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Abstract: The tortuosity factor is the most critical parameter for the pore characteristic of porous materials. The tortuosity factor for
porous FeAl intermetallics was studied based on the Darcy law and Hagen—Poiseuille equation. Porous stainless steel with the same
pore structure parameter as porous FeAl was fabricated by powder metallurgy method for comparison. The results show that the
tortuosity factor of porous FeAl intermetallics is smaller than that of porous stainless steel when their pore structure parameters are
the same. The average tortuosity factor is 2.26 for the porous FeAl material and 2.92 for the porous stainless steel, calculated by
Hagen—Poiseuille equation. The reason of the different tortuosity factors for porous FeAl and porous stainless steel was also explored
through studying the pore formation mechanisms of the two types of porous materials.
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1 Introduction

Porous Fe—Al intermetallics have been developed
recent years by reactive synthesis based on the
Kirkendall effect using Fe and Al powders as raw
material [1,2]. It was well documented that the transport
properties of porous materials are based on the degree of
tortuosity which determines the resistance to the
transport of fluid molecules through the porous materials
[3,4]. Therefore, it is important to estimate the transport
properties of the new type of porous inorganic
materials-porous FeAl, and it is necessary to explore its
tortuosity factor.

However, the porous material is generally regarded
as a black box [3] and the tortuosity factor of pores
cannot be measured experimentally [5,6]. In recent
studies, the pore structure has been characterized by
simple parameters such as porosity, pore size and
average length, in rare cases with average pore tortuosity
[7,8]. In some studies, pore tortuosity has been estimated
from soil hydraulic characteristics such as the hydraulic

conductivity and the water retention characteristics[9].
ZHOU [10] described tortuosity factor of carbon
nanotubes by high resolution transmission electron
microscopy (HRTEM) and FAN [11] got the tortuosity
factor by dynamic state method—ingle pellet string
reactor method (SPSRM), whereas these methods are
complex and data processing is generous. BISWAS and
WINOTO [3] estimated tortuosity factor based on the
Hagen— Poiseuille equation, which is a simple and easy
performing method. No research of the tortuosity factor
for porous FeAl has been carried out.

In this study, the tortuosity factor of the porous
FeAl was explored based on the Darcy law and
Hagen—Poiseuille (H—P) equation. The tortuosity factor
of porous stainless steel with the same pore structural
parameters as porous FeAl was also been studied for
comparison.

2 Experimental

The porous FeAl material was fabricated as follows:
99.8% purified Fe and Al powders with the particle sizes
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of 3—5 um were used as raw materials. The mixture of Fe
and Al powders with the mole ratio of Fe to Al of about
6:4 was blended in a cylinder mixer. No lubricant was
added in the mixture to maintain a sound metal—metal
contact. The compact discs with the diameter of 32 mm
were cold pressed (under the pressure of 250 MPa) and
sintered in vacuum. The step heating method [1] was
used for the sintering. The final sintering was carried out
at 1000 °C for 60 min. For comparison, porous stainless
steels were fabricated using stainless steel alloy powders
(3—8 pm) as raw materials. The stainless steel compact
discs with the diameter of 32 mm were cold pressed
(under the pressure of 200 MPa to gain identical pore
structures as the porous FeAl materials) and sintered in a
vacuum with the finally sintering temperature of 950 °C
for 30 min. A series of thicknesses of compact discs for
the two different porous materials were manufactured for
the permeability study.

The porosity of resultant porous FeAl and stainless
steel materials was measured by the Archimedes
water-immersion method. Their microstructures were
characterized by a scanning electron microscope (SEM,
LEO1525) operated at 20 kV. The gas permeability and
pore size were determined on a FBP-3III porous
material test instrument, and 99.9% purified N, was used
as the fluid medium. The permeability (K) of the porous
materials was evaluated using equation (1):

_9

 ApA 0

where Q is the flow rate; Ap is the pressure drop from
entrance to exit of the sample; A is the effective
cross-sectional area of the sample.

The gas permeametry equipment used in this study
is shown in Fig. 1. The sample was fixed in the center of
a stainless steel mold. Ap and Q were measured using
this equipment. The permeability is calculated from the
slope of the line plotted for Ap versus Q using
equation (1).

Q —— Flow meter

L-Stainless steel ring
Pressure gauge
(Ap=P17P2)

—Sample

Seal by elastomeric O-ring

!

