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Abstract: The oxidation behavior and mechanism of a porous Ni—Cr—Al—Fe alloy in the temperature range from 850 to 1000 °C
were investigated by optical microscopy, scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS), X-ray
diffraction (XRD) analyses and X-ray photoelectron spectroscopy (XPS). The results show that the oxidation kinetics at 950 and
1000 °C of this porous alloy is pseudo-parabolic type. Complex layers composed of external Cr,O5/NiCr,O4 and internal a-Al,O; are
formed on the surface of the oxidized porous alloys. y’ phases favor the formation of NiO/Cr,05/NiCr,0, during the initial oxidation.
Many fast diffusion paths contribute to the development of the oxide layers. The decrease of the open porosity and the permeability
with exposure time extending and temperature increasing can be controlled within a certain range.
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1 Introduction

The porous metallic filters based on Fe;Al alloys
possess superior hot corrosion resistance properties,
which have been used in the field of gas purification [1].
However, the poor room temperature ductility of the
porous alloy and its insufficient strength above 600 °C
make it difficult to withstand typical operating
conditions. With the increasing requirements for energy
crisis and environmental protection, more severe
demands for filters are presented [2]. Nickel-based
porous alloys exhibit good mechanical properties,
excellent resistance to hot corrosion, low density, and
high permeability, which are regarded as one of the
candidate materials for filters applied to coal-fired power
plants [3,4]. It has been demonstrated that alloys
designed to develop surface layers of Al,O; were more
favorable than that of higher volatile Cr,O; in
oxygen-rich environments at high temperatures [5]. The
oxidation behaviors of Ni—Cr—Al-based alloys have been

reported since the last several decades [6—9]. The
oxidation map for the Ni—Cr—Al alloys with normal
grain size was also established [10].

Compared with bulk materials, larger surface area
of porous alloys due to the presence of pores makes their
applicability to filters enormously widening. However,
the increasing mass gain per unit of the apparent surface
implied that the real area of the alloy exposed to attack
was dramatically increased [11]. The formation of
less-protective oxides was also favored compared with
that in the dense alloys under the same oxidation
conditions [12]. Thus, the filter performance of the
porous alloys would be significantly changed. In recent
years, evaluations on the high-temperature oxidation
properties of Ni-based [13—15] and Fe-based [16,17]
porous materials have attracted more attention. PANG
et al [13] synthesized the Ni—Cr—Fe alloy foams and
compared the oxidation behavior of the foams with
different compositions at temperatures of 800—1000 °C.
CHOI et al [14] found that the decrease of pore size
would result in lower high-temperature oxidation
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resistance of = Ni—Fe—Cr—Al  porous  alloys.
MICHAILIDIS et al [15] proposed that substrate
composition and morphology had a significant influence
on the grain size and oxide structure of high purity nickel
and Inconel foams. BAUTISTA et al [16] characterized
the oxides formed during high temperature oxidation of
four Ni-based or Fe-based porous materials. Up to now,
information about the oxidation behavior of porous
Ni—Cr—Al-based alloys at elevated temperatures was still
limited. As a basic system for developing more oxidation
resistant materials used for the gas purification filters,
systematically evaluations on its high-temperature
oxidation properties are needed.

In this investigation, the oxidation behavior of a
porous Ni—Cr—Al-Fe alloy at elevated temperatures was
studied. The oxidation products and the structures of the
oxide layers were systematically analyzed. Efforts were
paid on discussing the differences of the oxidation
mechanisms between the porous alloy and the dense
alloy.

