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Abstract Porous FeAl alloy was prepared by Fe and Al

elemental reaction synthesis. The cyclic oxidation evolu-

tions of porous Fe–40 at.%Al alloy at the elevated tem-

peratures of 600 and 800 �C in air were studied and

compared to porous materials of Ti, Ni, and 316L stainless

steel. It has been shown that the oxidation of porous Fe–

40 at.%Al alloy fitted a power law and no spallation was

found after cyclic oxidation for 202 h in air. The porous

FeAl alloy exhibits much better oxidation resistance than

other porous materials, such as Ti, Ni, and 316L stainless

steel, indicating that the porous Fe–40 at.%Al alloy has the

highest structural stability at the elevated temperature in

the oxidation atmosphere. Thus, the porous FeAl alloy can

be used as filtering materials at elevated temperature in the

oxidation atmosphere.

Introduction

High temperature industrial processes commonly give rise

to dusts which need to be removed before the product gases

are discharged to the atmosphere. The most efficient way

of separating particles at high temperature is to use filters

[1]. Inorganic porous materials (porous ceramics and por-

ous metals) possess some inherent advantages over the

organic ones, such as superior mechanical stability,

cleaning ability, and long life [2–4]. However, the disad-

vantages of porous ceramics (the brittleness, poor welda-

bility, and poor thermal shock resistance [5]) and porous

metals (the poor oxidation/corrosion resistance [6]) have

limited their practical applications at high temperatures.

FeAl intermetallics are provided with the advantages of

metals and ceramics due to co-existence of the covalent

bonds and metallic bonds in the crystal structure, offering a

combination of properties such as the excellent oxidation/

sulfidation resistance, light weight, and economical cost

advantages over the conventional high temperature mate-

rials [7–9]. For this reason, it is of interest to fabricate

porous FeAl alloys to be used at elevated temperatures as

cellular filters. Previous studies [10, 11] indicated that

porous FeAl alloys can be synthesized by pre-formed FeAl

powders and SHS (self-propagation high-temperature

synthesis) technique. However, the disadvantages of the

pre-formed powder method (complex process, poor form-

ability, and sintering property of pre-formed powder, and

oxide dispersion in FeAl pre-formed powders [12]) and

SHS method (poor controllability of the shape and pore

structures) have limited their fabricability. Our recent

studies [13–15] have demonstrated that near-net-shape

porous TiAl and FeAl alloys can be fabricated through

reactive syntheses of commercial Fe and Al or Ti and Al

mixed powders based on the Kirkendall effect. This
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method has many advantages, such as economical cost,

excellent formability, fabricating shape-complex work

piece, modifying the composition based on the require-

ment, enabling near-net shape, and large-scale adjusting of

pore structures.

Considerable researches show that block Fe–Al inter-

metallics have excellent oxidation resistance at elevated

temperatures due to the formation of Al2O3 on the surfaces,

as a result of selective oxidation of aluminum [16, 17].

Although the decisive factor of corrosion resistance is

molecular structure of the materials, the related mecha-

nisms on the oxidation of dense material should not be

simply applied to the porous materials, since the pore

structure and related material parameters can modify the

kinetics and the adherence between the oxide scale and the

substrate during oxidation [18–20]. Moreover, stability of

pore structure should be considered as a key parameter for

porous material working at elevated temperature, which

determines the working life and filtered precision of the

porous materials. In this study, porous Fe–40 at.%Al

intermetallics, the most classical composition in Fe–Al

alloys, was investigated to evaluate the oxidation behav-

ior at 600 and 800 �C, which may be considered as a

reliable assessment for the potential applications at high

temperatures.

Experimental details

Elemental powders of iron (99.8% purity carbonyl powders

with the average particle diameter of 3 * 5 lm) and alu-

minum (99.5% purity gas atomized powders with the

average particle diameter of 3 * 5 lm) were blended with

a suitable proportion (40 at.%Al) and homogenized in a

cylinder mixer, and then cold pressed uniaxially to form a

compact disc with a dimension of U 32 9 2 mm2 under a

pressure of 250 MPa. No binder and lubricant were added

during the process due to good formability of Fe and Al

mixed powders. The compact discs were then sintered in a

vacuum furnace with a pressure of 10-3 Pa. The compact

discs were initially heated to 550 �C with a heating rate of

10 �C min-1, and kept at 550 �C for 1 h; then the discs

were further heated to 640 �C with a heating rate of

1 �C min-1, and kept at 640 �C for 1 h. Subsequently, the

compact discs were heated to 1050 �C with a heating rate

of 5 �C min-1 and held at this temperature for 1 h. The

sintered discs were then cooled inside the furnace to the

room temperature. To compare with the properties of

porous FeAl alloys, popular porous metals (such as Ti, Ni,

and 316L stainless steel) were also synthesized by the

powder metallurgy technique [21].

