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The diffusion constants of oxygen in nickel and «-iron are calculated from experimentally
determined internal oxidation rates in dilute silicon-bearing alloys. A single crystal alloy

of composition 0.058 wt %, silicon in nickel and polycrystalline alloys of composition 0.48 wt
% silicon in nickel and 0.072 wt %, silicon in iron were oxidised and allowance is made for
the absorption of oxygen in the reaction with silicon. For nickel the values of activation
energy Q = 73.9 kcal/g atom in the range 800 to 1200° C and Q = 74.4 kcal/g atom in the
range 900 to 1300° C are in good agreement with a previous result. The activation energy
required for oxygen diffusion in a-iron was found to be 39.9 kcalfg atom in the range

700 to 850° C.

1. Introduction

There have been few determinations of the
diffusion constants of oxygen in nickel reported
in the literature. The results of Goto et al [1],
appear to be the only recently published values
for the temperature range of interest, i.e. 800 to
1300° C. Smithells and Ransley [2] give a value
for the activation energy for diffusion and values
of the diffusion coefficient in the temperature
range 900 to 1050° C but, as pointed out by
Meijering and Druyvesteyn [3], these values are
probably in error. The diffusion constants have
been measured in a lower temperature range (680
to 830° C) by Messner ef al [4]. No data on the
diffusion constants of oxygen in a-iron can be
found in the literature.

The experimental technique used to measure
the diffusion constants is the same as that used
by Goto et al, namely exclusive* internal
oxidation. The measurements reported here
form part of an investigation into the structure
and magnetic properties of internally oxidised
ferromagnetic alloys. Internal oxidation provides
diffusion data on oxygen that can be applied to
the pure metal because the oxidation is diffusion-
controlled [5], i.e. the diffusion of both the
interstitial oxygen and the reacting substitutional

**Exclusive” means that only the solute is oxidised.

solute is governed by normal diffusion equations
of the form

D = Dye-9RT,

The precipitated oxide acts as a marker and at
sufficiently small concentrations of the solute the
effect of the well dispersed oxide product on the
diffusion of oxygen is negligible. When account is
taken of the absorption of oxygen by the solute,
values of the diffusion constants of oxygen in
the base metal are obtained.

2. The Rate of Internal Oxidation

If a dilute alloy, in which the solute has a greater
aflinity for oxygen than the solvent, is heated in
an oxidising atmosphere, oxygen may diffuse
into the alloy, react with the solute and cause a
solute oxide to be precipitated in the parent
matrix. This process is called internal oxidation.

It is assumed that the distribution of dissolved
oxygen and dissolved alloying element at some
stage in the internal oxidation of a dilute alloy
can be represented by fig. 1. The oxygen is
supplied to the outside surface at a sufficient
rate to maintain saturation of the base metal, and
diffusion inwards occurs along the concentration
gradient Co~Cy. Upon precipitation of the solute

797



R. BARLOW, P. J. GRUNDY

OXIDIZED ZONE | UNOXIDIZED ALLOY c
S
c
c
Z 0]
2 No &
: % $
P4 3 o,
Z & “
Z -
3]
3
o Cv\\
<
% ]
DISTANCE

Figure 1 Ideal distribution of dissolved oxygen and solute
element during the internal oxidation process.

oxide, a solute concentration gradient is
produced and the form of this gradient is
governed by the relative diffusion rates of oxygen
and solute in the base metal [5].

The growth of the oxidised zone in dilute
alloys has been shown [6, 7] to follow a relation
of the form

X%t (D

where X is the depth of penetration of the
oxidised zone and ¢ is the time of oxidation. This
time is also dependent upon the temperature of
oxidation T as

t oc e @RT (@)

where Q is an activation energy. Thus the
growth rate of the internally oxidised zone can be
expressed in the form of the well known diffusion
law as

2
ft — Do @RT 3)

where D, is a constant of proportionality.