2 Experimental

Table 1 shows the nominal composition of the
porous Ni—Cr—Al-Fe alloy used in this investigation. A
conventional powder metallurgy process was employed
to fabricate the porous alloys by using high purity
water-atomized powders (99.99%). Oxidation tests were
carried out on the porous alloys in a horizontal tube
furnace with a nitrogen flow rate of 0.03 m’/h. After
holding at temperatures of 850—1000 °C for 2—8 h, the
specimens were air-cooled to room temperature, and then
the mass changes were measured by an electronic
balance with an accuracy of 0.1 mg. The specific surface
area of the porous alloy was measured using
Brunauer—Emmett—Teller (BET) method [18]. The
porosities of the porous alloys before and after oxidation
were obtained according to Archimedes method. The air
permeation rates were determined using an FBP-3
testing system for porous materials.

Table 1 Composition of porous Ni—Cr—Al-Fe alloy (mass
fraction, %)

Cr Al Fe Mn Si Y B Zr C Ni
16 9 3 005 02 001 0.01 0.1 0.05 Bal

The morphologies on the surface and the cross-
section of the porous alloys were examined by a Reichert
MeF3A optical microscope and a Nova Nanosem 230
field emission scanning electron microscope (FESEM),
respectively. A relatively rough surface with bumps and
hollows is exhibited on the porous alloys (Fig. 1(a)), and
a few micro pores are found inside the porous strut
(Fig. 1(b)). Morphologies and chemical compositions of

the oxides formed on the surfaces of the oxidized
specimens were also analyzed by the Nova Nanosem 230
microscope equipped with an energy dispersive X-ray
spectroscope (EDS). X-ray diffraction (XRD) analysis
(Rigaku D/max—2550VB) was carried out using a Cu K,
radiation to identify different phases presented in the
oxidized scales. A K, 1063 X-ray photoelectron
spectroscopy (XPS) instrument was further performed on
the surfaces of the specimens oxidized at 1000 °C for 2
and 8 h, respectively. Al K, (1486.6 ¢V) and Ar beam
were selected as the excitation source and spray beam,
respectively. The binding energy ranging from 0 to
1300 eV was then systematically scanned with a step size
of 0.5 eV. The XPS lines of various elements in the
porous alloys were recorded, namely, O 1s, Ni 2p, Cr 2p
and Al 2p.

“ - '7 5 e 4 v
Fig. 1 Surface (a) and cross-section (b) morphologies of porous

Ni—Cr—Al-Fe alloy

3 Results

3.1 Oxidation Kkinetics

The isothermal oxidation curves of the tested porous
Ni—Cr—Al-Fe alloys at different temperatures are plotted
in Fig. 2. The mass gain is found to increase as the
oxidation temperature increases or the exposure time
extends. It may be noted that the porous alloys oxidized
at higher temperatures show much faster growth rates of
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Fig. 2 Mass gain and kinetics analyses of porous Ni—Cr—Al-Fe
alloys oxidized in air at different temperatures: (a) Mass gain vs

exposure time; (b) Square of mass gain vs exposure time

the oxide layers at the initial stage of oxidation
(Fig. 2(a)). However, with the exposure time extending,
the curves at higher temperatures are flatter than those at
lower temperatures, implying that relatively stable oxides
were favored with the temperature increasing. The
oxidation kinetics of dense Ni—Cr—Al-based alloys was
suggested to follow a parabolic rate law [7,10], with the
oxidation rate constant k, expressed as [19]:

(AW =kt (1)
where AW is the mass gain per unit area, ¢ is the
exposure time at a certain temperature. Assuming the
pore structures of the porous alloys remained relatively
stable, the initial value of 0.027 m*/g based on the BET
analysis was used as the mean specific surface area
approximately during the oxidation. Figure 2(b) shows
the linear fitting of the mass gain vs exposure time by the
parabolic rate law. The random scatters are not
significant at temperatures of 850 and 900 °C, but
serious deviations of the experimental data from the
regression-fitted lines are exhibited at temperatures of
950 and 1000 °C. The regression-fitted results obtained
from the present experiments are listed in Table 2. The

correlation coefficient (R) apparently decreases with the
temperature increasing.

