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a b s t r a c t

Intermetallic Ti–45Al–8.5Nb–(W, B, Y) alloys were directionally solidified at constant growth rates
(V) ranging from 10 to 400 �m/s under the temperature gradient G = 3.8 × 103 K/m. Quenching was
performed at the end of directional solidification (DS) experiments. Microstructure evolution was inves-
tigated by analyzing the microstructures formed at the quenching interfaces and in the DS regions.
The primary dendritic arm spacing (�) decreases with increasing growth rate according to the relation-
vailable online 5 January 2011
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icrostructure

ship � ∝ V−0.36. Both the width of columnar grain (�w) and the interlamellar spacing (�s) decrease with
increasing growth rate according to the relationships �w ∝ V−1.13 and �s ∝ V−0.32, respectively. Lamellar
microstructure initially disappears from the dendrites at the growth rate of 100 �m/s and subsequently
from the interdendritic regions when the growth rate is up to 200 �m/s. The B2 particles can precipitate

ns.
irectional solidification
rystal growth
egregation

in the interdendritic regio

. Introduction

In recent years, multiphase TiAl-based alloys have been exten-
ively studied as a potential group of materials for high temperature
tructural applications replacements [1,2]. High Nb containing TiAl
lloys have better tensile strength, excellent oxidation resistance
nd good creep property at elevated temperature compared with
onventional TiAl alloys [3–5]. However, improvements in room
emperature (RT) properties are necessary before it can be used in
oad-bearing applications. Directional solidification (DS) is one of
he key processing techniques for producing advanced engineering
omponents since it allows a close control of the microstructure,
hus of the properties. Both the solidification procedure and the
olidification route can be controlled by modifying the parameters
uring the DS process.

As we know, polysynthetically twinned crystals (PST), achieved
y the DS with the seeding technique, exhibit a good balance of ten-
ile strength and ductility when the lamellar orientation is aligned
arallel to the tensile axis [6–8]. However, it is still difficult to align
he lamellar orientations in peritectic TiAl alloys with the primary

solidification, not to mention in the practice of engineering. The

rowth morphology, peritectic reaction/transformation and sub-
equent solid-state transformation are key factors to influence the
icrostructures of the directionally solidified TiAl alloys, and which

reatly increase the difficulty in microstructure control during DS
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of the high Nb containing TiAl alloys. The tendency of microstruc-
ture evolution should be investigated previously in order to control
the lamellar microstructure.

This paper presented an experimental investigation on
the microstructure evolution of the directionally solidified
Ti–45Al–8.5Nb–(W, B, Y) alloys under a lower temperature gradi-
ent (G). The effects of growth rate (V) on the growth morphology,
the phase transition and the segregation pattern of the directionally
solidified alloys were determined. The influences of both peritec-
tic transformation and growth rate on the lamellar microstructures
were also studied. These results may help to control the microstruc-
tures during the DS of the peritectic TiAl alloys.

2. Experimental procedure

The alloy chosen for this study is Ti–45Al–8.5Nb–0.2W–0.02B–0.02Y (at.%).
It was supplied in the form of a cast cylindrical ingot, which was made by
the plasma arc melting (PAM). The chemical composition of the ingot was
Ti–45.27Al–8.39Nb–(W, B, Y) (at.%), and the oxygen content was less than 640 ppm.
The ingot was cut into the cylinder bars with diameter of 6.5 mm and length of
80 mm, and the bars were independently placed into the alumina crucibles, which
had been coated by yttria. The DS was performed under 380 Pa high-purity argon by
using the Bridgman vertical vacuum furnace. The directionally solidified bars were
grown under G = 3.8 × 103 K/m and at constant growth rates of 10, 20, 30, 50, 80,
100, 200, and 400 �m/s, respectively. After drawing downward to 40 mm length,
quenching was performed immediately.
The directionally solidified bars were sectioned longitudinally, and cut trans-
versely in the DS regions. After polished using standard metallographic techniques,
microstructure analyses were studied with the use of field emission scanning elec-
tron microscope (FEM) adopting the back-scattered electron (BSE) imaging mode. An
optical microscope (OM) was used to characterize the longitudinal macrostructure
after etched in a solution of 5 ml HF, 10 ml HNO3 and 85 ml H2O.
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Fig. 1. Macrostructures in longitudinal sections of the DS bars g

