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Abstract: This study aims to investigate the effects of heat treatments on the microstructure of y-TiAl alloys. Two Ti—47A1-2Cr—2Nb alloy in-
gots were manufactured by casting method and then heat-treated in two types of heat treatments. Their microstructures were studied by both
optical and scanning electron microscopies. The chemical compositions of two ingots were determined as well. The ingot with lower Al con-
tent only obtains lamellar structures while the one higher in Al content obtains nearly lamellar and duplex structures after heat treatment within
1270 to 1185°C. A small amount of B2 phase is found to be precipitated in both as-cast and heat-treated microstructures. They are distributed at
grain boundaries when holding at a higher temperature, such as 1260°C. However, B2 phase is precipitated at grain boundaries and in colony
interiors simultaneously after heat treatments happened at 1185°C. Furthermore, the effects of heat treatments on grain refinement and other

microstructural parameters are discussed.
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1. Introduction

The titanium aluminides (TiAl), especially y-based TiAl
alloys, are attracting attention as new high-temperature struc-
ture materials in the automotive and aerospace industry. This
is related to their promising properties, such as excellent ox-
idation and corrosion resistance, high specific strength and
stiffness, low density, good high-temperature stability, and
creep resistance [1-4]. As second-generation y-based TiAl
alloy, Ti-48Al-2Cr—2Nb (at%) alloy, referred to as the 4822
alloy, has been successfully implemented and used in the
commercial GEnx-1B engines as low-pressure turbine (LPT)
blades since 2012 [5—6]. In this paper, the unit of alloy com-
position is in atom percentage without any special explana-
tion. Ti-47A1-2Cr-2Nb alloy, referred to as the 4722 alloy,
is developed based on 4822 alloy to have a higher strength by
reducing Al content. However, the deformability is poor be-
cause of its natural brittleness induced by the coarse casting
structure and segregation in the microstructure immediately
after solidification [7-8]. In this case, post processing like
heat treatment (HT) must be adopted to overcome this issue.

The method of casting is used to fabricate TiAl alloy com-
ponents. Such method has advantages not only with low cost
but also with more complicated shape. Especially, invest-
ment casting is one of the effective ways for manufacturing
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near-net forming parts of TiAl alloys. 4822 alloy is mainly
manufactured in a complex shape through a casting.
However, microstructural heterogeneities (such as strong tex-
ture and segregation) are known to occur in cast TiAl alloys.
Therefore, different HTs have been used to obtain a micro-
structure with good strength and room temperature ductility
during last decades. General Electric (GE) company has
studied the relationship between HTs and microstructures in
TiAl alloys. Firstly, Kelly et al. [9] published a method of
processing of y-TiAl alloy using a HT prior to deformation
processing in 1997. It is a three-step HT, including a pre-hot
isostatically pressing (HIP) HT, a HIP, and a post-HIP HT.
Then, Kelly ef al. [10—11] published another two methods for
processing TiAl alloys in 2001 and 2013. In the new meth-
ods, only two-step HT including a HIP cycle and a HT cycle
are needed. The pre-HIP HT in the first method is a pretreat-
ment to stabilize the metastable microstructure of the y-TiAl
alloys. And the HIP and post-HIP HT in all three patents are
used to eliminate internal voids and micro-porosity in the
castings, and obtain an appropriate microstructure respect-
ively. TiAl alloys processed in these three manners prefer-
ably exhibit a duplex (DP) microstructure containing
equiaxed and lamellar morphologies. In 2015, Guillaume
et al. [12] from SNECMA company published a method for
the treatment of an alloy based on titanium aluminide. The
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method needs only single-step HT to obtain the final micro-
structure. No HIP is carried out. Likewise, a DP microstruc-
ture is obtained in the alloy after the HT. Furthermore, some
researchers have also showed the effect of multistep HTs on
microstructure of 4822 alloy or other y-based TiAl alloys.
Harding and Jones [13] has obtained a near gamma (NG) mi-
crostructure with only 6vol% of lamellar colonies in
Ti—47.9A1-2.0Cr—1.9ND alloy through a three-step HT like
the previous method of GE company. However, a nearly
lamellar (NL) microstructure with an average lamellar
volume fraction of approximately 95% is formed in Ti—
46.67A1-1.95Cr—1.93Nb alloy through a way nearly same as
Harding’s [14]. Biamino et al. [15] have obtained a DP mi-
crostructure in the additive manufacturing (AM) 4822 alloy
with the composition of Ti—48.14A1-1.65Cr—2.13Nb through
a two-step HT like the latter method of GE company.
Moreover, some researchers [16-17] have emphasized the
specific effect of HT, in particular, upper cycle temperature,
heating and cooling rates, and number of cycles on the grain
refinement [18-23]. Some studies have also concentrated on
massive phase transformations for the grain refinement
[24-25]. From the research results above, we find that differ-
ent microstructures can be formed in 4822 alloy through a
nearly same or similar HT regime. It can be explained in two
ways: (1) the different original microstructures by different
manufacturing methods; (2) changes of alloy element con-
tent, especially Al. Among fabrication processes of TiAl al-
loys, such as casting or AM, it is inevitable to suffer Al loss at
different degree in TiAl parts caused by evaporation due to
its higher vapor pressure, compared with other metallic ele-
ments [26]. For 4822 alloy, the as-cast microstructure is usu-
ally fully lamellar (FL) structure. In this way, extremely
slight changes for Al content in TiAl alloys will have an ob-
vious effect on the phase transus, which may influence the
microstructure after HT. However, no studies have reported
about the differences of microstructure and HT in TiAl al-
loys due to Al content changes.

