy. In the Ti-46Al-8Nb alloy, both α2 and γ 
phases mainly present in the form of lamellae, and alternately 
arrange for forming α2/γ lamellar colony. Besides, two typical 
micro-segregations in this alloy, namely, α-segregation and 
β-segregation are commonly found. When the content of 
Nb and W in some segregation area inside a phase exceeds 
~10at.%, the α→α2+β+γ transformation may occur during 
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Fig. 3: As-cast microstructure of Ti-46Al-8Nb alloy: (a) OM image; (b-e) SEM image; (e1-e4) EDS mapping 

Fig. 1: A schematic diagram about creep experimental 
device and process: (a) creep experimental device; 
(b) creep specimen size; (c) creep experiment 
process

cooling, leading to the formation of local lamellar structure 
of α→α2+β+γ. Because of the phase transition from α→
α2+β+γ, a localized lamellar structure consisting of α2, β, and 
γ plates is formed, resulting in α-segregation. The reason for 
β-segregation is that ascribed to the phase transformation of 
β→α occurred in the course of the cooling period[31].

The OM microstructure of the Ti-46Al-8Nb alloy is shown 
in Fig. 3(a). The average size of the lamellar grain is measured 
to be 264.8 μm by the linear intercept method. The SEM-BSE 
microstructure of the Ti-46Al-8Nb alloy is shown in Figs. 3(b) 
and (c), exhibiting many lamellar α2/γ phase regions in the 
matrix. In this lamellar microstructure, a region in which the 
lamellae have the same orientation is regarded as a single 
grain. Due to different degrees of segregation, there are two 
types of grain boundary morphology, smooth and irregular, in 
the boundaries of lamellae structure with different orientations, 
as the arrow in Fig. 3(b). There are numerous blocky γ and 
B2 phases present within the grain boundary region. Besides, 
a handful of blocky γ+B2 phases exist within the grains, as 
shown in Figs. 3(b) and (c). The formation of blocky γ phases 
is due to the repulsion of Al element into the inter-dendritic 
region during the solidification process. Similarly, Nb element, 
as a β-stabilizer element, has a lower diffusion rate in alloys, 
which leads to the disordered β phase at high temperatures 
being retained at room temperature and ordering to form B2 
phase[32].

3.2 Creep properties
Figure 4 shows the creep curves of the Ti-46Al-8Nb alloy 
tested at 780-820 °C and 125-175 MPa for 200 h. Based 
on curve characteristics, it demonstrates that the application 
of load is accompanied by the occurrence of initial creep Fig. 2: X-ray diffraction pattern of phase in Ti-46Al-8Nb alloy

(a) (b)

(c)

(a) (b) (c)

(d) (e) (e1)

(e3)

(e2)

(e4)
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Fig. 4: Creep curves of Ti-46Al-8Nb alloy at different conditions: (a) 800 °C, 125-175 MPa; (b) 780-820 °C, 150 MPa 

Fig. 5: Steady-state creep strain rate of Ti-46Al-8Nb alloy under different conditions: (a) 800 °C, 125-175 MPa; 
(b) 780-820 °C, 150 MPa

strain. As the creep process progresses, the creep strain 
rate decreases. The measured curves all exhibit an obvious 
steady-state creep. Obviously, as the creep temperature 
and applied stress increase, both creep strain and creep rate 
increase gradually.

Figure 4(a) shows the creep curves measured at 800 °C  
under 125-175 MPa conditions for 200 h. The creep resistance 
of Ti-46Al-8Nb alloy under stress (σ) of 125 MPa is superior to 
that under other stress conditions, and the strain rate (ε) during 
the steady-state creep stage is 0.0081%·h-1. At 800 °C, as the 
applied stress increases from 150 MPa to 175 MPa, the strain 

rate in the steady-state creep stage increases from 0.0120%·h-1 
to 0.0156%·h-1.

Figure 4(b) shows the creep curves of the Ti-46Al-8Nb 
alloy under the stress of 150 MPa at 780-820 °C for 200 h. 
It shows that the alloy exhibits an excellent creep resistance 
at 780 °C, and the creep strain rate in the steady-state creep 
stage is 0.0065%·h-1. The creep strain rate is measured to 
be 0.0182%·h-1 during the steady-state creep stage when the 
temperature is increased to 820 °C. The summary of creep 
related parameters measured under different conditions is 
shown in Fig. 5.

