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Abstract: The pore constitution and tortuosity factor of porous TiAl intermetallic were studied on the basis of the
variation behavior of pore structure parameters and the discrete particle model. The pore formation mechanism of
porous TiAl is mainly ascribed to three aspects: the clearance space in green compact, the diffusive pores in the reaction
process and the phase transition pores, resulting in the open porosities of 5.6%, 42.9% and 1.3%, respectively.
According to the Hagen—Poiseuille equation, the tortuosity factor of porous TiAl is determined in the range of 1.3—2.2.
Based on the discrete particle model and the variation rule of the tortuosity factor, the tortuosity factor depends mainly
on the parameters of fabrication constant, particle shape factor, clearance distance and powder particle size. The
quantitative relationships among them have been established, which can be used as the basis for adjusting the pore

structure of porous intermetallics.
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1 Introduction

Reactive synthesis process has been a widely
used method for the preparation of porous
intermetallics through the Kirkendall effect [1—4].
In the process, elemental powders are used as raw
materials and a relatively slow chemical reaction
between them occurs by means of the solid-
phase  diffusion. The synthesized porous
intermetallics tend to have unique pore structure
characteristics [5—7], such as good coordination of
multiple pore formation mechanisms, uniform pore
size distribution, smooth pore walls, and relatively
small tortuosity factor. Compared with porous
alloys or compounds prepared through physical
mechanisms, such reactively synthesized porous
intermetallics generally have better material
properties [8—10], including fluid permeability,
structural stability and mechanical properties.

As an example of porous intermetallics, porous

TiAl alloy is a typical lightweight and high-
strength  material [1,11-14]. Porous TiAl
intermetallic has good controllability of pore
structure  [15], resistance to environmental
corrosion [16] and oxidation resistance at high
temperature [1], showing a broad application
prospect in the fields of fluid transmission
such as filtration, separation, purification and
throttling [1,12,17]. Currently, the parameters used
to characterize the pore structure characteristics of
porous TiAl mainly include the maximum aperture,
open porosity, pore size distribution and
permeability [1,5,15,18—20]. To some extent, these
parameters reflect the macro characteristics of the
pore structure. The studies on the formation
mechanism of pores and the influencing factors of
microscopic pore structure are of great significance
for the in-depth understanding and the quantitative
control of porous structure. However, the
microscopic pore structure characteristics, including
the tortuosity factor and pore constitution, were
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rarely investigated.

In this work, porous TiAl was prepared by the
reactive synthesis process of Ti and Al elemental
powders. The changes of pore structure parameters
in the synthesis process were analyzed, and the pore
constitution caused by different pore formation
mechanisms was revealed. Furthermore, the
tortuosity factor of porous TiAl was calculated by
combining the pore structure parameters and the
Hagen—Poiseuille equation, and the quantitative
relationships between the synthesis parameters and
the tortuosity factor were determined.

2 Experimental

Ti and Al elemental powders with the purity of
over 98.5 wt.% were used as raw materials. The
average particle size ranges from 33 to 125 pm. The
reactive synthesis process of porous TiAl
intermetallic was carried out by a powder
metallurgy method including mixing, cold pressing
and vacuum sintering. The mixing procedure of
elemental powders was based on the nominal
composition of Ti—35wt.%Al without adding any
binder or pore-making agent. The drum-type dry
mixing process was adopted with the rotating speed
of 40—60 r/min and the time of 6—10 h. The green
compacts were formed by the single-axis mould
pressing method with the pressure in the range of
80—420 MPa and the holding time of 5—10 s. In the
vacuum sintering stage, the stepwise heating
process [5] was adopted for the synthesis of porous
TiAl intermetallic. The final sintering temperature
was 1300°C with the vacuum pressure of
102-107 Pa. In order to investigate the variation
behavior of the increase rate of open porosity with
the sintering temperature, the compacts were kept at
560, 580, 600, 620, 640, 660, 680, 700, 750, 800,
850, 900, 950, 1000, 1050, 1100, 1200 and 1300 °C
for 1 h with the heating rate of 5 °C/min.

