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Abstract
Hot deformation behavior of a high-Nb-containing cast γ-TiAl-based Ti–45Al–8Nb (at.%) alloy has been investigated in the 
temperature range of 1000–1200 °C and the strain rate range of 0.5–0.005 s−1. The alloy shows an initial microstructure 
of coarse lamellar ((α2 + γ) and (γ + γ)) colonies. The effect of strain rate and temperature domain on hot deformability of 
the alloy has been analyzed through a correlation between the apparent activation energy, deformation process maps, 
and associated microtextural development. The relatively higher apparent activation energy (Q = 553.8 kJ/mol) could 
be correlated with the fully lamellar α2 + γ microstructure which posses greater resistance to the mobile dislocation. The 
results are further corroborated by the “instability-dominated” processing maps indicating poor hot deformability of 
the alloy in the studied temperature–strain rate range. Detailed electron microscopy of the deformed samples indicates 
that poor workability exhibited as cracks that are predominantly found at the coarse γ-TiAl grains situated at the lamellar 
boundaries. The crack initiation and propagation mechanisms during hot compression have further been discussed with 
reference to concurrent dynamic recrystallization. It has been found that “wedge-type” cavitation damage is prevalent 
during compressive deformation in the temperature range studied here. Such cracking behavior is elucidated in light of 
the “Semiatin–Seetharaman criterion.”
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1 Introduction

The γ-TiAl-based alloys are of great interest in high-tem-
perature applications due to their high specific strength, 
oxidation resistance (800–900  °C), high melting point 
(up to ~ 1450 °C), and good structural stability at high 
temperature [1, 2]. These alloys have shown potential 
to substitute Ni superalloy in the temperature range of 
800–1000 °C depending upon microstructure evolution 
and alloying addition. However, one of the major obstacles 
which limited its applications is its poor hot workability 
[3, 4]. Single-phase γ-TiAl or alloys with multiple phases 
possess a very narrow hot working window which is often 

proved to be impractical and cost-intensive for commer-
cial exploitations [3].

In recent years, the research attention has been more 
shifted toward high-Nb-based γ-TiAl alloys, the so-called 
third-generation alloys, with Nb content in the range of 
5–10 at.%. These alloys exhibit significant improvement in 
the strength and creep and oxidation resistance so much 
so that Nb has now become an essential alloying element 
to γ-TiAl-based multi-phase alloys. The highest amount of 
Nb addition reported in the literature is 10 at.% [4], which 
shows very high strength. The Nb addition results in further 
improvement in the mechanical properties by decreasing 
the stacking fault energy and enhancement in the oxidation 
resistance of the alloy at high temperature. In a recent study 
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[5], a poly-synthetically twinned Ti–45Al–8Nb single crystal 
fabricated with aligned lamellar orientation shows superior 
creep resistance properties, and the results open up the win-
dow for studying the material for high-temperature aero-
space applications. However, the very poor hot workability 
remains one of the major areas of concern for the successful 
application of high-Nb-containing alloys. In another study, 
hot deformation behavior of a similar cast alloy has been 
characterized at various temperature and strain rates, but 
workability aspect of the alloy is largely ignored [6]. Hence, 
the reasons for poor hot workability of high-Nb-containing 
γ-TiAl alloys are not fully understood yet.

In this study, hot deformation behavior of a high-Nb-con-
taining alloy (Ti–45Al–8Nb) has been explored in two phase 
fields (γ-TiAl + α2-Ti3Al) with a special emphasis to investigate 
the microstructural attributes to their poor workability.

2  Experimental procedure

The experimental alloy having a nominal composition of 
Ti–45% Al–8% Nb was produced by vacuum arc melting 
furnace with a non-consumable tungsten electrode in the 
form of pancake (dimension: ϕ100 mm diameter and 15 mm 
thickness). The alloy was melted to obtain pancake ingot, 
and the process was repeated six times by turning over the 
sides to ensure chemical homogeneity. The chemistry of 
the analyzed alloy is given in Table 1 and indicates excellent 
agreement with the desired nominal composition. The oxy-
gen, nitrogen, sulfur, and hydrogen content was analyzed 
as 1200 ppm, 20 ppm, 170 ppm, and 28 ppm, respectively, 
by glow discharge optical emission spectroscopy (GD-OES).

Hot compression specimens of 12  mm length and 
8 mm diameter were machined from the as-cast alloy 
(pancake). The opposite faces (top and bottom) of the 
cylindrical specimens were carefully ground to maintain 
parallelism and the cylindrical surface was polished to 
remove any surface scratches prior to testing. Hot com-
pression tests were conducted in Gleeble 3800 at three 
temperatures (1273 K, 1373 K and 1473 K) and at three 
strain rates (0.5, 0.05, and 0.005 s−1) and followed by 
forced air quenching. For all the test conditions, the com-
pressive deformation was carried out up to 45% reduc-
tion in sample height. The true stress–true strain curves 
were calculated from the load extension data using a 
standard module available in the Gleeble data process-
ing software module. The raw data were further corrected 

for friction effects. From the postdeformation sample 
dimension, the barrelling parameters could be obtained 
to assess the magnitude of friction coefficient value [7]. 
From the estimated friction coefficients under all test-
ing conditions, an average value of the friction coeffi-
cient was obtained. The flow curves were corrected for 
frictional effects by a procedure described by Evans and 
Scharning [8]. Gleeble-3800 simulator has a closed-loop 
sample current feedback-based resistive heating system, 
and hence, adiabatic temperature rise is minimized.