In this paper, two 4722 alloy ingots with different Al con-
tents are used to study the effects of HTs on the microstruc-
tures. Changes of microstructure of the alloys in different HT
conditions are systematically studied. This study can provide
some reference information on the composition control and
subsequent HT of TiAl alloys.

2. Experimental

Two TiAl ingots with the nominal composition of
Ti—47Al1-2Cr—2Nb, were prepared by first vacuum arc re-
melting, then vacuum induction re-melting, finally vacuum
arc re-melting, and pouring into an Y,0; coated ceramic
molds preheated to 800°C. The alloy chemistries are sum-
marized in Table 1. They are named as Alloy A and Alloy B
respectively according to their different Al contents. Speci-
mens with the size of 20 mm x 16 mm x 10 mm were cut
from the two ingots. Subsequent HTs were carried out under
air in a muffle furnace. Table 2 lists two types of HT includ-
ing a two-step HT and a single-step HT. Two-step HT in-
clude a 1260°C/4 h HT simulating the HIP process but
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without applying external pressure and a subsequent HT at
temperature within the range of 1290 to 1185°C. Two-step
HTs are firstly applied to Alloy A. However, there are only
lamellar structures observed in the Alloy A. The HIP process
is conducted to consolidate the alloy, and does not affect the
microstructural type after the final HT. Therefore, only
single-step HTs are applied to Alloy B to investigate why
only lamellar structures form in Alloy A after the two-step
HTs. All specimens were heated to HT temperatures with a
heating rate of 20°C-min"'. After different holding times,
these specimens were cooled to room temperature in the fur-
nace (FC). Specimens for microstructural investigations were
cut perpendicularly to the longitudinal direction in order to
avoid the influence of the oxidized surface layer. The micro-
structures were characterized by optical microscopy (OM)
and scanning electron microscopy (SEM) in back-scattered
electron (BSE) mode. OM was used to investigate the micro-
structure at lower magnification times and measured the size
of the lamellar colonies by an intercept method. The differ-
ent phases present in the microstructure were discriminated
based on their contrast on BSE images.

Table 1. Chemical compositions of the experimental alloys in
at%

Alloy Ti Al Cr Nb 0
A Bal. 4636  2.01 205 012
B Bal. 4701 202 209 0.3

Table 2. Types of HT applied to the specimens of two alloys
Alloy HT

1260°C/4 h/FC +1290°C/5 h/FC
1260°C/4 h/FC + 1270°C/5 h/FC

A 1260°C/4 h/FC + 1240°C/5 h/FC
1260°C/4 h/FC + 1185°C/5 h/FC
1260°C/4 h/FC
1185°C/4 h/FC
B 1260°C/4 h/FC
1185°C/4 hW/FC
3. Results

3.1. As-cast microstructures

Fig. 1 shows the OM and BSE microstructures of the as-
cast alloys. The as-cast microstructures of both two alloys are
FL structures composed of the alternately arranged o, and y
phase lamellae. The majority of lamellar colonies exhibit a
columnar morphology with an inhomogeneous size. Alloy A
contains a mean colony size of 421.51 pm with a mean inter-
lamellar spacing of 1.25 pm, while Alloy B consists of a little
coarser colony size of 561.03 pum with a mean interlamellar
spacing of 1.54 um. In addition to the lamellar colonies, there
are a few y grains located along colony boundaries and many
punctate and needlelike B2 particles located at grain bound-
aries, which is predominating, and in colony interiors, as
shown by black arrows and white arrows in Fig. 1(c) and (d),
respectively. The mean diameter of the y grains in Alloy A
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Fig. 1. OM (a, ¢) and BSE (b, d) images of the as-cast 4722 al-
loys: (a, b) Alloy A; (c, d) Alloy B.

and Alloy B is approximately 8.14 and 47.87 pum, respect-
ively.

