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Microstructure of cast y-TiAl based alloy solidified from f phase region
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Abstract: The microstructures and phase transformation of Ti-43A1-4Nb alloy in as-cast and heat-treated states were investigated by
using optical microscopy, scanning and transmission electron microscopy as well as differential scanning calorimetry. The results
show that a fine microstructure of the as-cast alloy can be obtained by solidifying through the f phase. y grains can nucleate directly
from the S phase. The coexistence of ff phase and y phase along primary o grain boundaries contributes to the decrease in the grain
size of the as-cast alloy. The phase transformation sequence during solidification of the Ti-43Al-4Nb alloy is suggested as
L—L+p—p—otf—atpf—otytf—lamellae(a,ty)+y+p. The microstructure of the alloy after heat treatment at 1 250 °C for 16 h
exhibits a certain coarsening compared with that of the as-cast state. The remnant f phase can be removed by the heat treatment
process due to the diffusion of Nb and the non-equilibrium state of S phase.
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1 Introduction

Intermetallic y-TiAl based alloys are considered the
most promising materials for high temperature
applications in the aerospace and automotive
industry[1-2]. Owing to significant mass-saving, the
researches on y-TiAl based alloys are of growing interest
and much progress has already been made during the last
20 years[3—4]. The main favorable characteristic of
y-TiAl based alloys is a combination of low density, high
specific stiffness and strength, good oxidation resistance
and creep property up to temperatures as high as
800 °C[5-6]. However, low ductility and damage
tolerance at room temperature as well as poor
workability at elevated temperatures restrict their
applications. For cast p-TiAl based alloys, the
deficiencies are related not only to the intrinsic
brittleness of y and a, phases, but also to the
microstructural  evolution of the ingots during
solidification[7—8].

It is well known that mechanical properties of an
alloy are sensitive to microstructures. Numerous studies
have shown that improved tensile strength and ductility
for y-TiAl based alloys can be obtained by grain

refinement[9]. Therefore, grain size is a critical issue in
cast p-TiAl based alloys since the microstructure usually
consists of coarse grains originated from a solidification.
The solidification path via the f phase is favorable to
obtaining a fine-grained casting microstructure without
significant texture and segregation[5]. The additions of
ternary alloying elements such as Nb, Mo, Cr, W, Ta and
V can help to enlarging the f phase region as well as
stabilizing the ductile S phases with a bcc crystal
structure[10—11].

Recent investigations of p-TiAl based alloys have
demonstrated that Nb is the most effective element for
improving the oxidation resistance, creep strength and
ductility at room temperature[12]. By stabilizing the S
phase with Nb or other elements, various solid-state
phase transformations and microstructural morphologies
can be achieved[13—14]. In the last few years, more
attention has been paid to cast y-TiAl based alloys with a
low content of Al (42% to 45%, molar fraction)[8, 15],
which were reported to exhibit improved workabilities as
well as good high temperature properties[16]. The
dependence of aluminum and other alloying elements on
the microstructures of cast y-TiAl based alloys has been
examined[8]. However, the evolution of S phase during
solid-state transformations for such types of cast y-TiAl
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based alloys is not fully understood. Detailed study of
the exact phase transformation process during
solidification is quite essential. The present work was
devoted to a systematically microstructural study of a
cast Ti-Al-Nb alloy with a low Al content. The
experimental findings were expected to be used as the
basis of developing new as-cast y-TiAl alloys with
homogeneous and  fine-grained  microstructures.
Particular efforts were made to investigate the thermal
stability of f phase and its effect on the evolution of
microstructure.

2 Experimental

The y-TiAl alloy used in the present work had the
nominal composition of Ti-43 Al-4Nb (%, molar fraction).
The as-cast alloy was prepared by a non-consumable
electrode arc-melting furnace in argon atmosphere and
cast in a water-cooled copper mould. Highly pure Ti
sponge, Al and Nb-Al master alloy were used. The
button was remelted several times to ensure the chemical
homogeneity. The as-cast alloy was then homogenized at
1250 °C for 16 h, and cooled in air.

