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Directional solidification experiments were performed on the intermetallic Ti–46Al–0.5W–0.5Si (at%)

alloy using a Bridgman-type furnace. The effect of growth rate on the solidification behavior and

microstructure parameters was determined. After directional solidification, the microstructure is

composed of a2/g lamellar structures and fine Ti5Si3 precipitates. During the solidification process, W

of Si leads to the formation of Ti5Si3 phases. The primary dendritic arm spacings and interlamellar

spacings decrease with the increasing growth rate. Because of the change of preferred growth direction

(PGD), the lamellar orientation is not perpendicular to the growth direction, even if the a phase is the

primary phase. The variation of lamellar orientation can be attributed to two factors. One is the history-

dependence on the lamellar orientation of unmelted as-cast crystals near the initial interface of

directional solidification. The other is the variation of PGD of the a phase. With the increasing growth

rate, the variation of PGD of a phase is as follows: /0001S-/101̄1S-/2̄2̄43S-/101̄1S.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Intermetallic g-TiAl based alloys have been considered as a new
generation of high temperature structural material for aerospace
and automotive industries due to their low-density, good oxidation
resistance and high temperature strength [1–4]. Of the many
microstructures that can be formed in TiAl-based alloys, the fully
lamellar microstructure consisting of g-phase (TiAl) and a2-phase
(Ti3Al) displays a good combination of room temperature tough-
ness and elevated temperature strength [5]. However, initial
application of TiAl alloys is limited to major obstacles such as
low room-temperature ductility, the difficulty in processing then
to fabricate a component and poor oxidation resistance above
800 1C [1–4,6]. Recent researches show that TiAl-based alloys with
aligned lamellar orientation have a good combination of strength
and ductility in a wide range of temperature [5,7–10]. Because the
lamellar structure is not formed from the liquid but by the solid-
state transformation [5,7–10], the orientation of the high tempera-
ture a phase must be initially controlled to obtain the preferred
lamellar orientation [8–11]. Furthermore, the aligned lamellar
structure can be obtained by directional solidification and seeding
technique with a seed having specific a orientation [7,9,11–15].

Presently, many efforts are concentrated on TiAl-based alloys
with various alloying elements [8,9,16–21], such as W, Ta, Nb or
Si, which are added to improve the high temperature resistance,
lamellar structure stability or oxidation resistance. However, such
alloying elements can lead to a complex multiphase material and
ll rights reserved.
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affect the solidification behavior and solid-state transformation.
These changes can affect subsequent heat treatment and result in
different mechanical properties [22]. Therefore, for multi-compo-
nent TiAl alloys, to understand the solidification pathway, micro-
segregation and microstructure variation are interesting to
further progress in commercial applications.

Directional solidification is an appropriate technique to research
solidification behavior of alloy under defined solidification condi-
tions [23]. Previous studies [8,12,24] on directional solidification
experiments of TiAl-based alloys have focused on controlling
lamellar orientation by seeding technique or changing the solidi-
fication path. However, there is a lack of information about
solidification behavior of these multiphase TiAl-based alloys.

Therefore, the purpose of this work is to study the solidification
behavior, microstructure evolution and chemical heterogeneity of
Ti–46Al–0.5W–0.5Si (at%) alloy by directional solidification tech-
nique. The variation of lamellar orientation after directional soli-
dification is also discussed. These results will contribute to increase
the understanding of the solidification behavior and lamellar
orientation control of multi-component TiAl-based alloys.
2. Experiments

Master ingot with nominal composition of Ti–46Al–0.5W–
0.5Si (at%) was prepared using Ti (99.96%), Al (99.99%), W
(99.98%) and Si (99.96%) of commercial purity in a cold crucible
induction furnace under an argon atmosphere. The chemical
composition of the alloy is shown in Table 1, which was measured
by spectral analysis. The ingot was machined to rods with 3 mm
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in diameter and 100 mm in length by spark machining. The fine
diameter of specimens was chosen to achieve a high temperature
gradient during directional solidification. The experiments were
performed in a Bridgman-type furnace, as previously described in
Ref. [25]. Each specimen was placed into 99.99 pct pure alumina
crucible of 4/5.5 mm diameter (inside/outside diameter) and
length of 120 mm. After heating for 4 h to 1773 K and 30 min
temperature stabilization, the specimen was pulled at a selected
rate (growth rates ranged from 1 mm/s to 100 mm/s). After
growing about 35 mm, the sample was quenched into the Ga–
In–Sn alloy to preserve the solid/liquid interface.

