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a b s t r a c t

The influence of cooling rate and rare earth yttrium element on the microstructure of two rapidly solidified
TiAl alloys with nominal compositions of Ti–46Al–2Cr–2Nb and Ti–46Al–2Cr–2Nb–1.0Y (at.%) prepared
by melt spinning method was studied. The results show that rapid solidification refined and homogenized
the microstructure of TiAl alloys, comparing to the conventionally cast mother alloy. A metastable super-
saturated �2 phase was retained to low temperature. With increasing cooling rate, the microstructure
is refined more and contains more supersaturated �2 phases. Y element promotes � phase nucleation,
leading to more � phase with more Y addition, � phase was found mainly located at the grain bound-
aries. Besides the main two phases, supersaturated �2 and �, Y-enriched phase was also found in the
8.55.Nq
8.37.−d

eywords:
iAl
apid solidification

1.0 at.% Y containing alloy. The Y-enriched phase distributes as sphere morphology homogeneously in
the matrix with a grain size of 20–130 nm. With increasing cooling rate, the amount of Y-enriched phase
was decreased, indicating an increasing solubility of Y atom in TiAl alloys.

© 2010 Elsevier B.V. All rights reserved.
icrostructure
ooling rate

. Introduction

TiAl alloy is a kind of attractive high temperature structural
aterials because of the low density, high strength, and good creep

esistance and good oxidization resistance [1]. However, the low
uctility at room temperature was the main obstacle for their
xtensive application. Rapid solidification technique is a kind of
ethod to solve this problem by refining and homogenizing the
icrostructure [2,3], in particular, the melt spinning method has

een used in many kinds of materials [4–6].
The microstructure of rapidly solidified alloys bears strong rela-

ionship with the cooling rate. Through controlling the cooling
ate one can get the desired structure. There are many process-
ng parameters influencing cooling rate in melt spinning method,
uch as wheel speed, gas ejection pressure, melt temperature,

ozzle–wheel gap, etc. [7], among which the wheel speed is easiest
o control. The cooling rate increases linearly with the wheel speed
8]. Therefore, wheel speed was selected for analysing the effect of
ooling rate on the microstructure of TiAl alloys.

∗ Corresponding author. Tel.: +86 451 86418802.
E-mail address: lh.chai@163.com (L.H. Chai).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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The rare earth element, especially Y, is an effective element for
refining the microstructure, purifying the TiAl alloys and improving
the mechanical properties [9–11], which has been considered to be
a crucial element in exploring TiAl intermetallics [9]. The influence
of Y on the conventionally cast TiAl alloys has been well studied
[12]. In the present paper, the rapidly solidified Ti–46Al–2Cr–2Nb
and Ti–46Al–2Cr–2Nb–1.0Y alloys were studied. The effects of cool-
ing rate (wheel speed) and addition of Y on the microstructure were
studied.

2. Experimental

Two alloys were selected in the present study, Ti–46Al–2Cr–2Nb (at.%) (0Y
for short) and Ti–46Al–2Cr–2Nb–1.0Y (at.%) (1Y for short). Pure Ti (>99.99 wt%),
Al (>99.99 wt%), Cr (>99.87 wt%) and Nb (>99.87 wt%), Y (>99.99 wt%) were used
to produce alloy ingots. The alloys were arc melted under argon atmosphere, and
remelted for four times to remove element segregation. The rapidly solidified alloy
ribbons were prepared by melt spinning (planar flow cast on a Cu wheel) at different
wheel speeds, 15–30 m/s. The obtained ribbons were 2–3 mm wide and 20–50 �m
thick. The microstructure of the conventionally cast and the longitudinal section of

the rapidly solidified ribbons were observed by optical microscope and scan elec-
tron microscope (SEM). Transmission electron microscopic (TEM) observations were
carried out in a CM12-PHILIPS (120KV) TEM. Specimens were prepared using an
ion-thinning technique (GATAN PIPS 691). X-ray diffraction (XRD) was carried out
in a Rigaku D/max-rB X-ray diffractometer using Cu K�1-radiation at a scan rate of
0.05◦/s.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lh.chai@163.com
dx.doi.org/10.1016/j.jallcom.2010.02.054


S492 Z.G. Liu et al. / Journal of Alloys and Compounds 504S (2010) S491–S495

Table 1
The ribbon thickness of rapidly solidified 0Y alloys and 1Y alloys at various wheel
speeds.