Constituent phases of the alloy were determined by
X-ray diffraction (XRD) analyses using Cu K, radiation.
The samples of as-cast and homogenized alloys were cut,
mechanically polished and etched in a solution of 5% HF,
10% HNO; and 85% H,O in volume fraction for optical
metallographic observation. In order to identify the
phases, the polished surfaces were examined using a
Sirion200 scanning electron microscope (SEM) in
backscattered electron (BSE) mode. The microscope was
equipped with an energy dispersive spectroscope (EDS)
and operated at 20 kV. The foils for transmission
electron microscopy (TEM) were prepared by hand
grinding to a thickness of 50 pm, and then thinned using
a twin-jet technique in the electrolyte of 6% HCIO,
+35% N-butanol+59% methanol in volume fraction at 15
V and —30 °C. TEM observation was performed on a
TECNAI G* 20 microscope operated at 200 kV. Thermal
analysis was performed in a NETZSCH STA 449C
differential scanning calorimeter (DSC) at a heating rate
of 20 °C/min.

3 Results

3.1 As-cast alloy

Fig.1 shows the optical microstructures of the
as-cast Ti-43Al-4Nb alloys with different melting times.
As seen from Figs.1(a—c), the as-cast microstructures of
the alloys show different characteristics from the
common casting microstructures, and no apparent
columnar structures are observed no matter the melting
times. Inhomogeneous microstructure consisting of fine

grains and coarse grains with irregular lamellar structure
is formed when melted three times (Fig.1(a)). With
increasing the melting times to six, the as-cast
microstructure is remarkably refined which exhibits
relatively uniform and approximately cellular colonies
(Fig.1(b)). However, the increase of the melting times
from six to eight brings little change to the
microstructure of the alloy, as shown in Fig.1(c).
Therefore, detailed microstructural characterizations of
the Ti-43Al-4Nb alloy were performed on the bars which
were melted six times.
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Fig.1 Optical micrographs of as-cast Ti-43A1-4Nb alloys with
melting times of 3 (a), 6 (b) and 8 (¢)

As shown in Fig.1(b), the as-cast microstructure of
the alloy is fine-grained and the mean colony size is
about 46 pum. Thus, the microstructure of the as-cast
Ti-43Al-4Nb alloy is finer than that of conventional
y-TiAl alloys[17]. Fig.2 reveals the existence of ordered
y-TiAl phase with a tetragonal lattice, and ordered
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0,-Ti3Al phase with a close-packed-hexagonal lattice.
Meanwhile, a few peaks for remanent § phase have also
been detected.

The presence of different phases in y-TiAl alloy can
be proved by BSE-SEM observation, since the phases
with different average atomic numbers in composition
are highlighted in terms of different contrast in BSE
mode. Fig.3(a) shows a BSE micrograph of the as-cast
Ti-43Al-4Nb alloy. Obviously, one of the major features
of the as-cast microstructure is that there is a white
colored network distributing inside the lamellar colonies,
and along the boundaries of the colonies. The volume
fraction of the white net is roughly estimated to be about
4%, and the thickness of the white imaging layers is less
than 1 pm. Quantitative EDS analysis suggests that the
bright phases in Fig.3(a) are enriched in Nb (about 4.6%,
molar fraction). It is well known that Nb is a S-phase

stabiliser[8, 18]. The presence of f phase in as-cast
y-TiAl alloys with alloying elements of f stabilizers,
such as Nb, Cr, Mo and W has been reported
previously[5, 8]. Thus, the white-coloured network can
be attributed to the remainings of the primary f phase
F.[19]. The microsegregation of Nb to dendrite cores
occurred during solidification[20], and a few primary S
phases were retained after cooling to room temperature
due to the enrichment in f-phase stabiliser[21-22].