The temperature gradient was measured by W/Re thermo-
couples that were placed near the outside surface of the alumina
tube. One thermocouple was placed about 5 mm from the bottom
of the sample, which was near the solid–liquid interface. Other
was placed 15 mm from the bottom of the sample where the
Table 1
Chemical composition of the Ti–46Al–0.5W–0.5Si (at%) alloy.

Element Ti Al W Si O Other

at% Balance 45.27 0.62 0.52 0.05 o0.1

Fig. 1. Macrostructures of longitudinal section of directionally solidification

specimens at growth rates of 3 mm/s (a), 10 mm/s (b) and 70 mm/s (c). The

numbers show the different regions—1: unmelted region, 2: directional solidifica-

tion region, 3: mushy zone, 4: quenched zone.

Fig. 2. Microstructures of directionally solidified specimens at growth rates of 3 mm/s (

regions A, B, C and D in Fig. 1, respectively. The white broken lines in a1, b1 and c1 indi

the solid–state transition interface. The arrows indicate the orientations of lamellar st
liquid region was. The measured temperature gradient close to
the solid/liquid interface was 20 K/mm.

The phases were identified by a Rigaku D/max-RB X-ray
diffractometer with monochromatic Cu-Ka radiation. Both optical
microscopy (OM) and scanning electron microscopy (SEM) were
used to characterize the microstructure of the samples after
polishing and etching by a solution of 10 ml HF–10 ml HON3–
180 ml H2O. Backscattered electron imagining (BSE) was used to
identify the phases present. In addition, energy-dispersive spectro-
metry (EDS) was used to analyze the composition of each phase.

The primary dendritic (or cellular) spacing was measured from
transverse sections of specimens with a triangle method [26,27].
The interlamellar spacing was measured from BSE images with a
linear intercept method [28]. The value of interlamellar spacing is
the thickness of one a and g lamella nearby.
3. Results and discussion

3.1. Macrostructure

The macrostructures of directionally solidified (DS) specimens
at different growth rates are shown in Fig. 1. There are four
distinguished sections in the DS specimens, which are unmelted
region, directional solidification region, mushy zone and quenched
zone. It should be noted that the length of each region is different
from each other due to different solidification conditions for
different specimens. In unmelted-region, the temperature is not
high enough to melt the original alloy. The equiaxed grains
coarsened by heat treatments are caused by heat conducting from
the high temperature zone. Up towards this region, the original
alloy is completely melted. The number of columnar grains in DS
region depends on the growth rate and position in the specimen,
and increases with the increasing growth rate and decreases with
the increasing distance from the bottom of the specimen. These
columnar grains are well aligned along the growth direction, and
the size of columnar grains decreases with the increase of growth
rate. Fig. 2 shows the microstructures corresponding to DS
a), 10 mm/s (b) and 70 mm/s (c). Parts 1–4 in different specimens correspond to the

cate the initial interface of directional solidification. The black dot line in a3 shows

ructures.



Fig. 4. BSE micrographs show the typical microstructure in the transverse section

of the directional solidification ingot in directional solidification region (a) and
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specimens in Fig. 1. Parts 1–4 for different specimens correspond to
regions A, B, C and D in Fig. 1, respectively. The initial interface of
directional solidification separates the unmelted region and direc-
tional solidification region (Fig. 2a1, b1 and c1). The initial interface
is the beginning position of directional solidification, which can
influence the lamellar structure of DS specimens.