Table 2 Fitting results of oxidation rate constant k, for porous
Ni—Cr—Al-Fe alloys oxidized at different temperatures using
parabolic rate law

Temperature/°C ky/(1 0 'mg*em *s ) R
850 1.09 0.98907
900 1.42 0.93327
950 1.77 0.76415
1000 1.92 0.70912

The oxidation rate constant k, and temperature can
be correlated through the Arrhenius equation:
ky=Koexp[~Q/(RT)] )
where K is the pre-exponential factor, Q is the activation
energy, R is the mole gas constant and 7 is the
temperature. The plot of In k,—1/T for the porous alloy
oxidized at different temperatures is shown in Fig. 3. It
may be noted that k, values for the porous alloys
oxidized at 850 and 900 °C are higher than that
extrapolated from the other two points (950 and
1000 °C). By linear fitting, the activation energy Q of
oxidation in the test temperature range was obtained to
be 47 klJ/mol and the regression correlation coefficients
(R) was 0.95205. It was reported that the activation
energies of diffusion for Al ions through the Al,Os; lattice
and along the grain boundaries were 450—750 and about
500 kJ/mol [20,21], respectively, whereas the activation
energy for Cr ions in Cr,O; ranged from 240 to
280 kJ/mol [22,23]. Thus, the activation energy of
oxidation for the porous alloy was much lower than the
relevant data. The change of the pore structure during
oxidation can be regarded as one of the reasons for the
variation of the calculated oxidation rate constant (k,),
especially at higher oxidation temperatures. Meanwhile,
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Fig. 3 Variation of In k, vs 1/T for porous Ni—Cr—Al-Fe alloys

oxidized at temperatures of 850 to 1000 °C
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there were still many factors that would influence the
oxidation kinetics of the porous alloy, such as micro
pores, defects, cracking and scale adherence [24],
leading to the lower value of activation energy.

3.2 Oxidation products

Figure 4 shows the XRD patterns of the surfaces of
the tested porous Ni—Cr—Al-Fe alloys exposed at
different temperatures for 8 h. The phase constitution of
the porous alloys before oxidation is identified to be
main y phase accompanied by a certain amount of
y-NizAl phase. After being oxidized at different
temperatures, oxides of Cr,0s, a-Al,0; and NiCr,04 are
found on the surfaces of the porous alloys. The
intensities of NiCr,O, and Cr,0; peaks apparently
decrease with the increasing temperature. After being
exposed at 1000 °C, the diffraction peaks of NiCr,O4can
be hardly detected, and those of Cr,O; show weaker
intensities (Fig. 4). a-Al,O; phase is determined to be the
main oxidation product, indicating that high temperature
is beneficial to the formation of a-Al,Os layer. y-phase
always exhibits stronger peaks in the XRD patterns,
which implies the better oxidation resistance in the tested
temperature range. The existence of a few y-NizAl
phases is also suggested to have a certain effect on the
oxidation mechanisms of the porous alloy.

R o — y-phase
| o— y-Ni;Al
‘ a— Cr,0,4
‘ + — NiCr,0,
o o— a’-Al203
|
Porous " | c\’
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Fig. 4 XRD patterns of surfaces of porous Ni—Cr—Al-Fe alloys
oxidized at different temperatures for 8 h

The compositions and the chemical states of
elements on the surfaces of the porous alloys oxidized at
1000 °C were further examined using XPS. Ar" ion beam
sputtering was firstly operated, and then full range
scanning at the binding energy between 0 and 1300 eV
was performed. The XPS spectrum obtained from that
oxidized for 8 h is shown in Fig. 5. The elements of Ni,
Cr, Al, Fe, O and C are detected, and C is deduced to
mainly come from the surface contamination [25].