In contrast, there is a black region in the BSE image
of the as-cast alloy, as shown in Fig.3(a). The volume
fraction of the black regions is about 12%, and the size
of the black band is about 50 pm. EDS line distribution
analysis was performed to identify the microsegregation
in Fig.3(a). The result (Figs.3(b—e)) reveals that the
interdendritic  black area exhibits solidification
microsegregation that is rich in Al and poor in Nb. It
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Fig.2 X-ray diffraction pattern showing phases in as-cast Ti-43A1-4Nb alloy

Fig.3 BSE-SEM micrograph for as-cast Ti-43Al-4Nb alloy (a) and EDS line profiles (c)—(e) showing distribution of alloying
elements along line marked on micrograph (b)



218 WANG Yan, et al/Trans. Nonferrous Met. Soc. China 21(2011) 215-222

may be assumed that the black regions represent the
remainings of the primary solidified dendrites. The high
Al concentration in the interdendritic area is ascribed to
the formation of a certain amount of y grains after
cooling to the room temperature[12]. Fig.4 shows the
TEM micrograph of the y grains distributed along the
boundary of the colonies and its selected area diffraction
pattern.

The size of the grey region in Fig.3(a) is ranging
from 15 to 60 pm. A high magnification (Fig.5(a))
provides a better view of the grey colony in Fig.3(a),
which consists mainly of lamellar structures. TEM
examination (Figs.5(b) and (¢)) reveals that the lamellar
structure is inhomogeneous and contains a large number
of crystal defects. The lamellar spacing measured is in
the range of 100—1 000 nm. This implies that the melting
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Fig.5 Micrographs of as-cast Ti-43Al-4Nb alloy showing lamellar structure inside colony (a), (b), (¢) and phases along boundary of

colonies (d)
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method used in this investigation has a rather fast
solidification rate due to the use of water-cooled copper
mould. The interdendritic black regions and the colonies
with lamellar structures are thus formed. It is worthwhile
to note that in some areas, y phase coupled with another
phase are distributed along the boundary of the colonies
(Fig.5(d)). The colonies in such regions exhibit a
relatively small lamellar spacing compared with those in
other regions. Those phases are determined to be S
phases according to CHENG and LORETTOJ[23]. It is
suggested that the mixture of £ and y phases might result
from the cellular reaction f—y, which was also observed
in other y-TiAl alloys[23].

3.2 DSC analysis

Fig.6 shows the DSC trace for the heat-treated
Ti-43A1-4Nb alloy heated up to about 1 420 °C and
cooled inside the calorimeter cell. It can be seen that the
DSC curves exhibit several main peaks on heating and
cooling in the range of 1 200—1 420 °C, indicating the
occurrence of the major solid-state reactions. On the
continuous heating curve, the first signal occurred at the
temperatures from 1 240 to 1 290 °C can be attributed to
the transition a,+y to a. The transformation temperature
is determined to be about 1 275 °C by tangent method,
which is close to the value proposed by YIN et al[24].
The thermal effect appeared at the temperatures from
1 350 to 1 400 °C is suggested to be due to the y—a
phase transformation. The endothermic peak at about
1 405 °C could be related to a—oa+f transition.
Indications for this are the appearance and shape of the
peak as well as the temperature range where it appears.
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Fig.6 DSC trace of heat-treated Ti-43A1-4Nb alloy showing
solid state transformations during heating and cooling

The abrupt start of solidification on cooling (Fig.6)
implies that the liquid is somewhat undercooled prior to
crystal nucleation. A signal with a peak at about 1 374
°C, which is indistinct on the heating curve, is detected.
The exothermic peak is speculated to be linked with the

[—y transition since the reaction might occur during the
cooling of the alloy. It is reported that the
transformations of the o matrix in decreasing
temperature for y-TiAl based alloys take place with
significant undercooling[25]. Therefore, a single broad
exothermic peak appears between 1 320 and 1 200 °C,
demonstrating the a—a,+y transition.