Alloy composition (at.%) Wheel speed (m/s) Thickness (�m)

Ti–46Al–2Cr–2Nb
30 27
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15 50

Ti–46Al–2Cr–2Nb–1.0Y
30 25
15 36

. Results and discussion

.1. The effect of cooling rate and Y on the thickness of rapidly
olidified TiAl ribbons

Table 1 shows the thickness of the two alloys at various wheel
peeds. The thickness of two alloy ribbons decreases with increas-
ng wheel speed. However, at same wheel speed, the ribbon of
.0 at.% Y added alloy is thinner. The thickness of the 1Y alloy was
ound to be inversely proportional to the square root of the wheel
peed, which does not work for 0Y alloy. The width of the two alloy
ibbons did not vary with cooling rate and Y addition.

The different ribbon thicknesses in the 0Y and 1Y added alloy

ay be owing to the difference in their thermal physical proper-

ies. The rare earth element addition may influence the viscosity
f alloy melt. Generally spoken, the viscosity of melt depends on
emperature. The higher the temperature, the lower the viscosity.

addition into TiAl alloy may lower the melt point temperature

ig. 2. Microstructure of rapidly solidified Ti–46Al–2Cr–2Nb alloy with lower wheel sp
agnification of the lamellar � phase located at the grain boundary (TEM). (c) The corres

n (b).
Fig. 1. XRD patterns of Ti–46Al–2Cr–2Nb ((a)–(c)) and Ti–46Al–2Cr–2Nb–1Y
((d)–(f)) alloys at various cooling rates. ((a) and (d)) Conventionally cast mother
alloy. ((b) and (e)) Rapidly solidified alloy with a wheel speed of 15 m/s. ((c) and (f))
Rapidly solidified alloy with a wheel speed of 30 m/s.
and decrease the viscosity of alloy melt. In melt spinning pro-
cess, the melt with lower viscosity improves the flattening of melt
puddle, leading to the reduction of thickness of Y added alloy
ribbon.

eed (15 m/s). (a) Lower magnification of the lamellar structure (SEM). (b) Higher
ponding selected area electron diffraction (SAED) pattern of the lamellar structure
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.2. The effect of cooling rate on the phase composition of 0Y and
Y alloys

Fig. 1 shows the X-ray diffraction patterns (XRD) of convention-
lly cast alloys and the rapidly solidified samples of 0Y alloy and 1Y
lloy. XRD pattern of the conventionally cast 0Y material [Fig. 1(a)]
id not show any prominent peaks of �2 phase. But in the rapidly
olidified samples, �2 phase became the dominant phase [Fig. 1(b)
nd (c)]. The volume fraction of �2 phase was higher in the sample
abricated at higher wheel speed of 30 m/s [Fig. 1(c)] than those at
ower wheel speed of 15 m/s [Fig. 1(b)]. XRD pattern of the conven-
ionally cast 1Y alloy [Fig. 1(d)] shows two main phases, � and �2.
or the rapidly solidified alloy, increasing wheel speed leads to the
olume fraction of � phase decrease. When wheel speed is high,
0 m/s, �2 phase became the primary phase. A third phase, Al2Y
as also observed in the 1Y alloys produced both by convention-

lly cast and rapid solidification, with larger amount observed in
he conventionally cast one.