The microstructure evaluation was carried out in cast 
condition and after hot compression by scanning elec-
tron microscopy (SEM), X-ray diffraction analysis (XRD), 
electron backscatter diffraction (EBSD), and transmission 
electron microscope (TEM). Postdeformation microstruc-
tures of all the samples were examined at the mid-regions 
of longitudinal sections. The samples for metallographic 
analysis were prepared by standard mechanical polishing 
technique and Kroll’s reagent (3:1 ratio of HNO3 to HF in 
water) was used as an etchant for the as-cast alloy. For 
EBSD study, the final polishing was carried out in Buehler 
vibratory polisher (Vibromet 2) for 12–18 h using non-
crystallized colloidal silica (0.05 μm) in dilute solution. TEM 
samples were prepared by cutting a thin slice using a low-
speed saw (Isomet, Buehler make) and then mechanically 
grinding up to 80 µm using fine emery paper of grit sizes 
from 1000 to 2500 (in P scale). Final polishing was carried 
out by twin-jet electropolishing (Tenupol 5, Struers make) 
using electrolyte of 5%  H2SO4 and 95% methanol at 228 K.

The microstructural characterization was carried out in 
Zeiss EVO18 SEM at 20 kV. XRD studies were undertaken 
in order to identify the alloy phases present in as-cast and 
hot-deformed materials using a PHILIPS PW1710 auto-
matic diffractometer. The EBSD acquisition had been done 
in Zeiss FEGSEM SUPRA 55 model with attached Oxford 
Nordlys EBSD detector and data analysis have been done 
in TSL 8.0 software. The quantification of dynamic recrys-
tallized grain size was measured using a suitable parti-
tion function. Before applying the function, the orienta-
tion images were cleaned by using pseudo-symmetry 
module in TSL software to remove the pseudo twins of 
60° 〈− 11− 1〉, 90° 〈010〉, and 70° 〈1 − 10〉 [9]. This is essen-
tial as pseudo-symmetry-related indexing problem in 
γ-TiAl arises due to its close tetragonal c:a ratio of 1.018. 
As a consequence, the generated Kikuchi patterns with a 
pseudo-cubic configuration results in indexing inaccura-
cies, commonly with 60° orientation solution errors about 
the primary prismatic axes [9]. These errors show the same 
misorientation as boundaries between real γ-TiAl lamellae 
causing additional problems revealing the true microstruc-
ture. TEM characterization was carried out using the FEI 
Tecnai G2 microscope operating at 200 kV.

Table 1  Chemical composition TiAl alloy  in atomic percentage 
(wt.% in parenthesis)

Ti Al Nb

46.16 (52.60) 45.65 (29.30) 8.19 (18.10)
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3  Results

3.1  The as‑cast microstructure

The microstructural characterization of Ti–45Al–8Nb 
alloy in the as-cast state is displayed in Fig. 1. The solidi-
fication of the alloy occurs via the β-phase field as pre-
dicted in the Ti–Al–Nb phase diagram [10]. At low mag-
nification (Fig. 1a), the optical microstructure from the 
mid-region of the pancake shows a non-uniform distri-
bution of the colonies with intermittent near-equiaxed 
γ grains. The presence of bright contrast in SEM (marked 
by arrowheads in Fig. 1c) is found to be “Nb-segrega-
tion” in the inter-dendritic channels. The (α2 + γ) and 
(γ + γ) lamellar microstructure mostly observed in the 
band contrast image of EBSD (Fig. 1c). The microstruc-
tures examined through SEM and EBSD confirm that this 
alloy composition has a fully lamellar structure with a 
mean colony size of 530 μm. There is a large scatter in 
colony size ranging from 180 to 790 μm. The presence 
and distribution of phases are characterized through 
the phase map of EBSD and further confirmed by the 

X-ray diffraction pattern shown in Fig. 1d. Quantitative 
phase analysis by EBSD phase map plot shows that the 
average volume fraction of γ, α2, and β-phases are 95%, 
4.82%, and 0.83%, respectively. Previous studies have 
shown that the lamellar structure consists of different 
type of interfaces such as (α2 + γ) or (γ + γ) depending 
on the alloy composition [11]. The types of interfaces in 
the lamellar structure of each colony can be seen in the 
EBSD phase map (Fig. 1b, c).

