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A B S T R A C T   

A forged TiAl-Nb alloy was investigated by means of measurements of properties related to performance at high 
temperatures, and the microstructure was observed by scanning electron microscopy (SEM) with electron 
backscattering diffraction (EBSD) and transmission electron microscopy (TEM). The brittle-ductile transition 
temperature of the alloy was between 800 ◦C and 820 ◦C. The alloy had high strength in the brittle stage, and the 
main deformation mechanisms of the alloy were dislocation movement and dynamic recovery (DRV) in the γ 
phase. In the ductile stage, the alloy had good deformation ability and the main deformation mechanism of the 
alloy was continuous dynamic recrystallization (CDRX) in γ phase and α2 phase, the integrity of the lamellar 
colonies was destroyed. At the same time, the phase transformation occurred.   

1. Introduction 

TiAl alloys have good potential for applications in the field of high- 
temperature materials. However, as they are intermetallic compounds, 
brittleness at room temperature and poor thermal working properties 
limit their application [1–3]. Researchers usually overcome the brittle
ness of TiAl alloys by hot deformation, alloying and heat treatment. The 
principle is to change the phase structure of alloys to introduce a plastic 
phase with better properties [4–7]. 

As-cast TiAl alloys have coarse grain size, nonuniform structure, 
tendency to undergo segregation, and poor resistance to ductile fracture, 
and thus they have high requirements for hot deformation processes. 
Researchers usually refine the organization of as-cast TiAl and improve 
its machinability by first processing and then secondary processing to 
obtain final products. Common primary processing technologies include 
isothermal forging, conventional canned forging and extrusion [8–11], 
while secondary processing technologies include sheet rolling, super
plastic forming and isothermal closed-die forging [12,13]. In recent 
years, more and more researchers have focused on the dynamic recovery 
and recrystallization of TiAl alloys [14]. Shi et al. prepared a TiAl-based 
alloy with superplasticity at 1125–1275 ◦C by pulsed current-assisted 

forging, and the study showed that the deformability of the alloy was 
mainly related to dynamic recrystallization and phase transition [15]. 
Cui et al. studied the effect of multidirectional forging on the micro
structure evolution and tensile properties of TiAl alloy and concluded 
that the process could refine the microstructure and effectively improve 
the tensile properties of the alloy [16]. Bystrzanowski et al. studied the 
microstructure evolution of a Ti-46Al-9Nb alloy during a high- 
temperature tensile process. They found that mechanical twins and 
deformation bands were the main deformation characteristics below 
850 ◦C, and dynamic recrystallization was the main deformation char
acteristic above 850 ◦C [17]. 

The brittle-ductile transition (BDT) is a common property of crys
talline materials. It refers to the transition from a brittle state with little 
or no plasticity to a ductile state with more than 10% plastic deforma
tion as the temperature increases [18]. With further research, re
searchers found that the brittle and ductile transition is closely related to 
microstructure evolution, mechanical twinning, dislocation slip, defor
mation zone and dynamic recrystallization [19–21]. 

The forging process of TiAl alloy is very complicated, and the forged 
microstructure is closely related to the original microstructure, chemical 
components, phase composition and thermal processing parameters. 
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The structure of the forged alloy is complicated and has high research 
value. Therefore, in this study, a TiAl-Nb alloy with high performance 
was prepared by isothermal forging. The deformation mechanism of the 
alloy was investigated for different tensile temperatures by tensile 
property tests and microstructure observations. The paper attempts to 
obtain the high temperature plastic deformation law of forged TiAl 
alloy, and further deepen the understanding of the internal relationship 
and law between the microstructure and plastic deformation behavior of 
forged TiAl alloy, so as to provide a reliable basis for effectively con
trolling the hot working technology of the material and improving its 
quality and properties. 

