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Abstract: Preparation of porous TiAl-based intermetallics with aligned and elongated pores by freeze-casting was
investigated. Engineering Ti—43A1-9V—-1Y powder (Ds5y=50 um), carboxymethyl cellulose, and guar gum were used to
prepare the aqueous-based slurries for freeze-casting. Results showed that the porous TiAl was obtained by using a
freezing temperature of —5 °C and the pore structure was tailored by varying the particle content of slurry. The total
porosity reduced from 81% to 62% and the aligned pore width dropped from approximately 500 to around 270 pum, with
increasing the particle content from 10 to 30 vol.%. Furthermore, the compressive strength along the aligned pores
increased from 16 to 120 MPa with the reduction of porosity. The effective thermal conductivities of porous TiAl were
lower than 1.81 W/(m-K) and showed anisotropic property with respect to the pore orientation.
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1 Introduction

TiAl-based alloys have been considered as one
of the most promising high temperature structural
materials due to their light weight, high specific
strength, as well as good environmental resistance
at elevated temperature [1—4]. In order to further
explore the potential industrial application of TiAl,
efforts have been made to produce TiAl materials
with tailored porous structure, which are expected
to be applied in the fields such as lightweight
structure, filtering, and thermal insulation [5-7].
Currently, various processes have been developed
to yield porous TiAl. The element powder
metallurgy (EPM) has been widely investigated to

produce porous TiAl with utilization of the
Kirkendall effect [5,8,9]. However, the porosity of
the material fabricated with this process is generally
limited. To directly control the porosity in the
synthesis of porous TiAl, the space holder method
has been developed. Under the Kirkendall effect
and replication of space holders, highly porous TiAl
with bimodal isotropic pore structure and various
porosities could be obtained [10,11]. Some other
processes were also proposed to fabricate highly
open cellular porous TiAl, including thermal
explosion (TE) [12] and spark plasma sintering
(SPS) [13].

Recently, the fabrication of porous metal
materials with aligned pore structures has become a
fascinating subject. Reactive sintering of extruded
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powder mixtures was applied to fabricating
aligned porous TiAl-Mn with maximum porosity of
35% [6]. Lotus-type TiAl with macro cylindrical
pores (in hundreds-microns scale) was fabricated
by controlling the solidification rate during
directional solidification in hydrogen and helium
atmospheres [14,15]. This type of porous materials
usually shows enhanced properties along the
aligned pore direction in comparison with those
porous materials with isotropic pores, which would
be attractive for both structural and functional
applications. Besides, the aligned pores could offer
ordered channels, which may be attractive for
cooling media control in active thermal protection
system. Among various approaches for porous
materials, freeze-casting is a novel cost-effective
process to fabricate porous materials with highly
aligned and elongated pores in a wide range of
porosity (25%—90%) [16]. Moreover, it is also a
near net shaping process which would be attractive
for industrial application. The freeze-casting
process normally consists of three key steps:
freezing a slurry, sublimation of the frozen phase,
and sintering. A unique porous structure with
aligned pore channels could be obtained by
unidirectional freezing the slurry. Under suitable
process condition, the unidirectionally solidified
crystals of liquid phase could push the particles in
the slurry away from the growing path. Then, the
particles accumulate among the growing crystals
and the aligned pore channels can be observed after
the sublimation. The pore structures at the bottom
of frozen sample were usually equiaxed while the
aligned and elongated pore structures can be
obtained at a certain height, due to the local thermal
condition change. To date, this process has been
widely used to fabricate ceramics, polymers, and
carbon-based materials [17—19]. However, study on
this technique for porous metals is limited. A main
reason should be that most engineering metal
powders possess large particle size or high density
in comparison with ceramic powders, leading to
difficulties in preparation of stable slurries and
particle redistribution. The available experiments on
the fabrication of porous metals have shown the
versatility of freeze-casting and indicated it would
be a potential alternative to the convention
processes [20—24].

