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Enhanced Diffusion of Oxygen During Internal
Oxidation of Iron Based Alloys

Jeong Y-Lee

Department of Materials Science and Engineer ing, Korea Institute of Technology

Iron-base alloys, Fe-1%Al, Fe-1%Al-1%Hf, Fe-1%Cr, Fe-1%Cr-1%Hf and Fe-2%Hf, were oxidized

in a sealed quartz tube in the oxygen atmosphere produced by the decomposition of FeO in the

mixture of Fe/FeO powder at 800°C for the various time periods of 2 hours to 121 hours.

Results show that the variation of the solute element and the addition of Hf in the iron-base

alloys led to a significant change in the depth of internal oxidation zone and in the internal oxide

distributions. The ratios of the apparent diffusion coefficient of oxygen in the internal oxidation zone

and the diffusion coefficient of oxygen in the alloy lattice were 14.4-42.0. In attempting to interpret

the dependence of the oxide growth rate on the internal precipitate distributions, a model incorporat-

ing enhanced diffusion of oxygen along the incoherent interface between the internal oxide particles

and the alloy matrix was proposed.

It is concluded, from the agreement between experimental results and the model, that the in-

coherent interface between the oxide and the alloy matrix is effective for inward oxygen diffusion in

the internal oxidation zone at this temperature.

1. INTRODUCTION

Iron-based alloys, which have been proposed
for use in coal gasification processes may corrode
quickly if they are unable to form a protective,
slowly growing, external scale. At the same time,
oxygen can diffuse into the alloy and precipitate
as an oxide which would normally form a protec-
tive scale. The process of an oxide being precipi-
tated within the alloy due to the inward diffu-

sion of oxygen is termed internal oxidation.

The models of internal oxidation have
changed progressively over the past years. Wag-
ner? developed general equations for internal
oxidation of a dilute binary alloy, taking into
account the diffusion of oxygen inwards and of
the alloying element outwards. Rappz) and

others3)‘4)

expanded this treatment, still using a
pseudo-binary approach, but pointing out two
limiting cases.. These classical models of internal
oxidation have generally been successful in

describing the internal oxidation behavior of a
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wide range of dilute alloys, in which the solute
metal forms a more stable oxide than the solvent
metal,

The internal oxidation of alloys occurs
through the dissolution of atomic oxygen into
the base metal at the external surface (in the
absence of an external oxide scale) or at the
metal/external scale interface. The dissolved
oxygen diffuses inward through the base metal
matrix containing a given volume fraction of
previously precipitated internal oxide particles.
At an advancing reaction front which remains
essentially parallel to the original surface, the in-
ward diffusion of oxygen and the outward diffu-
sion of the alloying element continuously pro-
vide oxygen and alloying element concentrations
in excess of those corresponding to the solubility
product of the alloying element oxide in the base
metal matrix. Since the solute oxide is very
stable, the concentrations of solute remaining
dissolved in the alloy within the internal oxida-
tion zone, and of oxygen beyond the internal
oxidation zone, should be very low. A repeated
nucleation with some accompanying growth of
particles of the alloying element oxide results,
and the reaction front continues to advance

inward at a decreasing rate, which may be

calculated if the simple model is assumed to hold.

By solving the transport equation under these
conditions, assuming that the previously precipi-
tated internal oxides do not interfere with the in-
ward diffusion of oxygen, the rate of advance-
ment of the internal oxide front can be related

to the fundamental variables:s)

oxygen diffusi-
vity in the metallic matrix of the internal oxida-
tion zone, which is essentially pure solvent as

outlined above, the metallic interdiffusion coeffi-

cient of the alloy, the oxygen solubility of the
solvent, the solute content of the alloy, and the
stoichiometric ratio of oxygen to solute in the
oxide precipitate. In fact, measurements of in-
ternal oxidation rates are frequently used to
determine oxygen permeabilities (product of
solubility times diffusivity) in metals.ém)

