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Internal Oxidation of Fe—Al Alloys in the a-Phase
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The internal oxidation behavior of Fe-0.069, 0.158, and 0.274 wt% Al alloys
was investigated in the a-phase region. The internal oxidation experiments
have been made over the temperature range from 1023 to 1123 K using a
mixture of iron and its oxide powders. A parabolic rate law holds in the present
alloys, where the rate constant, K, depends upon the oxidation temperature
as well as the aluminum content. The internal oxidation of Fe-Al alloys is,
therefore, controlled by a diffusion process of oxygen in the alloy. The oxide
formed in the oxidation layer is the stoichiometric FeAl,O, (hercynite). The
aluminum concentration, N3, in the oxidation layer was calculated by taking
account of counterdiffusion of aluminum. Furthermore, the oxygen concentra-
tion, NS, at the specimen surface was evaluated on the basis of thermo-
dynamics. Using these estimated values of K,, Ny, and N, the diffusion
coefficient of oxygen, DY, in the oxidation layer, where the oxide particles
were dispersed, was also calculated. DY increases as the volume fraction of
the oxide, f'°, increases. The diffusion coefficient of oxygen, Do, in a-iron was
determined by extrapolating DS to f*° =0.

KEY WORDS: diffusion coefficient of oxygen; a-iron; internal oxidation; oxygen solubility;
counterdiffusion.

INTRODUCTION

Internal oxidation is a preferred oxidation of an alloying element, which
is less noble than the solvent metal. Such an oxidation occurs under the
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condition of a low-oxygen chemical potential. The internal oxidation of

-metals in a helium gas atmosphere is an important problem for high-
temperature gas-cooled reactors, because the oxidation causes a decrease
in oxidation resistance and creep-rupture strength.' The helium gas contains

-small amounts of H, and H,0O, whose oxygen chemical potential is so low
that the internal oxidation occurs. Although the internal oxidation is very
important for practical applications, its mechanism has still not been made
clear.

The diffusion process of oxygen in the alloy plays an important role
in determining internal oxidation. The diffusion coefficient of oxygen has
been evaluated in some alloys from internal-oxidation measurements.””
Especially, the diffusion coefficient of oxygen in iron alloys cannot be
determined by any other method because of the strong affinity of iron for
oxygen and the small solubility of oxygen. In a previous study of the
internal-oxidation behavior in the y-phase region,® we pointed out that the
internal-oxidation technique gives the diffusion coefficient of oxygen in the
internal-oxidation layer, where the oxide exists, not that in y-iron, and we
evaluated the diffusion coefficient of oxygen, Do, in y-iron, In the o
(8)-phase region Swisher and Turkdogan’ have determined the diffusion
coeflicient in the oxidation layer. However, Dy in a-iron has not been
reported yet. .

The purpose of the present study is to investigate the internal-oxidation
behavior of Fe-Al alloys in the a-phase region in detail and to discuss the
oxidation kinetics. The diffusion coefficient of oxygen in «-iron has also
been determined with particular attention to the effect of the oxide in the
oxidation layer. For this purpose the oxide formed in the oxidation layer
was carefully analyzed, and the oxygen concentration at the specimen
surface was determined on the basis of thermodynamics.

MATERIALS AND EXPERIMENTAL PROCEDURE

Fe-0.69, 0.158, and 0.274 wt% Al alloys wetre prepared by vacuum
melting and swaging. Their chemical compositions are listed in Table I.
Specimens of 5 X5 X4 mm were cut and annealed in a vacuum, yielding a

Table 1. Chemical Compositions of the Alloys Used.