In the present study, the fabrication process of
porous TiAl-based intermetallics via freeze-casting

was investigated. Porous TiAl materials with
aligned pores were fabricated using aqueous-based
slurries of commercial TiAl powders.
structures were tailored by freeze-casting of the
slurries with different initial solid contents (10, 20
and 30 vol.%). Pore structures, compression stress
and thermal conductivities were characterized with
respect to aerospace thermal protection application.

Porous

2 Experimental

Engineering spherical TiAl-based intermetallic
powders with average particle diameter of 50 pum
(nominal composition was Ti—43AI-9V—-1Y (at.%),
supplied by Beijing Institute of Aeronautical
Materials, China) were employed in the present
work. The particle morphology and particle size
distribution are shown in Fig. 1. This material
belongs to y-based TiAl intermetallics and has
adequate mechanical properties from room
temperature to 700 °C [25]. The particle size was
measured using a laser diffraction particle size
analyzer (BT—9300S, Bettersize Instruments,
China). A pre-mixed solution was prepared by
dissolving 1 wt.% carboxymethyl cellulose (CMC,
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Fig. 1 SEM micrograph of raw powder (a) and particle
size distribution of powder (b)
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Fuchen Chemical Regent, China), and 0.6 wt.%
guar gum (Guangfu Fine Chemical, China) into
deionized water by stirring for 6 h. Both of CMC
and guar gum act as binder and thickener to reduce
sedimentation. The contents were optimized to
obtain a sufficient viscosity with a low additive
content. Slurries of 10, 20 and 30 vol.% particle
content were prepared by adding powder into the
premixed solutions under mechanical stirring for
1 h. After being stirred for 1 h, the prepared
slurries were poured into cylindrical plastic molds
sealed by a copper substrate. The molds were
35 mm in inner diameter and 50 mm in height and
the molds were circumferential-insulated. To
conduct directional freeze-casting, the filled molds
were then insulated on the top and placed on a
cooling plate held at =5 °C in a freeze-drier
(DWBX-1, Songyuanhuaxing Ltd., China). After
solidification was completed, samples were
removed from the molds and freeze-dried for at
least 48 h to sublimate the ice phase. The samples
were subsequently placed in a vacuum furnace to
carry out debinding and sintering. A slow heating
rate of 2 °C/min was applied to heating the samples
to 400 °C and held for 2 h to burn out the
organics [21]. Then, a heating rate of 10 °C/min
was applied to increasing the temperature to
1300 °C. The samples were cooled in the furnace
after 2 h sintering. The main procedures of
fabrication process are illustrated in Fig. 2.

The microstructure was observed by optical
microscopy (OM) and scanning electron
microscopy (SEM, Hitachi SU-8010, Japan). The
phase compositions of the samples were identified
by X-ray diffraction (XRD, Bruker D8 advanced,
Germany). The porosities of the sintered sample

were measured using Archimedes method.
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Fig. 2 Schematic of fabrication process
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Compressive tests for loads along the aligned pores
were performed in a universal material testing
machine (MTS Systems, USA) at a crosshead speed
of 0.5 mm/min. Test specimens are in dimensions of
10 mm x 10 mm x 15 mm. Effective thermal
conductivity in room ambience was characterized
by using transient hot-wire method (TC3000,
Xiatech, China). All the test specimens were cut in
the height range of 10—35 mm in sintered samples,
in order to reduce the impact of material
inhomogeneity caused by thermal condition change
during unidirectional freeze.

