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Abstract: Microstructure instabilities of the fully lamellar Ti−45Al−8.5Nb−(W,B,Y) alloy were investigated by SEM and TEM after 
long-term thermal cycling (500 and 1000 thermal cycles) at 900 °C. Two major categories of microstructure instability were 
produced in the alloy after the thermal cycling: 1) The discontinuous coarsening implies that grain boundary migrations are inclined 
to occur in the Al-segregation region after the long-term thermal cycling, especially after 1000 thermal cycles. Al-segregation can be 
reduced during the process of long-term thermal cycling as a result of element diffusion; 2) The α2 lamellae become thinner and are 
broken after 1000 thermal cycles caused by the dissolution of α2 lamellae through phase transformation of α2→γ. The γ grains 
nucleate within the α2 lamellae or (α2+γ) lamellae in a random direction. 
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1 Introduction 
 

TiAl alloys containing high content of Nb with a 
fully lamellar structure have been preliminarily applied 
in fields, such as aerospace and automobile, for their low 
density, high specific strength, good high-temperature 
oxidation resistance and creep resistance [1−3]. As the 
representative of a new generation of high temperature 
structural materials, the service environment of TiAl 
alloys containing high content of Nb will be increasingly 
strict. These alloys work under thermal cycling 
environment of about 700−1000 °C and different kinds 
of stress [4,5]. Therefore, long-term stability of the 
microstructure under service conditions is the major 
concern in developing TiAl alloys containing high 
content of Nb before the application. 

Currently, many investigations on microstructure 
instability of TiAl alloys containing high Nb under the 
service conditions have been carried out [6,7]. These 
instabilities are manifested as the following three 

categories [8−10]: 1) phase shape changes and changes 
of the volume fraction and composition by dissolution/ 
precipitation of the relevant phases; 2) continuous 
coarsening by the reduction in interfacial area;        
3) discontinuous coarsening by grain boundary migration. 
In recent studies [5,6,11], especially in long-term thermal 
exposure, the first two categories were commonly 
observed but the third one was usually ignored or rarely 
reported. HUANG et al [6] indicated the microstructure 
stability of TiAl alloys with high content of Nb during 
long-term thermal exposure at 700 °C, which includes 
three types of decomposition of α2 and γ lamellae. The 
decomposition of lamellae is driven by the phase 
equilibria since the ratio of α2/γ in lamellar structure of 
original alloys is in nonequilibrium [12]. However, the 
phenomenon of discontinuous coarsening was not 
concerned. In addition, in terms of experiment conditions, 
it is not enough to make studies only on long-term 
thermal exposure at lower temperature of TiAl alloys 
containing high Nb. Firstly, the alloys tend to work in 
thermal cycling environment during the service of  
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aerospace components. Moreover, the service 
temperature of TiAl alloys containing high content of Nb 
is higher than that of conventional TiAl alloys. Some 
researchers [13,14] have focused on the thermo- 
mechanical fatigue behavior of TiAl based alloys for a 
long time. Recently, they announced that loading 
conditions could reduce fatigue life dramatically 
compared with the corresponding isothermal conditions. 
Furthermore, the microstructure instability of TiAl alloys 
containing high content of Nb induced by long-term 
thermal cycling may be obviously different because of 
the production of thermal stress during thermal cycling. 
However, there are few systematic reports about 
microstructure instability of TiAl alloy containing high 
content of Nb during long-term thermal cycling or under 
thermal cycling creep conditions. Therefore, the studies 
on microstructure instabilities during long-term thermal 
cycling are of great importance to service security of 
TiAl alloys containing high content of Nb. However, the 
exact regularity of microstructure instability of the alloy 
during long-term thermal cycling has not been clarified 
yet. 

In this work, the microstructure instabilities after 
long-term thermal cycling were studied at 900 °C in fully 
lamellar Ti−45Al−8.5Nb−(W,B,Y) alloy. The forming 
reasons for the two kinds of microstructure instabilities 
will be illustrated in detail. 
 
2 Experimental 
 

A fully lamellar cast ingot alloy with a nominal 
chemical composition of Ti−45Al−8.5Nb−0.2W− 
0.2B−0.02Y (mole fraction, %) was chosen. In order to 
obtain the fully lamellar structure, the alloy was heat 
treated at 1340 °C (in the α-phase field) for 12 h and then 
transferred to 900 °C for 30 min followed by air cooling. 

