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Abstract: Uniaxial tensile tests and scanning electron microscopy (SEM) experiments were carried out on the porous
FeAl intermetallics (porosities of 41.1%, 44.2% and 49.3%, pore size of 15—30 um) prepared by our research group to
study the macroscopic mechanical properties and microscopic failure mechanism. The results show that the tensile o—¢
curves of the porous FeAl with different porosities can be divided into four stages: elasticity, yielding, strengthening
and failure, without necking phenomenon. The elastic modulus, ultimate strength and elongation decrease with the
increase of porosity and the elongation is much lower than 5%. A macroscopic brittle fracture appears, and the
microscopic fracture mechanism is mainly intergranular fracture, depending on the Al content in the dense FeAl
intermetallics. In addition, the stochastic porous model (SPM) with random pore structure size and distribution is
established by designing a self-compiling generation program in FORTRAN language. Combined with the secondary
development platform of finite element software ANSYS, the effective elastic moduli of the porous FeAl can be
determined by elastic analysis of SPM and they are close to the experimental values, which can verify the validity of the
established SPM for analyzing the elastic properties of the porous material.
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1 Introduction

Fe—Al intermetallics has become a new type of
structural material with the wide application
prospect [1,2], since it has excellent oxidation
resistance, outstanding sulfide resistance [3]
and corrosion resistance [4,5] at elevated
temperatures [6—8], as well as good processability
and weldability [9]. Based on the Kirkendall
effect [10,11], the porous FeAl intermetallics has
been successfully prepared by partial diffusion/
reactive synthesis sintering process [12,13], which
becomes a new type of inorganic porous

metals [14—16]. In addition, the porous FeAl
homogeneous filter membrane with graded-porosity
has been made by powder wet spraying
technology, and has been widely applied in
filtration, separation, purification and extraction
under severe environments (such as high
temperature, strong  corrosion or  strong
vulcanization) [17—19]. As a new type of functional
and structural material, the research on the
mechanical properties of the porous FeAl is still in
the initial stage [20—22].

Recent research on the mechanical properties
of porous material has mainly focused on the model
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analysis method, e.g., geometric structure
model [23—26], composite material mechanics
model [27] and micropolar theoretical model based
on high-order continuum mechanics [28—31], in
which the pore structure is considered to be
periodically distributed. However, the actual porous
material has complicated irregular pore structure.
Its macroscopic mechanical properties are related
not only to the porosity, but also to the distribution
of pore structures. At present, there are only a few
literatures available on compressive properties of
the porous FeAl. The tensile properties of the
porous FeAl are less studied.

In this work, uniaxial tensile tests and
scanning electron microscopy (SEM) experiments
were carried out to examine the macroscopic tensile
properties and microscopic failure mechanism of
the porous FeAl with different porosities. The
effective elastic modulus of the porous FeAl was
calculated by a self-designed generation program of
stochastic porous model (SPM) and secondary
development platform of finite element software
ANSYS for comparison of the experimental results,
in order to provide an important theoretical basis
for the development and application of the new
porous FeAl intermetallics.

2 Experimental

2.1 Preparation of porous FeAl

The raw materials used in this study were
99.8% pure Fe and Al powders with the particle
size of 3—10 um. These powders were mixed
according to the mole ratio of Fe to Al of 6:4 and
evenly blended in a cylinder mixer to obtain
ultimate composition of FeAl with desired
comprehensive properties. The compact discs of
d32 mm X 3 mm in size were firstly cold pressed by
applying 250 MPa and sintered in a vacuum furnace
with a vacuum of 2.0x107° Pa. And then, the
compacted powders were heated for 4 h at 1100 °C.
Three groups of the porous FeAl with different
porosities were prepared. Figure 1 shows the pore
morphology of the porous FeAl material by a
JSM—6360LV  scanning electron microscope
(SEM).

2.2 Tensile test
The proportional specimens with the
rectangular cross-section of 2 mm x 3 mm and the

gauge distance of 14 mm were machined by wire
cutting according to the standard of GB/T228—
2010 (Fig. 2). For the powder metallurgy material
such as the porous FeAl, small-sized specimens
were mostly prepared in laboratory tests, because it
is difficult to prepare large specimens from the
compression moulding to deformation control, and
the tensile properties of the material have no
relationship with the specimen size. Each specimen
was processed by WEDM and polished on SiC
sandpaper (mp-300), and the final specimen without
visible scratch was obtained for subsequent
observation of microstructure and composition, and
fully exposed to air for more than 24 h in order to
eliminate the influence of wire cutting.