The primary dendritic spacing was measured on the distances between the two
losest primary arm axes at quenched solid/liquid front, and between the two closest
enters of the �-segregation morphologies by examining the BSE microstructures
n transversal sections of the directionally solidified bars. The size of columnar grain

as determined by the widths of columnar grains in the place where just get into the
S regions in longitudinal macrostructures. The interlamellar spacing was evaluated
n the thicknesses of �2 + � laths of the lamellar microstructures in transversal sec-
ions. The statistic analysis of the sizes of Y2O3 particles was performed in transversal

icrostructures of the directionally solidified bars. After measured for hundreds
f times, they were independently obtained by calculating the mean value of the
easurements at each growth rate.

. Results and discussion

.1. Macrostructure

Fig. 1 shows examples of the longitudinal macrostructures
bserved in quenched bars grown at 10, 20 and 100 �m/s. There
re three distinguished sections in the directionally solidified bar
erformed by the Bridgman DS, which are the quenching region
region A), the DS region with columnar grains (region B), and the
on-directional region (region C). Region B is disconnected because
portion of the bar was sectioned transversely for microstructure
nalysis. As shown in Fig. 2, the number of columnar grains in region
depends on the applied growth rate and the position in the DS

ars. It increases with increasing growth rate and with increasing
istance from the upper part of the bars. At growth rate of 10 �m/s,
ome columnar grains eventually combine into one columnar grain
fter growing for a distance. However, it is an unsteady state, and
ny fluctuation will possibly induce other grains’ crystallization.

.2. Microstructure

.2.1. Microstructure at quenched solid/liquid interface
Fig. 2 shows the typical BSE microstructures at quenched

olid/liquid interfaces. The growth direction in the figure is from
eft to right. Few irregular Y2O3 particles exhibit white contrast in
he microstructures in quenching region. The Y2O3 particles were
ncorporated the melt due to the thermal impaction and convec-
ion applied to the yttria coating during the DS process. Even so, the
icrostructures of the DS alloys can still be predicted because the
ttria was hardly reacted with the melting. As shown in Fig. 2, den-
ritic (Fig. 2(a)–(e)) and dendritic/cellular (Fig. 2(f)) morphologies
ere found at the solid/liquid fronts. The dendritic length increases
ith decreasing G/V ratio in the dendrite regime. Primary dendritic
t growth rates of (a) 10 �m/s, (b) 20 �m/s and (c) V = 100 �m/s.

arms, as well as secondary dendritic arms, get closer to each other
with increasing the growth rate. The phase selection at high veloc-
ities should be described by the maximum growth temperature
criterion and depend on the velocity only [9], so the primary solid-
ification phase is correspondence to the most stable phase at high
growth rate. Secondary dendrite arms are vertical to the primary
arms, which can be clearly identified at high growth rate. Four-fold
symmetry of dendrites suggests cubic crystal structure of � phase
is the primary solidification phase.

The dendritic and dendritic/cellular growth morphologies were
studied extensively [10–12]. The primary dendritie tip radius
decreases with increase of the growth rate. Some dendrites grow
with an inclined angle of about 30◦ to the growth direction possibly
due to an underlying cubic symmetry (Fig. 2(c)) [13]. The growths of
higher-order branches are restrained by coarsen of secondary ones
when the growth rate is increased. At the stage of dendrite/cell
transition, the dendrite grows unstably, and exhibits with shorter
length and inhomogeneous breadth shape (Fig. 2(f)). The mea-
sured primary dendritic spacing (�) decreases proportionally with
increasing growth rate according to the following relationship [14]:

� = M · Vn (1)

where M is a material constant and n is the exponent of crystal-
lization rate. Regression analysis of experimental data yields an
equation in the form:

� = 1.1 × 103 · V−0.36 (2)

The regression coefficient of the fit is R2 = 0.96 and the result is
shown in Fig. 3. It agrees to Hunt’s primary spacing model in which
it indicates � ∝ V−1/4 ∼ V−1/2 [15].