For thermal cycling tests, the specimens were cut 
from the alloy using an electro-discharge machine to 
appropriate dimensions of 12 mm×12 mm×5 mm. The 
surfaces of the specimens were mechanically polished up 
to 1200 grit SiC papers and cleaned ultrasonically for 15 
min in acetone before thermal cycling test. 

Thermal cycling tests were performed from room 
temperature to 900 °C for 500 and 1000 cycles in a 
thermal cycling furnace with an auto moving beam (YHL 
1.5-12 model). One cycle was composed of holding at 
900 °C for 1 h and at ambient temperature for 12 min. 
The specimens were inserted into and removed from the 
zone of the furnace within a few seconds to ensure a 
rapid heating and cooling. 

The thermal cycling specimens were polished using 
standard metallographic techniques. After being teched 
in the solution of 5 mL HF, 10 mL HNO3 and 85 mL H2O, 
optical microscopy (OM) was used to characterize the 

lamellar microstructures before the thermal cycling. 
Microstructural changes were analyzed using a ZEISS 
SUPRA55 three-dimensional field emission scanning 
electron microscope (FESEM), equipped with an energy 
dispersive X-ray spectroscopy (EDS) detector, and a 
JEM 2010 transmission electron microscope (TEM). 
Specimens for TEM were prepared by means of twin-jet 
electro-polishing at 27 V and a temperature of −30 °C. 

The mean primary lamellar interface spacing (α2+γ) 
was measured by TEM. The α2 and γ lamellae were tilted 
‘edge-on’. The measurements were conducted on 30 
micrographs that were randomly chosen. 
 
3 Results 
 
3.1 Microstructure before thermal cycling 

Figures 1(a) and (b) show the optical and 
back-scattered electron (BSE) microstructures of the 
fully lamellar Ti−45Al−8.5Nb−(W,B,Y) alloy before 
thermal cycling test, respectively. The fully lamellar 
microstructures are achieved, which are characterized by 
uniformly distributed fine lamellar colonies (Fig. 1(a)). 
As shown in Fig. 1(b), the interdendritic dark contrast 
area exhibits the microsegregation obviously, and the 
EDS results show that the area is rich in Al and poor in 
Nb. This shows that the studied alloy solidifies through 
β-type solidification and the solidification segregation 
has not been completely removed by the heat treatments. 

TEM images in Figs. 2(a) and (b) show the lamellar 
 

 

Fig. 1 Optical image (a) and back-scattered electron (BSE) 
image (b) of fully lamellar Ti−45Al−8.5Nb−(W,B,Y) before 
thermal cycling tests 
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Fig. 2 TEM images of fully lamellar structures in Ti−45Al− 
8.5Nb−(W,B,Y) alloy: (a) Alternating α2/γ arrangement;     
(b) Several finer lamellae in α2 

microstructure in the fully lamellar Ti−45Al−8.5Nb− 
(W,B,Y) alloy before thermal cycling tests. The lamellar 
colonies in the original alloy are composed of an 
alternating arrangement of α2 (in bright contrast) and γ 
(in dark contrast). As shown in Fig. 2(b), the 
interlamellar spacing (63±7 nm) is narrow and some of 
the lamellar packets between the two γ lamellae are 
composed of several finer α2 and γ lamellae. 
 
3.2 Microstructural changes after thermal cycling 

Two categories of microstructure instability are 
observed in the fully lamellar Ti−45Al−8.5Nb−(W,B,Y) 
alloy after thermal cycling test. They are discontinuous 
coarsening of primary α2/γ lamellae occurred in the 
original Al segregation region and decomposition of α2 
lamellae, and the nucleation of γ grains within the 
lamellae, respectively. 
3.2.1  Discontinuous coarsening (DC) of primary α2/γ 

lamellae 
Figures 3(a) and (b) separately show the Al 

microsegregation in Ti−45Al−8.5Nb−(W,B,Y) alloy after 
500 and 1000 thermal cycles tests. Compared with the 
original microstructures in Fig. 1(b), the Al 
microsegregation can be reduced notably due to the 
element diffusion during the long-term thermal cycling. 
Figures 3(c) and (d) show the enlarged views of the 
lamellar microstructures in Al-segregation region of the 
alloy after 500 and 1000 thermal cycles, respectively. 
The areas of Al microsegregation still consist of  
lamellar colony. As shown in Fig. 3(c), the lamellar  