.3. The effect of cooling rate on the microstructure of 0Y alloys

The microstructure of conventionally cast 0Y alloy is full lamel-
ar with a colony size of 100–400 �m. For the 1Y alloy, the
icrostructure is dendrite with Y rich phase as particle or bar
haped located at grain boundary. The microstructure was refined
omparing to the 0Y alloy, but it was still coarse, about 50–100 �m
n grain size. More microstructural details of the conventionally
lloys can be found in Ref. [13].

ig. 3. Microstructure of rapidly solidified Ti–46Al–2Cr–2Nb alloy with higher wheel sp
nside the equiaxed grain (TEM). (c) The corresponding SAED of the strip like phase in (b)
pounds 504S (2010) S491–S495 S493

Fig. 2 shows the microstructure of rapidly solidified TiAl alloy
with a wheel speed of 15 m/s. The dominant phase was supersatu-
rated �2 with equiaxed grain morphology, and a grain size of about
5–10 �m. Some lamellar grains nucleated at �2 grain boundary as
the arrow indicated in Fig. 2(a) were also observed to grow into
one side of the �2 grain. It was characterized as � phase by selected
area electron diffraction (SAED) [Fig. 2(c)]. High-density stacking
faults with the same orientation which results from stresses expe-
rienced during solidification of the ribbon were observed in the
equiaxed grain, and some located at the front of the lamellar grain
growth direction, as shown in Fig. 2(b). Earlier work presented that
the stacking faults play an important role in the lamellar phase
transformation in TiAl alloys [14–15]. The stacking faults with high
energy can provide driving force for � phase to nucleate and grow.

Fig. 3 shows the microstructure of the 0Y alloy with higher
wheel speed (30 m/s). It consists of primary equiaxed supersatu-
rated �2 grains with a grain size of 1–4 �m and small amount of
second phase occasionally found at the grain boundaries or inside
the equiaxed grains. The precipitated phase was identified as �-TiAl
phase by selected area electron diffraction in TEM. Comparing to the
alloy produced at lower wheel speed, the grain size of �2 phases
was decreased dramatically in the higher wheel speed alloy, while
the precipitation was also decreased. Few dislocations or stacking
faults were detected in this alloy.
The microstructure of the rapidly solidified 0Y alloys was much
refined than the conventionally cast alloy. The fact that there is
no apparent contrast difference in the SEM image of the rapidly
solidified alloys indicates that rapid solidification homogenized the
alloys significantly. The two 0Y rapidly solidified TiAl alloys were

eed (30 m/s). (a) Lower magnification of the matrix (SEM). (b) The strip like phase
.
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ig. 4. Microstructural features of the rapidly solidified Ti–46Al–2Cr–2Nb–1.0Y a
amellar � phase located at the grain boundary (TEM). (c) The corresponding select

oth solidified directly into the high temperature � phase. The grain
ize of the primary � phase was controlled by supercooling, the
igher cooling rate, the higher supercooling and the smaller grain
ize. Due to the high cooling rate, the solid-state transformation
as suppressed or partly retarded, the high temperature � phase

etained and ordered to �2 phase at lower temperature. When
olid phase transformation, such as � → � occurs during cooling,
he primary phase can be separated by newly formed phase. In the
xperimental conditions described above, the transformation was
ery limited so the influence of cooling rate on the nucleation was
he main factor. Therefore, the grain size of alloy with higher wheel
peed, 30 m/s was smaller than that in the alloy with wheel speed,
5 m/s. The metastable �2 phase reduces in amount as the cooling
ate decreases.