N, gas

Fig. 1 Schematic model of equipment for gas permeametry

3 Results and discussion

3.1 Volume change of porous materials after sintering

Traditional porous metallic materials fabricated by
powder metallurgy usually include porous Ti, Ni and
stainless steel (SS) materials. The volume changes after
sintering of these porous materials and porous FeAl
material are shown in Fig. 2. As can be seen, the volume
contractions are observed for all traditional porous
metallic materials, while the volume expansion is found
for the porous FeAl material, which must result from the
different pore formation mechanisms. For example, the
pores formed in the traditional porous metallic materials
fabricated by powder metallurgy are due to the physics
stowing of metallic powders. On the other hand, the pore
formation mechanism of porous FeAl materials is
believed to be the Kirkendall effect and consequent
reactions [2]. For this reason, different pore formation
mechanisms result in different pore morphologies, and,
in turn, different permeabilities. Tortuosity factor is just
the important parameter to describe the pore

morphology.
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Fig. 2 Volume changes of different porous materials after
sintering

3.2 Darcy law and tortuosity factor

Tortuosity here refers to the ratio of the true length
to the apparent length (vertical extent) of a pore. A
straight pore has a tortuosity factor of 1.0 whereas a
tortuous pore has a tortuosity factor greater than 1.0 [8].

Tortuosity factor varies with structural parameters,
such as open porosity and pore size of porous materials
[12]. Therefore, to explore tortuosity factors for different
samples, these samples should have the same open
porosity and pore size. By adjusting fabrication
conditions, we obtained the porous stainless steel and
porous FeAl with the same open porosity of 30% and
pore size of 2 um.

Tortuosity factor can be used to estimate
permeability [12]. Most studies show that the higher the
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permeability, the smaller the tortuosity factor [12]. The
permeability (K) of porous material can be expressed by
the Darcy law [13].

_
L @)

where 4 is the Darcy’s permeability coefficient; # is the
dynamic viscosity of the fluid; L is the thickness of the
sample. In this equation, u/n can be determined
experimentally through the practical measurement of the
relationship between K and L. In doing so, the
permeabilities of porous FeAl and porous stainless steel
with the thickness varying between 1 and 5.5 mm were
measured and results are shown in Fig. 3.
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Fig. 3 Relationship between permeability and sample
thicknesses: (a) Porous FeAl; (b) Porous stainless steel

Through the curve fitting, we obtain the following:
For porous FeAl,

Kpeal = 8.65l;
L (3a)
For porous stainless steel,
1
Kqg=7.67—
L. (3b)

As can be seen, the permeability of porous FeAl is
always higher than that of porous stainless steel for any
given thickness. Since they have the same open porosity
and pore size, and since the higher the permeability, the

smaller the tortuosity factor, the value of tortuosity factor
of porous FeAl should be smaller than that of porous
stainless steel.

3.3 Hagen—Poiseuille equation and tortuosity factor
The Hagen—Poiseuille equation [3] has been
commonly used for describing the relationship among a
system permeability and pore structural parameters
including open porosity (6), pore size (d), and pore
morphology parameter, tortuosity factor (7):
0 d* 1

Since the porous FeAl and porous stainless steel
have the same 6 and d, and # is a constant which is
independent to the material, Eq. (4) can be written as:

_Al
T L (5)

K

where /1 is a constant related to the open porosity, pore
size and dynamic viscosity of the fluid. As can be seen
from Eq. (5), K is inversely proportional to 7. By
comparing plots shown in Fig. 3, we can obtain that
TReAI<TSS-

In our case, N, was used as the fluid medium to
measure the permeabilities, so that #=1.75x107 Pa-s[13].
Based on Eq. (4), the average tortuosity factors can be
calculated as 2.26 for porous FeAl material (see Table 1)
and 2.92 for porous stainless steel(see Table 2).