3.3 Heat-treated alloy

Fig.7 shows the microstructure of the as-cast
Ti-43Al-4ND alloy after being annealed at 1 250 °C for
16 h and then cooled in air. It can be noted that the
microstructure of the heat-treated alloy exhibits a certain
coarsening as compared with the initial as-cast condition
(Fig.1(b)). The colonies become equiaxed with the mean
colony size of 60—150 pm, and the mean lamellar
spacing is 400—1 200 nm. The crystal defects in the
lamellar structures are much less than those in the initial
as-cast state, as shown in Fig.8. Obviously, diffusion is
enhanced by the long exposure at 1 250 °C, which results
in the coarsening a,+y lamellar colonies. Equiaxed or
lens-shaped y grains with a grain size of 10—30 um

Fig.7 Optical micrograph of as-cast Ti-43Al1-4Nb alloy after
heat treatment at 1 250 °C for 16 h

Fig.8 TEM micrograph of heat-treated Ti-43Al-4Nb alloy
showing lamellar structure inside colony
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are frequently observed both along the boundaries of the
lamellar structures and inside the colonies (Fig.7). It
should be noticed that the white network morphology of
the primary S phase, which existed in the as-cast
microstructure, can no longer be observed in the
microstructure of the annealed sample. Thus, it suggests
that the f phase in the as-cast Ti-43Al-4Nb alloy can be
removed by the heat treatment process.

4 Discussion

4.1 Solidification process

The ingot has uniform fine-grained microstructure
composed of lamellar colonies and y grains as well as a
few of f phases. This is mainly attributed to two reasons:
1) solidification path induced by low Al level and high
Nb addition, and 2) fast solidification effect due to the
melting method. The solidification path of y-TiAl based
alloys is known to be dependent on the content of Al as
well as the addition of alloying elements. For the most
commonly investigated alloys, solidification takes place
through the a path. Since the preferential crystal growth
is parallel to the ¢ axis and there are no other orientations
equivalent to the ¢ axis in the hep. a phase, the o crystals
tend to form columnar grains along the direction of heat
during  solidification. For the alloy
investigated here, f phase is observed both inside the
lamellar structures (Fig.3(a)) and along the boundary of
the colonies (Fig.5(d)), which indicates that § phase is
the primary solidification phase. Although the
preferential growth direction of S phase during
solidification is only (100) axis, there are three
equivalent directions, namely, [100], [010] and [001].
Therefore, the alloy shows a columnar character much
less pronounced contrast to the case of a-solidification
(Fig.3(a)).

During the following cooling, the f phase
transforms to o phase, as shown in Fig.6. This
transformation most likely takes place by the orientation
relationship of {110}4//(0001), and (111)3//(1120),.
In theory, twelve variants of a with different orientations
thus form. Two different mechanisms are considered
concerning the pf—a decomposition, i.e. boundary
migration and secondary a lath formation[23]. Since no
nucleation is required, the decomposition of f to o via
interface migration can occur most readily. The
lamellaes appear to have advanced into the f phase
without any interruption in their morphology, as shown
in Fig.5(a), which suggests that the volume fraction of
the f§ phase decreases during cooling via the migration of
the prior a/f interfaces. However, the f—a transition via
the secondary a lath formation seems to be more
effective because the rather fast solidification can
provide a certain undercooling that the nucleations of a

extraction

inside the prior f or at a/f interfaces require. More
interfacial areas for diffusion to occur are therefore
obtained due to the irregular morphology of the
secondary « laths.

The y phase precipitates in a lamellar form in each o
variant during the subsequent cooling. It was reported[23]
that higher cooling rates can lead to the formation of
Widmanstitten a plates. The large density of planar
faults in these lenticular laths, which is even observed in
the a, phase (Fig.5(c)), can presumably act as nucleation
sites for y lamellaes, leading to the occurrence of a—y
transition. Thus, the microstructure is characterized by
the presence of colonies consisted of the y+a, lamellar
structure. A certain amount of y grains are also observed
along the boundary of the colonies, as shown in Fig.4. It
is suggested from Fig.5(d) that y grains can also nucleate
directly from the S phase, compared with the
transformation by discontinuous coarsening. In addition,
it is possible that these y grains originate from
neighbouring y lamellaes precipitated inside the o phases
and at the a/f interfaces, which directly contact the S
matrix (Fig.4). Therefore, there is no single a phase field
in the investigated alloy, i.e. an (a+y+f) phase field is
directly below the (atf) field. After solidification
through the S path, a fine cast microstructure is
developed (Fig.1(b)). The 5 phase and the y phase, which
co-exist along primary o grain boundaries, have also a
dramatic effect on restricting the a grain growth and also
perhaps the discontinuous coarsening of the lamellar
spacing (Figs.5(b) and (d)).