3.2  Flow behavior

The hot deformation behavior of the alloy has been 
studied by the hot compression tests in the temperature 
range of 1000–1200 °C employing a strain rate range of 
0.5–0.005 s−1. The flow curves obtained through hot com-
pression tests are shown in Fig. 2. As observed in previ-
ous studies, the flow stress is found to be very sensitive to 
forming temperature and strain rate. With the increasing 
temperature and decreasing strain rate, the flow stress 
decreases significantly. Such flow behavior of the alloy is 
typical of a low-stacking-fault-energy (SFE) material [4, 12].

Fig. 1  a Optical image of the as-cast pancake showing non-uni-
form size distribution of colonies, b–c back-scattered SEM image 
showing microstructural features. d A representative XRD pattern 

of the as-cast alloy. a—inset: photograph of the pancake, b—inset: 
the inverse pole figure in Z–direction
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It is widely accepted that the effect of deformation 
temperature and strain rate on flow behavior can be 
expressed in terms of the Zener–Hollomon parameter 
(Z) [13]. A constitutive equation proposed by Sellars 
and McTegart [14] describes the relationship between 
the flow stress and the deformation parameters and is 
applicable to a wide range of metals and alloys including 
γ-TiAl alloys. It considers the flow behavior of materials 
during deformation as a thermally activated process and 
is expressed as

where Z is Zener–Hollomon parameter, �̇� is the strain 
rate, � the flow stress, Q the apparent activation energy 
of deformation (kJ/mol), R is the molar gas constant 
(= 8.314 J/mol K), T is an absolute temperature of deforma-
tion (K). A, n, and α are material constants. The apparent 

(1)Z = �̇� exp
(

Q

RT

)

= A[sinh(𝛼𝜎)]n

activation energy can be calculated by partial differentia-
tion of Eq. (1)

Figure  3 displays the various plots showing linear 
relationships between appropriate forms of peak stress, 
strain rate, and deformation temperatures. The appar-
ent activation energy for hot deformation is obtained 
through the mean slopes of ln[sinh(��)] versus 1/T plots 
(Fig. 3c). Based on the analyzed data, α value is obtained 
as 0.0022 MPa−1, and the average activation energy of 
hot deformation for Ti–45Al–8Nb alloy is estimated to 
be 553.8 kJ/mol. The material constants of Eq. (1) are fur-
ther obtained from the logarithmic plots of Zener–Hol-
lomon parameter (Z) versus hyperbolic sine function of 

(2)Q = R

{

𝜕 ln �̇�

𝜕 ln
[

sinh(𝛼𝜎)
]

}

T

⋅

{

𝜕 ln
[

sinh(𝛼𝜎)
]

𝜕(1∕T )

}

�̇�

.

Fig. 2  True stress–true strain curves of the experimental alloy deformed at a 1000 °C, b 1100 °C, and c 1200 °C as a function of strain rates
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compensated peak stress (ασp). Figure 3d shows a linear 
relationship, and from linear regression, the values of 
A and n can be estimated as 1.72 × 1019 s−1 and 4.63, 
respectively. Therefore, the constitutive equation of hot 
deformation of Ti–45Al–8Nb alloy at peak stress can be 
expressed as

3.3  Workability of material

The visual inspection of the as-deformed samples reveals 
that the macroscopic deformation behavior of the alloy is 
highly sensitive to both strain rate and deformation tem-
perature. For the entire range of deformation tempera-
tures (1000–1200 °C) and strain rates (0.5–0.005 s−1), the 

(3)�̇� = 1.72 × 1019
[

sinh(0.0022.𝜎)
]4.63

exp
(

−
553800

RT

)

.

macroscopic cracks have been observed on the bulging 
surface of the samples as shown in Fig. 4. It signifies the 
poor hot workability of the alloy at the studied tempera-
tures and strain rate ranges. Both macroscopic surface 
cracks and internal cracks have been observed at high 
strain rate (0.5 s−1) for all temperatures. The damage is 
particularly severe at 1000 °C and 0.5 s−1, wherein surface 
cracks combine to propagate the entire cross section simi-
lar to the shear fracture. On the other hand, at slow strain 
rates and higher temperatures (1100–1200 °C), cracks are 
found mostly on the outer bulge surface and no cracks 
are noticed in the cross-sectional microstructure of the 
postdeformed samples.

In order to analyze the hot deformability in quantita-
tive sense of the present alloy during hot deformation, 
the experimental flow stress data have been analyzed 
using the dynamic material model (DMM) technique 

Fig. 3  Determination of constants of constitutive behavior (Eq.  1) from the linear relationships of a ln(�̇�) versus ln(�p) , b ln (�̇�) versus 
ln[sinh(� ⋅ �p)] , c ln[sinh(� ⋅ �p)] versus 1000/T, and d ln (Z) versus ln[sinh(� ⋅ �p)]
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pioneered by Prasad et al. [15]. In the DMM model, the 
microstructural changes during hot deformation have 
been considered to find out the safe limit for processing 
domains of metals and alloys [15, 16].