Alloy Al C Si Mn P S
Fe-0.069 wt% Al 0.069 0.0030 0.011 0006 0004  0.004
Fe-0.158 wt% Al 0.158 0.0029 0.011 0.017 0.005 0.009

Fe-0.274 wt% Al 0.274 0.0024 0.011 0.007 0.005 0.007
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grain diameter of about 85 um. After being mechanically polished, the
specimens were internally oxidized at 1023, 1073, and 1123 K. The tem-
perature was controlled within £2 K during oxidation. The internal oxida-
tion was made by the method of Rhines et al.'” using a powder mixture
composed of 1 part iron, 1 part Fe,0;, and 1 part Al,O; powders. Al,O,
powders were used to separate the specimen from the mixture easily. Each
oxidized specimen was carefully cut into halves exactly parallel to one face
of the specimen. The surface of the specimen was polished with diamond
paste and then etched by 3% nital. The thickness of the internal oxidation
layer was measured by an optical microscope with a micrometer stage.

The oxide formed in oxidized specimens was extracted by a bromine-
alcohol method. The extracted oxide was subsequently examined by X-ray
diffraction and chemical analysis in order to determine the identity and
composition of the oxide.

The concentration profile of aluminum in the oxidized specimens was
studied by an electron probe microanalyzer, EMPA (Hitachi X-650 type).
The operating conditions of EPMA were as follows: accelerating voltage,
20kV; specimen current, 0.012 uA; take-off angle of radiation, 38°
(0.66 rad). The three alloys without oxidation treatment as well as pure
iron, whose aluminum content was less than 0.001 wt%, were used as the
standard specimens. Here, the relative X-ray intensity was found to be
proportional to the aluminum concentration.

EXPERIMENTAL RESULTS

Internal-Oxidation Layer

A typical microstructure of Fe-0.158 wt% Al alloy internally oxidized
at 1073 K for 172.8 ks is shown in Fig. 1, where S, F, and ¢ indicate the
specimen surface, the internal-oxidation front, and the thickness of the
internal-oxidation layer, respectively. The oxidation front advances parallel
to the specimen surface. A similar microstructure has been observed in
Fe-Si alloys in the y-phase region.® This type of internal-oxidation layer
is normal according to the classification of the oxidation layers formed in
iron alloys.®

Rate Constant for Penetration of the Internal-Oxidation Front

Figure 2 shows the square of the thickness, £ of the internal-oxidation
layer as a function of oxidation time, ¢, for Fe-Al alloys oxidized at 1123 K.
& is proportional to ¢ at each temperature. Thus, we have a parabolic rate
law:

£=Kpyt (1)
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50 um

Fig. 1. Atypical microstructure of an Fe-0.158 wt% Al alloy internally oxidized
at 1073 K for 172.8 ks. S, F, and ¢ indicate the specimen surface, the oxidation
front, and the thickness of the internal-oxidation layer, respectively.
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Fig. 2. The square of the thickness of the internai-
oxidation layer as a function of the oxidation time
in Fe-Al alloys internally oxidized at 1123 K.

where K, is the rate constant for penetration of the oxidation front. At a
constant temperature, K, decreases as the aluminum content increases.

The temperature dependence of K, is shown in Fig. 3. One easily sees
that K, can be expressed as

K, =K} exp(———’i) (2)
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Fig. 3. Temperature dependence of the rate
constant, K, for penetration of the internal-
oxidation front.
Table II. Values of the Preexponential Factor K}, and the Activation
Energy, Qk, for Penetration of the Internal-Oxidation Front in Fe-Al

Alloys
Activation energy
Preexponential for penetration,
factor, K3 Qx
Alloy (m?-s7h (kJ-mol ™)
Fe-0.069 wt% Al 9.88 x10™° 195+5
Fe-0.158 wt% Al 8.99 x 1077 2014
Fe-0.274 wt% Al 1.33x107* 208+3

where K7 is a constant, Qg the activation energy for penetration of the
internal-oxidation front, T the oxidation temperature, and R the gas con-
stant. The estimated values of K and Qg are listed in Table II.

Oxide and Concentration Profile of Aluminum

To determine the oxide formed in the oxidation layer, the oxide was
extracted from the oxidation layer and studied by X-ray diffraction. FeAl,O,
(hercynite) was detected, but not ALOs;.