2. Experimental materials and methods 

The alloy ingot composed of Ti-44Al-8Nb-0.2 W-0.2B-0.1Y (at. %) 
was isothermally forged at 1250 ◦C. The isothermal forging process was 
as follows: After heating the mould to slightly above the forging tem
perature, the ingot was placed in the mould cavity and then heated to 
make the temperature of the mould and ingot equal. When the forging 
temperature was reached, pressure was applied to deform the alloy billet 
at a low strain rate of 80%. Then, the ingot billet in the isothermal 
forging state was processed into a sample billet with dimensions 14 mm 
× 20 mm × 40 mm by wire cutting. 

The alloy samples were processed into sheet tensile specimens with a 
cross section of 4.5 mm × 2.5 mm and a standard distance of 20 mm by 
wire cutting technology. After mechanical grinding and polishing, 
WDW-100 electronic universal testing machine was used to measure the 
tensile properties of the alloy at different temperatures at a rate of 1 ×
10− 3/s. The microstructure of the original and tensile fractured samples 
was observed by SEM (Themo Anre S) and TEM (Talos F200X). 

3. Experimental results and analysis 

3.1. Microstructure of the forged alloy 

The original microstructure of the forged TiAl-Nb alloy observed by 
electron backscattering diffraction (EBSD) is shown in Fig. 1. Fig. 1(a) 
and Fig. 1(b) show the IQ map and phase map, respectively. The alloy 
was composed of lamellar colonies and equiaxed grains. The lamellar 
colonies were composed of alternating γ lamellae and α2 lamellae, and 
the equiaxed grains were composed of larger γ grains and smaller α2 
grains. Figure (b) shows that the fractions of the γ phase, α2 phase and 
β(B2) phase were 91.9%, 8.1% and 0.1%, respectively. Compared with 
the γ phase, the volume fraction of the α2 phase was smaller. 

Fig. 2(a) shows the bright-field TEM images of the interfacial area 
between the larger lamellar colonies and the smaller lamellar colonies. 
The larger lamellar colonies showed slight bending deformation, as 

shown by the white arrow on the left, while the smaller lamellar colonies 
were not deformed, as shown by the black arrow on the right. Fig. 2(b) 
shows the enlarged TEM image of the smaller lamellar colony, and the 
EDS spectrum of Al is shown in the lower left corner. The bright contrast 
phase with a higher atomic fraction of Al was γ-TiAl phase, and the dark 
contrast phase with a lower atomic fraction of Al was the α2-Ti3Al phase. 
All the lamellar colony and equiaxed grains were composed of γ-TiAl 
and α2-Ti3Al phases, and the smaller lamellae were relatively straight. 
Fig. 2(c) shows a TEM image of a large region of lamellae; some lamellae 
were slightly bent and deformed, as shown by the white arrow in Fig. 2 
(c). Fig. 2(d) shows a TEM image of equiaxed grains, where the dark 
contrast was the γ phase and the light contrast was the α2 phase. The γ 
grains in this region were mostly equiaxial and large, and the α2 grains 
were irregular in shape and distributed around γ grains, which was 
consistent with the EBSD observations. Dislocations occurred in some γ 
grains and plugged into the interface between grains, as shown by the 
white arrow in Fig. 2(d). No dislocations were observed in the α2 grains. 

3.2. Tensile curves of the forged TiAl-Nb alloy 

The tensile curves of the forged TiAl-Nb alloy at 760 ◦C–840 ◦C are 
shown in Fig. 3(a). When the tensile test temperature ranged from 
760 ◦C to 800 ◦C, the stress increased sharply with increasing elonga
tion, and fracture occurred in a short time. The alloy had high yield 
strength and low elongation, showing obvious characteristics of brittle 
fracture. This kind of tensile curve was dynamic recovery type curve. As 
can be seen from the curve in the figure, the process was divided into 
two stages: In the first stage, dislocation increment occured in the ma
terial structure, and the dislocation increased rapidly with the increase 
of deformation and shape variable, resulting in the increased of stress. In 
the second stage, the material had yield deformation, and with the 
increased of deformation, the work hardening rate decreased, and the 
dislocation become entangled and multiple changes. 

