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Abstract—The effect of Gd microalloying on the microstructure, mechanical behavior, and structural evolu-
tion during hot deformation in the (α2 + γ) phase field has been investigated on two experimental β-solidify-
ing alloys based on γ–TiAl – Ti–45Al–2V–1Nb–1Zr and Ti–45Al–2V–1Nb–1Zr–0.2Gd (at %). The addi-
tion of Gd led to a reduction in the average size of plate-like (α2 + γ) colonies from 250 to 140 μm, and the
inter-lamellar spacing decreased from 160 to 110 nm in the as-cast state. It was shown that the reduction in
the average colony size resulted in a decrease in the yield strength and peak stresses during hot deformation,
with this effect being more pronounced at lower deformation temperatures. Additionally, the introduction of
Gd resulted in the fraction of recrystallized/spheroidized volume increase of the forming α2/γ-phase
grains/particles and also their size reduction.
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HIGHLIGHTS
• Gd microalloying led to grain refinement of

lamellar colonies in as-cast condition
• Yield strength and peak stress decrease at hot

deformation with Gd alloying
• Recrystallized/spheroidized grain fraction

increases from 50 to 65% with Gd alloying
• Gd improves ductility and hot workability of

β-solidified γ-TiAl alloy

1. INTRODUCTION
Intermetallic alloys based on γ-TiAl are promising

materials for application in aviation, space, and auto-
motive industries due to their high specific strength,
heat resistance, and oxidation resistance at elevated
temperatures [1–3]. Unlike traditional titanium and
nickel-based superalloys, γ-TiAl-based alloys possess
significantly lower density, making them attractive for
use in aircraft engine components, automotive tur-
bines, and other parts operating at temperatures up to
800°C. This can substantially improve the efficiency
and operational characteristics of power plants [4, 5].
However, low plasticity and labor-intensive pressure
processing of TiAl alloys, which could enhance their

property balance, limit the application of intermetallic
alloys [6–8]. During hot deformation of cast alloys in
the (α2 + γ) phase field, the greatest challenges arise,
including high f low stresses, deformation localization,
and surface cracking in workpieces [8]. The primary
reasons for this are the natural brittleness of interme-
tallic alloys, their low thermal conductivity, high
chemical activity (tendency to interact with atmo-
spheric gases at elevated temperatures), and almost
unchanged strength reduction upon temperature
increase from room to processing level.

It is known that the optimal combination of
mechanical properties of intermetallic TiAl alloys
(low-temperature plasticity, strength, fracture tough-
ness, creep resistance) is achieved when they have a
fine-grained lamellar-type structure with grain size
(lamellar colonies) of 150 μm or less. The formation of
the required grain size can be achieved via microalloy-
ing with modifiers, in particular boron, carbon, and
rare earth elements (REEs) [9–14]. Microalloying
with REEs is one of the promising directions for
improving the mechanical properties and technologi-
cal efficiency of γ-TiAl-based alloys [15, 16]. It is
known that the addition of REEs leads to alloy modi-
fication, refinement of their structure, and, as a result,
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improves mechanical characteristics, particularly
plasticity [16]. REEs have a high affinity for oxygen
which promotes the formation of dispersed oxide par-
ticles. These particles act as effective obstacles to dis-
location movement during creep and limit grain
growth during crystallization, thermomechanical and
thermal treatments [16, 17]. Previous studies have
shown that alloying with REEs such as Y, La, Gd, Sc,
and Ce improves creep resistance and strength charac-
teristics of γ-TiAl-based alloys [15, 16, 18–26]. Alloy-
ing with REEs results in significant refinement of
lamellar colonies in the cast state [22].