MTS insight biomechanical testing machine
was used to conduct tensile test on the porous FeAl
tensile specimen (Fig.3) with maximum load
of 1 kN and clamping force of 55.15808 kPa. It can

Fig. 1 Micrograph of porous FeAl
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Fig. 2 Size scale of tensile specimen (unit: mm)

Fig. 3 Tensile test equipment of porous FeAl



Shu-lan SU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 27572763 2759

measure the strain of small specimen more
accurately than the ordinary universal testing
machine. The specimens were kept strictly on the
central axis of the test machine, and were loaded
until failure at rate of 0.5 mm/min. Stress—strain
curve was automatically recorded and microscopic
characteristics of the fracture surface were analyzed
by scanning electron microscope (SEM,
JSM—6360LV).

3 Results and discussion

3.1 Analyses of mechanical properties

The porosities (&) of three groups of the porous
FeAl prepared in Section 2.1 were 41.1%, 44.2%
and 49.3% separately, measured by the Archimedes
method. The pore size distribution was 15-30 pm,
measured by mercury intrusion method with Pore
Master—60 Quantachrome Instruments.

Uniaxial tensile tests were carried out on the
porous FeAl material. Figure 4 shows the stress—
strain curves of the porous FeAl with different
porosities, where the curves A,8,CD;, 4,B,C,D;,
and A3B;C;D; correspond to the porosities of 41.1%,
44.2%, and 49.3%, respectively. They are all divided
into four stages: elasticity (OA), yielding (4B),
strengthening (BC) and failure (CD). Compared
with the ordinary brittle material, the porous FeAl
has some characteristic of low ductility and stable
yield stage, closely related to the dense FeAl itself.
Its ductility is also influenced by preparation
condition, polishing, grinding and machining and
other factors. Since the Fe—40at.%Al intermetallics
is B2-structure of ordered superlattice with the
crystal superlattice dislocations, the grain of FeAl is
prone to dislocation, deformation or rearrangement
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Fig. 4 Stress—strain curves of porous FeAl with different
porosities

to form the directional slip. The balance of the
plastic deformation capacity and the strain
hardening capacity results in the obvious stable
yielding stage.

Table 1 lists the main mechanical properties of
the porous FeAl material. It is seen that the elastic
modulus (E), ultimate strength (o) and elongation
(0) are decreased with the increase of porosity (6).
Obviously, the larger the porosity (6), i.e., the less
the solid material in unit volume, the weaker the
ability to resist deformation of the porous material
and thus the lower the mechanical properties. The
yield strength (o) is changed very little with the
porosity (8), since the yielding of the porous FeAl
depends largely on the slipping deformation of the
dense body.

Table 1 Tensile mechanical properties of porous FeAl
with different porosities

No. 6/%  E./GPa o/MPa oy/MPa /%
1 411 6.3 11.8 30.7 1.44
2 442 5.4 11.9 22.5 1.38
3 493 4.7 11.7 16.3 1.24

3.2 Fractographic analysis

Figure 5 shows the fractured specimen of the
porous FeAl, where the flat fractured surface is
approximately perpendicular to the tensile direction
and the failure process has no necking. The
elongation rate is much smaller than 5%, showing
typical brittle fracture in macroscopy.

Fig. 5 Tensile fracture specimen of porous FeAl

Figure 6 shows the SEM fracture
morphologies of the porous FeAl with different
porosities. All of them have the same intergranular
fracture with a large number of crystal sugar-like
morphology, which is closely related to the Al
content in the dense FeAl material [1]. When the
content of Al is 36.5 at.%, the fracture of the dense
FeAl material in air is transgranular fracture. When

the content of Al increases from 36.5 to 40 at.%, the



2760 Shu-lan SU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2757-2763

Fig. 6 SEM fracture morphologies of porous FeAl with different porosities in tension: (a, b) 6=41.1%; (c, d) 6=44.2%;

(e, ) 0=49.3%

strength of grain boundary is gradually weakened,
and the fracture changes from transgranular to
intergranular  fracture. Therefore, the microscopic
characteristic of tensile fracture of Fe—40at.%Al
porous material in air in this experiment is mainly
intergranular fracture.