Figure 6 shows the narrow spectra of Ni, Cr, Al and
O on the surface of the porous alloy oxidized at 1000 °C

for 8 h, respectively. It can be seen that the narrow
spectrum of element Ni is mainly composed of 2ps, and
2p1» peaks (Fig. 6(a)). There are two Ni 2p;, peaks
exhibited after computer fitting, with the binding
energies at 853.0 and 856.4 eV, respectively. The
binding energy of standard Ni 2p;, was reported to be
852.6 eV [26], while that of standard Ni(OH), 2p;, was
between 855.9 and 856.3 eV. Thus, the chemical state of
Ni is deduced to be Ni**. It may be noted that the peaks
of Cr 2p;, in the spectrum of oxide scales are broader
than that of the standard atlas (Fig. 6(b)). The binding
energy of the detected Cr 2p;,, peak is determined to be
579.5 eV, which was inferred to belong to Cr,O; and
Cr,047 [26]. The existing form of element Ni in the
oxide scales is therefore suggested to be NiCr,O,4. The
peak of element Al in the spectrum of the oxide scales
shows good symmetry, as seen from Fig. 6(c). The
corresponding binding energy is in agreement with
standard AL,O; (Al 2p of 74.3 eV) [26]. Three peaks of O
Is appear in the narrow spectrum of element O
(Fig. 6(d)). The corresponding binding energies from
scan 1 to scan 3 are 531.7, 530.9 and 530.0 eV,
respectively, which conform to that of standard Al,O;,
0O 1s (531.6 eV); Cr,0;, O 15 (530.9 eV); NiCr,04, O 1s
(529.9 eV) [26], respectively.
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Fig. 5 XPS spectrum of surface of porous Ni—-Cr—Al-Fe alloy
oxidized at 1000 °C for 8 h

The XPS spectra of Ni 2p, Cr 2p, Al 2p and O 1s on
the surfaces of the porous alloys as a function of
exposure time at 1000 °C are shown in Fig. 7. The
intensity of the Al 2p peak apparently increases with the
exposure time increasing from 2 to 8 h (Fig. 7(c)). The
rates of various oxidation products at different exposure
time are given in Table 3. Cr,0; and Al,O; almost
exhibit similar rate after being oxidized at 1000 °C for
2 h. When the exposure time increases to 8 h, AL,O; is
demonstrated to be the dominant product, and the
contents of both Cr,0; and NiCr,0, decrease to different
extents. Combining with the results above, a mixed oxide



1562 Yan WANG, et al/Trans. Nonferrous Met. Soc. China 27(2017) 1558—1568

(a) (b 2py,

Scan 1

—

Scan 2

840 850 860 870 880 890565 570 575 580 585 590 595
Binding energy/eV Binding energy/eV

(c) (d) ls

65 70 75 80 85 525 530 535 540 545

Binding energy/eV Binding energy/eV
Fig. 6 XPS narrow spectra of surface of porous Ni—-Cr—Al-Fe alloy oxidized at 1000 °C for 8 h: (a) Ni 2p; (b) Cr 2p; (c) Al 2p;
(dO1s

(a) (b)

Oxidized-0 h

Oxidized-0 h

Oxidized-8 h

1.}' K “
Oxidized-2 h Oxidized-8 h 4 oy - i
P e sl chisbobet At
e —— — i Oxidized-2 h
850 860 870 880 570 575 580 585 590 595

Binding energy/eV Binding energy/eV

Oxidized-0 h
>

/OXIdlZGd-S h Oxidized-0 h

\"_Oxidized-2 h
- Oxidized-8 h

N

P

72 74 76 78 80 82 84 526 530 534 538 542 546
Binding energy/eV Binding energy/eV
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Table 3 Proportions of oxides on surfaces of porous Ni—Cr—
Al-Fe alloys oxidized at 1000 °C for different exposure time
(mass fraction, %)

Oxide Exposed for 2 h Exposed for 8 h

Cr,04 44.28 17.85

Al O; 48.09 77.92
NiCr,0, 7.63 4.23

film consisted of Al,O;, Cr,0O; and NiCr,O, was
suggested to be formed on the surfaces of the porous
alloys oxidized at different temperatures. High
temperature and extending exposure time would
contribute to the formation of single Al,O5 film.