 

 

Fig. 3 SEM images of Ti−45Al−8.5Nb−(W,B,Y) alloy after long-term thermal cycling: (a) Al microsegregation after 500 thermal 
cycles; (b) Al microsegregation after 1000 thermal cycles; (c) Lamellae in Al-segregation region after 500 thermal cycles;         
(d) Lamellae in Al-segregation region after 1000 thermal cycles 
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microstructure in the Al-segregation area almost 
unchanges as compared with that in other regions after 
500 thermal cycles. However, after 1000 thermal cycles, 
the interlamellar spacing increases obviously in the 
Al-segregation region and most of the lamellar 
orientations in the coarsening region are different from 
the original primary lamellae. This suggests that 
discontinuous coarsening should generate in 
interdendritic region [8,15]. Table 1 lists the EDS 
analysis result of discontinuous coarsening lamellae and 
primary lamellae regions in the alloy after 1000 thermal 
cycles. The Al content in discontinuous coarsening (DC) 
lamellae is higher than that in the primary lamellae. 
 
Table 1 EDS compositions of discontinuous coarsening (DC) 
lamellae and primary lamellae regions in alloy after 1000 
thermal cycles 

Mole fraction/% 
Sample 

Ti Al Nb 

DC lamellae 43.42(±0.16) 48.25(±0.21) 8.32(±0.05)

Primary lamellae 44.37(±0.17) 47.17(±0.20) 8.46(±0.05)

 
Figure 4 shows the EPMA mapping result image of 

the discontinuous coarsening lamellar (in left side) and 
primary lamellar (in right side) microstructure. The 
percentage of Al element in the left side is evidently 
higher than that in the right side, which is consistent with  

the EDS data. Moreover, no precipitated phase has been 
found along grain boundary. 

Figures 5(a) and (b) show the phenomenon of 
discontinuous coarsening in the studied TiAl alloy after 
1000 thermal cycles tests. Figure 5(a) shows the 
morphology of discontinuous coarsening which is 
formed along the colony boundary where the coarsened 
lamellae are nearly perpendicular to the colony boundary. 
Figure 5(b) shows another kind of morphology of the 
discontinuous coarsening. It is formed along the colony 
boundary where the coarsened lamellae on one side of 
the colony boundary are nearly perpendicular to the 
colony boundary, but the coarsened lamellae on the other 
side of the colony boundary are nearly parallel to the 
colony boundary. Both types have been mentioned in 
TiAl alloys without Nb addition [15,16] which are called 
as type I and type II. The discontinuous coarsening 
microstructures, as shown in Figs. 5(a) and (b), are both 
coarser lamellar structure and still consist of α2 and γ. 
However, little type III discontinuous coarsening can be 
found in the alloy which contains tortuous secondary 
lamellae. This lamellae have no obvious orientation of 
the colony boundary with the primary lamellae on both 
sides of the boundary. It may be because of the lower 
driving force at the lower temperature (900 °C) [15]. 

Figures 6(a) and (b) show the discontinuous 
coarsening indicated by white circle. It can be clearly 
seen that not only the interlamellar spacing but also the  

 

 
Fig. 4  SEM image (a) and EPMA mapping results (b) of discontinuous coarsening lamellae (in left side) and primary lamellae (in 
right side) microstructure 
 

 
Fig. 5 Discontinuous coarsening of α2/γ in alloy after 1000 thermal cycles: (a) Type I; (b) Type II 
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lamellar thickness of discontinuous coarsening lamellae 
are much larger than those of primary lamellae. The 
degree of discontinuous coarsening is different which 
could be the reason for the difference of lamellar 
thicknesses in Figs. 6(a) and (b) (indicated by white 
circle). And the residual primary α2/γ lamellae (indicated 
by arrow) should be the evidence for the formation of 
discontinuous coarsening by consuming its primary α2/γ 
lamellae. 