All specimens were ultrasonically cleaned and

degreased using acetone, dried and accurately weighed in a

balance with a accuracy of ±0.1 mg. The samples placed

in crucibles were introduced in the furnace and kept at two

different temperatures (600 and 800 �C) in air during

cyclic oxidation. After air cooling to the room temperature,

the surface area, weight change, and pore structural

parameters of the sintered discs were measured before

returning to the furnace. A total oxidation time is 202 h

during cyclic oxidation.

The pore size distribution of porous Fe–40 at.%Al alloy

was measured by mercury porosimetry (Poremaster GT-60,

Quantachrome). Surface areas of all specimens were

measured using Brunauer-Emmett-Teller (BET) method

(Monosorb, Quantachrome). Oxidation products were

identified using X-ray diffraction method (XRD, D/MAX-

RA). The surface morphology and fractured sections of the

oxidized specimens were investigated using a scanning

electron microscopy [SEM, LEO1525 equipped with

energy-dispersive X-ray (EDX) system for chemical anal-

ysis]. Cross-sectional specimens were prepared using

conventional metallographic techniques, without polishing

agent to avoid possible confusion with the oxidation

products. The open porosity was measured by the Archi-

medes method, and the maximum pore size was determined

through the bubble point method [22, 23]. Tensile strength

and fracture toughness of the specimen were tested on the

mechanical testing machine (LJ-3000A) with a strain rate

of 1 9 10-3 s-1. The detailed testing method of mechan-

ical properties can be found in Ref. [24]. A Netzsch DIL

402C was used for the thermal expansion measurements.

Samples for the thermal expansion experiment were 3 mm

in diameter and 20 mm in length and the compression load

during the measurement was 25 N.

Results

Characterization of the initial porous Fe–40 at.%Al

alloy

Figure 1 shows the XRD patterns of the compact discs

before and after the sintering process. The diffraction peaks

in the XRD patterns of the as-pressed disc (Fig. 1a) can be

fully indexed by elemental Fe and Al, while the diffraction

peaks in the XRD patterns of the sintered compact disc

(Fig. 1b) can be completely indexed by the Fe–Al B2

structure, suggesting that the sintering has promoted a

complete phase transformation (Fe ? Al ? Fe – Al).

Figure 2 shows the SEM images of the surfaces of the

compact discs before and after the sintering. It can be seen

that the powdered morphology (Fig. 2a) changes to the

porous morphology (Fig. 2b) after sintering. The reactive

pores are distributed uniformly in macro-scale, but non-

uniformly in micro-scale, due to the aggregation of Al
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powders with average sizes of 3 * 5 lm and the clearance

pore in the as-pressed compact discs. It was also found that

these pores are open pores, evidenced by the gas perme-

ability measurement. The pore formation is attributed to

the Kirkendall effect [13–15].

Figure 3 shows pore-size distribution of the porous Fe–

40 at.%Al alloy. The sample has a narrow pore size dis-

tribution, ranging from 0.2 lm to 2.3 lm with a center at

1.4 lm. The gas permeability is 3.44 m3 m-2 kPa-1 h-1.

The tensile strength and fracture toughness of porous Fe–

40 at.%Al alloy were determined to be 91.99 MPa and

3.9 MPa m1/2, respectively.

Oxidation behavior of porous Fe–40 at.%Al alloy

at elevated temperatures

Figure 4 shows the variation of the specific surface area as

a function of the oxidation duration at 600 and 800 �C,

respectively. It can be seen that after a rapid decrease in the

first 10 h, the remaining change of the surface area tends to

be small in the rest oxidation process. The surface area of

porous Fe–40 at.%Al alloy changes from 0.26 m2 g-1 to

0.16 and 0.18 m2 g-1 after 92 h in cyclic oxidations at 600

and 800 �C, respectively. After 92 h, the surface area

remains stable at both temperatures and is much larger than
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Fig. 1 XRD patterns of the as-pressed compact (a) and sintered

compact at 1050 �C (b)

Fig. 2 SEM images showing the microstructures of the as-pressed

compact disc (a) and sintered compact disc (b)
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the surface area of the comparative dense alloy with the

same size and shape. This indicates that a large number of

pores retain in the porous FeAl alloy.