(a)

(a)

(b)

(b)

3.3 Deformed microstructure after creep testing
Figure 6 shows the deformed microstructure of Ti-46Al-8Nb 
alloy after 200 h of creep test under the 780-820 °C and 
125-175 MPa conditions. The specimens subjected to creep 
under various conditions do not fracture after 200 h. When the 
creep temperature is 800 °C, as the applied stress gradually 
increases, the voids in the microstructure gradually increase. 
Under the stress conditions of 125 MPa, the alloy only has 
a small number of small-sized voids at grain boundaries and 
within the grains, as shown in Fig. 6(b). When the stress 
reaches 175 MPa, the voids in the deformed microstructure 
grow and connect [Fig. 6(d1)], and cracks appear [Fig. 6(d2)]. 
These voids and cracks mainly exist in grain boundaries 
and the interface of lamellar within the grains, as shown in 

Figs. 6(c) and (d1 and d2). Similarly, when the applied stress 
is 150 MPa, as the creep temperature increases, the void size 
gradually increases, and small voids can be observed at the 
end of the crack, as shown in Figs. 6(a), (c), and (e). Upon 
closer observation of Figs. 6(d1 and d2) and (e), it can be found 
that when the morphology of grain boundaries is smooth, 
cracks will propagate along the grain boundaries. On the 
contrary, when the grain boundaries are irregularly serrated, 
there are discontinuous voids at the grain boundaries, and 
cracks will develop along interlayer within the grains. The 
crack propagation direction in the alloy is perpendicular or 
approximately 45° to the stress axis.

Based on the above experimental results, the voids mainly 
nucleate at the grain boundaries and the positions of B2 phase 
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Fig. 6: SEM-BSE microstructure of alloy after creep test at 780-820 °C and 125-175 MPa for 200 h: (a) 780 °C/150 MPa; 
(b) 800 °C/125 MPa; (c) 800 °C/150 MPa; (d) 800 °C/175 MPa; (e) 820 °C/150 MPa

within the grains, which is caused by the incompatibility 
between B2 phase and the other surrounding phases during 
the deformation process. In addition, the reason why cracks 
propagate in the direction perpendicular to or at a 45° to the 
stress axis is that the shear stress in that direction is higher.

In general, smooth grain boundaries contribute to crack 
propagation[33]. Voids and cracks in the alloy are more likely 
to form at grain boundaries with segregation. This is the result 
of the combined effect of stress concentration caused by the 
segregation and strain incompatibility between its surrounding 
phases during deformation, as well as lower interfacial bonding 
strength between different phases. The cavities at the grain 
boundaries are interconnected, promoting the propagation of 
cracks along the grain boundaries, thereby releasing stress 
concentration and accelerating creep failure.

Irregular grain boundaries can suppress crack growth and 
propagation[34]. Discontinuous cracks are formed at irregular 
grain boundaries in alloy specimens after creep. This is due 
to the strengthening effect of grain boundary formed by bulk 
segregation at the grain boundary, which can enhance the slip 
resistance of the grain boundary and prevent the initiation and 
propagation of cracks. Therefore, cracks propagate along the 
layered interface to release stress concentration until creep 
failure occurs.

4 Discussion
4.1 Effect of Al content on microstructure
The content of Al element plays a decisive role in the 

microstructure of TiAl alloy. In binary alloy systems, 
solidification pathways are divided into three typical types 
based on the different Al contents[35]: (1) Al<44.8at.%, 
the solidification pathway is single β solidification; 
(2) 44.8at.%<Al<47.3at.%, the solidification pathway is 
hypo-peri tect ic sol idif icat ion; (3) Al>49.4at .%, the 
solidification pathway is hyper-peritectic solidification. The 
introduction of β-stabilizing elements has an impact on the 
solidification path[36]. Therefore, the concept of “Al equivalent” 
is introduced to more accurately determine the solidification 
path. The Al equivalent can be expressed by the following 
equation[37]:

                      CAl,eq = CAl - (CaXa + CbXb + CcXc)                  (1)

where CAl,eq is the Al equivalent; CAl is the Al content; Cx is 
the content of x elements in the alloy system; Xx is the Al 
equivalents for element x. Previous studies have shown that 
XNb changes with the Nb content. For Ti-46Al-8Nb alloy, 
XNb=+0.18[38]. According to the black contrast in Fig. 3(c) and 
Table 2, Al element is repelled to the interdendritic region at 
the same time as the formation of primary dendrite β phase 
during the actual solidification process. Therefore, the actual 
Al equivalent calculation result is 46.23at.%. It means that 
the solidification pathway of the alloy involves more complex 
hypo-peritectic solidification, as shown in Fig. 7.