3.2.2. Microstructure in the DS region
Fig. 4 presents the typical microstructures in the DS regions of

the directionally solidified bars at a series of growth rates raging
from 10 to 400 �m/s [16]. The growth directions in the longitudinal
sections are all from left to right. A wide variety of microstructures
can be observed from the BSE images of the bars. Al-segregation in
dark-grey contrast and �-formers segregation (�-segregation) in

bright-grey contrast are generated in the interdendritic and den-
dritic regions, respectively. The fully lamellar (FL) microstructures
(�2 + �) with different segregation patterns are observed when the
growth rate is less than 80 �m/s, as shown in Fig. 4A–E. At the
growth rate of 100 �m/s (Fig. 4F), the lamellar microstructure ini-
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ig. 2. BSE microstructures at the quenched solid/liquid interfaces of the DS bars at
00 �m/s.

ially disappears from the arm of dendrite, and subsequently from
he interdendritic region when the growth rate is greater than
00 �m/s (Fig. 4G). Apart from the Y2O3 particles, a small vol-
me fraction of elongated B2 particles is found in the interdendritic
egions.

The dendritic structure with a peritectic phase enveloped pri-

ary dendrites with signs of partial solid-state transformation is

sually produced at lower G/V ratios [17]. During the peritectic
olidification in primary � TiAl alloys, the � dendrite is partially
ransformed peritectically into the � phase, and then the residual �
s directly transformed into � grains by the solid-state transforma-

Fig. 3. Dependence of the primary dendritic arm spacing on the growth rate.
th rates of (a) 10 �m/s, (b) 20 �m/s, (c) 30 �m/s, (d) 100 �m/s, (e) 200 �m/s and (f)

tion � → �. The �-formers, such as Ti and Nb, are segregated into the
dendrites and Al is rejected into the interdendrites. In the dendrite
regime, Al–solute rejection of the tips increases with growth rate,
which leads to the increasing undercooling [18]. Peritectic phase �
envelops primary phase � by the peritectic reaction at the positions
in the growth direction behind the � tips. Peritectic transformation
occurs when the properitectic � is isolated by peritectic �. The peri-
tectic � can be thickened by dissolving the properitectic � phase
and the direct precipitation of � phase toward the liquid. However,
the peritectic transformation is difficult to be completed due to the
low diffusion coefficient in the solid phase. The high-temperature
� phase can be produced by the � → � solid-state transformation
from the residual � phase as well as the peritectic reaction and
transformation.

The pattern of Al-segregations depends on the morphology of
properitectic � dendrites and the formation of peritectic � dur-
ing DS process. The upright dendrites induce to an aligned pattern
of interdendritic Al-segregation. At lower growth rate, the direct
precipitation of peritectic � can move the liquid/solid interface for-
ward toward the interdendrite, and eventually make the pattern
with a regular column (Fig. 4A and B). When the growth rate is
increased, some primary dendrites angled to the growth direction
result in the irregular Al-segregation patterns (Fig. 4C and D). Fig. 4E

shows the Al-segregation pattern mainly caused by the growth of
equiaxed dendrites and the subsequent peritectic transformation.
At higher growth rates, local enrichment of interdendritic liquid by
Al and less solution diffusion lead to formation of � phase (Fig. 4G
and H). Massive or � → �2 transformation is supposed to occur
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ig. 4. Typical BSE microstructures in the DS regions of the directionally solidified
ongitudinal sections with low-magnification (1-1) [16], longitudinal sections with h
ections with high-magnification (2-2).
n dendritic regions (Fig. 4F–H). High containing of �-formers in
l–lean dendrites can lead to the massive transformation and even
→ �2 transformation at a normal cooling rate [19,20]. Therefore,