8.9,10,10,12) o

Previous researches
shown that the small addition of active element
Hf in the alloy, significantly improved the adhe-
sion of the scale to the metal. The formation of
inwardly gorwing oxide pegs is known as a main
factor for the scale adhesion under both isother-
mal and particularly thermal cycling condi-
tion 19-11) The improved scale adherence is
mainly attributed to the mechanical keying of
the scale to the substrate caused by the develop-
ment of oxide intrusions which penetrate into
the alloy. These intrusions are formed of the in-
ternal oxides which grow inwardly, encapsula-
ting the reactive element oxide particles and
are thus connected to the external scale.®

In attempting to interpret peg formation, it
was suggestedlo)’n) that Al,03 scale grows in-
wardly in the alloy encapsulating the HfO, parti-
cle via enhanced oxygen diffusion along the sup-
posedly incoherent interface between the oxide
particles and the alloy matrix. However, in addi-
tion, the incoherent a/f phase boundaries also

appear capable of acting as easy paths for the in-

ward growth of the oxide.1? Recently, it was
proposed a model® incorporating enhanced dif-
fusion of oxygen along the incoherent interface
between the internal oxide particles and the alloy
matrix in nickel-base alloys. Agreement between
experiment and theory was satisfactory if the

ratio of diffusion of coefficients in the interface
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and the bulk lattice is of the order of 102-103 in
the Ni-Al system and approximately 10* in the
Ni-Cr system. 5)

The objective of the present research is to
study the feasibility of the enhanced oxygen
diffusion along the interface between the internal
oxide precipitates and the alloy matrix, and its
possible influence on the growth mechanism by
directly examing the relationship between the
growth rate and morphology of the internal

oxides at 800°C in iron-base alloys.
2. EXPERIMENTAL PROCEDURE

The Fe-base alloys used in this research were
Fe-1%Al, Fe-1%Al-1%Hf, Fe-1%Cr, Fe-1%Cr-1%
Hf and Fe-2%Hf (all in wt.%). The reasons for
the choice of the alloys were as follows: (1) The
variation of the solute element and the addition
of Hf were more effective in modifying the inter-
nal oxide morphology than the variation of the
solute content. Increasing the solute content led
to an increase in the internal oxide size and
volume fraction. (2) The free energy of forma-
tion for Al,0;, Cr, O3, HfO, is much more
negative than that of FeO,f the lowest oxide of
iron metal. In order to achieve the required
activity of dissolved oxygen at the reaction front,
the pure solvent metal, iron exhibits a significant
solubility and diffusivity for atomic oxygen in its
lattice at the temperature of oxidation. So the
element Al, Cr, Hf can form internal oxide in the
alloy and the solubility product of oxide in the
alloy is negligible, (3) The solute content must be
small so that the diffusivity is independent of the
concentration. And the solute metal content
must be lower than the concentration to cause

the transition from internal to external oxidation.

But it must be enough to observe the enhanced
diffusion effect if it exists.

The alloys were prepared by vacuum melting
in a high frequency induction furnace and casting
into cylindrical molds of 3x28 c¢m. All the alloys
listed above were cut in small rectangular sample
of 15x10x3mm. Internal oxidation was carried
out in a Rhines pack, using Fe/FeO powder mix-
tures as the source of oxygen. The oxygen pres-
sure inside the reaction tube was set by the Fe/
FeO mixture maintained at the reaction tempera-
ture. Care was taken to grind the mixture and mix
with a small amount of Fe, in order to avoid
oxidizing the FeO to Fe;0,4, after each experi-
ment in preparation for the following one.

For internal oxidation without external
scale, the oxygen partial pressure in the environ-
ment must be greater than that required to
oxidize the alloying element but less than re-
quired to form FeO. The relative contribution
of the interface boundary diffusion diminishes
rapidly with temperature, so the oxidation tem-
perature must be low in the temperature range,
where the high temperature corrosion is the
Thus,

oxidized in the sealed quartz tube containing Fe/

major problem. the specimens were
FeO powder mixtures at 800°C for the various
time periods of 2 hours to 121 hours.

Depths of internal oxidation were measured
in an optical microscope from metallographi-
cally prepared cross-sections. The oxide particle
size and area fraction were evaluated from sec-
tions parallel to the original alloy surface, around
the middle of the internal oxidation zone. The
specimens were etched by partial selective alloy
dissolution in a 10% bromine-methyl alcohol
solution at 40°C for five minutes, technique

devised to examine the morphology of internal
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oxide precipitates. These specimens were sub-
sequently gold plated for observation under a
scanning electron microscope.