The average particle size of elemental powder
was determined by laser diffraction particle size
analyzer (Micro-Plus). The open porosity of porous
TiAl intermetallic was measured by the Archimedes
method [1]. The pore size was determined by the
bubble point method [7]. The gas permeability was
measured by the gas permeating method [21]. Pore
constitution was determined by measuring the
changes of pore structure parameters of compacts
during the reactive sintering procedure. The

difference value (A@/AT) of open porosity (6) with
respect to sintering temperature (7) was used to
characterize the rate of porosity increment with
temperature. Tortuosity factor was calculated by
measuring pore structure parameters and combining
with the Hagen—Poiseuille equation [6,22]. The
quantitative relationships between the tortuosity
factor and the synthesis parameters
determined under a range of preparation conditions
and related parameters, including the raw powder
size and the pressing pressure.

were

3 Results and discussion

3.1 Pore formation

The reactive synthesis process of porous Ti—Al
intermetallic compounds has been extensively
studied [1,5,23—-25]. In terms of the composition of
Ti—35wt.%Al, which is in the composition range of
y-TiAl phase, the reaction procedure of elemental
powders is mainly divided into two stages [1,26,27]:
(1) the formation of TiAl; phase before the melting
point of elemental Al, and (2) the formation of TiAl
phase at the final sintering temperature. The pore
size and porosity in the two stages are shown in
Table 1. The porosity of reactively synthesized
porous intermetallics is generally attributed to the
Kirkendall effect [1]. The asymmetric diffusion
behavior of the fast diffusion element generates the
supersaturated vacancies, and the collapse of the
vacancies leads to the continuous generation and
growth of the pores. According to the change value
of pore structure parameters in Table 1, the
increment of the open porosity in the first stage is
1.96 times that at the second stage, while the
increment of the maximum pore size in the first
stage is only 0.35 times that at the second stage.
This means that, at the stage of rapid diffusion of
elemental Al to Ti, the evolution of the pore
structure is mainly manifested in the generation of
new pores, showing the characteristics of pore
nucleation. After that, the evolution of pore
structure mainly lies in the enlargement of
relatively large pores, namely the pore growth
behavior. It is worth noting that the increase in
porosity in the first stage is also associated with
the synthesis of TiAl; phase. The formation of
TiAl; phase is a highly exothermic reaction
procedure [28], which results in the melting of
Al phase. The reaction process of Ti and liquid Al
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Table 1 Pore structure parameters of compacts sintered
at different stages compared with green compact

Maximum Open .
Stage aperture/um porosity/% Reaction
Green Ti+Al
dy=2.3 6,=9.8 elemental
compact
powders
Compact .
+
sintered at di=dy+5.9 0,=6,1+26.5 ZTTII ffii?
660 °C }
Compact -
+
sintered at  d,=d,+16.7 0,=6,+13.5 2T13,}:.li}3 -
1300 °C !

accelerates the rapid consumption of elemental Al,
which promotes the formation of a large number of
pores in the compact.

For the Kirkendall effect, the pore formation is
correlated with the diffusion coefficient difference
between the elements. The relation between the
diffusion coefficient and the temperature follows
the Arrhenius equation:

0

D—Doexp[ RTJ (D)
where D and T are the diffusion coefficient and the
diffusion temperature, respectively; D, is a
constant; O and R are the diffusion activation
energy and the molar gas constant, respectively.

The molar fraction of vacancies N,(7¢) at time
t and position r is related to the difference of
diffusion coefficients [29], which is equal to the
difference of diffusion coefficients of Al and Ti
elements in the Ti—Al binary system.