.4. The effect of cooling rate on the microstructure of 1Y alloys

The microstructure of the rapidly solidified 1Y alloy at lower
heel speed (15 m/s) is shown in Fig. 4. The microstructure consists

f equiaxed phase and a small fraction of sphere shaped parti-
les which were speculated as Y-enriched phase embedded in the
atrix. A selected area diffraction (SAED) pattern from the matrix
hich is not shown here indicates that the matrix was �2 phase.

he grain sizes of the equiaxed phase and precipitated particles

re about 2–5 �m and 40–130 nm, respectively. Similarly to the 0Y
lloy at lower cooling rate, 15 m/s, some lamellar structure grains
ere also observed locating at �2 grain boundary, as the arrows

ndicated in Fig. 4(a) and (b), which was determined as � phase,
ut with larger amount presented in this alloy.
ith lower wheel speed (15 m/s). (a) Lower magnification of the matrix (SEM). (b)
a electron diffraction (SAED) pattern of the lamellar structure in (b).

The 1Y alloy at a wheel speed of 30 m/s composes of equiaxed
structure with grain size of about 0.5–3 �m, as shown in Fig. 5. The
selected area diffraction pattern revealed that most of the grains
were supersaturated �2 phase. There was also some massive �
phase formed at grain boundaries and triple points of the parent
equiaxed �2 phase, as shown in Fig. 5(b). The precipitated � phase
was an incompletely ordering phase, owing to the fact that the
(0 0 2) and (2 0 0) peaks of � phase at 2� of about 45◦ in XRD pat-
tern overlapped. The growth of � phase consumed partly of the
original coarse � grain, and decreased the grain size of the initial �
phase. Comparing to the 1Y alloy with lower cooling rate, a smaller
quantity of particles was found in the matrix of this alloy, owing to
the high solubility of Y atom at higher cooling rate. The different
morphologies of the � phase at two cooling rate in 1.0Y alloys may
partially relate to the difference in Y element solubility.

Comparing the 0Y and 1Y alloy at the same wheel speed, it
was found that Y addition greatly refines the microstructure of
rapidly solidified TiAl based alloys and the amount of � phase in
the latter alloy is higher at both two cooling rates. It is there-
fore concluded that Y addition facilitated � phase formation in
Ti–46Al–2Cr–2Nb alloys. The mechanism is regarded to be simi-
lar to the Prasad U’ statement about the massively transformation
of � phase: the increase in grain size resulted in the reduction of
the volume fraction of the massively transformed � [16]. The solid

solubility of Y in TiAl based alloy is very limited, even in the rapidly
solidified alloys Y element still cannot solute in the matrix com-
pletely. The unsolved Y elements precipitate as small particles, as
shown in Fig. 4(b), which acted as nucleate site promoting more �
phase nucleation from liquid during solidification process. Thus Y
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ig. 5. Microstructure of the rapidly solidified Ti–46Al–2Cr–2Nb–1.0Y alloy with h
hase at grain boundary (TEM). (c) The corresponding SAED pattern in (b).

dded into Ti–46Al–2Cr–2Nb alloy refines the original microstruc-
ure and the decrease in grain size promotes the increase of the �
hase amount. The solvent Y may also contribute to the increment
f � phase amount by influencing the kinetic of � → � phase trans-
ormation during subsequent cooling. However, it needs further
nvestigation.

. Conclusions

In summary, the effect of cooling rate on the microstructure of
i–46Al–2Cr–2Nb alloys without and with 1.0at.% Y addition was
nvested.

In the two alloys, the microstructure was refined with increasing
ooling rate. Equiaxed metastable �2 phase was retained to room
emperature in rapidly solidified alloys. The higher the cooling rate,
he more the amounts of metastable �2 phase was retained. Some
amellar or massive � phase was formed at grain boundary in 0Y and
Y alloy with lower cooling rate, and in 1Y alloy at higher cooling

ate, respectively. Rare � phase was found in 0Y alloy at a wheel
peed of 30 m/s. Y addition refined the microstructure of TiAl alloys
ith the same cooling rate and promoted � phase formation. Rapid

olidification increased the solubility of Y element in TiAl alloys,
he higher the cooling rate, the higher the solubility.

[

[
[
[

wheel speed (30 m/s). (a) Lower magnification of the matrix (SEM). (b) Massive �
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