3.2. Microstructure

3.2.1. Phases formation

From the XRD diffraction pattern (Fig. 3), the DS microstruc-
ture is composed of g-TiAl, a2-Ti3Al and Ti5Si3 phases. Fig. 4
shows the typical microstructure in transverse sections of DS
specimens. Ti5Si3 phases distribute in interdendritic regions
(Fig. 4a). The compositions analyzed by EDS for points labeled
in Fig. 4a are listed in Table 2. According to the EDS results, the
black phase is the g phase and the gray one is the a2 phase while
the white is the Ti5Si3 phase. In addition, some black particles can
be found in the specimens (Fig. 4a). The chemical composition of
these particles determined by EDS is 46.70 at% Al, 52.20 at% O,
1.02 at% Ti and 0.08 at% Si. It indicates that these particles are
Al2O3. These Al2O3 particles are formed during solidification
because of the reaction between the crucible and melt.

The type of primary phase in TiAl alloys can be identified by
the symmetry of dendritic shape [33], i.e. the angle between the
secondary dendritic arm and the primary dendritic spine. For the
present alloy, the dendrites have a shape with a six-fold symme-
try, according to the morphologies of the dendrites in transverse
section (Fig. 4b) and longitudinal section (Fig. 5d–f) of the DS
specimens near the solid–liquid interface. Therefore, the a phase
with hexagonal crystal structure is the primary phase of the
Ti–46Al–0.5W–0.5Si (at%) alloy.

Because of the low solubility in the matrix, the element of Si is
rejected from the solidified phase. The solubility of Si in the g or a
phase is less than 0.4 at% (Table 2). Therefore, the Ti5Si3 phase can
be formed in the residual liquid phase during solidification. As
shown in Fig. 6, Ti5Si3 phases distribute between grains and along
the grains boundaries. The volume fraction of primary Ti5Si3

phase increases with the increase of growth rate in DS specimens.
Because the specimen is growing with the planar interface at the
lower growth rate, Si is enriched in the liquid phase before the
solid–liquid interface and Ti5Si3 phases are formed in the last
solidification region (Fig. 6e). Therefore, there are few Ti5Si3
Fig. 3. XRD diffraction pattern of the directionally solidified Ti–46Al–0.5W–0.5Si

(at%) alloy.

quenched zone near the solid–liquid interface (b) at growth rate of 30 mm/s. The

arrow indicates the Al2O3 particles.

Table 2
Chemical composition (at%) of the present phases in the Ti–46Al–0.5W–0.5Si (at%)

alloy analyzed by EDS corresponding to Fig. 4a.

Phase Ti Al W Si

g phase (point 1) 49.21 49.83 0.95 0.01

a2 phase (point 2) 55.02 43.81 0.88 0.29

Ti5Si3 phase (point 3) 59.10 12.52 0.41 27.97
phases in DS specimens at lower growth rates. At higher growth
rates, the specimens grow with the cellular or dendritic interface,
and Si is enriched in the residual liquid phase between cells or
dendrites. Then, the Ti5Si3 phases are formed in these regions.
Consequently, the volume fraction of Ti5Si3 phase increases with
the increase of growth rate.

The B2 phase can be formed in TiAl based alloys with the
additional element W, such as in Ti–46Al–2W–0.5Si (at%) [17]
and Ti–47Al–2W–0.5Si (at%) alloys [29,30], but the B2 phase



Fig. 5. Morphologies of solid–liquid interface of the directionally solidified Ti–46Al–0.5W–0.5Si (at%) alloy at different growth rates: nearly planar interface at the growth

rate of 1 mm/s (a); cellular interface at the growth rate of 2 mm/s (b); cellular/dendritic interface at the growth rate of 3 mm/s (c); dendritic interface at growth rates of

15 mm/s (d), 30 mm/s (e) and 70 mm/s (f).

Fig. 6. BSE images of microstructure in longitudinal section of the specimens at different growth rates of 3 mm/s (a), 10 mm/s (b), 50 mm/s (c), 70 mm/s (d) and 1 mm/s (e).