eviating from the equilibrium solidification, meta-stable �, even �
at the growth rates ranging from 10 to 400 �m/s showing the microstructures in:
agnification (1-2), transversal sections with low-magnification (2-1) and transversal
can also grow from liquid [18,21], which may lead to the transition
sequences as follows:
Liq. → Liq. + � (dendritic) + � (interdenditic) → lamellae (�2 + �) + B2 (3)
Liq. → Liq. + � (dendritic) + � (interdendritic) → �2 + � + B2 (4)
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Table 1
Statistics on the morphology of properitectic �, types of microstructure and major transformation, width of columnar grain and interlamellar spacing at different growth
rates (FL: fully lamellar, PL: partially lamellar and UL: un-lamellar).

Growth rate (�m/s) Morphology of
properitectic �

Type of
microstructure

Major
transformation

Width of columnar
grain (mm)

Interlamellar
spacing (�m)

10 Upright dendrite FL Peritectic 3.8 3.2
20 Upright dendrite FL � → � 2.1 2.8
30 Inclined dendrite FL � → � 0.85 2.2
50 Inclined dendrite FL Peritectic 0.49 1.9
80 Upright dendrite FL Peritectic 0.44 1.7
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Lapin et al. [26], B2 particles can be formed in the interdendritic
region in the directionally solidified TiAl alloys with addition of �-
stabilizer, such as Nb. A very small volume-fractioned �-stabilizers
may be dissolved in the interdendritic region, and then centralized
and combined into B2 particles during cooling. The interdendritic
100 Upright dendrite PL
200 Upright dendrite UL
400 Upright

dendrite/cell
UL

As indicated by Chen et al. [22], the solid-state transformation
f � → � can result in the nucleations of several � grains in a sin-
le � grain and the formations of �-segregations, even B2 phases
t the interfaces between the � and � grains. After the peritec-
ic transformation, a small volume fraction of residual � phase
s responsible for the segregation of �-formers centralized in the
ores of dendritic arms. So the �-segregation pattern within the
rimary dendrites in transversal section (series of 2-1 in Fig. 4)
an be used to recognize the high-temperature � mainly formed
y the peritectic L + � → � or the solid-state � → � transforma-
ion. If the pattern of �-segregation displays four-fold symmetry,
eritectic transformation should be more completed, thus more
dvantageous in subsequent transformation, and if the pattern
hows a decentralized and reticular formation within the dendrites,
t should cause by the solid-state transformation of � → �. Since the
iffusion depends on the distance and the cooling rate, the type of
ransformation is significant influenced by the dendritic morphol-
gy of properitectic � as well as the growth rate. An overview of
he morphology of properitectic �, the types of microstructure and

ajor transformation at different growth rates are summarized in
able 1.

The tensile properties of directionally solidified TiAl alloys
ere reported to be better when the lamellar boundaries are

ligned parallel to the growth direction [23]. However, the lamellar
rientation is observed to be changed mostly nearby the bound-
ries of dendrites or around the �-segregations (Fig. 4B–E). The
amellar structure of TiAl-based alloys consists of lamellae of the

and �2 (ordered �) phases with the orientation relationship
1 1 1)�//(0 0 0 1)�2

and the transformation of � → � keeps the
elationship [0 0 0 1]�//[1 1 0]� [23]. Accordingly, the lamellar ori-
ntation is determined by the growth of the parent �-phase, and
he � → � solid-state transformation is obviously harmful to align
he high-temperature �, thus the lamellar orientation. Twelve �
ariants with different orientations can be generated by the � → �
olid-state transformation in dendritic region [24]. In comparison,
he peritectic transformation L + � → � can produce the larger �
rains, thus a larger area of lamellar microstructures with aligned
amellar orientation. Only one lamellar grain in the upper part of
he bar is most likely caused by the closely completed peritectic
ransformation during the DS at growth rate of 10 �m/s (Fig. 4A).