When the temperature exceeded 800 ◦C, the yield strength decreased 
sharply, the elongation increased sharply, and the alloy exhibited 
obvious characteristics of ductile fracture. This kind of tensile curve was 
a dynamic recrystallization type curve. As can be seen from the curve in 
the figure, the process was also divided into two stages: In the first stage, 
as the amount of deformation increased, the hardening was intensified, 
and at the same time, a substructure was formed to soften the material. 
At this stage, the hardening action was greater than the softening action, 
so the stress continued to increase until the peak. In the second stage, as 
the amount of deformation continued to increase, recrystallization 
occured, and the stress decreased rapidly. 

The yield strength and elongation of the material at different tem
peratures were compared, as shown in Fig. 3(b). The brittle-ductile 
transition temperature of the material was between 800 ◦C and 820 ◦C. 

Fig. 1. EBSD observations of the forged high Nb-TiAl alloy: (a) IQ map; (b) phase map.  
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3.3. Deformation characteristics of alloys in the brittle stage 

The brittle-ductile transition temperature is the main parameter used 
to characterize the service temperature of alloys, and the high- 
temperature strength of the alloy in the brittle stage determines the 
service temperature of the alloy. Fig. 4 shows the EBSD image analysis of 
tensile fracture of the forged TiAl-Nb alloy at 780 ◦C (brittle stage). 
Figs. 4(a)-(b) show the IPF+ grain boundary map and phase map of the 
alloy, respectively. After tensile fracture at 780 ◦C, the alloy was still 
composed of equiaxed grains and lamellar colonies, and no obvious 
deformation occurred in the lamellar colonies. Small-angle grain 
boundaries appeared in some of the larger γ grains, accounting for 
approximately 16.7%, which was attributed to the substructure formed 
by dislocation entanglement during the tensile process of the alloy. This 

indicates that a dynamic recovery (DRV) occurs during the tensile pro
cess. In the local region, new grains formed through recrystallization 
inside γ grains, and the orientations of the new grains were different 
from the original grain orientations, as shown by the black circle in 
Fig. 4(a). Fig. 4(c) shows the KAM + large-angle grain boundary map of 
the alloy; the KAM values were small and unevenly distributed. The 
small-angle grain boundary was substructure formed by dislocation 
entanglement during the DRV, the distortion was large. Therefore, the 
KAM value was higher at the location of the small-angle grain boundary. 

To further analyse the microstructure transformation and deforma
tion mechanism of the forged TiAl-Nb alloy during the tensile process, 
TEM analysis of the forged TiAl-Nb alloy after tensile fracture was 
performed. The TEM images of the alloy near the fracture after tensile 
fracture at 780 ◦C are shown in Fig. 5. 

Fig. 2. TEM images of the forged TiAl-Nb alloy: (a) the interface between a region of larger lamellar colony and a smaller lamellar colony; (b) TEM image and EDS 
pattern of a smaller lamellar colony; (c) TEM image of a larger lamellar colony; (d) TEM image of equiaxed grains. 
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Fig. 3. Relationship between tensile properties and temperature of alloy: (a) stress as a function of elongation; (b) stress as a function of temperature.  
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Fig. 5(a) shows a TEM image at the boundary between a region of 
equiaxed grains and a region of lamellae; the EDS map of Al is shown in 
the lower left corner of the figure. The bright contrast region was the γ 
phase, the dislocations were mainly produced in the γ grains and γ 
lamellae, the dislocation density was low, and no dislocations were 
observed in the α2 lamellae. Figure (b) shows a TEM image of equiaxed 

grains, and the EDS map of Al is shown in the lower left corner of the 
figure. The dark contrast region was α2 phase, and the light contrast 
region was the γ phase. The dislocation density in the γ grain was low, 
and there were only a few dislocations in the α2 grain, which hardly 
contributed to the deformation of the alloy. Fig. 5(c) shows an image of 
another domain of equiaxed grains in the alloy, grains A and B formed 

Fig. 4. EBSD observations of the forged alloy near the fracture after tensile fracture at 780 ◦C: (a) IPF+ grain boundary map; (b) phase map; (c) KAM + large-angle 
grain boundary map. 

