










282 K. Kamyshnykova, J. Lapin / Kovove Mater. 56 2018 277–287

Fig. 7. Microstructure of the AC, OQ and WQ samples after the heat treatment route A: (a) grain structure of the
AC sample, SEM; (b) convoluted microstructure of the AC sample, BSE; (c) grain structure of the OQ sample, SEM;
(d) convoluted microstructure of the OQ sample, BSE; (e) grain structure of the OQ sample, SEM; (f) convoluted

microstructure of the WQ sample, BSE.

3.3. Effect of heat treatment routes on
microstructure and grain size

3.3.1. Heat treatment route A

Figure 7 shows the microstructure of the AC, OQ
and WQ samples subjected to the heat treatment
route A. The annealing temperature of 1225◦C cor-

responds to the α + γ phase field of the studied alloy
and leads to the formation of a high volume fraction
of the γ phase. The stabilisation annealing in α2 + γ
phase field at 900◦C leads to the growth of secondary
α2 lamellae in the γ matrix. After the annealing,
the microstructure of the samples consists of refined
grains with well-defined grain boundaries, as shown
in Figs. 7a,c,e. Two types of microstructures can be
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Fig. 8. Log-normal grain size distribution of the AC, OQ
and WQ samples after the heat treatment route A.

identified within the refined grains such as single γ
phase and two-phase α2 + γ, as shown in Figs. 7b,d,f.
The α2 + γ grains contain either low volume fraction
of partially dissolved aligned or fine crossed α2 lamel-
lae. The grain boundaries of both types of grains are
covered by coarsened α2 phase. The statistical analy-
sis of the measured grain size of the AC, OQ and WQ
samples (about 800 measurements for each sample)
leads to log-normal distribution functions, as shown
in Fig. 8. The correlation coefficients of these fits are
better than r2 = 0.98. The distribution curves indicate
that a higher volume fraction of the massive γM leads
to a more homogeneous distribution of the grain size
in the annealed samples. While the grains with a size
of about 120µm are preserved in the microstructure of
the AC samples, the maximum measured grain size is
only about 70 µm in the WQ sample. Figure 9 shows
the dependence of median grain size on the applied
heat treatment route. The decrease of the grain size
from 22.4 to 13.7 µm in the samples subjected to the
heat treatment route A can be related to an increase
of the volume fraction of the massive γM from 7 to 48
vol.%.
Two main mechanisms are responsible for the

grain refinement during annealing at 1225◦C. The
first mechanism is the formation of the refined grains
with the convoluted type of microstructure during the
transformation of the unstable massive γM by the pre-
cipitation of the α plates with four crystallographic
variants on {111} crystallographic planes of the γ
phase with tetragonal crystal structure L10, as shown
in Fig. 7f [28]. The second mechanism responsible for
the grain refinement is the discontinuous coarsening
leading to the formation of lamellar grains with coarse
lamellar microstructure and single γ phase grains due

Fig. 9. Dependence of grain size of the AC, OQ and WQ
samples on the applied heat treatment routes A, B and C.

to highly stable interfaces of the primary fine lamel-
lar microstructure [44, 45]. The discontinuous reaction
occurs at the grain boundaries and within the original
fine lamellar colonies of the AC, OQ and WQ samples.
The driving force for the discontinuous coarsening is a
reduction of α/γ interface energy by increasing inter-
lamellar spacing, change of chemical composition and
volume fraction of coexisting phases to attain phase
equilibrium [44].

3.3.2. Heat treatment route B

Figure 10 shows microstructure of the AC, OQ and
WQ samples subjected to the heat treatment route B.
The selected annealing temperature of 1360 ◦C cor-
responds to the α + γ phase field of the studied alloy
and leads to the formation of a high volume fraction of
the α phase. The duplex type of microstructure of the
AC, OQ and WQ samples consists of refined grains
with two types of a microstructure such as single γ
phase and lamellar α2 + γ, as shown in Figs. 10a–
c. The grain boundaries contain coarsened α2 parti-
cles. The duplex type of microstructure formed dur-
ing the heat treatment route B is very similar to that
of Ti-47Al-2Nb-2Cr (at.%) alloy reported recently by
Thomas and Bacos [46]. The statistical analysis of the
measured grain size of the AC, OQ and WQ samples
(about 800 measurements for each sample) leads to
log-normal distribution functions, as shown in Fig. 11.
The correlation coefficients of these fit are better than
r2 = 0.98. The distribution curves indicate that the
volume fraction of the massive γM has no significant
effect on the distribution of the measured grain size
after the heat treatment route B. The median grain
size ranging from 16.0 to 18.4 µm indicates that this
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Fig. 10. BSE micrographs showing duplex microstructure
after the heat treatment route B: (a) AC sample; (b) OQ

sample; (c) WQ sample.

additional annealing step in the α + γ phase field at
1360◦C has a negligible effect on the grain size com-
pared to that of the samples subjected to the heat
treatment route A.