ON 4,

il ()

ll a * *
N, (r,t)=— Or_ZE[FZ(DAl_DTi)

where N, is the molar fraction of Al; D;l and
Dy, are the diffusion coefficient parameters of Al
and Ti elements, respectively; ¢
parameter.

The maximum fraction of the Kirkendall pores
in the volume can be determined if all of the
vacancies condense to form voids [29].

N, (r,t)
1+ N, (r,1)

is the time

0, (r,0)= 3)
where 6,(7,¢) is the maximum Kirkendall porosity.
By combining Egs.(2) and (3) with the
Arrhenius equation, it can be concluded that the
porosity generated through the Kirkendall effect is

directly related to the difference in the diffusion
coefficients of elements, and is further affected by
the diffusion temperature.

3.2 Pore constitution

In order to further reveal the pore structure
change behavior of porous TiAl intermetallic in the
reactive synthesis process, the increment rate of
open porosity of Ti—Al compact at a series of
sintering temperatures was measured, as shown in
Fig. 1. In the reactive sintering procedure of Ti—Al
system, with the increase of the sintering
temperature, the diffusion coefficients of Ti and Al
elements increase rapidly according to Eq. (1).
Meanwhile, in the high temperature diffusion
process, there is a large difference in diffusion
coefficients between Ti and Al elements [30].
According to Egs.(2) and (3), the Kirkendall
porosity will continuously increase. On the other
hand, the decrease in the specific surface energy of
powder particles in the compact as the driving force
of sintering promotes the densification process of
the material at high temperature, which would lead
to the decrease of the porosity. However, due to the
high chemical and structural stability of TiAl
intermetallic compound, its densification process in
the vacuum sintering procedure is limited. This is
verified by the data in Fig. 1, that is, the compact of
TiAl intermetallic still maintains a positive porosity
increment rate at the final sintering temperature of
1300 °C.

0.9
0.8 |
0.7r ﬂ
0.6 1
ost ||
0.4+ 1
03}t |
02t

|
|
01}l [\ A

0 0 006000606 o o
500 700 900 1100 1300
Sintering temperature/°C

Porosity increment rate/(%+°C™")

Fig. 1 Variation of increment rate of open porosity of
porous Ti—35wt.%Al compact with increasing sintering
temperature

From the overall trend of the variation
behavior, the increment rate of porosity increases
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first and then decreases with the increase of
temperature, and reaches the maximum at 660 °C.
The mechanism of this change includes two aspects:
(1) the driving force of the increase of porosity, that
is, the increasing diffusion coefficient of elements
with the increase of temperature, and (2) the
resistance of the porosity increment, which is
mainly manifested in the continuous consumption
of the reactants with high concentration gradient
along with the formation of intermetallic compound
phase during the reaction process. Obviously, the
porosity will not increase when the composition in
the compact is completely homogenized. At 660 °C,
which is close to the melting point of Al metal, the
large diffusion rate of Al element leads to the
acceleration of pore formation rate. It was
confirmed by XRD studies that TiAl; phase was the
only intermetallic compound formed during
reaction between Ti and Al at temperatures below
1000 °C [28]. The generation of TiAl; phase results
in the large consumption of elemental Al [26],
which is the main reason for the decrease in the
increment rate of porosity after 660 °C.

In fact, in the process of reactive synthesis of
porous intermetallic compounds, the pore formation
mechanisms mainly include three aspects [31,32]:
(1) the clearance space in the green compact, (2) the
Kirkendall effect caused by the difference in the
diffusion rates of elements, and (3) the phase
transition effect caused by the density difference
between resultants and reactants. When the density
of the resultants is higher than that of the reactants,
the phase transition pores will be formed around the
particles due to the volume contraction of the
particles under the condition of no mass loss. The
densities of resultants and reactants at different
stages in Ti—Al system are shown in Table 2. Due to
the formation of TiAl; phase, a certain amount of
pores could be generated in the compact due to the
volume shrinkage of the reaction product. However,
the phase transition porosity decreases to some
extent due to the expansion of the product volume
in the subsequent formation procedure of TiAl

phase. Considering that the effect of closed porosity
is limited, the volume of the final sintered compact
is used as the reference to calculate the open
porosity. The open porosities originating from the
interstitial pores in the green compact, the diffusive
pores in the reaction process, and the phase
transition pores are calculated to be 5.6%, 42.9%
and 1.3%, respectively. The contributions of the
clearance space, the diffusion reaction and the
phase transition process to the total open porosity
are about 11%, 86% and 3%, respectively.