The power dissipation efficiency maps obtained for 
the Ti–45Al–8Nb alloy over the experimentally employed 
temperature and strain rate are shown in Fig. 5. The effi-
ciency maps are constructed at true strains of 0.2, 0.4, 
and 0.5. The black contours in the maps denote the 
efficiency lines, which are directly related to the evolu-
tion of microstructure, whereas the red lines show the 
instability region, which shows negative value at the 
temperature range of 1000–1200 °C in the low strain 
rate. It is also seen that at the highest strain rate (0.5 s−1) 
instability dominates for the entire temperature range, 
which is confirmed by the poor workability of the mate-
rial (Fig. 4). It has been observed that at logarithmic stain 
rate value at − 2.5 to − 3.5 and deformation temperature 
between 1150 and 1200 °C, the efficiency value is near 
to 50–55 in all three maps, which is presumed to have 
good workability. However, both the macroscopic and 

microscopic examination of as-deformed specimens 
shows the presence of deformation induced defects.

3.4  Microstructure after deformation

Figure 6 summarizes the postdeformation microstructural 
developments in the samples deformed in the tempera-
ture range of 1000–1200 °C and strain rate of 0.5–0.005 s−1. 
It is clear that deformation temperature and strain rate 
have a profound effect on the development of micro-
structures. Following hot compressive deformation, the 
lamellar initial microstructure undergoes three major 
changes depending on the strain rate and temperature 
which includes: (1) changes in phase fraction, (2) forma-
tion of equiaxed dynamically recrystallized grains, and (3) 
bending (kinking) of lamellar colonies and evolution of 
shear bands. The dynamic recrystallization has been found 
to occur by heterogeneous nucleation as most of these 
DRX grains are observed at prior colony boundaries and 
within the colony at lath boundaries. The variations in DRX 
fraction and grain growth of both α2, and γ phases in the 

Fig. 4  Macroscopic view of compression tested sample as functions of temperature and strain rate
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alloy are strongly affected by strain rate and temperature. 
In addition, detailed microstructural characterization using 
EBSD also reveals the presence of defects in the postde-
formed samples. Characterization of defects is displayed 
in Fig. 7 as a function of deformation parameters. It could 
be readily noticed that inter-lamellar cracks are predomi-
nant for deformations at high strain rates (0.5, 0.05 s−1) 
irrespective of temperature and even at the slowest strain 
rate (0.005 s−1) with a lower temperature of deformation 
(1000 °C) as shown in Fig. 7a–c. However, deformation at 
the highest temperature and lowest strain rate (1200 °C, 
0.005 s−1) favors a typical “wedge”-type cracking at intra-
lamellar locations (Fig. 7d).

3.4.1  EBSD characterization

The DRX microstructure evolution as a function of temper-
ature and strain rate is shown through EBSD in band con-
trast maps (Fig. 8). It is evident that DRX fraction increases 

with increasing temperature and decreasing strain rate. It 
is also accompanied by changes in the phase fraction of 
γ-TiAl and α2-Ti3Al significantly as shown in phase maps 
(Fig.  8, insets). For deformation at 1200  °C (above the 
eutectoid temperature), the α2-Ti3Al phase fraction (color-
coded as blue regions) increases sharply with a concomi-
tant decrease in γ-TiAl phase (color-coded as red regions). 
It is clear that very few sub-microscopic size DRX grains 
have formed at prior lamellar colony boundaries at high 
strain rate (0.5 s−1) and lower deformation temperatures 
(1000, 1200 °C) as shown in Fig. 8a, c. On the other hand, 
well-developed DRX grains with increase in grain size 
are formed at a low strain rate of 0.005 s−1 at 1000 °C and 
1200 °C temperature (Fig. 8b, d). However, for all the defor-
mation conditions, remnant colonies of lamellar structure 
could be noticed in the microstructure (Figs. 6, 8). A careful 
examination of the microstructures indicates that the rem-
nant colonies are having lamellar orientations between 45° 
and 90° to the compression axis. It has been found that the 

Fig. 5  Power dissipation efficiency map superimposed with instability as a function of temperature and strain rates at a true strain of a 0.2, b 
0.4 and c 0.5
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lamellae which are oriented more than 45° to the compres-
sion axis are less prone to dynamic recrystallization due 
to lack of cross-twining and the rotation modes. On the 
other hand, colonies with the lamellar orientation of 0° to 
the compression axis are the most favorable for dynamic 
recrystallization as intensive cross-twining and activation 
of rotation modes during initial loading promote the DRX 
and/or spheroidization. Similar results have also been 
observed during hot deformation of Ti–48Al–2Cr alloy by 
Salishchev et al. [17].