3.3.3. Heat treatment route C

Figure 12 shows the microstructure of the AC,

Fig. 11. Log-normal grain size distribution of the AC, OQ
and WQ samples after the heat treatment route.

OQ and WQ samples subjected to the heat treat-
ment route C. The selected annealing temperature
of 1385◦C corresponds to the single α phase field of
the studied alloy. The microstructure of the samples
consists of coarse lamellar α2 + γ grains, as shown
in Figs. 12a–c. Formation of the fully lamellar mi-
crostructure results from the precipitation of γ lamel-
lae in either the disordered α or ordered α2 matrix
[47]. During the continuous cooling from the single α
phase field the formation of the γ lamellae starts in the
α + γ phase field and is finalised in the α2 + γ phase
field. The whole sequence of the lamellar structure for-
mation involves change of the crystal structure from
hcp to fcc by propagation of Shockley partial disloca-
tions in the α matrix, chemical composition change by
atom transfer by a combined shear and diffusion pro-
cess and ordering reaction of fcc structure leading to
the final tetragonal L10 structure of the γ phase [47].
The statistical analysis of the measured grain size of
the AC, OQ and WQ samples leads to log-normal dis-
tribution functions, as seen in Fig. 13. The correlation
coefficients of these fits are better than r2 = 0.97. The
distribution curves indicate that the grain growth is
faster in the WQ sample exhibiting a narrow grain size
distribution after the heat treatment route A. The me-
dian grain size of 472µm measured in the WQ sample
is higher than those of 419 and 395µm of the AC
and OQ samples, respectively. The main mechanism
affecting the grain structure of the AC, OQ and WQ
samples during annealing in the α phase field is the
growth of the α grains which can be described by an
equation in the form [48]:

d = ktn exp

(
− Q

RT

)
, (1)



K. Kamyshnykova, J. Lapin / Kovove Mater. 56 2018 277–287 285

Fig. 12. BSE micrographs showing fully lamellar mi-
crostructure after the heat treatment route C: (a) AC sam-

ple; (b) OQ sample; (c) WQ sample.

where d is the grain size, k is the material constant,
t is the annealing time, n is the time exponent, Q

Fig. 13. Log-normal grain size distribution of the AC, OQ
and WQ samples after the heat treatment route C.

is the activation for grain growth, R is the universal
gas constant, and T is the absolute temperature. As
shown by Lapin and Klimová [48, 49] and Zhang et
al. [50], the annealing in the α phase field leads to a
fast growth of α grains which growth kinetics is char-
acterised by the activation energy for grain growth
of Q = 145 kJmol−1 and time exponent of n = 0.36.
Since the annealing temperature of 1385◦C is selected
to be very close to α → α+ γ transition temperature,
the annealing time needs to be shortened to prevent
undesirable grain growth and preserve smaller fully
lamellar grains in the studied alloy. A grain size up
to about 280 µm has been suggested by Kim and Kim
[14, 51] to maintain an optimal balance between the
room and high-temperature mechanical properties of
TiAl-based alloys.
It should be noted that the fast cooling rates oc-

casionally lead to the formation of short cracks in the
OQ and even long cracks in WQ samples [31]. Hence,
such type of cooling could not be applied for the grain
refinement of cast components in practice. Hence, air
cooling leading to the formation of the only low vol-
ume fraction of the massive γM and fine lamellar mi-
crostructure combined with additional annealing in
the α + γ or α phase fields can be considered to be
a perspective method for the grain refinement of the
studied peritectic alloy [52].

4. Conclusions

The effect of solid-state phase transformations on
grain refinement of cast peritectic TiAl-based alloy has
been studied. The following conclusions are reached:
1. The initial microstructure of as-cast samples
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consists of coarse fully lamellar α2 + γ grains charac-
terised by a median grain size of 1310µm. The boride
(Ti,Nb)B particles are found to be ineffective to refine
the microstructure of the alloy during solidification
and solid-state phase transformations.
2. The pretreatment of the samples consisting of

solution annealing in the α phase field followed by
fast cooling leads to the formation of massive γM and
fine lamellar microstructure. The volume fraction of
the massive γM depends on the cooling medium and
increases from 7 to 48 vol.% by increasing the cooling
rate from 15 to 48◦C s−1.
3. The heat treatment route A composed of the

pretreatment and subsequent annealing of the samples
in the α+γ phase field leads to the formation of refined
grain structure consisting of single γ and convoluted
α2 + γ grains characterised by a grain size ranging
from 14 to 22 µm. The grain boundaries are found to
be covered by coarsened α2 phase.
4. The heat treatment route B composed of the

heat treatment route A and subsequent annealing in
the α+γ phase field leads to the formation of a refined
duplex type of microstructure consisting of single γ
and lamellar α2 + γ grains characterised by a grain
size ranging from 16 to 18 µm. The grain boundaries
are found to be covered by coarsened α2 phase.
5. The heat treatment route C composed of the

heat treatment route A and subsequent annealing in
the single α phase field leads to the formation of coarse
grains with fully lamellar α2 + γ microstructure and
grain size ranging from 395 to 472µm.
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