3.3 Oxide morphologies

Figure 8 presents the SEM images on the surfaces
of the porous Ni—Cr—Al-Fe alloys oxidized at
temperatures of 850 and 1000 °C. After being oxidized at
850 °C for 2 h, a certain amount of oxides with
short-needle shape or spherical shape appear on the
surface of the porous alloy (Fig. 8(a)). EDS results
suggest that the regions rich in either Al or Cr are formed
at the initial stage of the oxidation. When the exposure
time extends to beyond 4 h, oxide aggregation is
observed and tortoise-shell shaped regions have been
formed (Figs. 8(c) and (e)). With the oxidation
temperature increasing to 1000 °C, there are a
considerable amount of oxides covered on the surface of

Fig. 8 SEM images on surfaces of porous Ni—Cr—Al-Fe alloys oxidized at 850 °C for 2 h (a), 4 h (c), 8 h (e), and at 1000 °C for 2 h

(b), 4h(d), 8 h ()
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the porous alloy after exposure for 2 h, and different
aggregated areas of oxides have already been formed
(Fig. 8(b)). After being oxidized for 4 h, the aggregated
areas are connected and an almost continuous film is
exhibited on the surface of the porous alloy (Fig. 8(d)).
Due to the continuous supply of Al from the porous
substrate, the compact film composed mainly of Al,O3 is
finally obtained after exposure for 8 h (Fig. 8(f)).
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3.4 Oxide film composition

The oxide scale as well as the substrate next to the
scale was further confirmed by EDS line scanning
analyses in order to clarify the high-temperature
oxidation mechanism of the porous Ni—Cr—Al—Fe alloy.
Figure 9 shows the line scanning maps on the
cross-sections of the porous alloys oxidized at different
temperatures. As seen from Fig. 9(a), two domains of
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Fig. 9 Cross-sectional EDS line scanning maps of porous Ni—Cr—Al-Fe alloys oxidized under different conditions: (a) 850 °C, 2 h;
(b) 850 °C, 4 h; (c) 850 °C, 8 h; (d) 900 °C, 8 h; (e) 950 °C, 8 h; (f) 1000 °C, 2 h; (g) 1000 °C, 4 h; (h) 1000 °C, 8 h
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oxide scales with different compositions are exhibited
after exposure at 850 °C for 2 h. Aluminum oxide,
chromium oxide and/or nickel-chromium oxide are
identified in the external layer, while aluminum oxide
becomes dominent in the internal layer. Similar oxide
structures are obtained on that oxidized for 4 h
(Fig. 9(b)), but the differences of the relative content of
Cr in the oxide scale and the substrate become slighter.
After exposure for 8 h, almost single aluminum oxide
layer is formed on the surface of the substrate (Fig. 9(c)).
Similar oxide structures are exhibited on those exposed
at 900 and 950 °C for 8 h, respectively, as shown in
Figs. 9(d) and (e). The oxide scale formed at 1000 °C for
2 h is also divided into two layers (Fig. 9(f)), i.e.,
external Al,05/Cr,05/NiCr,0,4 and internal Al,O;. The
relative content of element Al in the oxide scale is
apparently higher than that in the substrate after exposure
for beyond 4 h (Figs. 9(g) and (h)). No apparent
enrichment of elements Cr or Ni was observed, which
implied that the formation of the single AlL,O; was
favored due to the increasing temperature. It was
suggested that the transition of the oxide structures in the
tested temperature range exhibited similar process with
the exposure time extending, i.e., from the mixed oxide
layer composed of external Al,0Os/Cr,O3/NiCr,04 and
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internal Al,O3 to almost single Al,O5 structure.