4  Discussion

4.1  High‑temperature deformation behavior

It is evident from the results presented in the previous 
section that the hot deformation behavior of high-Nb-
containing γ-TiAl alloy is characterized by large activa-
tion energy, and thus, the flow stress is strongly affected 
by the temperature and strain rate. The measured value 

of apparent activation energy (Q = 553.8 kJ/mol) for the 
present alloy is considerably higher than the activation 
energy of Ti–Al inter-diffusion (298 kJ/mol), Ti self-dif-
fusion (260 kJ/mol), and Al self-diffusion (360 kJ/mol) in 
single-phase γ-TiAl alloys [18, 19]. The result implies that 
diffusion-assisted deformation processes are impeded 
in such alloys. The higher value of apparent activation 
energy could, therefore, be associated with solid solution 
hardening due to higher Nb content and the presence of 
secondary phases (α2). However, considering the disloca-
tion dynamics of these multi-phase materials with lamel-
lar microstructure, it has been widely observed [4] that 
lamellar α2 + γ microstructure posses greater resistance 
to the mobile dislocation since α2/γ interface acting as a 
strong barrier (Fig. 9a). Hence, the lamellar α2 + γ micro-
structure is more likely to contribute to the high activa-
tion energy to hot deformation of the present alloy. It is 
well corroborated with the similar values reported in the 
literature for Ti–45Al–5Nb–0.2B–0.2C, Ti–45Al–8Nb-0.2C, 
and Ti–45Al–10Nb alloys having initial near-lamellar micro-
structure [4].

Fig. 6  A matrix of post-deformation microstructures imaged in BSE mode as a function of deformation temperature and strain rates
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The apparent difficulty in hot deformability of the alloy 
is further reflected in the processing maps as shown in 
Fig. 5 at different levels of plastic strains. The process-
ing maps constituted with superposition of power dis-
sipation and instability maps evoke different domains of 
deformability corresponding to dominant micromecha-
nism of deformation. It is generally believed that good 
hot workability and stable flow of a material are typically 
associated with dynamic softening mechanisms such 
as recovery and recrystallization corresponding to the 
power dissipation efficiency values of 30–40% [20]. It is 
to be noted that the domains of high power dissipation 
efficiency (~ 1170–1180 °C, 0.08–0.05 s−1) as shown in pro-
cessing maps are close to the instability zones and, thus, 
do not correspond to “safe” hot processing zone as veri-
fied by hot compression test results. It indicates that the 
higher values of power dissipation could not be attributed 
to dynamic recovery and/or recrystallization processes; 
rather, it may be associated with the formation of cracks 
during deformation since sample cracking utilizes a con-
siderable amount of energy in creating new crack surfaces 
[20]. The postdeformation microstructural evolution in the 
instability-dominated zones suggests the non-uniform 

deformation with severe kinking and bending of lamel-
lar colonies (Fig. 6). The very fine-grained recrystallized 
layer developed near colony boundaries (for tempera-
ture ~ 1200 °C) is believed to be initiated at later stages of 
deformation indicating lack of dynamic softening mecha-
nism at the initial stages of deformation. It is consistent 
with the fact that recovery process is highly hindered in 
the high-Nb-containing fully lamellar γ-TiAl alloys due to 
their significantly low stacking fault energy and the pres-
ence of impenetrable α2/γ interfaces [4].

4.2  Effect of initial microstructure and texture

Apart from the strong covalent-type directional bonding 
of γ-TiAl-based intermetallics, one of the crucial factors 
controlling the “technological plasticity” of cast alloys is 
microstructure together with chemical homogeneity and 
solidification texture [21]. For good hot workability of 
γ-TiAl-based alloys, a cast ingot with refined grain struc-
ture, good chemical inhomogeneity, and the absence of 
sharp solidification texture is found to be beneficial [4, 22]. 
For cast TiAl-based alloys, these favorable microstructural 
features are generally achieved through the so-called 

Fig. 7  BSE images of sample deformed to a true strain of 0.6 
under the deformation conditions of a 1000 °C, 0.5 s−1, b 1000 °C, 
0.005 s−1, c 1200  °C, 0.5 s−1, and d 1200  °C, 0.005 s−1 showing the 

effect of microstructural development on the cracking tendencies. 
Inset: high-magnification BSE images showing origins of cracking. 
For all the images, the compression axes are horizontal
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Fig. 8  High-magnification EBSD band contrast images showing 
microstructural development in samples deformed at a 1000  °C, 
0.5  s−1, b 1000  °C, 0.005  s−1, c 1200  °C, 0.5  s−1, and a 1200  °C, 

0.005 s−1. Insets: corresponding phase maps. For all the images, the 
compression axes are horizontal