Literature data on the influence of REEs (La and
Y) on mechanical behavior and microstructure evolu-
tion demonstrate nonlinear dependencies of alloy
properties on their content. In [24], a comparative
study was conducted on the effect of microalloying
with REEs on the microstructure and properties of the
Ti–43.5Al–4Nb–1Mo–0.1B1 alloy with varying La
content from 0.1 to 0.5 at %. The authors found that at
a La content of 0.2 at %, a large number of oxide par-
ticles (~2 μm in size) are formed resulting in maxi-
mum flow stresses during deformation and a slow-
down in the kinetics of dynamic recrystalliza-
tion/spheroidization processes of the lamellar
structure during hot deformation. At higher REE con-
tents, particle size increases, as does their volume frac-
tion, leading to a reduction in colony size and flow
stress during deformation. In [20], a non-monotonic
variation in the strength and ductility of the Ti–47Al
alloy was observed with the increasing Y content: at
<0.5 at % Y the yield strength and relative elongation
increase, while at >0.5 at % Y both properties
decrease. This behavior is related to changes in the
morphology of Al2Y particles: at <0.5 at % Y the phase
consists of small particles, but as Y content increases,
a continuous network forms along the boundaries of
lamellar colonies, leading to embrittlement of the
alloy. In [27], it was noted that the size of recrystal-
lized/spheroidized grains/particles decreased after hot
deformation above the eutectoid transformation tem-
perature in the Ti–43Al–9V–0.3Y and Ti–45Al–
5Nb–0.3Y alloys compared to the Ti–43Al–9V and
Ti–45Al–5Nb alloys, respectively. The authors attri-
bute the decrease in grain/particle size to REE-
enriched particles that suppress their growth during
dynamic recrystallization.

Thus, it is known that REE alloying effectively
reduces the size of lamellar colonies, positively influ-
encing mechanical behavior during hot deformation
by increasing alloy ductility and reducing f low
stresses. However, there is a dependence on the mor-
phology, dispersion, and volume fraction of REE-
enriched phases. One such element is Gd [15, 28],
whose addition leads to minimal colony sizes in the as-
cast state even at contents of 0.15–0.2 at % due to lim-

1 Hereinafter chemical compositions of alloys are given in atomic
percent (at %).

ited diffusion in the melt and the formation of more
dispersed particles, which are less prone to eutectic
colony formation. Furthermore, the influence of Gd
alloying on microstructure evolution during hot defor-
mation has not been previously investigated. In this
work, the effect of Gd microalloying on mechanical
behavior and structural evolution during hot deforma-
tion in the upper part of the (α2 + γ)-phase field has
been studied using the Ti–45Al–2V–1Nb–1Zr and
Ti–45Al–2V–1Nb–1Zr–0.2Gd alloys as examples.

2. MATERIALS AND METHODS

The ingots ∅70 × 350 mm of experimental Ti–
45Al–2V–1Nb–1Zr and Ti–45Al–2V–1Nb–1Zr–
0.2Gd alloys were obtained using a double vacuum arc
remelting process followed by vacuum induction melt-
ing. To study the microstructure, a scanning electron
microscope (SEM) (FEI Nova Nano SEM 450) was
employed. Images were taken in the diffraction mode
of backscattered electrons at an accelerating voltage of
30 kV. Studies on mechanical behavior and micro-
structure evolution of the alloys within the (α2 + γ)
phase field (T = 1000, 1050, 1100°C; strain rate
0.001 s–1) were conducted using cylindrical samples
with dimensions of ∅10 × 15 mm. Tests were per-
formed on an Instron 300LX universal testing
machine (force of 30 tons for static tests) equipped
with a furnace for sample heating. The samples were
placed in the heated furnace, held at test temperature
for 10 min, and then compressed under different strain
rates until a true strain of 1.2 was reached. After com-
pleting the tests, the samples were quenched in water.
For further microstructure analysis, the deformed
samples were cut into two parts along the deformation
axis. The volume fraction of recrystallised/spheroi-
dised particles was determined from SEM images and
calculated as the ratio of the area occupied by recrys-
tallised/spheroidised particles to the total area multi-
plied by 100% using Digimizer software tools.