3 Results and discussion

The longitudinal cross-section SEM
morphologies of the sintered samples fabricated
with different particle contents are shown in
Figs. 3(a—c). It can be observed that Ti—43A1-9V—
1Y particles were redistributed into elongated walls,
and aligned pore channels were formed by
replication of the unidirectional solidified ice
crystals. The aligned pore channel could be clearly
observed in typical pore morphology perpendicular
to the freezing direction (Fig. 3(d)). The aligned
pore structure could be attributed to the preferred
growth in g-axis of ice crystal and the growing rate
in c-axis lags behind [16]. The directional freezing
process offered a thermal gradient from the mold
substrate to the top, facilitating the directional
growth of ice crystal. In fact, the local
crystallization condition only allowed fine and
equiaxed ice crystals to grow at the first stage of
solidification, and the unidirectional crystal growth
occurred after grain evolution due to freezing front
velocity declining. Therefore, aligned pores could
be observed above a certain height of samples.
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Fig. 3 SEM images of porous Ti—43A1-9V—1Y fabricated with particle contents of 10 vol. % (a), 20 vol.% (b), and
30 vol.% (c), and typical cross-section normal to freezing directions (d) (Cross-sections are parallel to freezing directions

at a height of 25 mm; Wavelength denotes wall-to-wall distance or sum of aligned pore width and wall thickness)

Particle redistribution during freeze-casting is
constrained by a critical freezing front velocity, v.,
which is determined according to the interaction
between particle and ice front. When the freezing
front growing at a velocity above the v, particles
will be entrapped by the growing ice fronts. An
adequate freezing front velocity is essential to allow
the ice fronts push away the particles. An empirical
model for critical freezing front velocity based on
the balance of attractive forces and repulsive forces
applied on particles is expressed in following
equation [20]:

=g e B ) ()
where 7 is the viscosity of the liquid phase, d is the
particle diameter, 4 is the Hamaker constant of the
ice—water—particle system, J, is the minimal
distance between the particle and freezing front, g is
the gravitational constant, and p;, ps and p, are the
densities of the liquid phase, solid ice, and particle,
respectively.

It can be predicted that the critical freezing
front velocity decreases as the viscosity of liquid
phase and particle diameter increase. For many
engineering grade metal powders, the large particle

size or high density leads to difficulties in particle
pushing during freeze-casting. The powder used in
this study has a particle size approximately an order
of magnitude larger than that of ceramics widely
investigated. To prevent severe sedimentation of
large particles, CMC and guar gum were adopted as
binder and thickener to form slurries with high
viscosity. Therefore, the freezing front velocity
should be low enough to allow ice crystal to push
away the particles. WASCHKIES et al [26]
investigated the structure formation from low
(<1 pm/s) to high (>100 pm/s) freezing front
velocities during freeze-casting. They studied the
effects of particle size (<15 um), solids content and
freezing velocity on the microstructural evolution,
and indicated that planar growth would occur when
freezing front velocity was too low. In the
experiment, freezing temperature was a process
parameter to control the freezing process. CHEN
et al [24] suggested that a lower freezing
temperature applied on substrate would build up a
steeper thermal gradient along the axial freezing
direction. Hence, a narrow freezing period would be
obtained owing to a high thermal gradient. On the
contrary, a relatively high freezing temperature
would lead to a long period, i.e., a low freezing
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front velocity. Moreover, considering the heat
transfer during freezing process as the
one-dimensional heat conduction, the Fourier’s law
gives

q=k(T-T)/H ()

where ¢, refers to heat flux in freezing direction, k&
is equivalent thermal conductivity, 7 is the
temperature of slurry, 7 is the temperature of
substrate, and H is the height of sample. It is
indicated that ¢, decreases as 7; increases when the
other variables keep constant, i.e., increasing the
freezing temperature would result in a low heat
transfer rate through the substrate. Thus, a relatively
high freezing temperature should be applied in
order to obtain a low freezing front velocity along
the freezing direction. In the present experiments,
the freezing temperature was set as —5 °C. By
measuring the freezing period of a certain frozen
height, the average freezing front velocity was
estimated to be 3—4 pum/s, which is relatively low in
comparison with that in many studies on small
ceramic particles (usually above 10 um/s) [27-29].
Since the low freezing front velocity causes a
relatively long freezing period, slurry stability
should be emphasized. Particles will accumulate at
the bottom and only few particles will remain at the
top if sedimentation is not effectively prevented.
The high local solid content at the bottom results in
the failure of particles redistribution. The
sedimentation during the freeze-casting was
characterized by measuring the density variation
from top to bottom of the test samples. Several
5 mm-long cubes were cut along the height
of samples to evaluate particle sedimentation.
Figure 4(a) shows that the density decreased
insignificantly for each sample group prepared with
1 wt.% CMC and 0.6 wt.% guar gum in slurry. The
reduction of sedimentation was facilitated, since
CMC and guar gum solutions exhibited
pseudoplastic rheological properties, and a CMC
and guar gum mixed system could show a
synergistic effect on viscosity [30]. Comparison test
was also performed on slurries prepared using CMC
and guar gum separately. Results showed that
sedimentation could not be effectively reduced even
increasing content of CMC to 3 wt.%, while
unidirectional ice growth was hardly observed
using slurry prepared with sufficient content of guar
gum (1 wt.%). The effects of additives on slurry