Figure 4 shows the concentration profile of aluminum in the Fe-
0.274 wt% Al alloy oxidized at 1123 K. In the unoxidized region the
aluminum concentration gradually increases as the distance from the oxida-
tion front increases. This suggests that aluminum diffuses into the internal-
oxidation layer from the bulk alloy, resulting in the increase in the aluminum
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Fig. 4. Concentration profile of aluminum in an
Fe-0.274 wt% Al alloy internally oxidized at
1123 K.

concentration in the oxidation layer. Such aluminum diffusion is called the
counterdiffusion of aluminum. Thus, the concentration of aluminum present
as an oxide in the oxidation layer is higher than its original value.

DISCUSSION

Internal-Oxidation Kinetics

The kinetics of internal oxidation, either with or without an external-
oxidation layer, have been discussed theoretically by several inves-
tigators.'™* Oxidation where only the internal-oxidation layer is formed is
discussed in the present study. We assume that the oxidation reaction takes
place completely and rapidly only at the oxidation front and that the
solubility product of the oxide is very low, giving rise to a negligible
concentration of dissolved aluminum at the oxidation front.

A dimensionless parameter, v, is defined by the following equation:""

__ &
2 D)2

Here, Dg is the diffusion coefficient of oxygen in the internal-oxidation
layer, in which the oxide particles are dispersed. D5’ must be different
from the diffusion coefficient of oxygen in the matrix metal. If

vy« (4)

Y (3)

the rate equation for internal oxidation is given by

2N DI
2 o0
f_—————FZt 5
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where
F(z) = 7'?z exp(2?) erfc(z) 6)
and

£

2D 7

Here, N2 is the concentration of dissolved oxygen at the specimen surface,
and NY is the original concentration of the alloying element, B, in the alloy.
v is the atom ratio of oxygen to B in the oxide and Djp the diffusion
coefficient of B in the bulk alloy.

In a limiting case where z is much larger than unity, F(z) can be
approximated to unity. This indicates that the outward diffusion, called the
counterdiffusion, of B from the bulk alloy to the oxidation front is small
compared to the inward diffusion of oxygen from the specimen surface to
the front, so that enrichment of B in the oxidation layer is neglected. This
condition is satisfied in the internal oxidation in some alloys.”™ In general
cases where F(z) is smaller than unity, the alloying element is enriched in
the oxidation layer due to the counterdiffusion of B. The enrichment of the
alloying element has been reported in some alloys.>®>'> The enrichment
factor, B, is defined as

1
F(z)

B= (8)
Then the concentration of B, N}, in the internal-oxidation layer can be
evaluated as

Nz’ =BN% )
For alloys with known D, 8 and N5 can be obtained using Egs. (6)-(9).

Oxide Formed in the Internal-Oxidation Layer

The oxide formed in the oxidation layer of the present alloys is FeAl,O,
as described in the previous section. In stoichiometric FeAl,Q,, the atom
ratio of oxygen to aluminum, v, is 2.0. Hepworth et al® have indicated that
v is 3.0 in the Fe-0.1 wt% Al alloy internally oxidized at 1069 K and that
the high value of » can be ascribed to some magnetite dissolved into FeAl,O,.
On the other hand, Swisher and Turkdogan’ have reported that the oxides
are Al,O; and FeAl,O,4 at 1723 K, giving » of 1.5-1.9, while the oxide is
FeAl,O, at 973 K.