Fig. 5. Deformation features of the forged alloy at 780 ◦C: (a) boundary between the region of equiaxed grains and the region of lamellae; (b) microstructure of the 
region of equiaxed grains; (c) discontinuous dynamic recrystallization near twins and dislocations; (d) discontinuous dynamic recrystallization at the edge of the 
lamellar colony. 
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near twins and dislocations, and no dislocations were observed in the 
newly formed grains. These grains were formed by nucleation and 
growth during the tensile process, so the process was discontinuous 
dynamic recrystallization (DDRX). In addition, new grains produced by 
DDRX were observed at the edge of lamellar colony, as shown in grain C 
in Fig. 5 (d). The new grains were produced by transforming lamellae. 
The formation of grain C broke the lamellae, and grains D, E, F and G 
formed. Similar to the nucleation mechanism near dislocations and 
twins, the phase boundary had many defects with high energy, which 
was ideal for nucleation by DDRX. The subgrains formed by DDRX had 
low distortion energies, which continuously pushed the subgrain 
boundary outwards to reduce the distortion energy of the alloy system 
[22]. This was also the main reason for the low KAM value of the alloy 
after tensile fracture under this condition. 

Fig. 6 shows TEM images of the alloy near a fracture after tensile 
fracture at 800 ◦C. Fig. 6(a) shows an image of the equiaxed grains of the 
alloy. As shown in the black box in the figure and the enlarged view in 
the upper right corner, relatively dense dislocations and dislocation 
arrays formed in γ grains, this provides favorable conditions for dynamic 
recovery (DRV). Fig. 6(b) shows another region of the alloy near the 
fracture. A hexagonal dislocation network (region A) and a quadrilateral 
dislocation network (region B) formed at the inner boundary of the 
grain, and similar images have been reported in other literature [23]. 
The dislocation moved around the grain boundary and reacted with the 
dislocation network, making the dislocation climb, which shows that the 
alloy had undergone DRV. 

3.4. Deformation characteristics of alloys in the ductile stage 

Fig. 7 shows an SEM image of the forged TiAl-Nb alloy after tensile 
fracture at 840 ◦C. The microstructure of the alloy after tensile fracture 
was composed of equiaxed grains and residual lamellae. The presence of 
residual lamellae was related to the plastic anisotropic properties of 
lamellar colonies. The volume fraction of the equiaxed grains was large, 
and many holes were observed in the region with equiaxed grains. 

Fig. 8 shows the EBSD analysis of the region of equiaxed grains in the 
forged TiAl-Nb alloy after tensile fracture at 840 ◦C. Fig. 8(a)-(b) shows 
the IPF+ grain boundary map and phase map of the alloy. After tensile 
fracture at 840 ◦C, the γ grains of the alloy were heterogeneous in size, 
obvious refinement and spheroidization occurred, and the orientation 
difference between grains was large, which was attributed to the dy
namic recrystallization and rotation of γ grains during the tensile pro
cess. There were many grain boundaries with small angles (shown as 
white lines in Fig. 8(a)) in the large γ grains, approximately 56.6%, this 
indicated that dynamic recovery intensified at higher temperatures. 
However, higher temperatures also provide a greater driving force for 
dynamic recrystallization and led to repeated and more adequate dy
namic recrystallization. The IPF map of the α2 phase in the alloy is 
shown in Fig. 8(c). After tensile fracture at 840 ◦C, the α2 phase in the 

equiaxed gain region was transformed into near-equiaxed grains, which 
were then transformed into smaller grains through dynamic recrystal
lization. Fig. 8(d) shows the KAM+ grain boundary map of the alloy. The 
KAM value of the sample after tensile fracture was significantly larger 
than for tensile fracture at 780 ◦C. The KAM values in the equiaxed 
grains were unevenly distributed and the large KAM value in α2 grains 
indicated that the lattice distortion in α2 grains was large. 