3.2. Heat-treated microstructures

OM images in Fig. 2 show the typical FL structures in Al-
loy A after two-step HT including the first HT at 1260°C for
4 h which simulates HIP process and a subsequent HT at
1290, 1270, 1240, and 1185°C for 5 h, respectively. It is ob-
served by BSE images in Fig. 2 that lamellar colonies, y
grains (as shown by black arrows) and B2 phase (as shown
by white arrows) exist in the microstructures. The y grains are
distributed at several colony boundaries and are not enough

Fig. 2. OM (a, ¢, e, g) and BSE (b, d, f, h) images of Alloy A
after different two-step HTs: (a, b) 1260°C/4 h/FC + 1290°C/5
h/FC; (¢, d) 1260°C/4 h/FC + 1270°C/5 h/FC; (e, f) 1260°C/4
h/FC + 1240°C/5 h/FC; (g, h) 1260°C/4 h/FC + 1185°C/5 h/FC.

to form a NL structure. The B2 phase is almost distributed at
grain boundaries. And none of B2 phase is observed in
colony interiors.

Fig. 3 shows the changes in interlamellar spacing of Alloy
A after different two-step HTs by high magnification BSE
images. It can be observed that with the temperature decreas-
ing the y laths are coarsened gradually. As indicated above,
no B2 phase is formed in colony interiors. Fig. 4 shows the
dependences of the lamellar colony size and interlamellar
spacing on holding temperatures in the Alloy A. Excepting
the treatment at 1290°C whose colony size is 966.31 um,
treatments at another three lower temperatures can refine
lamellar colony size at some degree in comparation with that
in as-cast state. The mean colony size can be refined from
421.51 pm in as-cast state to 330.59 um after treatment at
1270°C. However, when continuing to lower the holding
temperature to 1240 and 1185°C, the colony size can not be
refined further and remains approximately 330 um. Besides,
the mean interlamellar spacing increases gradually from 1.64
to 3.25 um with decreasing the holding temperature.

Fig. 5(a) and (c) shows the OM images of Alloy B after
single-step HTs at 1260 and 1185°C, respectively. It can be
observed that the NL and DP structures composed of y grains

i e WL A
Fig. 3. BSE images of Alloy A at high magnification showing
the interlamellar spacing after different two-step HTs: (a)
1260°C/4 h/FC + 1290°C/5 h/FC; (b) 1260°C/4 h/FC + 1270°C/5
h/FC; (c) 1260°C/4 h/FC + 1240°C/5 h/FC; (d) 1260°C/4 h/FC +
1185°C/5 h/FC.
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and alternating plates of y and o, phases are formed at 1260
and 1185°C, respectively. The y grains are distributed not
only at colony boundaries but also in colony inferiors. BSE
images in Fig. 5 indicate that B2 phase (as shown by white
arrows) is formed at grain boundaries and in colony inferiors
after single-step HTs. However, B2 phase is only located at
grain boundaries after HT at 1260°C while located at grain
boundaries as well as in colony inferiors after HT at 1185°C.
With decreasing the temperature from 1260 to 1185°C, the
volume fraction of y grains increases from 26.16% to
34.11%, and the mean y grain size stays nearly same about
50 pm.

Fig. 5. OM (a, c¢) and BSE (b, d) images of Alloy B after dif-
ferent single-step HTs: (a, b) 1260°C/4 h/FC; (¢, d) 1185°C/4

h/FC.

Fig. 6(a) and (c) shows the OM images of Alloy A after
single-step HTs at 1260 and 1185°C, respectively. It can be
observed that a FL structure is formed at higher temperature
1260°C while a NL microstructure is formed at lower tem-
perature 1185°C. The y grains are almost distributed at
colony boundaries-with a smaller mean size 24.01 pm and
volume fraction 8.45% in the NL microstructure compared
with Alloy B heat treated at 1185°C, as described in Fig. 6(c).
In addition, B2 phase is observed in NL microstructure to be
located at grain boundaries and in colony interiors, Fig. 6(d),
just like the distribution in Alloy B after the same treatment.