The determination of the composition of the
oxide precipitate within the internal oxidation
zone was based on energy dispersive x-ray micro-
analysis and x-ray diffraction analysis. To mini-
mize interference from the substrate, the mea-
surements were performed on deeply-etched spe-

cimens.

3. RESULTS AND DISCUSSION

Figure 1 shows the depths of the internal
oxidation front, measured from the alloys/gas
interface, as a function of the square root of time
for the five iron-base alloys. Since the samples
were oxidized in a sealed quartz tube in the oxy-
gen atmosphere produced by the decomposition
of FeO in the mixture of Fe/FeO powder at
800°C, any external scale was not observed in
the optical and scanning electron micrographs.
The plot has been made with the assumption of
the parabolic rate law by plotting x, the depth of
the zone of internal oxidation, versus the square
root of time, /F. A straight line is then forced
through the points defined for each sample and
the values of the slope were calculated by the
least square method. It can be noted that the
greatest slope, that is, x/,/F , is obtained with
Fe-2% Hf alloy and the smallest with Fe-1%Al
alloy. It is known that the small addition of Hf

9 which in-

reduces the overall oxidation rate,
cludes the external oxide growth rate. However,
it is evident that the addition of Hf to Fe-1%Al
slightly increased the slope, that is, the internal
oxide growth rate. And the addition of Hf to Fe-
1%Cr significantly affected the slope as shown in

Fig. 1.
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Fig. 1. Parabolic plot of internal oxidation zone growth.

According to the analysis of Wagner,13) if
the kinetics of the reaction are diffusion cont-
rolled, the depth of the internal oxidation zone,

X, varies linearly with the square root of time.
% =2y (D" (1)

where D, is the diffusivity of oxygen in the base
metal and 7 is a dimensionless parameter depen-
dent on the relative contribution of the diffusion
of the component being internally oxidized in

the internal oxidation zone, or in another form,

X = kJ/r (2)

where k is the parabolic rate constant for the
advance of the internal oxidation zone. Using
Fick’s second law, for the one dimensional case
of oxygen diffusion,

NG alNo

3
ot ax? *

where the boundary conditions are:
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No=NS forx =0,1>0 (3a)
NO=0for x>Xxt >0, (3b)

where x is the distance from the alloy surface,

and NO and Ng) are the mole fractions of

dissolved oxygen in the base metal and of oxygen
at the external surface respectively. Using Fick’s

second law once again for the active element B,

2
BNB _ d Np @
ot ox?
with the boundary conditions
Npg =Nl§°) for x=0,1=0 (4a)
Np=Ofar x <X, t > 0, (4b)

where NB and N (0) are the mole fractions of B
in the internal oxidation zone and of B in the
original base metal respectively. The solutions to

equation (3) and (4) are:

%)
erflx/(D )]
No =No('8){1— — } (5)

erf ()

1_erfc [x/(D B't)l/z]

VI
NB_NBO){ (6)

erfe (v9")

where ¢ =DO/D B is the ratio of lattice diffusion
coefficients of oxygen to B in the alloy. At the
internal oxidation front, the flux of oxygen
atoms arriving from the external surface must be
equivalent to the flux of B atoms arriving from

the bulk alloy, if an insoluble and stoichiometric

BOV particle is precipitated:

“aNO) =
0x x=x—¢

lim { — D, (
5-’0[ 0

an
PO (B ey s 5] N
Ox

where v is the ratio of O/B atoms in the oxide.
Subsituting equations (5) and (6) into Equation

(7) and rearranging the statement yields:

N§ exp (F) erf (7)
— = (8)

PNS? 9% exp(y? Blerfe (Yo%)

Thus, if equation (7) and the boundary condi-
tions (3) and (4) are valid and all the quantities
of equation (8) are known except v, Y may be
obtained via graphical or numerical analysis.
once 7 is obtained, the diffusivity of oxygen can
be calculated from equations (1) and (2).