The enrichment of Si in front of the solid–liquid interface at the growth rate of 1 mm/s is shown in (e). The arrows indicate Ti5Si3 phases, which is the bright phase in these

images.

Table 3
EDS results corresponding to the points in Fig. 4b (at%).

Position Ti Al W Si

Point 1 52.70 46.18 0.94 0.18

Point 2 49.82 48.83 0.83 0.52

Point 3 44.16 51.38 0.17 4.29
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cannot be observed in the DS Ti–46Al–0.5W–0.5Si (at%) alloy in
present experiments. Yin et al. [19] have indicated that the
amount of B2 phases reduced with the decrease of tungsten
content. Therefore, B2 phase is not formed in present alloy
because of the lower content of W.
From the atomic contrast of the BSE image of the transverse
section shown in Fig. 4b, the composition of the dendritic cores
enriches in W and Ti compared with the interdendritic regions.
The compositions analyzed by EDS for points labeled in Fig. 4b are
listed in Table 3. The content of W in the dendritic core is 0.94 at%,
which is higher than the value of 0.17 at% in the interdendritic
region. Therefore, W segregates in a dendritic core.
3.2.2. Solidification path

Fig. 2 shows the formation of microstructure during solidifica-
tion. First, the a phase is formed as a primary phase from the
liquid. During the formation of a phase, the element of Si is
rejected from the solidified phase and enriches in the residual



Table 4
Solidified structure, lamellar orientation and PGD of a phase for different

solidification conditions.

Growth rate

(mm/s)
Interface morphology

Mainly lamellar

orientation (deg.)

PGD of

a phase

1 Nearly planar 88 /0001S
2 Cellular 85 /0001S
3 Cellular/dendritic 65 /101̄1S
5 Cellular/dendritic 90 /0001S
8 Cellular/dendritic 70 /101̄1S

10 Dendritic 50 /101̄1S
15 Dendritic 62 /101̄1S
20 Dendritic 77 /2̄2̄43S
25 Dendritic 78 /2̄2̄43S
30 Dendritic 47 /2̄2̄43S
40 Dendritic 74 /2̄2̄43S
50 Dendritic 56 /102̄1S
60 Dendritic 47 /2̄2̄43S
70 Dendritic 79 /2̄2̄43S
80 Dendritic 69 /101̄1S
90 Dendritic 68 /101̄1S

100 Dendritic 71 /101̄1S

Fig. 7. Variation of the primary cellular or dendritic spacing as a function of the

growth rate.
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liquid phase (L1) between dendrites. Second, with the solidifica-
tion continuing, Ti5Si3 phases are formed between dendrites.
Before the temperature reaches the temperature of eutectoid
reaction, there is a single-phase field in the specimen. Then, the
a phase changes into a2/g lamellar structure. The solid phase
transition interface can be preserved by quenching, as shown in
Fig. 2a3. The solid phase transition interface has an irregular
shape in the specimens with the dendritic solid–liquid interface
(Fig. 2b3 and c3). The white phases in mushy zone are residual a
phases, which are surrounded by g/a2 lamellar structures. Lastly,
the DS specimen is composed of a2/g lamellar structures and fine
Ti5Si3 precipitates.

Therefore, the solidification path of the alloy is proposed to be
L-L1þa-Ti5Si3þa-Ti5Si3þ[a2þg].

3.3. Morphologies of solid–liquid interface and dendritic structure

Morphologies of the solid–liquid interface can be classified
into three types, which are cellular, cellular/dendritic and den-
dritic interfaces (Fig. 5). Table 4 shows the variation of the solid–
liquid interface morphology with growth rates. Nearly planar
interface is observed at the growth rate of 1 mm/s (Fig. 5a). As the
growth rate increases to 2 mm/s, the nearly planar interface
transforms to cellular (Fig. 5b). A transition structure composed
of cells and dendrites is found at the growth rate of 3 mm/s
(Fig. 5c). Some cells have the tendency to form secondary
dendritic arms. The regular dendritic interface is formed when
the growth rates are above 10 mm/s (Fig. 5d–f). The dendritic
arrays are well aligned along the growth direction when the
growth rates are above 15 mm/s.