Fig. 9  Bright-field TEM images of samples deformed at 1000 °C, 0.005 s−1: a deformation mechanism and b prevailing DRX mechanism
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β-solidifying alloys [23]. Although the phase diagram [8, 
24] of the present alloy system (Ti–45Al–8Nb) suggests it 
to be a β-solidifying alloy, the beneficial microstructural 
features could not be obtained in the pancake used in the 
present study. The as-cast microstructure of the present 
alloy consists of fully lamellar α2 + γ colonies with a very 
large average colony size, but relatively finer lamellar 
spacing. It could probably be associated with absence of 
boron as grain refiner as the colony size tends to be coarse 
in B-free alloys [4]. It is generally observed that with the 
increase in α2 volume fraction induced by lower Al con-
centration of the alloy the lamellar spacing tends to be 
finer [4]. The adverse effect of very coarse colony size is fur-
ther accentuated by the presence of strong solidification 
texture (Fig. 1). As mentioned previously, a strong 〈111〉γ 
texture parallel to the radial direction of the pancake is 
formed due to pronounced dendritic solidification along 
the direction of heat flow [25]. Such strong texture devel-
opment is particularly detrimental to hot workability of the 
TiAl alloys due to the asymmetry of the four ordinary slip 
systems that are relatively easy to activate in two-phase 
TiAl alloys compared to the eight 〈101〉 super-dislocation 
systems [25]. The interpretations corroborate well with 
the poor hot workability of the present alloy, especially at 
lower temperatures (1000–1100 °C). At higher tempera-
tures (1200 °C), the workability is marginally improved, 
particularly at lower strain rate, due to increased propen-
sity of twinning (Fig. 8b) and reduced plastic anisotropy of 
γ-TiAl phase with active contributions of 〈010] dislocations 
[26].

In addition, the as-cast microstructure shows significant 
microsegregation of Nb. Although segregation of Nb does 
not seem to directly affect the hot workability of the alloy, 
its indirect contributions should be noted. It is possible 
that chemical inhomogeneity of Nb through strong den-
dritic segregation hinders the grain refinement as effected 
by β → α transformation and high Nb addition [27].

4.3  Effect of inhomogeneous DRX

It has been found that the initial lamellar microstructures 
do not break down completely by thermomechanical 
processing at high temperatures [28]. The postdeforma-
tion microstructures consist of remnant lamellar colonies 
((α2 + γ) or (γ + γ)) interspersed with DRX grains (Figs. 6, 8). 
Most of these grains are in colony boundaries and lath 
boundary shown in TEM micrographs Fig. 9a, b. It is fur-
ther noted that dislocation can be easily moved from one 
γ-TiAl lath to another, whereas the same is restricted in 
case of TiAl to  Ti3Al phase (Fig. 9a). In addition, the pres-
ence of microtwins is observed in the γ-TiAl laths, which 
indicates the possible contribution of twining as a mode 
of deformation at high temperature. These microtwins 

further initiate DRX grains due to their favorable energy 
considerations [4].

Furthermore, the overall dynamic recrystallization is 
observed to be inhomogeneous and is believed to be asso-
ciated with the orientation of lamellar colonies [28]. Such 
orientation-dependent deformation behavior of lamellar 
colonies plays a critical role in determining the dynamic 
softening in conjunction to the temperature of defor-
mation. At lower temperature of deformation (1000 °C), 
extensive bending and kinking of (α2 + γ) or (γ + γ) lamel-
lar colonies have been observed. Furthermore, addition 
of Nb significantly reduces the SFE of γ-TiAl [4] and con-
sequently suppresses the dynamic recovery (DRV). In the 
absence of DRV in the high-Nb-containing alloys at lower 
temperatures, a state of significantly high stress concen-
tration across the colony boundaries develops leading to 
wedge-type cracking at the colony boundaries. At higher 
temperatures (1200 °C) and slower strain rates, the stress 
concentration is partially accommodated by multiple twin-
ning (and occasionally cross-twinning) and enhanced DRV 
as well as DRX. Such interpretations corroborate well with 
the experimental results that at lower temperatures the 
cracks mostly found to initiate and propagate along the 
colony boundaries (Fig. 8a, b), whereas with increasing 
temperatures, particularly at the lowest strain rate, intra-
lamellar wedge cracking could be noticed with substantial 
reduction in cracking tendencies along the colony bound-
aries (Fig. 8d).

4.4  Wedge and cavitation damage

The hot workability of γ-TiAl-based intermetallic alloys is 
generally observed to be limited by the generation and 
propagation of various internal defects such as wedge 
cracking/cavitation and shear bands to produce macro-
scopic failure. High-Nb-containing TiAl alloys possess even 
greater challenges during thermomechanical processing.

Characterization of defects generated during hot defor-
mation of the present alloy suggests that “wedge”-type 
inter-lamellar cracks are predominant in the entire defor-
mation range (Fig. 7). Only at the highest temperature 
and slowest strain rate condition (i.e., 1200 °C, 0.005 s−1), 
some globular voids/cavitation types of defects are 
noticed at the dynamically recrystallized area in addition 
to the wedge-type inter-lamellar cracks (Fig. 7d). How-
ever, a careful examination of the origin of the defects 
at higher magnification reveals that nuclei of both types 
of cracks are present under all deformation conditions 
(Fig. 7-insets). The cavitation types of voids are found 
to grow only at high temperature–slow strain rate con-
ditions, whereas wedge-type cracks readily propagate 
under all deformation conditions, especially at higher 
strain rates. It is also noteworthy that cracks are nucleated 
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either at the interface between lamellar colony-γ-grains 
(Fig. 7a, b-insets) or at the course recrystallized γ-grains 
(Fig. 7c-inset). It has been proposed that grain boundary 
sliding plays a major role in the nucleation of both wedge 
cracks and cavities [29–31]. Due to the lack of adequate 
matrix slip and grain boundary diffusion in γ-TiAl alloys, 
especially at low temperature and high strain rates, grain 
boundary sliding leads to stress concentration at the 
colony boundaries and triple junctions. Wedge cracks can 
initiate when such stress concentrations are not effectively 
relieved [31].