Usually, equation (8) is used in one of two
limiting forms: (a) for the first limiting case,
when v €1 and y¢* > 1, equivalent to DB/DO
< NN V<1 and

(s Y,
No

2vN1§°) ©

and (b) for the second limiting case, v <€ 1 but
’)'(;’)1/2 < 1, equivalent to Nés)/Ngo)< DB/DO <
1 and
15, (s)
(7)) “Ngy

Y~ W (10)
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These two limiting cases also correspond to (a)
insignificant diffusion of component B during
the internal oxidation process and consequently
no enrichment of B in the internal oxidation
zone, and (b) significant diffusion of component
B during the internal oxidation process and
hence its enrichment within the internal oxida-
tion zone respectively.

Table 1 shows relevant solubility and diffu-
sivity data in iron-base alloys. From these solu-
bility and diffusivity data, it is possible to deter-
mine which limiting case is applicable to the pre-

sent systems.

Table 1. Solubility and diffusivity values in

Fe-base alloys.

Diffusivity of O in Fe®®  3.4x107 cm?/se-

Diffusivity of Alin re1®  1ox10M! cmz/sec

Diffusivity of Cr in Fel?  5.4x10712 cm2/sec

14

Diffusivity of Hf in Fell®) 1.0x10 cmzlsec

However, in the Fe-Al system, estimations of the
ratios D AI/DO and N, g )/N l(;o) were very similar
as Dy/Dp = 291073 and NS NG = 1.2x
10'3 for the Fe-1%Al alloy. However, as shown
later, DO may well be altered by the inferface
between the internal oxide and the matrix alloy,
whereas this is unlikely with D Al since aluminum
diffusion is only significant in the alloy below
the precipitation front. Thus, a clearer distinc-
tion between the two limiting cases is possible
using the experimentally determined internal oxi-
dation depths. From equation (1) and the ratio

¢-= DO/DB’ it is seen that

9" = /2 /D[ . (11

Rewriting equation (8) as

NS exp (P)erf (1)
N Fyg %)

(12)

where the auxiliary function F(y ¢%) has been
defined by Wagnerl) and noting that under all
conditions y¢" > 2, and F(y¢ ¥ > 0.9 ~ 1, gives

N

= exp (V) erf (7) (13)
VN (o)
B
Using the solubility data in Table 1 and ¥ = 1.5
for Al, O3 gives

N (s)

o __ 2 -4
—o " exp (v )erf (v)~ 7.8x10 (14)
Np

and hence v € 1. Thus, in the Fe-Al system, the
first limiting case is valid, that is, the growth rate
is controlled by the inward diffusion of oxygen
with negligible outward diffusion of aluminum.
In the Fe-Cr system, the diffusivity of Crin
the alloy is about one order of magnitude lower
than that of aluminum as shown in Table 1, and
it can be expected that the first limiting case is
valid. In the Fe-Hf system, the diffusivity of Hf
in the alloy is about three orders of magnitude
lower than that of aluminum (see Table 1), and
consequently the first limiting case is also valid.
Thus, in all cases in this study, the parabolic rate
constant for the advance of the internal oxida-
tion zone, k, is given by combination of equa-
tions (1), (2) and (9) as
x 2N8)D0
k== =" — (15)
N Y S
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The ratio of oxygen to B component in the
stoichiometric precipitate has a value of 1.5 in
the Fe-Al and Fe-Cr systems since the precipitate
oxide is primarily either Al, O3 or Cr,0;. How-
ever, a value of v of 2.0 in the Al-Hf system, cor-
responding to HfO, was used to calculate the
oxygen permeability product (solubility x diffu-
sivity product). The composition of the oxide
precipitates within the internal oxidation zone
was determined by energy dispersive x-ray analy-
sis and x-ray diffraction analysis. The parabolic
rate constants, which were measured from the
slopes in Fig. 1, are included in Table 2. From
these data, the oxygen permeability product
NO(S)DO was calculated from equation (15).
Since, as shown later, D o may well be altered by
the interface between the internal oxide and the
matrix alloy, the apparent oxygen diffusivity,
DO,app’ was calculated using the value of the
oxygen solubility in Table 1. Values are also in-
cluded in Table 2.