stability and ice crystal grow behavior still need
further investigation. In the experiments, the
addition of CMC and guar gum was adjusted to
allow particle pushing with reduced sedimentation,
as well as low additive usage.

2.0 (2 B Bottom
W = Top
wgm- e
o 10% 20% 30%
&12f
2
2 08
Q
A
0.4 — ﬂ
0 10 20 30 40
TiAl particle content in slurry/vol.%
(®) ~,
80+ 1600
g 70 + 1500 =
1) =
o k=l
gb \ E
S 60 { ol 1400 o
o )
> I g
< o — Total porosity
50 ©— Open porosity i
= — Pore width L 300

10 20 30
TiAl particle content in slurry/vol.%

Fig. 4 Density variation of samples at bottom and top
section (a) and pore properties of samples prepared with
different initial TiAl particle contents (b)

It was also observed that samples prepared
with different particle contents showed tuned pore
morphology (Figs. 3(a—c)). The structural wave-
length decreased sharply with increasing the
particle content. As shown in Fig. 4(b), with particle
content rising from 10 to 30 vol.%, the aligned pore
width decreased from (5004+30) to (270+20) pm.
This decrease trend could be attributed to the rise of
ice front velocity which was induced by the
increase in the particle content [28,29]. An
empirical relationship between wavelength and
freezing front velocity was given by [28]

A< 1)V (3)

where A is the wavelength, v is the freezing front
velocity, and n could be regarded as a variable
depending on particle size, volume fraction,
temperature gradient, and other complex factors
during the process. The pore structures of the
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products were found to be hierarchical. Besides the
aligned pores formed by replication of ice crystals,
second order isotropic pores were found among the
spherical particles located in channel wall,
particularly in samples prepared with 10 and
20 vol.% particle content. These pores connected
the aligned pores and further increased the porosity,
as shown in Fig. 5. The fabricated materials
exhibited favorable porosities and high open
porosity percentage (above 90%) than porous TiAl
with aligned pores [6,15]. According to Fig. 3(b),
total porosity could be controlled in the range from
62% to 81% by varying particle content. It can be
expected that porosity and aligned pore structure
could be tailored by particle content or other
processing parameters.

e

Fig. 5 SEM image of typical interconnecting pores

The evolution of pore structure at different
heights in the samples is shown in Fig. 6. The pore
channels exhibited a columnar-to-lamellar transition
structure as aligned pores extended from the bottom
of the samples, due to the change of freezing
condition. This pore structure evolution was
consistent with the decrease in freezing front
velocity. DEVILLE et al [28] found that the ice
dendrite tip radius increased as the freezing front
velocity decreased owing to the reduction in
undercooling ahead of the solid/liquid interface.
Thus, the ice crystals were coarsened and the pore
width increased. CHINO and DUNAND [20]
showed that the freezing front velocity was not
affected by the powder size and it decreased
monotonously with increasing frozen height. The
decrease of freezing front velocity was attributed to
the much lower thermal conductivity of solidified
slurry as compared to copper substrate and the
increased frozen height. Theoretically, a constant
freezing front velocity could be achieved by

optimizing freezing conditions [31], and thus the
precision control of the microstructure could be
achieved for this process.