When the alloy solidifies to a certain temperature, the primary 
β phase undergoes a constant temperature transformation with 
the residual liquid phase, thereby promoting the growth of 
the peritectoid phase [see αh in Fig. 7(c)]. The β phase at high 
temperatures is consumed during this process. Compared to 

(a)

(b) (c)

(e)

(d1) (d2)
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Fig. 7: Schematic of solidification pathway of Ti-46Al-8Nb 
alloys 

Table 2: Chemical composition of different points in 
Fig. 3(c) (at.%)

Point Ti Al Nb

1 45.02 47.67 7.31

2 45.74 45.39 8.87

the single β solidification, the content of B2 phase formed by 
the disordered β phase maintaining and undergoing ordering 
at room temperature also decreases accordingly. Previous 
studies[39] have shown that the B2 phase deteriorates the 
properties of alloys due to strain incompatibility with other 
phases. In general, increasing the Al content of the alloy will 
suppress the formation of B2 phase in the alloy, weaken the 
instability of the structure, and improve the creep resistance of 
the alloy.

4.2 Related parameters and constitutive 
equation of creep

The creep mechanism of TiAl-based alloy is usually discussed 
based on the steady-state creep stage[40]. The creep strain rate 
at steady-state is the result of the competition between work 
hardening and dynamic recovery. Work hardening causes the 
energy inside the alloy to continue to rise due to the activation 
of a large amount of dislocations for sliding. The energy 
drives dynamic recovery, that is, defect elimination and the 
reconstruction of dislocations that form small angle grain 
boundaries. When work hardening and dynamic recovery 
reach equilibrium over a large strain span, the alloy exhibits 
steady-state creep. The steady-state or minimum creep strain 
rate is generally described by Dorn law[41-42]:

σ                                (2)

where ε is the creep strain rate in the steady-state creep stage; σA is 
the applied stress; A is a variable related to the microstructure and 
is assumed to be a constant; n is the apparent stress exponent; 
Q is the apparent creep active energy; R is the universal gas 
constant; T is the absolute temperature. Besides, n and Q can 
be determined by increasing stress and temperature[43].

                                (3)

                            (4)
According to the Eq. (2), the relationships between the strain 
rate during the steady-state creep stage and applied stress and 
temperature for this alloy are expressed as (lnε-1/T) and 
(lnε-lnσ), as shown in Figs. 8(a) and (b), respectively. 
Substituting the strain rate of the steady-state creep stage in 
Fig. 5 into the calculation, it can be obtained that the apparent 
creep active energy (Q) and the apparent stress exponent 
(n) under conditions of 780-820 °C and 125-175 MPa are 
Q=274 kJ·mol-1 and n=1.96, respectively. The relationship 
between the apparent stress exponent and the creep mechanism 
of alloys is as follows[44]: (1) n=1, the main creep deformation 
mechanism is diffusion creep caused by directed migration 
of atoms and vacancies; (2) n=2, the main creep deformation 
mechanism is grain boundary sliding (GBS); (3) n=3, the 
climb rate of dislocations is higher than the slip rate, and the 
creep deformation rate is mainly controlled by the dislocation 
slip process; (4) n=4-7, the climb rate of dislocations is lower 
than the slip rate, and the creep deformation rate is mainly 
controlled by the climb process of dislocations; (5) n>7, the 
creep process of alloys is still mainly controlled by dislocation 
climb, but this situation mostly occurs in second phase particle 
strengthening materials.

According to the apparent stress exponent measured 
(n=1.96), i t can be speculated that the sliding of the 
grain boundary dominates the creep strain rate during the 
steady-state creep stage. Lapin et al.[45] reported that the 
apparent stress exponent of a fully lamellar TiAl-based alloys 
under conditions of 700-800 °C and 200-400 MPa is about 5, 
which is higher than the Ti-46Al-8Nb alloy, indicating that the 
Ti-46Al-8Nb alloy exhibit better creep resistance within the 
temperature and stress range.

The creep deformation mechanism of the Ti-46Al-8Nb 
alloy under conditions of 780-820 °C and 125-175 MPa is 
dominated by grain boundary sliding (GBS), which requires the 
movement of dislocations to coordinate interface sliding and 
thereby enable creep deformation. Therefore, the dislocation 
density at the grain boundaries and interfaces between layers 
with different orientations should be significantly higher than 
that within the grains[46]. It is generally thought that the grain 
boundary sliding mechanism will increase the local internal 
stress at the boundary of a lamellar settlement[47]. With the 
help of externally applied creep stress, the dislocation sliding 
system of adjacent layer colony may be activated. As the 
applied stress increases, the number of dislocations in the 
alloy at grain boundaries and phase interfaces also increases. 
However, the triangular tangled grain boundary will slow 
down the grain boundary sliding mechanism[48]. The weakened 
grain boundary sliding requires large external creep stress to 
drive the activation of other dislocation slip systems.