A microtextural assessment of the cracking behavior is 
found to corroborate the proposed mechanism described 
above. Figure 10 displays the microtextural features associ-
ated with a typical cracking behavior at the low tempera-
ture 1000 °C and low strain rate 0.005 s−1 near the crack 
region. The deformation temperature (1000 °C) is well 
below the eutectoid point, the slip behavior of lamel-
lar γ-TiAl is highly constrained, and the same is reflected 
through the band contrast image (Fig. 10b) and the asso-
ciated KAM map and GOS spread of γ-phase (Fig. 10c, d). 
The development of stress concentration is evident near 

the lath bending and kink region formed within the shear 
bands developed across the colonies. Figure 10c, e, f fur-
ther shows the crack arrest and deflection as a result of 
DRX. The development of DRX (fine grains developed near 
the right side of the crack tip, Fig. 10f ) results in minimiza-
tion of misorientation (indicated by blue color code), and 
hence, the crack appears to be arrested and deflected to 
left side following a high stress concentration path.

Deformation behavior above the eutectoid temperature 
at 1200 °C is substantially modified with increasing cavita-
tion type of damages and diminishing wedge-type crack-
ing. A typical example is shown in Fig. 11. Above the eutec-
toid temperature, the deformation is accompanied by an 
increase in the volume fraction of disordered α-phase 
(Fig. 11a, b-insets). The development of misorientations is 
observed to be restricted to the lamellar boundaries within 
the individual colonies (Fig. 11c, d). However, the presence 
of relatively more deformable α-phase and occurrence of 
the significant amount of DRX at the colony boundaries 
substantially increases the deformability of the alloy. This 
is well corroborated with the reduction in stress concen-
tration along the boundaries (Fig. 11c, d) and concomitant 

Fig. 10  EBSD characterization: a band contrast image at 1000  °C, 
0.005 s−1, b, c, e, f magnified views of area marked in a represented 
as band contrast image,  KAM map,  phase map, orientation image 

of all phases, respectively. d GOS chart of γ-TiAl phase of corre-
sponding image (a)
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reduction in wedge cracking. The relative deformability 
of α-phase is established through comparison of the rela-
tive GOS spreads of the γ- and α-phases, which indicate 
that α-phase undergoes more deformation resulting in 
higher misorientation spread (Fig.  11c–f ). However, a 
few wedge cracks could still be noticed at higher strain 
rates (Fig. 11a). It is observed that such cracks are found 
to be associated with coarse γ-grain present at the colony 
boundaries in accordance with reported studies [31]. It is 
interesting to note the high strain gradient associated with 
such coarse γ-grain (Fig. 11c) compared to the behavior of 
bulk γ-phase. It is, therefore, evident that coarse γ-grains 
present at lamellar colony boundaries hinder the colony 
boundary migration and facilitate the development of 
stress concentration build up leading to crack nucleation.

4.4.1  Semiatin–Seetharaman criterion

The discussion on the hot workability (through process 
maps) of difficult to deform materials such as γ-TiAl inter-
metallics is often complemented with the phenomenon 
of initiation of fracture processes. A “critical fracture-
stress”-based concept forwarded by Nobuki et al. [32] 
offers limited success in binary Ti–Al-based alloys. How-
ever, the concept of critical stress fails to converge to a 

technologically viable concept as the wide range of the 
amount of deformations used in the literature creates sig-
nificant scatter, especially for complex multi-component 
microstructures. The vast body of literature suggests that 
the critical fracture stress of multi-component γ-TiAl-based 
alloys during hot deformation is apparently controlled by 
the microstructural modifications effected through varia-
tions in alloying additions such as aluminum (determining 
α2-γ two-phase structure) and β-stabilizing elements [23, 
27]. In order to overcome such limitations, Semiatin and 
Seetharaman [31, 33] have developed a “microstructure-
informed criterion” for the initiation of wedge cracking 
for brittle failure during hot deformation of γ-TiAl incor-
porating both peak flow stress (σp) and grain size (d). The 
approach relies on the critical value of the parameter 
“σp√d” as the criterion for wedge cracking. It is of inter-
est to compare the present results with that of the values 
associated with low-to-high-Nb-containing TiAl alloys 
reported in the literature. The comparisons are furnished 
in Table 2. The calculated values of the Semiatin–Seethara-
man parameter for various TiAl-based alloys imply that the 
transition from sound deformation to wedge/surface crack 
initiation occurs beyond the critical value of ~ 2.5. It is evi-
dent that the predictive capability of the said parameter 
is valid for the present alloy as the poor workability is well 

Fig. 11  EBSD band contrast images and corresponding KAM images with GOS chart of individual phases at crack region for the samples 
deformed at a, c, e 1200 °C, 0.5 s−1 and b, d, f 1200 °C, 0.005 s−1. Insets: corresponding phase maps in band contrast images
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corroborated by the significantly higher values of Semi-
atin–Seetharaman parameter.