According to the DSC results (Fig.6) and
microstructural analysis above, the Ti-43A1-4Nb alloy
evolves in the following phase transformation sequence
during cooling: L—L+f—p—atf—otf—atytf—
lamellae (a, +y) +y+p..

4.2 p microsegregation and heat-treatment

The high temperature solid-state transformations
lead to the formation of p-segregation for the
Ti-43Al-4Nb alloy (Fig.3(a)). As the temperature drops
from the f phase field to the a phase field, the f—a
transformation should take place and several o grains can
nucleate in a single £ grain[26]. During transformation of
pla, the Al element diffuses to o phase while the
p-formation element Nb moves in the opposite direction.
The EDS analysis indicates that the white network inside
oty colony contains not only high Nb but also low Al
(about 42.5%, molar fraction). The data imply that the Al
content at the interface is also the critical requirement for
the f/a transformation. The a phase can be formed as
soon as Al is abounded at the interface and reaches the
equilibrium concentration of «a phase. With the
transformation continuously proceeding, the Nb element
can be abounded in the residual f phase near the
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boundary of the « phases, leading to a higher Nb content
at the boundary of a grains[26]. It may be assumed that,
after the formation of the a phase in the interdendritic
region, the a grains coarsen and grow into the former S
dendrites under non-equilibrium solidification. Therefore,
the remaining dendrite cores of f phase with a high Nb
segregation exhibit a white network inside the assembled
o phases.

However, a subsequent heat-treatment conducted at
1250 °C for 16 h leads to a complete dissolution of the f
phase, as shown in Fig.7, due to the diffusion of Nb[27]
as well as the non-equilibrium state of residual S phase.
Solute elements are chemically redistributed and
suffciently dispersed to allow the § phase to dissolve in
the disordered o phase or transform to y phase. An
increase in the colony size implies that the metastable S
phase maybe also plays an important role on the
limitation of the a grain growth for the Ti-Al-Nb alloy
during heat treatment.

The thermodynamic stabilization of the f phase
with respect to the a phase is very important in order to
obtain S solidification and also provide an increased
stability of the a phase against grain growth. Element Nb
is selected not only due to its low diffusivity but also
with the aim of providing a pronounced segregation in
the S phase along the a/f interphase boundaries during
the f—a transformation. It is known that the high
partition coefficient kg, would result in a Kkinetic
stabilization of the f phase and thus hinder the grain
growth when the alloy passes the a field. From the
present results, elements with higher partition
coefficients kg, than Nb such as W[19] should be alloyed
in a small amount, so as to provide a high stability of the
metastable £ phase as well as the small grain size.
Furthermore, suitable J phase remained after
homogenizing treatment could also be favorable for the
hot forging as reported by CLEMENS et al[14].

5 Conclusions

1) The microstructure of the as-cast alloy is very
fine by inducing f solidification. The S phases in cast
material can be eliminated by long-term heat treatment at
1 250 °C. However, a certain increase of the colony size
is accompanied with the dissolution of the f phases.

2) After solidification, a small amount of remnant f
phases exist either inside the lamellar colonies or along
the boundaries of the colonies. The formation of y grains
in the interdendritic areas is mainly ascribed to the
occurrence of a—y transition or the nucleation directly
from the £ phases.

3) The solidification paths for Ti-43Al-4Nb alloy

are experimentally analyzed and determined as

L— L+p—p—a+p—a+p—a+y+p.—lamellae(a,+
ORpar
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