3.3 Tortuosity factor

Tortuosity factor of porous material is defined
as the ratio of the actual length of pores to the
apparent one [6,35], which is an important pore
structure parameter characterizing the structure of
tortuous pores and the resistance of porous structure
to fluid penetration. Under the condition of similar
porosity and pore size, relatively small tortuosity
factor is helpful to reduce the resistance of pore
structure and improve the permeability. Tortuosity
factor (7) can be calculated by using the
Hagen—Poiseuille equation [6,35]:

d’0

K= 4
32nHrt )

where K, d, 6 and H are the permeability, pore size,
open porosity and sample thickness of porous
material, respectively, and # is the dynamic
viscosity of fluid. The thickness of porous TiAl
samples in this work is in the range of 2—3 mm.
Figure 2 shows the change behavior of the
tortuosity  factor of porous  Ti—35wt.%Al
intermetallic with the particle size of raw powders.
When the particle size is within the range of
33—-125 pm, the tortuosity factor of porous TiAl
intermetallic ranges from 1.35 to 2.09. With the
increase of particle size, the tortuosity factor
increases linearly, and the relation between them
can be fitted as follows:

T:kddg+ Ca (5)

Table 2 Density, volume shrinkage ratio and porosity due to phase transition effect at different reaction stages for

Ti—35wt.%Al compound

Average density Resultant density/ Volume shrinkage A
Stage of reactant/(g-cm °) (g:cm’) ratio/% Porosity/%
Sintered at 660 °C Priezan=3.18 Prial=3.36 [33] 35 1.8
Sintered at 1300 °C p(zTi+TiA13):3'78 pTiA]:3~76 [34] -1.0 -0.5
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Fig. 2 Relation between tortuosity factor and particle size
of powder for porous Ti—35wt.%Al intermetallic
compound

where d, is the average particle size of raw
powders; k4 and Cy are the constants with the values
of 8.02x107° um ™" and 1.08, respectively, which are
obtained from the fitting results of the experimental
data. The determination coefficient (R*) for Eq. (5)
is 0.97, which means a good linear fitting degree.

In order to further reveal the constitution and
influence factors of tortuosity factor for porous TiAl
intermetallic, a discrete particle model is used for
the analysis and calculation. Figure 3 shows the
positional and dimensional relationship between the
pore channels and the particle skeletons in this
model.

Axial direction

Ah
L Ad=kd,)2

Radial direction

P
2

Fig. 3 Schematic diagram of tortuosity factor
constitution of porous intermetallic compound in discrete

particle model

According to the definition of the tortuosity
factor, the following equation is obtained:

le;al +2Ad +Ah
2 p

7= (6)
dp +2Ad +Ah

where Ad=kd,/2, k. is the fabrication constant
related to the preparation conditions including the
pressing pressure, sintering process, etc; & is the
particle shape factor, which is equal to m when the
particle is spherical; d, and Ah are the particle size
in the compacts and the clearance distance between
the particles with the size of pore channel around
the particle deducted, respectively. The tortuosity
factor can be expressed as follows in terms of the
particle size:

(7

7—5/2+k’— g/2-1 Ah
1+k, I+k, )(1+k)d,+Ah

The monotonicity of the relation function of
the tortuosity factor and the particle size depends on
the particle shape. When &=2, that is, the particles
are one-dimensional fibers, the tortuosity factor is
independent of the particle size, and is a constant
with the value of 1. As a typical example, when the
particle shape is spherical or more complex, it
means that ¢ is not less than . According to Eq. (7),
the tortuosity factor decreases with the decrease of
the particle size. At the same time, it can be inferred
that as the particle size with any shape approaches
0, the tortuosity factor approaches 1, which is
basically consistent with the rule revealed by

Eq. (5).
Figure 4 shows the quantitative relationship
between the tortuosity factor of porous

Ti—35wt.%Al intermetallic and the pressing
pressure. The tortuosity factor is in the range of
1.74-2.18 when the pressing pressure ranges from
80 to 420 MPa. The tortuosity factor increases
linearly with the increase of the pressing pressure of

2.4

N
)
T

g
=
.

Tortuosity factor
5

—_
N
T

1.2

50 15IO 25IO 3‘50 450
Pressing pressure/MPa

Fig. 4 Relation between tortuosity factor and pressing

pressure  for porous Ti—35wt.%Al intermetallic

compound
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the green compact, and the relationship between
them can be fitted as follows:

=k,P+C, ®)
where P is the pressing pressure of the green
compacts; k, and C, are the constants with the
values of 1.29x10° MPa ' and 1.59, respectively,
which are obtained from the fitting results of the
experimental data. The determination coefficient
(R®) for Eq.(8) is 0.93, which indicates an
approximately linear relation between the
parameters.

The change of the pressing pressure will
directly affect the clearance distance (2Ad+Ah)
between particles in the compact. The tortuosity
factor in Eq. (6) can be expressed as follows in
terms of the clearance distance:

& 1
=14 S| I ——— 9
’ (2j dy . )
2Ad+Ah

When the pressing pressure increases, the
clearance distance between particles in the compact,
that is, the linear section in Fig. 3, decreases
accordingly. More importantly, the axial
deformation of the particles increases with the
increase of the pressing pressure. In particular,
when the pressure increases to such an extent that
the stress on the particles in the compact exceeds
the yield strength, the particles will produce plastic
deformation along the direction of pressure.
Obviously, the plastic deformation of the particles
results in an increase of the particle shape factor e.
According to Eq. (9), when the pressing pressure
increases, 2Ad+Ah is reduced with the particle
shape factor ¢ increasing at the same time, which
will lead to the monotone increasing of the
tortuosity factor. It is worth pointing out that Eq. (8)
obtained by fitting the experimental data is actually
a linear approximation of Eq. (9) within a certain
pressure Furthermore, in Eq.(8), the
tortuosity factor is equal to C, (about n/2) when the
pressing pressure approaches 0. In fact, when the
pressing pressure is small enough, which means
that the powder particles in the compact do not

range.

produce any elastic or plastic deformation, the
shape factor ¢ can be considered to be close to 7 for
spherical particles. At the same time, due to the fact
that d, is much larger than 2Ad+Ah, according to

Eq. (9), the tortuosity factor of the porous material
is close to m/2, which is basically consistent with
the corollary result of Eq. (8).

4 Conclusions

(1) The pores of porous TiAl intermetallic are
composed of the interstitial pores in the green
compact, the Kirkendall pores and the pores
generated by the phase transition process, and their
contributions to the total open porosity are 11%,
86% and 3%, respectively.

(2) A discrete particle model for the tortuosity
factor of porous TiAl intermetallic is established, in
which the tortuosity factor is determined by the
fabrication constant, the particle shape factor, the
clearance distance and the powder particle size.

(3) The monotonicity of the relation function
of the tortuosity factor and the powder particle size
depends on the particle shape factor. The tortuosity
factor decreases monotonously with the decrease of
the particle size when the shape factor is greater
than 2.

(4) There is approximately a linear relationship
between the tortuosity factor and the pressing
pressure. The change of the pressing pressure
results in the changes in the clearance distance and
the particle shape factor, which ultimately affects
the tortuosity factor.
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