4.3 Mechanism of crack initiation and 
propagation during creep

By analyzing the microstructure before and after creep 
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Fig. 8: Relationship between strain rate (ε) during steady-state creep stage and applied stress (σ), temperature (T) 
for the alloy: (a) strain rate and temperature; (b) strain rate and applied stress

Fig. 9: Schematic diagrams showing nucleation and growth mechanism 
of cavities: (a) nucleation; (b) growth; (c) cavities interlink

(a) (b)

performance testing, the schematic diagrams 
showing the nucleation and growth mechanism 
of cavities within the segregation zone are shown 
in Fig. 9. Cavities usually forms at the grain 
boundaries, caused by the presence of significant 
stress concentration and the low bonding strength 
at that location. As the creep goes on, the voids will 
continue to grow along the tensile direction and 
connect with each other to form larger voids, as 
shown in Figs. 9(b) and (c). 

Figure 10 illustrates schematic diagrams of the 
microstructural evolution process during creep. 
The red dashed line marks the position of the grain 
boundary. Figures 10(a) and (c) show small and 
large block-like β segregation at the grain boundary, 
respectively. Whether it is β-segregation at grain 
boundaries or blocky γ+B2 phase within grains, the 
presence of voids in the segregation zone can lead 
to the instability of the alloy microstructure, which 
will result in complete dissolution of segregation 
during creep, as shown in Figs. 10(a) and (b). As 
the creep progresses, the smooth grain boundaries 
caused by small blocky β-segregation have a low 
hindering effect on the growth and connection of 
voids, ultimately leading to crack propagation at 
the grain boundaries and creep failure. Compared 
with small-blocky β-segregation, large-blocky 
β-segregation has a smaller specific surface area, 
which means a lower nucleation rate of voids. 
Therefore, due to the obstruction effect of irregular 
serrated grain boundaries caused by large-blocky 
β-segregation, cracks are difficult to propagate at 
the grain boundaries and can only form larger voids. 
When the accumulated energy in the alloy reaches 
a certain level, cracks will propagate along the 
interlayer of the grains until creep fracture occurs.

5 Conclusions
In this work, the Ti-46Al-8Nb alloy was prepared 
by electromagnetic cold crucible solidification 

(a) (b) (c)

Fig. 10: Schematic diagrams showing microstructural evolution during 
creep: (a, b) small-block segregation smooth interface before (a) 
and after (b) creep testing; (c, d) large-block segregation 

              irregular interface before (c) and after (d) creep testing

technology, and the microstructure, phase constitution, creep performance, 
and creep deformation structure were studied. The following conclusions 
are obtained:

(1) The phase constitution of Ti-46Al-8Nb alloy consists of γ, α2, 
and B2 phase. The alloy is composed of γ/α2 lamellae with different 
orientations. Due to different micro-segregation degrees, there are 
two boundary morphologies, i.e., the smooth grain boundaries due 
to small-blocky segregation and irregular grain boundaries caused by 
large-blocky segregation.

(a)

(b)

(c)

(d)
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(2) The solidification path of Ti-46Al-8Nb alloy transitions 
from single β solidification to hypoperitectic solidification. 
The growth of peritectic phase consumes residual liquid phase 
and primary β phase, resulting in a decrease in the amount of 
B2 phase formed by the ordering of β phase retained at room 
temperature, which is beneficial for improving creep resistance.

(3) The Ti-46Al-8Nb al loy exhibi ts typical creep 
characteristics, and there is an obvious steady-state creep stage. 
At 800 °C, as the applied stress increases, the steady-state 
creep rate of Ti-46Al-8Nb alloy increases from 0.0081%·h-1 to 
0.0156%·h-1. Under 150 MPa, when the temperature rises from 
780 °C to 820 °C, the steady-state creep rate of Ti-46Al-8Nb 
alloy increases from 0.0065%·h-1 to 0.0182%·h-1.

(4) The apparent creep active energy and the apparent 
stress exponent of the Ti-46Al-8Nb alloy is calculated to be 
Q=274 kJ·mol-1 and n=1.96 in the conditions of 780-820 °C 
and 125-175 MPa. The creep deformation mechanism of 
Ti-46Al-8Nb alloy is grain boundary sliding. The creep failure 
mechanism is that segregated areas dissolve to form voids, 
which grow and interconnect to promote crack propagation. 
For the smooth grain boundaries, cracks propagate along the 
grain boundaries; For the irregular serrated grain boundaries, 
cracks will propagate along the interlayer of the grains, 
ultimately leading to material failure.

(5) During the creep process, cracks in Ti-46Al-8Nb alloy 
usually initiate and propagate along the direction perpendicular 
to or at a 45° to the stress axis, until creep fracture occurs. 
Creep fracture is caused by the maximum tensile stress and 
shear stress in these two directions, respectively.
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