In order to determine » in the present alloys, the atom ratio of aluminum
to iron, , in the oxide extracted from the oxidation layer was studied by
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chemical analysis. A stoichiometric FeAl,Q, indicates y = 2.0. If the oxides
are FeAl,O, and Al,O;, xy would be higher than 2.0. FeAl,O, containing
some magnetite may give x smaller than 2.0. The measured value of y was
1.96£0.05 in the Fe-0.158 wt% Al alloy oxidized at 1073 K, implying that
the oxide formed in the oxidation layer of the present alloy is stoichiometric
FeAl,O, and v is 2.0. '

The enrichment of aluminum in the oxidation layer occurs in the present
alloys as shown in Fig. 4. We calculated N with Egs. (6)-(9). By combining
Egs. (1) and (7) we have

1/2
2=1 (ﬁ) (10)

In the present study, the following data'* on D,, were used:

245.8+7.6 (kJmorl)] y
m-Ss

Dy =(5.155¢x107* [—
a=(5150%4 ) exp RT

The obtained values of z, F(z), and B8 are listed in Table III, where 8 is
slightly higher than unity. To check the estimated values of 8, the aluminum
concentration in the oxidation layer was determined by both EPMA and
chemical analyses. In the EPMA analysis it was determined by a graphical
integration of the concentration profile of aluminum in the unoxidized
region near the oxidation front. In the chemical analysis the concentration
of aluminum, which was present as an oxide, in the oxidation layer was
studied. The measured values of B through EPMA and chemical analyses
are 1.10+0.05 and 1.09+0.02 for the Fe-0.274 wt% Al alloy oxidized at
1123 K, respectively. These values are in good agreement with the calculated

Table III. Values of z, 8, and y Given by Equations (10), (8), and (13),

Respectively
T
Alloy (K) z B8 vy
Fe-0.069 wt% Al 1123 3.26 1.04 3.04x1072
1073 3.61 1.04 2.35%x1072
1023 4.23 1.03 1.78 x1072
Fe-0.158 wt% Al 1123 2.31 1.08 1.98 1072
1073 2.54 1.07 1.53 %1072
1023 2.92 1.05 1.16x1072
Fe-0.274 wt% Al 1123 1.91 1.11 1.48x 1072
1073 2.13 1.09 1.15x1072

1023 2.33 1.08 8.71x1073
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Table IV. Oxygen Concentration, N2, at the Specimen Surface

Temperature (K) 1123 1073 1023

Oxygen concentration
N? (mole fraction) 551%x107° 3.28x107° 1.85x107¢

value of 1.11 shown in Table III. The results indicate that the counter-
diffusion of aluminum is not negligible, and B in Table III is correct in the
present alloys.

Oxygen Concentration at the Specimen Surface

The determination of the oxygen concentration, N3, at the specimen
surface is required to discuss the kinetics of the internal oxidation. Unfortu-
nately, N3 in iron alloys internally oxidized in the a-phase region using a
powder mixture of iron and its oxide has not yet been measured directly.
We have pointed out elsewhere that N in the internal oxidation of some
iron alloys is controlled by the reaction in equilibrium with Fe and FeO,
even in the case of oxidation using a mixture of Fe and Fe,O; powders.’
N has been evaluated on the basis of thermodynamic data for both this
reaction’® and the solution of oxygen in a-iron.” Moreover, the temperature
dependence of N has also been shown as

104 (kJ morl)]

N5=0.381
° eXp[ RT

(11)
The estimated values of N are given in Table IV.

Diffusion Coefficient of Oxygen in the Internal-Oxidation Layer

The diffusion coefficient of oxygen, D&, in the internal-oxidation layer
was calculated from Egs. (1) and (5) by using K,, », F(z), and N§. D&’
should be distinguished from the diffusion coeflicient of oxygen in a-iron,
because D{’ includes the effect of the oxide in the oxidation layer. The
temperature dependence of D& is shown in Fig. 5. For each alloy, D
can be expressed as

10 10 - Q5
D5 =A —_—
fe) exp( RT ) (12)

where A’ is the frequency factor and Q° the activation energy for diffusion
of oxygen in the oxidation layer. Table V shows the estimated values of
A’ and QF.
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Fig. 5. Temperature dependence of the
diffusion coefficient of oxygen in the internal-
oxidation layer of Fe-Al alloys.