3.5 Pore structure evolution

Figure 10 shows the variations of open porosity and
permeability with exposure time for the porous
Ni—Cr—Al-Fe alloys oxidized at different temperatures.
Both the open porosity and the permeability show an
approximately declining trend with the exposure time
extending. However, the permeability is found to
fluctuate to a certain degree at different temperatures.
Table 4 summarizes the reduced rates of open porosity
and permeability after exposure for 8 h. It can be seen
that although the increase of temperature aggravates the
decrease of open porosity and permeability, both the
reduced rates are controlled within a certain range. The
permeability coefficient of porous materials has been
reported to be proportional to the square of the mean
pore diameter [27]. Therefore, the variation of
permeability with the exposure time can be attributed to
the morphology transformation of the pore structures
during the oxidation. It can be deduced that almost single
stable AL,O; film was gradually formed on the surfaces
of the oxidized porous alloys with the exposure time
extending, leading to a better filtration property even at
high temperatures.
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Table 4 Reduced rates of open porosity and permeability at
different temperatures for 8 h
Reduced rate of

Reduced rate of
Temperature/°C

open porosity/% permeability/%
850 4.84 10.15
900 6.81 12.95
950 9.28 14.57
1000 8.91 17.38
4 Discussion
The tested porous Ni—Cr—Al-Fe alloys at

temperatures of 950 and 1000 °C exhibit oxidation
kinetics curves of pseudo-parabolic types (Fig. 2 and
Table 2), which was different from the common
parabolic type kinetics of the bulk Ni—Cr—Al alloy [6].
The confusing oxidation kinetics was mainly due to the
fact that the real area of the porous materials exposed to
oxidation was very different from the apparent area that
was used to normalize the mass gains, especially at high
temperatures. Since the open or closed pores influenced
the real area exposed to oxidation, the porous alloys
would undergo greater mass gains per apparent surface
unit than the dense materials [12]. Simultaneous
formation of a-Al,O; along with Cr,O; and NiCr,0,
(Table 3 and Fig. 9) may be responsible for faster scaling
rate during the transient period lasting up to 2 h
(Fig. 2) [28]. Above the exposure time, the oxides
gradually connected and covered almost the whole
surface of the specimen (Fig. 8). The oxidation process
was thus changed from a direct reaction between alloy
surface and air, to a reaction which was dependent on the
rate of outward diffusion of metal cations and inward
diffusion of oxygen anions through the oxide scale [29].
A composition of Al,O;, Cr,0; and NiCr,O, is
exhibited in the oxide layers at the tested temperatures
(Fig. 4), which was in agreement with that of the typical
oxide type for the bulk Ni—Cr—Al based alloys [30]. The
variation of composition in the oxide scales of the porous
alloy can also strongly affect its oxidation kinetics. XRD
spectra confirm that with the increase of oxidation
temperature, the amount and the intensity of Cr,O3 and
NiCr,04 decrease, and a-Al,O; becomes the dominant
oxide product with the extending exposure time (Fig. 4).
Meanwhile, since the formation of oxides tends to block
the small pores in the porous alloys, a complex change of
surface morphology occurs and the real area exposed is
dramatically decreased with the oxidation proceeding.
The reduced rate of the open porosity shows a little
change at higher temperatures (Fig. 10), which can be
ascribed to the formation of relatively stable a-Al,O;,
thus resulting in the slower growth rate of the scale (k)

(Fig. 3).

According to the oxide map proposed by GIGGINS
and PETTIT [10], the Ni—Cr—Al alloy at the
temperatures of 850 to 1000 °C should develop a
continuous single scale of Al,O;. However, external
Al O3/Cr,05/NiCr,04 and internal Al,Os; structures
appear on the surface of the porous alloy oxidized at
850 °C at the initial stage of oxidation (Fig. 9(a)).
Although an almost single AlOs layer is found after
being oxidized for 8 h (Fig. 9(c)), a complicated oxide
composition is eventually exhibited (Fig. 4). At 1000 °C,
the content of ALO; occupies a great proportion among
the oxide products, but Cr,0O; and NiCr,O, are still
detected (Table 3). The diffusion of Al was reported to
be markedly reduced as the system became more
ordered [31]. NUMAKURA et al [32] suggested that the
diffusion of Al was 10 to 25 times slower in the NizAl
than that in the Ni-based y-phase. Since the existence of
the y-NizAl precipitates is demonstrated in the porous
alloys (Fig. 4), part of Al would be ordered and the
diffusion of Al would be decreased to some extent. NiO
and Cr,0O3 were therefore formed at the initial stage of
oxidation. The appearance of the NiCr,O, spinel must
result from the transient oxidation in which nickel and
chromium aluminum reacted [33].