3. RESULTS

The microstructure of Ti–45Al–2V–1Nb–1Zr
and Ti–45Al–2V–1Nb–1Zr–0.2Gd alloys in the cast
state is shown in Fig. 1. The alloys have a fully lamellar
structure with a colony size of 250 μm in the Gd-free
alloy and 140 μm in the Gd-doped alloy (Figs. 1a, 1c).
The average inter-lamellar spacing was 110 and
160 nm in the alloy with and without Gd, respectively
(Figs. 1b, 1d). Also, in both alloys particles of the
γ-phase up to 5 μm in size and 1–2% volume fraction
were present along the colony boundaries (Figs. 1a, 1c).
Gd alloying led to the formation of Gd2O3 oxide par-
ticles [14] and GdAl3 aluminides [7], located predom-
inantly along the colony boundaries (Fig. 1c). The size
of these particles ranged from 0.1 to 5 μm, and their
volume fraction did not exceed 1.5%.
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The alloy specimens were subjected to uniaxial
compression testing within the temperature range of
1000–1100°C at an initial strain rate of 0.001 s–1.
Figure 2 presents the stress-strain curves for the stud-
ied alloys.

At the initial stage, strain hardening was observed
in both alloys up to e = 0.05–0.1 at all test tempera-
tures (Figs. 2a, 2b). As the degree of strain increased,
intense softening occurred, leading to the onset of
steady-state f low (Fig. 2). A comparison of the curves

for both alloys reveals that Gd addition reduces the
yield strength and peak stresses; however, the stresses
during the steady-state stage are approximately equal
(Table 1, Figs. 2a, 2b). This observation is likely
related to the smaller size of lamellar colonies in the
as-cast state (Fig. 1). On the lateral surfaces of the Gd-
free alloy samples, cracks were detected across the
entire temperature range after testing. In contrast, no
cracks were observed in the Gd-containing alloy sam-
ples after deformation above T = 1050°C.

Fig. 1. Microstructures of as-cast Ti–45Al–2V–1Nb–1Zr and Ti–45Al–2V–1Nb–1Zr–0.2Gd alloys ((a, b) SEM; (c, d) TEM).
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Fig. 2. Stress-strain curves for as-cast (a) Ti–45Al–2V–1Nb–1Zr and (b) Ti–45Al–2V–1Nb–1Zr–0.2Gd alloys obtained
during compression at Т = 1000–1100°С and strain rate 0.001 s–1.
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Table 1. Yield strength of as-cast Ti–45Al–2V–1Nb–1Zr and Ti–45Al–2V–1Nb–1Zr–0.2Gd alloys

Deformation temperature Ti–45Al–2V–1Nb–1Zr Ti–45Al–2V–1Nb–1Zr–0.2Gd

1000°C 431 MPa 351 MPa
1050°С 313 MPa 277 MPa
1100°С 222 MPa 205 MPa
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The microstructures of deformed alloy samples at
e = 1.2 deformation at temperatures of 1000, 1050, and
1100°C, with a strain rate of 0.001 s–1, are presented in
Fig. 3. The microstructures of both alloys after uniax-
ial compression testing were characterized by the elon-
gation of lamellar colonies perpendicular to the load-
ing axis (Fig. 3). The processes of spheroidization and
dynamic recrystallization occurred during deforma-
tion, resulting in the formation of equiaxed
grains/particles of the α2- and γ-phases along the
boundaries of lamellar colonies. An increase in defor-
mation temperature led to an enhancement in the vol-
ume fraction of recrystallized grains/particles in both

cases (Figs. 3, 4). It is evident that spheroidization and
dynamic recrystallization were more pronounced in
the Gd-containing alloy, likely due to the smaller col-
ony size (Fig. 1), which facilitated greater deformation
homogeneity. However, it should be noted that further
increases in deformation temperature could intensify
oxidation processes, potentially negatively impacting
the surface quality of the compressed samples.

Figure 4a shows the dependence of the volume
fraction of recrystallized/spheroidized grains/particles
on deformation temperature for the alloys. With an
increase in deformation temperature, there was a rise
in the volume fraction of recrystallized/spheroidized

Fig. 3. Microstructures of Ti–45Al–2V–1Nb–1Zr (a–c) and Ti–45Al–2V–1Nb–1Zr–0.2Gd (d–f) alloys after compression
tests at Т = 1000–1100°С (strain rate 0.001 s–1, e = 1.2). The loading direction is vertical in all cases.
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grains/particles, reaching approximately 65% in the
Gd-containing alloy after deformation at 1100°C. The
volume fraction of recrystallized/spheroidized
grains/particles in the Gd-free alloy also increased
with temperature but it did not exceed 50% even at
1100°C. The size of the recrystallized/spheroidized
grains/particles was slightly smaller in the case of the
Gd-containing alloy (Fig. 4b). With an increase in
deformation temperature from 1000 to 1100°C, the
grain/particle size grew from 1.3 to 2 μm, respectively
(Fig. 4b).