3.2.2 Decomposition of α2 lamellae and nucleation of γ 
grains 

Figures 7(a)−(d) show TEM images of the 
microstructures after 1000 thermal cycles. The 
corresponding images of the microstructures after 500 
thermal cycles are not shown here, for the microstructure 
changes of the alloy after 500 thermal cycles are not 
apparent yet compared with 1000 thermal cycles. From 
Fig. 7, α2 lamellae become thinner due to the dissolution  

 

 

Fig. 6 TEM images of discontinuous coarsening with different lamellar thicknesses in Ti−45Al−8.5Nb−(W,B,Y) alloys 
 

 

Fig. 7 TEM images of microstructures after 1000 thermal cycles of decomposition of α2 lamellae occurring between adjacent γ laths: 
(a) Bright field; (b) Corresponding dark field images; (c) γ/γ interface compared with original microstructure and tortuous lamellar 
interfaces; (d) Dislocations emission at top of broken α2 laths 
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of α2 through phase transformation α2→γ (indicated by 
the arrow). Moreover, compared with the original 
microstructure (Fig. 2(a)), there is an increasing number 
of γ/γ interfaces because of the complete decomposition 
of α2 between adjacent γ laths (Fig. 7(c)). 

Furthermore, tortuous lamellar interfaces (Fig. 7(c)) 
and broken α2 laths (Figs. 7(a)−(d)) can be observed in 
the TEM images. And the dislocations emission often 
appears on the top of broken α2 laths (Fig. 7(d)). 

The nucleation of γ grains (Figs. 8(a) and (b)) in a 
random direction (confirmed by the diffraction patterns) 
within the α2 lamellae or (α2+γ) lamellar structure is also 
observed after 1000 thermal cycles, which was also 
reported by HUANG et al [17] and BESCHLIESSER et 
al [11] after long-term thermal exposure. 
 

 
Fig. 8 TEM images of lamellar microstructures after 1000 
thermal cycles: (a) Nucleation of γ grains in a random direction 
within α2 lamellae; (b) Nucleation of γ grains in a random 
direction within (α2+γ) lamellae 
 
4 Discussion 
 

The experimental results clearly reveal the two 
categories of microstructure instability observed in fully 
lamellar TiAl alloy containing high Nb after long-term 
thermal cycling. They are discontinuous coarsening of 
primary α2/γ lamellae occurred in the original Al 
segregation region and decomposition of α2 lamellae 

through phase transformation α2→γ and nucleation of γ 
grains within the lamellae, respectively. The following 
discussions will mainly focus on the discontinuous 
coarsening, because the other one has been discussed in 
detail in many references. 

Discontinuous coarsening is generated from 
boundary moving reaction which needs no change in 
crystal structure, but involves only compositional 
adjustment. The driving force for discontinuous 
coarsening is mainly from the reduction of interface 
energy and chemical free energy [18]. As shown in Figs. 
1 and 2, the narrow primary interlamellar spacing means 
that the interface formation energy of the α2/γ lamellae 
should be high. Moreover, the volume fraction and 
chemical fraction of the α2 and γ are far away from the 
equilibrium state. Driven by the chemical free energy, Ti 
and Al atom can be redistributed through the long-term 
thermal cycling at 900 °C. However, it is generally 
known that the semicoherent interface of α2/γ which 
follows the Blackburn orientation relationship 
{111}γ //

2
{0001}

α
 and 

2
<1120>

α
// <110>γ  has the 

low energy [16,19]. It is difficult for the element to 
diffuse through α2/γ interface. Therefore, the grain 
boundary becomes the main channel for element 
diffusion. In conclusion, it is likely to produce the large 
driving force, the reduction of interface energy and 
chemical free energy, which benefits the formation of 
discontinuous coarsening (Fig. 5). The discontinuous 
coarsening with large interlamellar spacing is formed 
with consuming its primary α2/γ lamellae [19]. 