Figure 7 shows the typical XRD pattern of
sintered Ti—43A1-9V—1Y. The major y phase and a
small amount of a, and B, phases were clearly
identified, which was consistent with previous
studies [25,32,33]. The addition of Y was initially
designed to protect the material from oxidization
since Y has stronger binding capability with O, and
oxides were hardly to be detected, indicating that

Fig. 6 OM micrographs of cross-sections perpendicular
to freezing direction at different heights with 30 vol.%
particle content: (a) 10 mm; (b) 35 mm
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Fig. 7 XRD pattern of porous Ti—43A1-9V-1Y
fabricated with 30 vol.% particle content
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could be
notable

porous Ti—43Al-9V—-1Y materials
fabricated via this process without
oxidization.

Table 1 shows typical literature data of
porosity and pore size for TiAl-based porous
material and data achieved in this study. It can be
seen that a high level of porosity was achieved in
this work, indicating a great potential to produce
porous TiAl by this process. Moreover, the TiAl
samples prepared by freezing-casting had unique
aligned pores. Compared to other fabrication
processes for unidirectional pores, freeze-casting
could offer higher porosity and larger pore size
range. Previous research indicates that open-cell
porous metals are usually suitable for functional
applications, rather than wuse as structure
component. However, there is growing demand for
special porous metals that possess light weight,
high porosity, heat insulation function, as
well as load-bearing capability in aerospace
engineering [38]. For instance, an aerospace
thermal protection plate is designed with a
sandwich  structure and requires a good
compression load resistance in vertical axial [39].
The freeze-cast TiAl foam could be used as
insulation material filled in the place between the
face sheets to insulate against heat and bear a part
of compression load.

The mechanical performance of the freeze-cast
porous TiAl was characterized by compressive
strain—stress test along aligned pore direction, since

Table 1 Literature and measured values of open porosity,
pore size and pore structure for porous TiAl-based
intermetallics prepared via different processes

Open Pore

Process  porosity/  size/ Pore Source
o structure
0 pm
Reactive .
o 25-45 - Aligned [6,34]
sintering
Unidirectional .
solidification 15-56 ~470 Aligned [14,15]
EPM <52 3.18-26.69 Isotropic  [5,8]
PM ~70 ~30 Isotropic  [35]
Reactive .
infiltration <170 ~100 Isotropic  [36]
TEwithspace ) g4 50500 Hicrarchical [37]
holder
Freeze  0r 81 270-500 Aligned 1S
casting study

EPM —Element powder metallurgy; PM—Powder metallurgy;
TE—Thermal explosion

this direction was considered to have superior
strength to support the heat protection structure. In
general, the mechanical strength of porous materials
largely relies on the porosity and the pore structure.
For most porous materials, higher porosity leads to
lower mechanical strength. However, a higher
porosity can provide more cavities for air in the
porous material and decrease the heat conduction
when the porous material is used in thermal
insulation application. Therefore, the porosity and
the mechanical performance should be traded off in
order to offer a favorable thermal protection
performance, as well as to maintain good structural
integrity during service of the porous materials.
Figure 8 shows the compressive properties varied
with particle content. Compressive strength along
aligned pore increased sharply from 16 to 120 MPa
when the particle content increased from 10 to
30 vol.%. This should be attributed to the increased
solid content and the pore wall densification. It was
found that the fabricated materials demonstrated a
superior compressive performance in aligned
direction to a type of porous TiAl with homogenous
pores [10].