Both of the width of columnar grain and the interlamellar spac-
ng are also closely related to the mechanical properties of the
irectionally solidified alloys. Table 1 also presents the mean val-
es of them at different growth rates. Variations of both the width
f columnar grain and the interlamellar spacing with growth rate
re summarized in Fig. 5. The calculated mean values of both the
idth of columnar grain (�w) and the interlamellar spacing (�s)

ecrease proportionally with increasing growth rate according to
he following relationship:

w/s = K · Va (5)
� → � 0.28 –
Peritectic – –
� → � – –

where K is a material constant and a is the rate exponent. Using
regression analysis, the dependences of the grain’s width and the
interlamellar spacing on the growth rate can be expressed in the
forms of

�w = 52.1 · V−1.13 (6)

and

�s = 6.79 · V−0.32 (7)

The regression coefficients of these fits are R2
w = 0.98 and R2

s = 0.97,
respectively.

Due to the high stability to the high activity of titanium melt,
CaO and Y2O3 crucibles should be the prior ones to produce the
directionally solidified TiAl-based castings, however, the easy deli-
quescence of CaO crucibles and the high hot brittleness of Y2O3 ones
limit their wide use [25]. In our study, the yttria-coated Al2O3 cru-
cibles were used in the DS process. Long-term interactions between
the TiAl melt and the coated alumina crucibles during DS can result
in contamination of melt by yttria inclusions. A highly increased
oxygen level from 640 to 2600 wt. ppm was detected after the DS
was performed at the growth rate of 10 �m/s. The sizes of the yttria
particles increase with the decreasing growth rate and the increas-
ing time in which the melting contacts with the coated crucible.
Fig. 6 shows the variation of the size of Y2O3 particle (S) with the
growth rate V. The sizes of Y2O3 particles decrease dramatically
with decreasing growth rate. Their sizes are less than 20 �m when V
is greater than 30 �m/s. The dependence of the size of Y2O3 particle
on the growth rate is also presented in the figure.

Additionally, a small volume fraction of elongated B2 particles
was observed in interdendritic region (Fig. 4). As it indicated by
Fig. 5. Variations of both the columnar grain’s width and the interlamellar spacing
with the growth rate.
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Fig. 6. Variation of the size of Y2O3 particle (S) with the growth rates (V).

2 particles disrupt the continuity of the lamellar microstructures,
nd coarse � phases are formed adjacently to the B2 phases [27].
ncreasing growth rate will result in increasing of the volume frac-
ion of the B2 particles [21], eventually reduce the mechanical
roperties of the directionally solidified alloys.

. Conclusions

Microstructure evolution of the directionally solidified
i–45Al–8.5Nb–(W, B, Y) alloys was investigated at the growth
ates (V) ranging from 10 to 400 �m/s under the temperature gra-
ient G = 3.8 × 103 K/m. The following conclusions can be drawn
rom the present results:

. The dendritic and dendritic/cellular structures with peritectic
� phase enveloped primary � dendrites are developed at the
growth rate less than 100 �m/s. The primary � dendritic arm
spacing � decreases with increasing growth rate according to
the relationship of � ∝ V−0.36.

. Different solidification procedures have been experienced in
the dendritic and interdendritic regions with increase of the
growth rate. FL microstructures are achieved when the growth
rate is less than 80 �m/s. Lamellar microstructure initially dis-

appears from the arm of dendrite at the growth rate of 100 �m/s
and subsequently from the interdendritic region when the
growth rate is increased to 200 �m/s. The �2 and � phases
can be produced in the dendritic and interdendritic regions,
respectively.

[
[
[
[
[

mpounds 509 (2011) 4041–4046

3. The peritectic transformation L + � → � or the solid-state trans-
formation � → �, which has been experienced in dendritic
region, can be recognized by the pattern of �-segregation
within the primary dendrite. The width of columnar grain
�w and the interlamellar spacing �s increase with decreas-
ing growth rate according to the relationships �w ∝ V−1.13 and
�s ∝ V−0.32, respectively. B2 particles are formed in the interden-
dritic regions.
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