Nevertheless, it was documented that the 
discontinuous coarsening phenomenon in TiAl alloys 
often occurs above 900 °C because the increase of 
interface free energy with increasing heat-treatment 
temperature will easily lead to the formation of 
discontinuous coarsening [16]. This may be the reason 
why the phenomenon of discontinuous coarsening was 
not found in the TiAl alloys during long-term thermal 
exposure below 900 °C [6,12]. However, in this work, 
under the long-term thermal cycling conditions, the alloy 
was heated and cooled between 900 °C and room 
temperature, in which the internal stresses could be 
produced caused by the thermal mismatch of elastic 
modulus and thermal expansion between α2 and γ phase 
[5]. Therefore, this process leads to the generation of a 
lot of interface free energy between the α2 and γ phase. In 
other words, this process leads to the generation of a 
great deal of energy which might be the driving force of 
the discontinuous coarsening. In addition, with 
increasing number of cycles, the volume fraction of 
discontinuous coarsening increases. 

With regard to the preference sites of discontinuous 
coarsening, EDS compositions analysis in Table 1 and 
EPMA result in Fig. 4 indicate that discontinuous 
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coarsening is inclined to occur in the Al-segregation 
region. The reason is that the thickness of γ lamellae is 
larger than that of α2 lamellae in discontinuous 
coarsening lamellae, which is more obvious than in the 
primary lamellae. Namely, interdiffusion of Al element 
should be one of the prerequisites to discontinuous 
coarsening, which could also illustrates the importance 
of chemical driving force for discontinuous coarsening 
from another aspect. 

In general, the overall driving force ΔGDC per unit 
volume of a discontinuous coarsening reaction can be 
expressed as follows [18]: 
 

=Δ+Δ=Δ γ
DC

c
DCDC GGG  

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+Δ

0

m

DC

mc
DC

22
λ
γ

λ
γ VVG                    (1) 

 
where c

DCGΔ  and γ
DCGΔ are the reduction of chemical 

free energy and the reduction of α2/γ interface energy in 
unit volume before and after the discontinuous 
coarsening reaction, respectively; Vm is the molar volume 
of alloy; λDC and λ0 are the interlamellar spacing in 
primary lamellae and discontinuous coarsening lamellae, 
respectively. As a result, the driving force for 
discontinuous coarsening increases with the decrease of 
λ0. Moreover, it should be noted that long-term thermal 
cycling would provide larger driving force than 
long-term thermal exposure at the same temperature, 
because a great deal of extra α2/γ interface free energy is 
generated during long-term thermal cycling due to the 
internal stresses caused by the thermal mismatch of 
elastic modulus and thermal expansion between α2 and γ 
phases. 

As to the decomposition of α2 lamellae, it is driven 
by the phase equilibria because the volume fraction of 
the γ phase is lower than that at equilibrium. In addition, 
with narrower interlamellar spacing, the phase 
nonequilibria increases and the dissolution of α2 lamellae 
becomes more serious (Fig. 7). Figure 8 shows γ grains, 
which grow into (α2+γ) lamellae or nucleate within α2 
lamellae. This process is driven by fault and edge 
migration. More detailed information about the 
mechanisms of the process have been given in      
Refs. [8,11,17]. 
 
5 Conclusions 
 

1) The interdiffusion of Al element should be one of 
the prerequisites to discontinuous coarsening. 

2) The long-term thermal cycling would provide 
larger driving force of discontinuous coarsening than 
long-term thermal exposure at the same temperature, 
because a great deal of extra α2/γ interface free energy is 
generated during long-term thermal cycling. 

3) The α2 lamellae become thinner and broke after 
1000 thermal cycles, which is driven by the phase 
equilibria because the volume fraction of the γ phase is 
lower than that at equilibrium. 
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全片层高 Nb 含量 TiAl 合金长期热循环后的 
显微组织不稳定性 
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摘  要：对全片层 Ti−45Al−8.5Nb−(W,B,Y)合金在 900 ℃下进行长期热循环(500 次和 1000 次)实验，采用扫描电

镜(SEM)及透射电镜(TEM)研究该合金长期热循环后的显微组织不稳定性。结果表明：合金经热循环后主要产生

两种类型的组织不稳定性：1) 长期热循环特别是 1000 次热循环后，在 Al 偏析处易产生因晶界迁移引起的不连续

粗化，随着循环次数的增加，元素扩散致使 Al 偏析逐渐减少；2) 1000 次热循环后，α2片层变细且发生断裂，这

是由 α2→γ相变导致的 α2片层溶解所致。同时，γ晶粒在 α2片层或(α2+γ)片层内部以任意方向形核。 

关键词：TiAl 合金；热循环；热稳定性；不连续粗化 
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