Table 1 Tortuosity factor calculated by Hagen—Poiseuille
equation for porous FeAl material with porosity of 30% and the

maximum pore size of 2 um

Porous Thickness/ Permeability/ Tortuosity
FeAl material mm (107 m*Pa''m>s™") factor

1 0.89 9.01 2.49

2 1.13 7.22 2.45

3 1.49 6.31 2.13

4 1.75 5.29 2.16

5 2.17 4.92 1.87

6 2.94 341 1.99

7 3.22 3.19 1.95

8 3.45 2.73 2.12

9 4.55 1.72 2.55

10 5.6 1.23 2.90
Average 2.72 4.50 2.26

3.4 Microstructure and pore formation mechanism
for porous FeAl material and porous stainless
steel
Figure 4 shows the microstructures of porous FeAl

material and porous stainless steel.
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Table 2 Tortuosity factor calculated by Hagen—Poiseuille
equation for porous stainless steel material with porosity of
30% and the maximum pore size of 2 pm

Porous Thickness/ Permeability Tortuosity
stainless steel mm /(107 m*Pa'\m*s")  factor
1 1.04 7.21 2.66
2 1.54 5.14 2.52
3 2.13 4.25 221
4 2.78 3.26 2.20
5 3.23 2.23 2.78
6 4.00 1.57 3.18
7 4.55 1.25 3.52
8 5.56 0.83 433
Average 3.10 3.22 2.92

Fig. 4 Microstructures of pores in porous stainless steel (a) and
porous FeAl (b)

As can be seen, the two porous materials have
different pore morphologies, and the pore connectivity of
porous FeAl is better than that of porous stainless steel.
The pores in the porous stainless steel sample were
formed by the evolvement of interparticle pores in alloy
compact. The sintering procedure of porous stainless
steels is typical solid sintering. During the sintering, the
synergetic actions of the atomic surface diffusion and the
surface tension lead to the atoms migrating to the contact
points of alloy powders, which results in the enlargement
of the contact points and the formation of sintering necks,
which, in turn, results in the decrease of connecting pores.
Therefore, the pore formation procedure of porous
stainless steel is the shrinkage and closing of interparticle
pores formed during the pressing procedure. The volume
decrease of traditional porous metal materials after
sintering can be then explained by the decrease of

porosity during the sintering process. The pore structure
of traditional porous metal materials can be adjusted by
pressing pressure, raw powder size and sintering
temperature. On the other hand, the pore formation in the
porous FeAl materials is different from that in the porous
stainless steel. Since the intrinsic diffusion coefficients
of Fe (3.3x10 " m?s) and Al (1.1x10"'* m?%s) are great
different [14], the net movement and consumption of Al
must be balanced by the net vacancy flux, which will
result in a large number of vacancies near the original
positions of Al atoms[1]. The aggregation of excessive
vacancies results in the pore formation to reduce the
system Gibbs free energy [15]. For this reason, a large
number of Kirkendall pores formed near or at the sites
previously occupied by Al [16]. In addition, the
consequent reactions between Fe and Al resulted in
formation of a large amount of pores at the sites
previously occupied by Al also, at the same time, the
volume of the compacts swelled [17].

As evidenced in Fig. 4, different pore formation
mechanisms result in different pore morphologies. In the
case of porous stainless steels, the connecting pores can
be easily cut off by sintering necks, as arrowed in
Fig. 4(a). While in the case of porous FeAl material,
since it is easy to form connecting pores during the
fabrication process, these connecting pores possess
strong connecting characteristic, as shown in Fig. 4(b).

Figure 5 shows the schematic diagram for the
formation of pores in the cases of porous stainless steel
and porous FeAl.

O Stainless steel O Fe . Al O FeAl

|

Q)
O

Stainless steel FeAl
(a) (b)

Fig. 5 Schematic diagram of pores evolving in porous stainless
steel (a) and FeAl material (b)

O

Since the pore formation in porous stainless steel
leads to the decrease of porosity and pore size in the
compact, the pore connectivity in porous stainless steel
fabricated by the powder metallurgy is expected to be
worse. Therefore, the tortuosity factor of porous stainless
steel should have a large value. On the other hand, the
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pore formation in the porous FeAl material leads to the
increase of the porosity and pore size in the compact.
Since pores form at the sites previously occupied by Al
particles, the pore connectivity is expected to be better in
the porous FeAl material. Consequently, the tortuosity
factor of the porous FeAl material fabricated by reactive
synthesis has a smaller value.

4 Conclusions

1) The tortuosity factor of porous FeAl material is
smaller than that of porous stainless steel when their pore
structures are identical. The average tortuosity factor is
2.26 for the porous FeAl material and 2.92 for the porous
stainless steel, calculated by Hagen—Poiseuille equation.

2) The different pore formation procedures cause
different natures of pore connectivities and tortuosity
factors. The tortuosity factor in porous FeAl material has
a smaller value, suggesting that the porous FeAl material
has better filtration properties.
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