The criterion for the stability of the planar solid–liquid inter-
face in multi-component alloys can be simplified as [31,32]

Geff

V
Z

DT0

DL
ð1Þ

where Geff is the effective temperature gradient at the solid–liquid
interface, DT0 is the melting range of the alloy and DL is the solute
diffusion coefficient of Al in the liquid. According to Ref. [32], the
effective temperature gradient Geff can be replaced by GL, when
the Peclet number (Pe) is small (Pe/0.1). The diffusion coefficient
in the liquid is assumed as DL¼2.8�10�9 mm2/s [33]. The
melting range DT¼TL�TS is determined by DTA analysis from
the measurements of the solidus temperature (Ts¼1701 K) and
liquidus temperature (TL¼1767 K). The measured melting range
of present alloy is 66 K. The critical value (GL/V) for planar front
solidification is calculated to be 2.4�1010 Ks/m2. Hence, the
critical growth rate of transition from the planar to cellular
solid–liquid interface is about Vc¼0.8 mm/s. However, such a
low growth rate obviously increases the reaction time between
the melt and the mold. The volume fraction of Al2O3 particles will
increase, which will influence the microstructure formation of the
DS specimens [17,34].

The primary cellular or dendritic spacing alters with the
growth rate (Fig. 7). For cells, the spacing decreases with the
increase of growth rate. The lowest value in the cellular spacing is
at the growth rate of 2 mm/s. In the cellular/dendritic region, the
primary spacing (l1) increases with the increasing growth rate. In
the dendritic region, the values of l1 decrease with the increase of
growth rate. For regular dendrites, l1 decreases proportionally
with the increasing growth rate according to the relationship:

l1 ¼ K1V�m, ð2Þ

where K1 is a material constant and m is the rate exponent. Using
linear regression analysis, the experimental data can be expressed
as

l1 ¼ 3:63� 10�6V�0:47
ð3Þ

The regression coefficient of this fit is r2
¼0.96. The exponent

value 0.47 is close to the theoretical value of 0.5 resulting from
models of Okamoto–Kishitake [35] and Bouchard–Kirkaldy [36].
The exponent value is smaller than the theoretical value of 0.59
resulting from the model of Hunt–Lu [37]. However, the exponent
value is greater than the theoretical value of 0.25 from the models
of Hunt [38], Kurz–Fisher [39], Kurz–Fisher [23] and Trivedi
Model [40]. The difference might be due to the theoretical models
developed for dilute and binary alloy. The models of Hunt [38]
and Trivedi [40] considered the flux balance for a small inter-
dendritic volume element, which is not suitable for multi-com-
ponent alloys. It suggests that some theoretical models need to be
modified to describe the primary spacing of multi-component
alloys.

The exponent value of l1 agrees well with 0.44 obtained by
Fan et al. [41] for the Ti–43Al–3Si (at%) alloy. However, the
exponent value is greater than 0.24 obtained by Lapin et al. [17]
for the Ti–46Al–2W–0.5Si (at%) alloy, and 0.30 obtained by Fan
et al. [42] for the Ti–49Al (at%). Differences of these values could
be due to the different composition of alloys and solidification
conditions. The exponent value could be dependent on the
component of alloys.



Fig. 8. Dependence of the interlamellar spacing on the growth rate.
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3.4. Lamellar structure

3.4.1. Interlamellar spacing

The interlamellar spacing decreases with the increasing
growth rate (Fig. 8). The dependence of interlamellar spacing on
the growth rate is given as follows:

lL ¼ K2V2n
ð4Þ

where K2 is a material constant and n is the rate exponent. Using
linear regression analysis, the experimental data can be expressed
as follows:

lL ¼ 4:77V�0:127
ð5Þ

The regression coefficient of this fit is r2
¼0.98. The rate

exponent n¼0.127 is smaller than the value 0.46 obtained by
Lapin et al. [17] for the Ti–46Al–2W–0.5Si (at%) alloy, 0.44
obtained by Fan et al. [41] for the Ti–43Al–3Si (at%) alloy and
0.41 obtained by Fan et al. [42] for the Ti–49Al (at%). Differences
in these values might be due to the different composition of alloys
and the different temperature gradient in directional solidifica-
tion experiments.