120 - l Loading
100 |||
&
s f 30 vol.%
S 6ol
« 20 vol.%
40 e ’
20
______________________________ 10 vol.%
0 2 4 6 8 10

Strain/%
Fig. 8 Compressive stress—strain curves for porous
materials fabricated with particle contents of 10, 20 and
30 vol.% (Loads are parallel to the pore orientations)

Effective thermal conductivities of the porous
materials (k.) were analyzed with the Maxwell—
Eucken models [13]:

_ 2k, +ky — 2(k, — k)P
¢ 2k, +k, + (kg =k, )P
(Maxwell—Eucken 1) 4)
_ 2k, + kg —2(k, —k)(1-P)
°E 2k, + kg + (k, —k)(1—-P)
(Maxwell—Eucken 2) %)
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where k is the effective thermal conductivity, P is
the total porosity, and subscripts “e”, “s” and “g”
refer to the hybrid system, Ti—43A1-9V—1Y and air,
respectively. Thermal conductivity for bulk Ti—
43A1-9V-1Y was estimated to be 36.0 W/(m-K),
according to the calculation of JMatPro commercial
software. The measured values and the model
curves are shown in Fig. 9. The experiment results
were in the predicted region and closer to the lower
boundary. This result could be attributed to the
overestimated thermal conductivity for bulk
Ti—43AIl-9V-1Y or other factors related to porous
structures. It was observed that k. exhibited
anisotropic property and decreased as the total
porosity increased. For a fixed porosity, the
effective thermal conductivity parallel to the
unidirectional pore orientation (Kparane) Was larger
than that perpendicular to the pore orientation
(Aperpendicular). An  average anisotropic factor in
thermal  conductivity  (Aparanier/Kperpendicutar) ~ Was
estimated to be around 1.4. The maximum thermal
conductivity was only 1.81 W/(m-K), showing an
excellent potential for lightweight metallic thermal
insulators [7]. It was found that the fabricated
materials also demonstrated a competitive
mechanical and thermal insulating property in
comparison with porous ceramics [40,41]. Such a
combination of strength and heat insulation
performance makes the porous TiAl an attractive
choice for aerospace thermal protection.
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Fig. 9 Effective thermal conductivities for porous
materials (Each data point represents an average of three
tests)

4 Conclusions

(1) Porous Ti—43AI-9V-1Y materials with
aligned and elongated pores were fabricated by

freeze-casting. The spherical particles as large as
50 um in CMC and guar gum aqueous slurries
could be redistributed into the interlamellar spaces
with applying a relatively high freezing temperature
of =5 °C.

(2) The porosity was tailored by varying the
particle content in the slurry from 10 to 30 vol.%.
With increasing the particle content from 10 to
30 vol.%, the total porosity reduced from 81% to
62% and the aligned pore width dropped from
approximately 500 to around 270 pum.

(3) The increase of particle content led to an
increase of compressive strength along the
aligned pores (from 16 to 120 MPa). The effective
thermal conductivity of porous TiAl increased
as the particle content increased (lower than
1.81 W/(m'K)) and showed anisotropic property
with respect to the pore orientation.
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RiFFIFFZINBEERENAINEMABLA N LR

SERY, BRIR, Bah, LEK WA FgL!

1. PHZZATEART HU LR HUbkHE R4 TR E X E AR =, 757 710049;
2. LPRBEIERT T M e & iR & S IEERE K E A5 =, TR 110022;
3. FeiEMLA KSR EEEET G, dER 100191
4. THZZTH R BB S53) 7 LREERE, 78% 710049

7 OE: B AR S B e MRALGHN 2 LR S BRI EY . R Ti-43A1-9V-1Y TSR
(Dsg=50 um)~ R H A 4E R DURTUR GIRECHI KSR F AR . TR REW, 16-5 °C B IR&E Rl
il 4 A e K FLAS I I 2 FLARER, I B AT @ I SO SR o oK AR o Bk FE i FLBR S5/ . Mk R & 10%
HINZE 30% (RSB0, MILBRE M 81%E/NE 62%, T MFLEE %) 500 um BN EZ) 270 pm. FEE LR E
HIBRAR, s mFLT 1A I E4E TR E | 16 MPa B9HIZE 120 MPa. 554k, Bl & 2 FLEAAE IS M S R B, &

i 1.81 W/i(mK), I H 32 FL77 8 5 S B 2% 1) 524
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