4 Finite element analyses

4.1 Stochastic porous model

The porosities of the porous model are the
same as those of the porous FeAl prepared in the
Section 2.1 (6=41.1%, 44.2%, 49.3%, respectively).
In order to facilitate modeling, the pore structure of

the model is assumed to be circular, and the model
and pore sizes are enlarged by 100 times at the
same time, which does not affect the results. The
size of the porous model is 100 mm x 50 mm X
1 mm, and the radius of the circular pore (») varies
from 1 to 3 mm. When the porosity and the
radius range are given, the parameters of circular
pore in the model (the number of circular pores, the
radius of circular pores and the coordinates of circle
center) are firstly obtained by using FORTRAN
language, and then the random pore model with
random pore size and distribution is generated by
using finite element software ANSYS, as shown in
Fig. 7.
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Fig. 7 Stochastic porous model

4.2 Calculation of elastic modulus

The elastic modulus of the porous FeAl can be
obtained by using finite element software ANSYS
to simulate the uniaxial tensile test of the stochastic
porous model.

The SPM is considered as composition of the
dense FeAl and circular pore, where the elastic
constitutive relationship is adopted for the dense
FeAl. Its mechanical properties can be obtained by
the tested tensile stress—strain curve: elastic
modulus £=39 GPa and Poisson ratio u=0.234.
Considering that the boundary of a circular hole is a
curve, six- or eight-nodes plane quadrilateral
element PLANE183 was selected for finite element
mesh generation. When the free mesh generation is
adopted, the mesh size needs to be adjusted to
reduce the number of elements and nodes in order
to reduce the amount of calculation without
affecting the accuracy. The boundary condition
of the model is that: the left side has fixed
horizontal displacement and the lower side has
fixed vertical displacement. The nodes on the right
side are coupled and loaded by a uniform tensile
force of 20 N in horizontal direction, as shown in
Fig. 8.

Fig. 8 Loading figure of SPM

Based on the elastic analysis of SPM, the
horizontal displacement is obtained (Fig. 9), and the
resultant force (F) and the displacement (u) in
loading direction on the right side of the model are
also extracted from the calculation results.
Therefore, the effective elastic modulus (E.,) of
the porous FeAl can be calculated by the following
formula, as listed in Table 2.

_o_Fi4
Y oe ully

(1

where A, and [, are the original area and length of
the mode, respectively.

ANSYS

Nodal solution

— s— /|
=0.0445 1.86 3.76 5.66 7.56
0.906 2.81 4.71 6.61 8.51

Fig. 9 Displacement deformation map of SPM

Table 2 Effective elastic modulus of porous FeAl

No. 60/% FIN u/um E./GPa
41.1 39640 8.2344 9.6
442 40560 9.1013 8.9
3 493 39760 11.552 6.8

Comparison of Table 1 and Table 2 indicates
that the calculated effective elastic moduli (£.,) of
the porous FeAl with different porosities are close
to the experimental values (E.,), which can verify
the validity of the established stochastic porous
model (SPM) for analyzing the elastic properties of
the porous material. Since the SPM does not take
into account the influence of irregular shape and
defects of the actual pores, E., is higher than E.,.

5 Conclusions

(1) The tensile stress—strain curves of the
porous FeAl with different porosities have the same
four stages: elasticity, yielding, strengthening and
failure. The elastic modulus, ultimate strength and
elongation are decreased with the increase of
porosity. The yield strength changes very little
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when the difference of porosity is small.

(2) The tensile fracture surface of the porous
FeAl is relatively flat without necking phenomenon
before failure, and the elongation is much lower
than 5%, which is a macroscopic brittle fracture.
The microscopic fracture mechanism is mainly
intergranular fracture, depending on the Al content
in the dense FeAl.

(3) The stochastic porous model (SPM) with
random pore structure size and distribution is
established by designing a self-compiling
generation program in FORTRAN language.
Combined with the secondary development
platform of finite element software ANSYS, the
effective elastic modulus of the porous FeAl can be
determined by elastic analysis of SPM. The
calculated equivalent elastic moduli of the porous
FeAl with different porosities are close to the
experimental values, which can verify the validity
of the established SPM for analyzing the elastic
properties of the porous material.
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