Table 2 shows that the apparent diffusivity
values increase with adding Hf in the alloys and

the apparent diffusivity value obtained from the

Fe-2%Hf is greatest. In order to understand this
apparent increase in diffusivity it is appropriate
to consider the morphology of the internal oxide
precipitates.ls)

Figure 2 shows typical transverse sections
which were taken on deeply-etched samples with
a 10% bromine-methyl alcohol solution on a
scanning electron microscope. In the Fe-Al
system, the internal oxide precipitates tend to be
acicular in nature, orientated perpendicularly to
the original alloy surface, whereas in the Fe-Cr
and Fe-2%Hf systems the precipitates are poly-
hydral and spherical in shape, respectively. In
the Fe-1%Al alloy, the precipitates adopted the
form of needles with several branches. Notice
that there is a relatively denser population of
precipitates at this alloy grain boundary due to
preferential heterogeneous nucleation of the
internal oxide at the grain boundary, as shown
in the Fe-1%Cr alloy in Fig 2. In contrast to the
needle-like precipitates formed in the Fe-1%Al
and Fe-1%Al-1%Hf alloys, the addition of Hf to
the Fe-1%Cr alloy did not lead to a noticeable
morphological change as shown in Fig. 2.

Table 2. Experimental and calculated data for the internal oxidation of Fe-base alloys.

Alloy kx10° 1Dy 0pnX10° | Doy D | 7x10% |4, (4 7d)x107
cm/vgec | cm?/sec cm em™?
Fe-1%Al 1.15 8.50 25.0 0.3840.06| 0.426 2.24
Fe-1%Al-1%Hf | 1.22 9.56 28.1 0.33%0.12] 0.467 2.83
Fe-1%Cr 1.19 4.91 14.4 1.2320.31| 0.224 0.36
Fe-1%Cr-1%Hf | 1.56 8.20 24.1 0.97%0.17| 0.310 0.64
Fe-2%Hf 2.32 14.3 42.0 0.28+0.05| 0.558 3.18

k: precipitate growth rate constant, DO ap" apparent oxygen diffusivity, r: average particle

radius, on: area fraction of oxide, AI.: area fraction of interface, d: width of interface.
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Fig. 2. Scanning electron micragrophs showing internal

oxide morphology in iron-buse olloys from transverse sections
parallel 1o the original alloy surface after deeply etching

in o bromine-methyl alcoho! solution. {a) Fe-1 7Al,

If oxygen diffusion within the internal oxi-
dation zone is enhanced along the incoherent
interface between the internal oxide particles and
the alloy matrix, the apparent flux of oxygen
through the internal oxidation zone is considered
as the sum of the fluxes of oxygen through the

alloy matrix, ‘,m’ the internal oxide/matrix

(b) Fe-1% Al-1% HE, {c) Fe-1% Cr, (d) Fe-1% Cr-1% HE

and {d} Fe-2% Hf.

interface, Ji’ and the internal oxide precipitates

themselves,Jox. Thus,

qup :']mAm + ‘IzAi + 'loxA ox (16)

where Am, Ai and on are area fractions of alloy

matrix, interface and internal oxide in a unit
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cross-sectional area parallel to the original alloy
surface. Since oxygen diffusivities in the internal
oxides themselves are very small in compared to
those in the alloy matrix and the incoherent
interface, the third term in equation (16) can be
neglected. Then the apparent diffusion coeffi-
cient for oxygen in the internal oxide zone is

defined as

Do ap =Po,mAm *Po i (17

where DO,m is the diffusion coefficient of oxy-
gen in the alloy matrix and D(),i the diffusion
coefficient in the incoherent interface. Since the
interface width, d, is presumably taken as several
interatomic distances, the area fraction of the
interface is negligible in comparison to the area

fractions of alloy matrix and oxide, Thus,

. = _ + .
DO, app DO, m(l on) DO,zAz (18)
and
D D,
O,app 0,i
—=(1-4,) + A (19)
DO,m DO,m

Both these diffusion coefficients are assumed in-
dependent of composition. The ratio, DO,app/

DO m is expected to increase with the increase

of the area fractions of interface and alloy matrix.