3.4.2. Orientation of lamellar structure

The primary phase of TiAl alloys determines the final lamellar
orientation because of the crystallographic orientation relation-
ship among b, a and g phase, namely {110}b//(0001)a//{111}g and
/111Sb///112̄0Sa///110Sg [5,8–10]. If the b phase is the pri-
mary phase, the preferred growth direction (PGD) of b phase is
/001S direction, and then the lamellar orientation is 01 or 451
inclined to growth direction. If the a phase is the primary phase,
the PGD of a phase is /0001S direction, and then the lamellar
orientation is 901 inclined to growth direction. However, lamellar
orientations are not perpendicular to the growth direction in
present experiments, even if the a phase is the primary phase.
The lamellar structures are oriented about 45–901 to the growth
direction (Table 4). This phenomenon can be attributed to the
variation of PGD of the a phase under different solidification
conditions.

On one hand, the lamellar structures in directional solidifica-
tion region have the same orientation as that of the unmelted
region (Fig. 2). The unmelted region has the effect of the seeding
material at the beginning of directional solidification. The lamel-
lar structure in directional solidification region obtains the
lamellar orientation of unmelted region and restores it during
solidification. The lamellar orientation in directional solidification
region is history-dependent on that of unmelted as-cast crystals
near the initial interface of directional solidification. Thus, the
preferred growth direction (PGD) of a phase is not /0001S
direction and the orientation of lamellar is not perpendicular to
the growth direction. These as-cast crystals may act as a seed to
control the lamellar orientation of subsequent crystals in direc-
tional solidification. The alloy can act as a seeding material to
grow ingots with similar composition and to control the lamellar
orientation parallel to the growth direction.

On the other hand, the changing of the PGD of a phase affects
the lamellar orientation. The lamellar orientation is not just 01 or
451 inclined to growth direction in b solidification TiAl alloys. In
Ti–47.5Al–2W–0.5Si (at%) and Ti–46Al–2Mo–2Nb (at%) alloys [43],
the lamellar orientation is angled or normal to the growth direction
near the top of the directionally solidified specimens. Jung et al. [44]
have indicated that the lamellar orientation in the DS Ti–47Al–2W
(at%) alloy inclined at angles of 60–901 to growth direction at the
growth rate of 90 mm/h. Xiao et al. [45] have found that the lamellar
orientation was not angled 01 or 451 to the growth direction, and
other orientations (e.g. 741, 801 and 841) also formed in the DS
Ti–47Al–2Cr–2Nb (at%) alloy. Jung et al. [44] and Xiao et al. [45,46]
have considered that the departure of lamellar orientation resulted
from the changed growth direction of b phase.

For the present alloy, which is a solidification, the lamellar
orientation is not perpendicular to the growth direction under
different growth rates can also be explained in this way. The PGD
of a phase is shown in Table 4, which was calculated according to
the method in Refs. [44–46]. The PGD of a phase is /101̄1S or
/0001S direction at low growth rates (between 1 mm/s and
15 mm/s). When growth rates are between 20 and 70 mm/s, the
PGD of a phase is /2̄2̄43S direction. The PGD of a phase changes
into /101̄1S direction at higher growth rate (between 80 and
100 mm/s). With increasing growth rate, the PGD of a phase
changes from /0001S to /101̄1S, and then to /2̄2̄43S, and to
/101̄1S at higher growth rates.