Fig. 9 shows EBSD images of the residual lamellar region of the 
forged TiAl-Nb alloy after tensile fracture at 840 ◦C. Figs. 9(a) and Figs. 9 
(b) show the IPF+ grain boundary map and phase map of the alloy, 
respectively. After tensile fracture at 840 ◦C, more γ grains appeared in 
the small lamellar colony, which destroyed their integrity and made the 
small lamellar colony decrease in size or even disappear, as shown by the 
black arrows in Fig. 9(a) and Figs. 9(b). The large lamellar colony 
showed obvious bending deformation, and the γ lamellar showed 
obvious coarsening, as shown by the white arrow in the figure. Small- 
angle grain boundaries were observed in both the equiaxed grain re
gion and lamellar region, and the proportion of small-angle grain 
boundaries was approximately 35.9%. The equiaxed grains around the 
lamellae were heterogeneous in size and orientation. Fig. 9(c) shows the 
KAM map of the alloy, which showed a large KAM value. The KAM value 
in the α2 lamellae was very high (shown in red), indicating that the 
lattice distortion in the α2 lamellae was large during ductile fracture. The 
KAM values in the equiaxed grains were unevenly distributed, with 
higher KAM values in the smaller grains and lower KAM values in the 
larger grains. 

Fig. 10 shows TEM images of the fracture area of the alloy after 
tensile fracture at 840 ◦C. Fig. 10 (a) shows an area of smaller lamellae 
and equiaxed grains. Some lamellae dissolved, and the dislocation 
densities in the regions with dissolved lamellae were low, such as region 

Fig. 6. Deformation features of the forged alloy at 800 ◦C: (a) region with equiaxed grains and (b) dislocation network at the inner boundary of the grains.  

Fig. 7. SEM observations of the forged alloy near a fracture after tensile frac
ture at 840 ◦C. 
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Fig. 8. EBSD observations of the forged alloy near a fracture after tensile fracture at 840 ◦C: (a) IPF+ grain boundary map; (b) phase map; (c) IPF map of the Ti3Al 
phase; (d) KAM + large-angle grain boundary map. 

Fig. 9. EBSD observations of another area of the forged alloy near a fracture after tensile fracture at 840 ◦C: (a) IPF+ grain boundary map; (b) phase map; (c) 
KAM map. 
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A. The dislocation densities in the residual lamellae were relatively high, 
as shown in region B. This indicated that a phase transition occurred 
during deformation at high temperature where α2 + γ → γ, α2/γ lamellae 
transformed into γ grains, and some of the dislocations were consumed. 
This process provided a softening mechanism for the deformation of the 
alloy in the ductile stage. Region C was a large equiaxed grain. The 
dislocation in the grain increased with increasing strain, which provided 
a driving force for the dynamic recrystallization of the alloy. Local areas 
broke into small grains, as shown by region D in the black box. Fig. 10 
(b) shows a TEM image of the region in the alloy with equiaxed grains. 
Many cellular substructures formed by dislocation entanglements were 
observed in the ductile deformation stage. The cellular substructure 
divided the region of γ grains into several regions with low dislocation 
densities, which was the main reason for refinement of equiaxed grains. 
It can be seen that in this stage, the substructure forms a large angle 
grain boundary through absorption dislocation, and continuous dy
namic recrystallization (CDRX) occurs in the alloy. In addition, some 
dislocations were observed in the α2 phase, indicating that the α2 phase 
also played a role in deformation during the ductile stage. Fig. 10 (c) 
shows a TEM image of a large lamellar colony area. The lamellae on the 
right side were not coarse, and obvious dislocation entanglement was 
observed near the lamellar area. The lamellae on the left obviously 
coarsened, and recrystallized grains were observed in the coarsened 
lamellae, as shown by the black arrow in the figure. Some lamellae broke 
and formed a staggered arrangement, as shown by the white arrow in 
the figure. Figure (d) shows that the coarsened lamellae rotated and 
formed irregular grains. 