Figure 5 shows the variation of the mass gain during the

oxidation as a function of the exposure time in a double

logarithmic plot. The plots are smooth, indicating a good

layer/alloy adherence during oxidation at 600 and 800 �C.

The mass gain per unit surface area was fitted to a power

law of Dm=A

� �
¼ ktn; where Dm is the mass change due to

oxidation, A is the area of the sample subjected to oxidation

atmosphere, k is the oxidation rate constant, n is the rate

exponent, and t is the oxidation time. In Fig. 5, two stages

are clearly observed for each case. The rate exponent is

0.72 and 0.35 for the first 10 h of oxidation at 600 and

800 �C, respectively, while it is 0.3 after 10 h at both

temperatures.

Evolution of pore parameters of porous Fe–40 at.%Al

alloy during oxidation process

In generation, the oxide layer increases with increasing the

oxidation time, which affects the pore parameters of porous

materials during the oxidation process. To understand the

stability of pore parameters (the maximum pore size and

the permeability) of various porous materials during the

oxidation process, the pore parameters of current popular

porous Ti, Ni, 316L stainless steel and porous Fe–

40 at.%Al alloys were compared under the same oxidation

process.

The maximum pore size not only indicates the accuracy

of the filter (the largest particle can pass the filter), but also

evaluates the average pore size due to determined relation

between the average pore size d and the maximum pore size

dm with d ¼ Adm; where A is the proportion factor [14].

Figure 6 shows the maximum pore sizes of the tested porous

materials as a function of the oxidation time during the

oxidation processes at 600 and 800 �C, respectively. It can

be seen in Fig. 6a (the case oxidized at 600 �C) that the

maximum pore sizes of porous Ni, 316L stainless steel, and

Ti decrease sharply with the oxidation time and change to

zero after only 4, 8, and 32 h of oxidation, respectively.

However, the maximum pore size of porous Fe–40 at.%Al

alloy only decrease slightly from 2.3 lm to 2.0 lm in the

first *32 h of oxidation and then remains stable for the rest

of the oxidation process. A similar tendency can also be

observed when the oxidation was carried out at 800 �C

(Fig. 6b).

Since the permeability is another key pore parameter to

evaluate porous materials, the influence of the oxidation

time on the permeability of porous Ti, Ni, 316L stainless

steel and porous Fe–40 at.%Al alloy was also studied and

the results are shown in Fig. 7. Similar to the maximum

pore size, porous Ni, 316L stainless steel, and Ti are not

permeable after the first 4, 8, and 32 h, respectively.

However, for the porous Fe–40 at.%Al alloy, the
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permeability decreases only from 3.4 m3 m-2 kPa-1 h-1

to 3.0 m3 m-2 kPa-1 h-1 in the first *32 h, then remains

stable at both temperatures. The fact that a large number of

open pores are retained in the porous Fe–40 at.%Al alloys

after high temperature oxidation clearly suggests that por-

ous Fe–40 at.%Al alloy can be used for the filter applica-

tions at high temperature due to their excellent stability of

pore parameters and oxidation resistance.

Structural characterization of oxidized porous

Fe–40 at.%Al alloy

Figure 8 shows XRD patterns of porous Fe–40 at.%Al

alloy oxidized at 600 and 800 �C for 202 h, respectively.

Compared to the non-oxidized case (Fig. 1b), in which

only the FeAl B2 structure was observed, some additional

weak diffraction peaks near 2h = 35, 43.5, and 57.5� can

also be observed, which fit well with the diffraction peaks

of a-Al2O3, suggesting that a-Al2O3 is the major phase

formed during the oxidation process. The additional dif-

fraction peaks are relatively weak compared with the FeAl

B2 diffraction peaks, indicating that the thickness of Al2O3

is very thin.