The variation of the PGD of a phase is caused by the changing
of solid–liquid interface morphologies with the increase of the
growth rate. The a phase does not grow along /0001S direction
under the effect of heat flow and crystallographic orientation. The
driving forces determining the PGD of phase are interface kinetics
and anisotropic energy [47]. However, Haxhimali et al. [48] have
indicated that Al has weak solid–liquid interface energy aniso-
tropy, and the solute effects can induce greater varieties of
interface energy anisotropy of Al–Zn alloy. Therefore, for TiAl
alloys, the variation of heat flow and growth rate in directional
solidification can cause the change of interface energy anisotropy
of the a phase, and conduce the changing of PGD. Since the
lamellar orientation obeys the relationship of (0001)a//{111}g and
/112̄0Sa///110Sg, the lamellar orientation is not perpendicular
to the growth direction if the PGD is not in /0001S direction.
4. Conclusions
(1)
 For the Ti–46Al–0.5W–0.5Si (at%) alloy, the morphology of
solid/liquid interface transforms from nearly planar to cellular
and then to dendritic with the increasing growth rate. The
hexagonal a phase is the primary phase in the studied alloy.
The solidification path of the alloy is: L-Lþa-Ti5Si3þa-
Ti5Si3þ[a2þg].
(2)
 Tungsten segregates in dendritic cores of a phase and Si
enriches in interdendritic regions. The enrichment of Si in
interdendritic regions leads to the Ti5Si3 phase. The Ti5Si3

phase distributes in grain boundaries.

(3)
 For cells, the spacing decreases with the increasing growth

rate. In cellular/dendritic region, the primary spacing increases
with the increasing growth rate. The primary dendrite arm
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spacing decreases with the increase of growth rate according
to relationship: l1pV�0.47.
(4)
 The interlamellar spacing decreases with the increase of
growth rate according to relationship: lLpV�0.127.
(5)
 Though a phase is the primary phase, the lamellar orientation
is not perpendicular to the growth direction. The variation of
lamellar orientation can be attributed to two factors. One is
the history-dependence on the lamellar orientation of
unmelted as-cast crystals near the initial interface of direc-
tional solidification. The other is the variation of the preferred
growth directions of a phase.
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Appendix A. Growth direction calculation of a phase

The details for calculating the preferred growth direction of a
phase are illustrated as follows:
(1)
 The angle (Z) between the {111}g plane of g lamellae and
the growth direction is measured from optical microscopy
images. The angle (y) between /111Sg crystal index and
growth direction is obtained from y¼901�Z. The crystal
index /uvwSg along the growth direction is calculated using
the following equation [49]:

cosY¼
u1u2þv1v2þw1w2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2
1þv2

1þw2
1Þðu

2
2þv2

2þw2
2Þ

q ðA1Þ

where /u1v1w1Sg and /u2v2w2Sg present different crystal
indices of g phase, and Y is the angle between the two
directions. In this study, /u1v1w1S is /111Sg and Y is y.
Then /u2v2w2Sg, namely /uvwSg is the possible direction
need to be calculated.
(2)
 All possible angles between /uvwSg and the reference
crystal index /111Sg (or /110Sg) are calculated by Eq.
(A1), and denoted by angle group {d1} (or {d2}).
(3)
 Assuming that /HKTLSa is the growth direction of a den-
drites. The values of j1 and j2 stand for the angles between
/HKTLSa and /0001Sa, and /HKTLSa and /112̄0Sa, respec-
tively. When calculating, the four-index /HKTLSa need to be
converted to three-index /hklSa. The values of j are calcu-
lated using the following equation [49]:

cosF¼
h1h2þk1k2�1=2ðh1k2þh2k1Þþ l1l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2
1þk2

1�h1k1þðc=aÞ2l21

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

2þk2
2�h2k2þðc=aÞ2l22

q

ðA2Þ
(4)
 The angle d01 (or d02), which is selected from the angle group
{d1} (or {d2}), is the closest to j1 (or j2). If the error D,
9d1�j019 (or 9d2�j029), is less than the angle (c) between the
dendritic growth direction and the withdrawal direction, it
can be confirmed that j1¼d

0

1 and j2¼d
0

2 (jo91). Therefore,
the /HKTLSa is the preferred growth direction of a dendrites.
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[34] J. Lapin, L. Ondrúš, O. Bajana, Effect of Al2O3 particles on mechanical
properties of directionally solidified intermetallic Ti–46Al–2W–0.5Si alloy,
Materials Science and Engineering: A 360 (2003) 85–95.