T

Fig. 6. OM (a, c¢) and BSE (b, d) images of Alloy A after dif-
ferent single-step HTs: (a, b) 1260°C/4 h/FC; (¢, d) 1185°C/4
h/FC.
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And after treatment at 1260°C, no B2 phase is found in
colony interiors as shown in Fig. 6(b).

4. Discussion
4.1. Effects of Al content on microstructures and HTs

In the two y-TiAl alloys, small change of Al content can
make apparent differences in microstructures. In as-cast mi-
crostructures, the mean size of y grains and interlamellar spa-
cing in Alloy B are bigger than in Alloy A. This can be attrib-
uted to that more y phase is formed in Alloy B with higher Al
content than in Alloy A with lower Al content. As indicated
above, Alloy A with 46.36at% Al only obtains lamellar
structure (FL or NL) after either two-step HTs or single-step
HTs, while Alloy B obtains DP structure just after single-step
HT at 1185°C. Since it does not make an apparent difference
in the microstructural type after two-step HT's and single-step
HTs, Fig. 2(c) and (e) and Fig. 6(a), that cannot be attributed
to the simulating HIP process. Thus, it must be the Al con-
tent that leads to the result.

To simplify the discussion, binary TiAl phase diagram
[27] is employed to illustrate the microstructure transforma-
tion upon heating and cooling since the accurate
Ti—Al-Cr—Nb phase diagram has not been established up to
now. And the influence of the elements Cr and Nb is evalu-
ated in the form of Al equivalent generally. The central por-
tion of the Ti—Al binary phase diagram is shown in Fig. 7.
The phase boundaries of the pseudo-binary system of the
present alloys are estimated and shown with dotted lines
based on Al equivalent using the formula Cyjeq = Ca1—0.3Cyp
— 0.1Cq,, where Cy is the Al equivalent composition, and
Cai, Cry, and Cg; are the Al, Nb, and Cr composition in the al-
loy, respectively [28-30]. The pseudo-binary phase diagram
for the present alloy indicates that the alloying addition of Cr
and Nb shifts the phase boundaries distinctly. The o/o+y
boundary is lowered. And the o+y/y boundaries are shifted
toward the titanium-rich side. The upper portion of the a+y/y
boundary appears to be shifted toward the Al side. It means
that Alloy A and Alloy B will pass single y phase field as

1500 : L
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)
S
(=)

—_
—_
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1000

900, . .
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Fig. 7. Central portion of the Ti-Al binary phase diagram
and the dotted lined pseudo-binary phase boundaries for the
present alloy concerning Al equivalent. L. denotes the liquid
phase.
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shown by blue and red lines respectively, which can influ-
ence the microstructure transformation.

When heated in the a,+y phase field, the microstructure
keeps nearly unchanged. With the temperature increasing
further into the single y phase field, y grains start to nucleate
at colony boundaries as well as in colony interiors. Due to the
lower Al content, the period through the single y phase field
in Alloy A is much less than in Alloy B at the same heating
rate. In this case, y nuclei in Alloy B, which are formed in the
single v phase field, are much more than in Alloy A. In addi-
tion, these y nuclei are not able to grow further because of the
higher heating rate. When the temperature increases into o-+y
phase field, the order—disorder transition from a, to o occurs.
At the holding temperature, o phase including the order—dis-
order transition and the transformation from y phase is in
equilibrium with y phase, and the y nuclei grow simultan-
eously. Considered the y nuclei in Alloy B are much more
than in Alloy A, more y nuclei can grow into y grains in Al-
loy B. Thus, only a lamellar structure is formed in Alloy A
while a DP structure is formed in Alloy B.

For the single-step HTs in Alloy A and Alloy B, apparent
changes in phase constitution and distribution, especially for
B2 phase, are observed from BSE images in Figs. 5 and 6.
When heat treated at higher temperature 1260°C, B2 phase is
observed to be only located at colony boundaries. However,
when heat treated at lower temperature 1185°C, B2 phase is
observed at colony boundaries and in colony interiors simul-
taneously. Since the diffusion of alloying elements is slow at
this lower temperature 1185°C, the B2 phase in as-cast mi-
crostructures is retained after the HT. However, for the two-
step HTs in Alloy A, no B2 phase is found in colony interi-
ors in Figs. 2 and 3 even if the second step HT has been con-
ducted in various temperatures. That can be attributed to the
higher diffusivity of alloying elements at 1260°C. In addi-
tion, more Cr and Nb elements (regarded as [ stabilizers) are
excluded to grain boundaries when more y grains are formed
in DP structure than in NL structure after HTs at 1185°C.
Therefore, the volume fraction of B2 phase is more in Alloy
B than in Alloy A.