Table V. Values of the Frequency Factor, A’C, and the Activation Energy, Q°,
for Diffusion of Oxygen in the Internal-Oxidation Layer of Fe-Al Alloys

Frequency Activation
factor, AT energy, Q™°
Alloy (m?-s™1) (kJ-mol™!)
Fe-0.069 wt% Al 4.10x1077 92.0+4.3
Fe-0.158 wt% Al 1.09x107¢ 99.5+£3.7
Fe-0.274 wt% Al 2.64%x107° 105 =+3

By combining Egs. (1) and (3), we have a dimensionless parameter, v,

as:
1/ K,\"’
=— 13
Y 2(D(I)o> (13)

The calculated values of y are listed in Table III. Since vy is much smaller
than unity in all of the cases, Eq. (5) is generally valid for the rate equation
for the internal oxidation of the present alloys.

Figure 6 shows the effect of the volume fraction of the oxide, /', in
the oxidation layer on D&’ f™© was calculated from N determined using
Eq. (9) and B listed in Table III. As can be seen, £’ is linear in DX at
each oxidation temperature and may be given by

D& = Do+ bf™® (14)
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Fig. 6. The diffusion coefficient of oxygen in the inter-
nal-oxidation layer as a function of volume fraction
of the oxide.

where Do and b are constants. Similar linearity has been reported in Fe-Si®
and Fe-Al’ alloys in the y-phase region as well as Ni-Cr and Ni-Al alloys.*
The reason for the observed dependence of D on f’° has been shown in
the previous study.®

Diffusion Coefficient of Oxygen in a-Iron

D, in Eq. (14) indicates the diffusion coefficient of oxygen in the matrix
metal, a-iron, in which the effect of the oxide particles is neglected. D,
was determined by an extrapolation of D’ to f’°=0. The obtained tem-
perature dependence of Dy is shown in Fig. 7. Then, D, can be expressed
as

85.7j:6.1(kJm011)] .
— m s

Do=(1.791115yx 1077 [
o= ( 0.89) CXp RT

For comparison the diffusion coefficient of nitrogen, Dy, in a-iron*® is also
shown in Fig. 7, where D is smaller than Dj. However, the activation
energy for diffusion of oxygen is in good agreement with that for diffusion
of nitrogen (79.1 k] mol™").

CONCLUSIONS

Internal-oxidation measurements of Fe-0.069, 0.158, and 0.274 wt%
Al alloys were made in the a-phase region to determine the kinetics and
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Fig. 7. Temperature dependence of the
diffusion coefficient of oxygen, D, in the pres-
ent study and that of nitrogen, Dy,'® in a-iron.

to measure the diffusion coefficient of oxygen in «-iron. The results are
summarized as follows.

1. The internal-oxidation front moves parallel to the specimen surface.
The internal-oxidation process in Fe-Al alloys follows a parabolic rate law.
This fact suggests that the internal oxidation is controlled by a diffusion
process of oxygen in the alloys.

2. The oxide formed in the oxidation layer is a stoichiometric hercynite,
FeAl,O,4, having an atom ratio of oxygen to aluminum of 2.0.

3. A small enrichment of aluminum was found in the oxidation layer,
which is attributable to the counterdiffusion of aluminum. The aluminum
concentration in the oxidation layer calculated from the diffusion coefficient
of aluminum agrees with those determined by both EPMA and chemical
analyses.

4. The oxygen concentration at the specimen surface was calculated
using the thermodynamic data for the reaction in equilibrium with Fe and
FeO and the solution of oxygen in a-iron.

5. The diffusion coefficient of oxygen, D¢, in the oxidation layer was
evaluated from the rate equation for internal oxidation. D&’ measured is
proportional to the volume fraction of the oxide, f’°, in the oxidation layer.

6. The diffusion coefficient of oxygen, Do, in a-iron was determined
by extrapolating D& to f'°=0. D, is given by

85.7i6.1(kJmor1)] _—
— m-s
RT

Do = (1797415 x1077 exp[
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