Figure 9 shows the surface morphology of porous Fe–

40 at.%Al alloy, porous Ti, Ni, and 316L stainless steel

after high temperature oxidation. It can be seen from

Fig. 9a and b that the pores can still be remained on the

surface of Fe–40 at.%Al alloy after oxidation at 600 and

800 �C for 202 h. However, for porous Ti, Ni, and 316L

stainless steel oxidized at 600 �C for 32 h, oxide layer

forms on their outer surface and gas permeability mea-

surement shows the pores are blocked.

Cross-sections of the porous Fe–40 at.%Al alloy oxi-

dized at 600 and 800 �C for 202 h were studied using SEM

and the results were presented in Fig. 10. It can be seen that

the connected open pore structures exist in the porous FeAl

alloy after the oxidation process. To further confirm the

oxide layer on the internal surface, energy-dispersive

spectroscopy (EDS) analysis was used to determine the

chemical composition of bulk regions (location 1) and

internal surface (location 2) for both cases. It can be clearly

seen that location 1 only shows the elements of Fe and Al,

while location 2 shows the existence of oxygen. When

combined with XRD, we can determine that Al2O3 is

formed on the surface (including internal surface) of the

porous Fe–40 at.%Al alloys during the high temperature

oxidation process.

Discussion

It is well known that dense Fe–40Al alloy can only form an

external Al2O3 layer by the selective oxidation of Al. The

presence of aluminum oxide results from surface diffusion,

including the outward diffusion of Al (the major transport
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mode) and the inward diffusion of oxygen using short

circuit diffusion paths [25]. For the porous material, con-

necting open pores promote fast inward transport of air by

gaseous diffusion, and, in turn, Al2O3 forms due to selec-

tive oxidation of Al.

It should be noted that the rate exponents decrease for

porous FeAl alloy during oxidation at both temperatures, as

shown in Fig. 5, which might result from the initial for-

mation of metastable alumina [25, 26]. It is well known

that transition alumina is a fast growing oxide compared to

a-alumina, leading to less protective layers. It transforms to

more stable a-alumina, and then further oxidation reaction

would be partially protected. Therefore, the rate exponent

decreases during further oxidation. In addition, the meta-

stable alumina transforms rapidly to a-alumina at 800 �C

during the first 10 h of oxidation, which results in the mass

gain at 800 �C being lower than that at 600 �C. Therefore,

the rate exponent at 800 �C is somewhat lower that that at

600 �C in the first 10 h of oxidation. Similarly, surface area

of the porous FeAl alloy oxidized at 800 �C is higher than

that oxidized at 600 �C due to the inverse relationship

between the mass gain and the surface area.

Montealegre et al. [26] have also found a rate exponent

of 0.3 on the oxidation behavior of Fe–40 at.%Al alloy

strip of 200 lm thick. Compared to the classic formula,
Dm=A

� �
¼ kt0:5; the difference in the oxidation kinetics

probably results from the smaller number of grains in

specific area in porous material or strip than that in bulk

FeAl, which affects the diffusion flow during high tem-

perature oxidation and modifies the oxidation kinetics.

Fig. 9 Surface morphologies of

porous materials after oxidation.

a porous Fe–40 at.%Al at

600 �C for 202 h, b Fe–

40 at.%Al at 800 �C for 202 h,

c–e porous Ti, Ni, and 316L

stainless steel at 600 �C for

32 h, respectively
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For porous materials, the stability of pore structure is

related to characteristics of oxide layer and adherence

between the oxide layer and the substrate during the oxi-

dation. The oxide layer of porous Ti and porous Ni is loose,

as shown in Fig. 9c and d, thus O2 can further react with

the substrate. For the 316L stainless steel, the (Fe, Cr)2O3

layer allows fast outward transport of Fe by diffusion

[27, 28], and the crack initiation by thermal stress, as

shown in Fig. 9f, allows fast inward transport of oxygen by

gas diffusion, leading to further oxide reaction. Therefore,

an increased amount of oxide would clog the pore in the

porous materials. As a result of that, the values of pore

structural parameters would decrease sharply, and then

filtering would stop. However, for the porous FeAl alloy,

the dense Al2O3 layer caused by the selective oxidation of

Al can avoid further oxidation. Adhesion between Al2O3

layer and porous FeAl alloy can be discussed as follows.