4.2. Effects of HT's on the microstructural parameters

Microstructural parameters in y-TiAl alloy, such as grain
size, interlamellar spacing, phase constitution, and distribu-
tion, etc, are in the control of HTs. For the two-step HTs in
Alloy A, the colony sizes are 966.31 and 330.59 um corres-
ponding to the HTs at 1290 and 1270°C, respectively. This
must be attributed to that the grain growth of o phase at tem-
perature above o transus is rapid resulting in very large FL
grains, Fig. 2(a). The fast diffusivity of elements expected at
such high temperature and the absence of second phase are
likely to be the main causes to the rapid grain growth. Based
on the change in colony size, a transus can be deduced to be
between 1290 and 1270°C. When the temperature continued
to decrease in the range of 1270 to 1185°C, the colony size
remains almost invariable due to a very few y grains existing
in the microstructures shown in Fig. 2(c), (e), and (g). To
maintain the phase equilibrium in the microstructure, y phase

is increasing gradually in the way of coarsening y laths with
decreasing the temperature, Fig. 3(b), (c), and (d). Compared
with the colony size in as-cast state, the colony size is refined
~20% after HTs at 1185-1270°C. When Alloy A are iso-
thermally held at 1185-1270°C, y nuclei which nucleate at
colony boundaries begin to extend to the adjacent colonies. In
this way, the size of some colonies can be shrunk and the
mean size of colonies is reduced.

4.3. Effects of original microstructures on heat-treated
microstructures

The original microstructure is a crucial factor for modify-
ing the microstructure using HT. In our study, for the lower
Al content Alloy A with a FL structure, even if the temperat-
ure decreases to 1185°C, no DP structure can be formed.
Similar case was found in Mercer’s study, in which a cast
lamellar Ti-48Al-2Cr-2Nb alloy with 46.67at% Al content
obtained a NL structure after HT at 1200°C. However,
Huang and Hall indicated that Ti-46Al-2Cr alloy through
extrusion obtained a DP structure after HT at 1250°C [31].

Kim has pointed out that microstructures developed from
forged two-phase TiAl alloys are virtually unlimited in vari-
ations. The microstructures can be conveniently divided into
four types, that is, NG, DP, NL, and FL structures [32]. In
Kim’s study, Ti-47Al-1Cr-1V-2.5Nb alloy forged iso-
thermally at 1180°C resulted in a banded microstructure that
consisted of deformed lamellar plates and partially recrystal-
lized fine y grains with regions containing a, fine particles. In
such a high energy condition, the microstructure will recrys-
tallize into o grains and y grains during thermal holding. And
if the HTs are conducted at temperatures where the volume
fractions of y phase and a phase are approximately equal,
then a DP microstructure will be formed after cooling.
Moreover, a typical DP structure is formed in Ti-46Al-
1.9Cr-3Nb alloy just after forging at 1200°C without addi-
tional HTs [23].

According to the above analyses, it seems to conclude that
v-TiAl alloys can be easily regulate their microstructure into
DP or lamellar structure when they are manufactured with an
original NG or DP structure, or in a deformed condition. If
they are manufactured with an original FL structure with a
lower Al content, the lamellar structure will not be destroyed
and refined easily.

5. Conclusions

In this paper, the effects of normalizing and annealing pro-
cesses on the microstructures of cast FL 4722 alloys were
studied. The main results can be summarized as follows.

(1) HTs on Ti—46.36A1-2.01Cr—2.05Nb alloy can only
obtain FL or NL structures. Holding at 1270°C can refine
cast lamellar colony size from 421.51 to 330.59 pm.
However, no more refinement is observed when holding
temperature decreasing within the range of 1270 to 1185°C.

(2) HTs at 1260 and 1185°C on Ti—47.01Al1-2.02Cr—
2.09Nb can obtain NL and DP structure, respectively. De-
creasing holding temperature from 1260 to 1185°C can in-
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crease the volume fraction of y grains from 26.16% to
34.11%.

(3) Al content and original microstructure in 4722 alloy
have a great influence on HTs in controlling the structural
type. A DP structure may not be formed in the cast FL 4722
alloy with lower Al content after HT's in the a+y phase field.

(4) B2 phase can be precipitated only at grain boundaries
when holding at higher temperature such as 1260°C.
However, the B2 phase precipitation is observed at grain
boundaries and in colony interiors simultaneously after HT at
1185°C.
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