The diffusion courses involving in the oxidation
mainly included lattice diffusion, grain boundary
diffusion and probably short-circuit diffusion in pores
and cracks. The localized protrusions or ridges on the
surface of the tested porous alloys (Fig. 1) can result in
some areas to be more active than others from a point of
view of corrosion. Micro pores also played a significant
role in the initial oxidation, which would generate easy
path ways for inward diffusion of O and outward
diffusion of Al or Cr [29]. Besides, accompanied by the
non-uniform oxide scale thickening, the grain boundaries
of local scales may as well act as diffusion channels for
O [34], or for both O and Al or Cr [35]. Grain-boundary
diffusion was reported to be much faster than lattice
diffusion for both metals and oxygen [36], since more
disordered structures at the boundaries would lead to the
lower activation energy of the boundary process. In the
participation of large number of short circuit paths, the
diffusion distance across the porous substrate was greatly
reduced, which would contribute to the decrease of the
activation energy Q for oxidation. However, with gradual
formation of the oxide scales, the easy potential diffusion
paths for oxygen and/or metal ions decreased, and the
oxygen activity beneath the oxide layer dropped,
making it more favorable for the formation of most
thermodynamically stable oxide, i.e., Al,Oj.

Thanks to high content of Al in the tested porous
alloys, Al,O; is expected to form continuously, and the
increase of AlLO; content with the oxidation time
extending is found at different temperatures (Table 3 and
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Fig. 9). Especially at higher temperature and longer
oxidation time, the formation of almost single AlOs
phases is greatly promoted. Some meaningful amounts of
NiCr,0, as well as complicated oxide layers implied that
the performance of the porous alloys was not as good as
initially foreseen. Even so, the gradual formation of
relatively continuous and protective Al,O; makes the
pore structure better controlled (Fig. 10 and Table 4),

which alleviated the deterioration of the filtration
property at high temperatures.
5 Conclusions

1) The porous Ni—Cr—Al-Fe alloys exhibit

oxidation kinetics curves of pseudo-parabolic types at
temperatures of 950 and 1000 °C. The calculated
oxidation rate constant deviates from the regression-
fitted lines, and the value of calculated oxidation
activation energy is low.

2) Cr,0s, a-Al,0O5; and NiCr,O4 are formed on the
surfaces of the porous Ni—Cr—Al-Fe alloys. The
transition of oxide structures on the surfaces of the
porous alloys with extending exposure time shows
similar process, i.e., from the mixed oxide layer
composed of external Al,05/Cr,05/NiCr,0O4 and internal
Al O3 to almost single Al,O; structure.

3) The formation of mixed oxides of
NiO/Cr,05/NiCr,04 at the initial stage of oxidation is
ascribed to the limited diffusion of Al due to the
precipitation of p’-phases in the porous alloys. More path
ways for inward diffusion of oxygen and outward
diffusion of aluminum or chromium are provided,
contributing to the decrease of the activation energy for
oxidation. Accompanied by the development of oxide
scales, the formation of most thermodynamically stable
Al,Oj is favored.

4) Both the open porosity and the permeability of
the porous Ni—Cr—Al-Fe alloys show a declining trend
with extending exposure time. The increase of oxidation
temperature aggravates the decrease of open porosity and
permeability, but the reduced rates are defined in a
controllable range.
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