4.5  Role of high‑Nb alloying

The Nb addition to Ti-rich γ-TiAl alloys imparts excellent 
oxidation resistance and enhances the high-temperature 
capability of retaining high strength at higher tempera-
tures. It significantly reduces the diffusivity of γ-TiAl alloys 
and increases the phase stability of both α2 and γ-phases. It 
has also been reported that higher Nb addition significantly 
reduces the stacking fault energy (SFE) of γ-TiAl alloys [4]. 
This effect together with the very sluggish diffusion causes 
lower efficiency in hot deformation as reflected in process-
ing maps, particularly at Nb additions > 8 at.%. It has been 
reported that the peak efficiency is reduced from 50–60% to 
30–40% by lowering the SFE due to higher Nb addition [12]. 
The experimental findings on 2, 5, 8 at.% Nb-containing 
γ-TiAl alloys suggest that the processing window becomes 
progressively narrower and shifts toward higher tempera-
tures and lower strain rates [20, 35, 37]. From the foregoing 
discussion, the role of high-Nb alloying toward poor hot 
workability of the present alloy can be illustrated through 
its association with (1) microsegregation, (2) insufficient 
DRX at the initial stages of deformation and lack of DRV at 
lower temperatures, and (3) higher activation energy barrier.

One of the most effective ways of improving the hot 
workability of the high-Nb-containing γ-TiAl alloys is to 
refine the cast grain/colony size and incorporate a softer 
β-phase by suitable alloying. It has been found that a 
judicial addition of Cr + B to the Ti–45Al–8Nb alloy can 

substantially improve the hot workability by reducing 
wedge-cracking tendencies [34].

5  Conclusions

The hot workability of Ti–45Al–8Nb (at.%) alloy has 
been studied by uniaxial compression tests in the tem-
perature range of 1000–1200 °C and strain rate range of 
0.5–0.005 s−1. The following conclusion can be drawn.

1. The hot compression of the Ti–45Al–8Nb (at.%) alloy 
exhibit typical flow softening features sensitive to tem-
perature and strain rate. The relatively poor hot deform-
ability has been rationalized through of the high appar-
ent activation energy of hot deformation (Q = 553.8 kJ/
mol) and the stress exponent (n = 4.63) determined 
by constitutive modeling of the flow curves. It is sug-
gested that the measured activation energy could be 
correlated with the solid solution hardening by Nb and 
the presence of lamellar (α2 + γ) microstructure.

2. The power dissipation efficiency map as a function 
of temperature and strain rates in conjunction with 
macro- and microstructural considerations indicates 
that the Ti–45Al–8Nb alloy has instability-dominated 
poor workability in the temperature range of 1100–
1200 °C and strain rate range of 0.05–0.005 s−1.

3. The poor hot deformability of high-Nb-containing 
γ-TiAl-based alloy could be attributed to combina-
tion of the factors such as (1) very coarse cast colony 
size with strong 〈111〉γ texture, (2) retarded recovery 

Table 2  Semiatin–Seetharaman parameters for various γ-TiAl-based alloys

Alloy composition Processing condition σp√d Remarks

Temperature (°C) Strain rate  (s−1)

Ti–45Al–8Nb [present study] 1200 0.005 3.80 Bulge cracks, no internal cracks
1200 0.05 5.67 Bulge cracks, no internal cracks
1100 0.005 7.28 Internal cracks

Ti–45Al–8Nb–2Cr–0.2B [34] 1200 0.005 0.60 Sound deformation
1200 0.05 1.15 Sound deformation
1100 0.05 1.37 Sound deformation
1100 0.5 3.62 Surface cracks

Ti–45Al–2Nb–1.5V–1Mo–Y [35] 1200 0.01 1.49 Sound deformation
1150 0.001 1.36 Sound deformation
1100 0.01 2.38 Internal cracks

Ti–43.9Al–4.3Nb–0.9Mo–0.1B–0.4Si [36] 1200 0.01 0.53 Sound deformation
1200 0.05 0.72 Sound deformation
1100 0.5 3.83 Crack

Ti–46Al–2Cr–4Nb–0.2Y [20] 1250 0.01 1.59 Sound deformation
1250 0.05 1.77 Sound deformation
1175 0.01 2.55 Crack
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and recrystallization aided by low diffusivity and grain 
boundary mobility due to high-Nb alloying, and (3) 
the absence of stress accommodating phase at colony 
boundaries.

4. Cracks developed during hot deformation are predom-
inantly of wedge-type found at the coarse γ-TiAl grains 
situated at the lamellar boundaries. The initiation and 
propagation of cracks/cavitations are closely related 
to the deformation behavior of lamellar structure and 
concurrent dynamic recrystallization. Such cracking 
behavior has been found to follow “Semiatin–Seethar-
aman criterion” for the present alloy.
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