4. Discussion 

The analysis showed that the brittle-ductile transition temperature of 
the forged alloy was between 800 ◦C and 820 ◦C. At brittle stage (780 ◦C) 
stage, the microstructure of the alloy did not change significantly, the 
main deformation mechanism of the alloy is dislocation movement and 
dynamic recovery (DRV) in the γ grains, α2 phase hardly contributed to 
the deformation of the alloy. It is noteworthy that new grains produced 
by DDRX were observed in the γ grains and at the edge of lamellar 

colony. In the equiaxed gain region, DDRX occurred near the disloca
tions and twins. In the lamellar colony region, DDRX occurred at the 
edge of the lamellar colony. Both DRV and DDRX consumed dislocations 
and reduced the dislocation density in γ grains and γ lamellae, provide 
softening mechanism for the alloy. However, due to the short tensile 
time, there were fewer grains produced by DDRX in the γ grains, and the 
grains produced by DDRX at the edge of the lamellar colony could not 
destroy the integrity of the lamellar colony, so the influence on the 
deformation mechanism of the alloy was not obvious. In conclusion, the 
deformation mechanism of the alloy during the brittle stage (780 ◦C) 
included dislocation movement, dynamic recovery (DRV) and discon
tinuous dynamic recrystallization (DDRX) in γ grains and γ lamellae. 
Among them, dislocation movement and DRV was the dominant 
mechanism, DDRX was a secondary mechanism of alloy. 

As the tensile temperature rises from 800 to 820, the yield stress 
strength of the alloy decreased from 516 Mpa to 400 Mpa, the elongation 
increased from 3.6% to 42.8%. The alloy had low resistance to defor
mation, which improved the hot working of the alloy. After tensile 
fracture, the alloy transformed into a mixed structure composed of re
sidual lamellae and equiaxed grains. Compared with the brittle stage, 
the grain size of equiaxed gains is greatly reduced through repeated 
recrystallization. For equiaxed gains, both γ grains and α2 grains were 
refined, α2 grains underwent refinement and spheroidization and 
transformed into finer equiaxed grains. For lamellar colony, smaller 
lamellar colonies transformed into γ grains by phase transformation and 
further into fine γ grains by recrystallization. In the larger lamellar 
colonies, the α2 lamellae underwent large bending deformation, and the 
γ lamellae transformed into fine grains by coarsening, recrystallization, 
crushing and rotation. Analysis shows that higher temperature and 
larger strain improved the mobility of the interface, increased the acti
vation of the slip system of the dislocations, increased the dislocation 
density, and enhanced the role of DRV. Furthermore, that higher tem
perature provided sufficient driving force for CDRX. The fine equiaxed 
grains improved the plasticity of the alloy by increasing the ability of 
grain boundaries to slide during the high-temperature tensile process. In 
addition, the ability to undergo deformation was better for equiaxed 
grains than lamellar colonies, and thus small equiaxed grains and 

Fig. 10. Deformation features of the alloy after tensile fracture at 840 ◦C: (a) an area of smaller lamellae and equiaxed grains; (b) dislocation tangles; (c) coarsened 
lamellae; (d) rotated lamellae. 
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domains with large volume fractions of equiaxed grains coordinated the 
deformation of the alloy structure and increased the plasticity of the 
alloy. The equiaxed grains were weaker than the lamellar colony, and 
thus the yield strength was less in the ductile stage. 

In conclusion, the transition from lamellar colonies to equiaxed 
grains and the refinement of equiaxed grains were the main reasons for 
the brittle-ductile transition. 

5. Conclusions  

1) The original structure of the forged high Nb-TiAl alloy was composed 
of lamellar colonies and equiaxed grains. The temperature for the 
brittle-ductile transition of the alloy was between 800 ◦C and 820 ◦C.  

2) After tensile fracture in the brittle stage, the microstructure of the 
alloy was still a mixture of lamellar colonies and equiaxed grains. 
The main deformation mechanism of the alloy was dislocation 
movement and DRV in γ grains and γ lamellae.  

3) After tensile fracture in the ductile tensile stage, the microstructure 
of the alloy changed into a mixture of residual lamellae and equiaxed 
grains. The main deformation mechanisms of the alloy were 
continuous dynamic recrystallization (CDRX) and lamellar frag
mentation. In addition, the phase transition had a great influence on 
the deformation ability of the alloy. 
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