[35] T. Okamoto, K. Kishitake, Dendritic structure in unidirectionally solidified
aluminum, tin, and zinc base binary alloys, Journal of Crystal Growth 29
(1975) 137–146.

[36] D. Bouchard, J.S. Kirkaldy, Prediction of dendrite arm spacings in unsteady-
and steady-state heat flow of unidirectionally solidified binary alloys,
Metallurgical and Materials Transactions B 28 (1997) 633–651.

[37] J.D. Hunt, S.Z. Lu, Numerical modeling of cellular/dendritic array growth:
spacing and structure predictions, Metallurgical and Materials Transactions A
27 (1996) 611–623.

[38] J.D. Hunt, Solidification and Casting of Metals, The Metals of Society, London,
1979 (p. 9).

[39] W. Kurz, D.J. Fisher, Dendritic growth at the limit of stability: tip radius and
spacing, Acta Materialia 29 (1981) 11–20.

[40] R. Trivedi, Interdendritic spacing: part II. A comparison of theory and
experiment, Metallurgical and Materials Transactions A 15 (1984) 977–982.
[41] J. Fan, X. Li, Y. Su, J. Guo, H. Fu, The microstructure parameters and
microhardness of directionally solidified Ti–43Al–3Si alloy, Journal of Alloys
and Compounds 506 (2010) 593–599.

[42] J. Fan, X. Li, Y. Su, J. Guo, H. Fu, Effect of growth rate on microstructure
parameters and microhardness in directionally solidified Ti–49Al alloy,
Materials and Design (2011). doi:10.1016/j.matdes.2011.05.007.

[43] H. Saari, J. Beddoes, D.Y. Seo, L. Zhao, Development of directionally solidified
g-TiAl structures, Intermetallics 13 (2005) 937–943.

[44] I.S. Jung, M.H. Oh, N.J. Park, S. Kumar, D.M. Wee, Lamellar boundary
alignment of DS-processed TiAl–W alloys by a solidification procedure,
Metals and Materials International 13 (2007) 455–462.

[45] Z. Xiao, L. Zheng, L. Yang, J. Yan, H. Zhang, Effects of temperature gradient on
lamellar orientations of directionally solidified TiAl-based alloy, Acta Metal-
lurgica Sinica 46 (2010) 1229–1233.

[46] Z. Xiao, L. Zheng, J. Yan, L. Yang, H. Zhang, Lamellar orientation and growth
directions of b dendritic in directionally solidified Ti–47Al–2Cr–2Nb alloy,
Journal of Crystal Growth 324 (2011) 309–313.

[47] M.C. Flemings, Solidification Processing, McGraw-Hill, New York, 1974
(p. 159).

[48] T. Haxhimali, A. Karma, F. Gonzales, M. Rappaz, Orientation selection in
dendritic evolution, Nature Materials 5 (2006) 660–664.

[49] J. Pan, J. Tong, M. Tian, Foundation of Materials Science, Tsinghua University
Press, Beijing, 1998 (p. 40).

dx.doi.org/10.1016/j.matdes.2011.05.007

	Microstructure evolution of directionally solidified Ti-46Al-0.5W-0.5Si alloy
	Introduction
	Experiments
	Results and discussion
	Macrostructure
	Microstructure
	Phases formation
	Solidification path

	Morphologies of solid-liquid interface and dendritic structure
	Lamellar structure
	Interlamellar spacing
	Orientation of lamellar structure


	Conclusions
	Acknowledgments
	Growth direction calculation of alpha phase
	References