The ratio, DO,app/DO,m’ was calculated using
the value of the oxygen diffusivity in Table 1.
Values are given in Table 2. The ratios, DO,app/

DO m » show relatively high values ranging from

14.4 in the Fe-Cr alloy to 42.0 in the Fe-Hf alloy
in Table 2, which implies that there is a large

enhancement of oxygen diffusion in the internal

oxidation zone, Thus, it is appropriate to con-
sider that oxygen diffusion is enhanced along the
defects, most probably the in coherent oxide/
matrix interface, in the internal oxidation zone.
The area fractions, on and Ai’ depend,

among other factors, on the morphology of the

internal oxides. For evaluation of these fractions

from the scanning electron micrographs, it is
assumed that the internal oxides in the Fe-Cr
system take the form of discs in a cross-sectional
plane parallel to the external surface. The radius
of the discs, spheres and needles is designated r.
In fact, instead of the area fraction of the inter-
face, the apparent oxide/matrix interface bound-
ary density, which is designated Ai/d' was calcu-
lated using the measured distributions. The mea-
surements included all particles on at least 20
scanning electron micrographs. The results are
shown in Table 2. For this evaluation, the speci-
mens were slightly etched in a 1% bromine-
methyl alcohol solution at room temperature
since deeply-etched specimens revealed the inter-
nal oxides themselves rather than the internal
oxide/alloy interface. Typical transverse sections
which were used for evaluation for all alloy
compositions are included in Fig, 3. They clearly
show that there is a remarkable difference in the
distribution of the internal oxides. There is a
relatively large variation in boundary density
with a significant difference in internal oxide dis-
tribution, which arose from varying alloy com-
position and active element addition.

By comparing the apparent oxygen diffusivi-
ties with the apparent oxide/matrix interfacial
boundary densities in Table 2, it clearly shows
that there is a significant variation in boundary
density with the apparent oxygen diffusivity.

For instance, increasing the ratio, DO,ap p/DO,m’
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from 14.4 in the Fe-Cr alloy to 42.0 in the
Fe-Hf alloy led to an increase in the interfacial
boundary density from 0.36x10* cm™ in the Fe-
Cr alloy to 3.18x10% cm™ in the Fe-Hf alloy.
Thus, it seems appropriate to consider that the
dependence of the apparent oxygen diffusivity
on the interfacial density infers that the in-

coherent interface between the internal oxide

-
rz-nm! e
) T

transverse sections parallel to the original surface after

slightly-etching in @ bromine-methyl alcoho! solution.
{a) Fe-1% Al, (b) Fe-1% Al-1% Hf, (¢} Fe-1% Cr,
(d) Fe-1% Cr-1% Hf and (d) Fe-27 Hf.

and the alloy matrix enhanced oxygen diffusion,
that is, the internal oxide growth was controlled
by oxygen diffusion, most probably along the
interfacial boundary, at this temperature. The
deviations from the expected dependence of the
apparent oxygen diffusivity on the interfacial
density might be due to the fact that the true
boundary density would be greatly different.

Fig. 3.Internal oxide morphology in iron-base alloys fron
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since the actual interface width depends on the
degree of incoherency.

Previous investigations.m)’ll) have shown
that Al,O3; scale grows inwardly in the alloy
via enhanced oxygen diffusion along the sup-
posedly incoherent interface between the oxide
particles and the alloy matrix. Furthermore, the
incoherent «/f phase boundaries also appear
capable of acting as easy paths for the inward
growth of the oxide.'? In nickel-base alloys, it

has been shown®

that the internal oxides grow
by enhanced diffusion of oxygen along the in-
coherent interface between the internal oxide
particles. Results of the present research are con-
sistent with those of these previous investiga-

tions,
4. CONCLUSIONS

The variation of the solute element and the
addition of Hf in the iron-base alloys led to a
significant change in the depth of internal oxida-
tion zone and in the internal oxide distributions.
The ratios of the apparent diffusion coefficient
of oxygen in the internal oxidation zone and the
diffusion coefficient of oxygen in the alloy
lattice were 14.4-42.0. In attempting to interpret
the dependence of the oxygen diffusivity on the
internal precipitate distributions, a model in-
corporating enhanced diffusion of oxygen along
the incoherent interface between the internal
oxide particles and the alloy matrix was pro-
posed. It is concluded, from the agreement
between experimental results and the model, that
the incoherent interface between the oxide and
the alloy matrix is effective for inward oxygen
diffusion in the internal oxidation zone at this

temperature.
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