4. DISCUSSION

The obtained results demonstrate that Gd microal-
loying has a significant influence on the initial micro-
structure, mechanical behavior, and structural evolu-
tion of γ-TiAl-based alloys during hot deformation in
the upper area of the (α2 + γ) phase field. The primary
effects include a reduction in f low stresses, an increase
in the fraction of recrystallized/spheroidized struc-
ture, as well as improved ductility. Additionally, it can
be assumed that the stress drop in the temperature
range of 1050–1100°C occurs due to the acceleration
of the α2(D019) → α(A3) phase disordering process at
temperatures above 1100°C [29]. These results are
consistent with previous studies on the effects of REEs
in γ-TiAl-based alloys [24, 27, 30].

The investigation into the effects of Gd addition on
the structure and mechanical behavior revealed that
doping it into the alloy leads to a refinement of the as-
cast structure, reducing colony sizes from 250 to
140 μm. Additionally, Gd microalloying reduces peak
stresses during hot deformation by 80–20 MPa,
increases the volume of recrystallized/spheroidized
structures by 15%, and decreases the tendency of the
alloy to form surface cracks. The primary cause of
such effects is likely the reduction in lamellar colony
size and inter-lamellar spacing in the as-cast state. The
application of other REEs (La and Y) requires higher
concentrations (>0.3 at %) to achieve similar reduc-
tions in f low stresses [24, 27]. This behavior is
attributed to Gd being more effective in producing
finer colonies in the as-cast state by forming a large
number of uniformly distributed Gd-rich particles
which suppress grain growth [15]. It should be noted
that the reduction in inter-lamellar spacing from 160
to 110 nm is not significant and such changes have lit-
tle impact on ductility and/or f low stress [31], even at
room temperature [32].

A smaller size of initial lamellar colonies leads to an
increase in boundary length, resulting in more active
dynamic recrystallization/spheroidization [33]. This
behavior exhibits as an increased fraction of recrystal-
lized/spheroidized grains/particles and improved
structural homogeneity after deformation [27, 30].
The authors [30] also note more active dynamic
recrystallization and delocalization of deformation,

which was attributed to the smaller size of lamellar col-
onies in the initial state. Besides that, Gd addition
results in a retardation of α2 → γ phase transformation,
expressed as reduced inter-lamellar spacing [34]. This
fact may lead to the formation of recrystal-
lized/spheroidized grains/particles of smaller size [7],
which was observed in Y-alloyed materials [27, 30].

The obtained results show that Gd microalloying is
an effective method for improving the deformability of
γ-TiAl-based alloys; when using La or Y to achieve the
same effect, their content needs to be increased by
1.5 times [20, 24, 27].

CONCLUSIONS
(1) A study was conducted on the microstructure of

the cast alloys Ti–45Al–2V–1Nb–1Zr and Ti–45Al–
2V–1Nb–1Zr–0.2Gd. The addition of Gd led to
grain refinement, characterized by a reduction in the
average size of lamellar colonies from 250 to 140 μm
and inter-lamellar spacing from 160 to 110 nm. This
refinement is attributed to the formation of Gd-rich
particles and the slowing down of the α2 → γ transfor-
mation kinetics.

(2) The effect of Gd alloying on mechanical behav-
ior and structural evolution during hot deformation in
the upper (α2 + γ) phase field was investigated. It has
been established that Gd alloying results in a decrease
in yield strength and peak stresses, along with an
increase in the fraction of recrystallized/spheroidized
grains/particles from 50 to 65% at T = 1100°C. This
alloying also leads to a reduction in grain size and
enhanced ductility, as indicated by the absence of
cracks at temperatures above 1000°C. These improve-
ments are expected to positively impact the alloy
workability during pressure and cutting processes.

(3) Gd microalloying of β-solidified γ-TiAl based
alloy resulted in improved workability in the upper
(α2 + γ) phase field.
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