No spallation of oxide layer has been observed during

the cyclic oxidation process for porous Fe–40 at.%Al alloy,

compared to the dense bulk alloys with similar composi-

tions [17, 29]. Even the dense bulk alloy containing 1%

yttria (known as efficient in suppressing the layer spalla-

tion) is prone to spallation unless a slow cooling is applied

after the oxidation [30]. Under the cyclic oxidation con-

ditions, the sample bears growth stress and thermal stress.

For the porous FeAl alloys, the growth stress mainly

includes two groups—bulk stress and shape stress [31].

Bulk stress is caused by the change of volume from metal

to oxide, which can be calculated by the following equa-

tion: PBR = Vox/Vm, where Vox and Vm are the volumes of

the generated oxide and of the lost metal for generating

oxide, respectively. PBR = 1 is zero-bulk-stress status,

PBR[1 indicates compressive stress in the oxide layer and

tensile stress in the substrate. Previous study indicated that

PBR = 1.28 for Al/Al2O3 system [32]. The shape stress is

generated by the geometrical shape of oxidized specimen.

On an ideal surface, the shape stress has no effect on oxide

growth. Figure 11 illustrates the shape stress state of two

typical oxide layers. During the oxidation, outer diffusion

of Al on the convexity leads to inward shrink of metal

interface, resulting in the compressive stress developed at

the neighboring oxide layer. Meanwhile, an inward flux of

oxygen leads to tensile stress developed at the neighboring

oxide layer. On the other hand, outer diffusion of Al and

inward flux of oxygen on the concavity lead to compressive

stress developed at the neighboring oxide layer. The above-

mentioned stresses state simultaneously exists due to the

rough surface of particles (Fig. 10a). In addition, since the

frame of the porous alloy is formed by particles being

smaller than 10 lm, plastic deformation can easily appear

to relieve the stress concentration. Therefore, the growth

stress is considered not high enough to cause the formation

of layer spallation, so its effect can be ignored during the

oxidation.

Thermal stress derives from the difference in thermal

expansion coefficient between the oxide and the substrate.

Figure 12 shows the thermal expansion curve of the porous

Fe–40 at.%Al alloy. The thermal expansion coefficients

from room temperature to 600 and 800 �C are

22.0629 9 10-6 �C-1 and 21.2470 9 10-6 �C-1, respec-

tively; a little less than that of dense Fe–40 at.%Al alloy

(22.7 9 10-6 �C-1) [33] due to the existence of pores [34].

At the cooling stage, the oxide layer bears compressive

stress and the substrate bears tensile stress because the

thermal expansion coefficient of Fe–40 at.%Al is much

higher than that of a-Al2O3 (8.1 9 10-6 �C-1) [35]. For

Fig. 10 Backscattered electron image showing the cross-sectional

view of the porous Fe–40 at.%Al alloy after oxidation at different

temperature for 202 h, a 600 �C b 800 �C
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dense Fe–40 at.%Al alloys, spallation happens because the

layer cannot withstand the elevated compressive stresses

during the cooling [17]. The absence of spallation on the

porous Fe–40 at.%Al alloy can be understood as follows.

The tensile strength of porous Fe–40 at.%Al alloys

(91.99 MPa) is far lower than that of dense Fe–40 at.%Al

(the tensile strength of Fe–40 at.%Al sheet is about

660 MPa) [36]. This indicates that the stress relaxation is

easier in the porous Fe–Al alloy than in the Fe–40 at.%Al.

In addition, since the frame of the porous alloy is formed

by particles being smaller than 10 lm, plastic deformation

easily appears to relieve the stress. As a result, no spalla-

tion occurs in porous Fe–40 at.%Al alloy.

Conclusions

Fe–40 at.%Al porous alloy was successfully fabricated

with an excellent oxidation resistance, tested in the cyclic

oxidation for 202 h in air at 600 and 800 �C. Pore structure

curve for the cyclic oxidation at elevated temperature

reveals that porous Fe–40 at.%Al alloy can retain filtration

Fig. 11 Illustration of shape

stress state in the scale and the

porous alloy during thermal

cyclic oxidation, a cationic

diffusion on the convexity,

b anionic diffusion on the

convexity, c cationic diffusion

on the concavity, d anionic

diffusion on the concavity

Fig. 12 Thermal expansion

curve of porous Fe–40 at.%Al

alloy
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capacity and possesses higher stability of pore structure at

elevated temperature in oxidation atmosphere than the

porous materials of Ti, Ni, and 316L stainless steel.
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