By a derivation based on Fick’s law, Rhines [6]
showed that the time-dependence of the growth
of the internally oxidised zone at constant
temperature can be expressed as

0]
X2 2COD0 - 1.68 ’S Cst
il 4
f 0] c Co @
s&T3

if the oxygen and solute concentration at the
oxidation front, Cx and Cy respectively, are
assumed to be zero. Here Do and Ds are the
diffusion coefficients of oxygen and solute
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respectively, C, is the oxygen concentration at
the solubility limit, Cs is the original alloy
concentration and O/S is the weight ratio of
oxygen to metal in the oxide precipitated.

The equation is expected to hold to within
1% as long as

DoCo S
DsCs O

>5 (5)

3. Experimental Procedure

The single crystal alloy (Ni~0.058 wt % Si) was
grown by Metals Research Limited from 5 N
purity materials whilst the polycrystalline alloys
used were prepared from Johnson Matthey
Limited spectroscopically pure nickel, iron and
silicon.

Discs of 3 mm diameter and thickness ~ 500
pm, obtained by spark-machining, were intern-
ally oxidised for various times and at several
temperatures in a “‘Rhines pack” [8]in a closed
silica tube. In this “Rhines pack” the partial
pressure of oxygen is maintained at the dissocia-
tion pressure of the lowest oxide of the base
metal so that only the oxide of the less noble
solute element can be formed. For the nickel
alloys the pack was composed of NiO-Ni,O,, Ni
and Al,O; powders in the ratio 2:1:1 and for the
iron alloy Fe,O;, Fe and Al,O4 powders in the
same ratio.

The penetration depth of the oxidation front
was measured using an optical microscope after
the discs had been embedded in a plastic
material, sectioned, mechanically polished and
finally electropolished (nickel alloys) or etched in
5% nitric acid-ethanol solution (iron alloy).

4. Results
4.1. Nickel

As previously reported [7], penetration depths
of the internal oxidation front, in a single crystal
Ni-0.058 wt 9 Si alloy, have been measured for
varying oxidation times and at several tempera-
tures in the range 800 to 1200° C. It was found
that equation 3 expressed the temperature-
dependence of the penetration rate of the
oxidation front. Consideration of equation 3
shows that X?%/f, the penetration rate, may be
considered as the “diffusion coefficient” (Dox)
of the oxidation front. The constants (D¢)ox and
(Q)ox for this alloy were computed from a plot of
In X2/t against 1/T by the method of least
squares as 9.7 4+ 1.0 x 10% cm?/sec and 70.9 4
2.3 kcal/g atom respectively (table I,
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TABLE I Experimentally and theoretically determined internal oxidation constants for the Ni-Si alloys considered.

Alloy Temperature range  (De)ox cm?/sec (Q)ox keal/g atom
Experimental Ni-0.058 wt 9 St 800-1200° C 9.67 4+ 0.95 x 10° 70.9, + 2.28
Experimental Ni-0.48 wt % Si 900-1300° C 1.51 4+ 0.07 x 108 71.5¢ 4+ 0.88
Theoretical Ni-0.48 wt % Si 900-1300° C 1.46 4 0.03 x 10® 71.5; 4-0.37
Experimental Ni-0.77 wt % Si 1000-1300° C 1.86 + 0.13 x 10® 73.2, + 1.50
Theoretical Ni-0.77 wt % Si 1000-1300° C 1.70 & 0.04 x 10° 73.4, + 0.84

Values of Dox calculated using these results
can then be substituted, together with appropri-
ate values for the other constants, into equation 4
to give values of the diffusion coefficient of
oxygen in nickel, Dy, at several temperatures in
the range 800 to 1200° C. The values of C, used
in these calculations were those abstracted by
Smithells [9] while values of Ds were calculated
from data given by Swalin et o/ [10]. It is
probable that the C,, values used were the main
source of error in the calculation because of
interpolation at certain temperatures. The
temperature-dependence of the diffusion coeffi-
cient D, of interstitial oxygen in nickel is given
by a normal diffusion equation, so that D¢ and Q
can finally be computed from a plot of In D,
against 1/7. The values so obtajned are D, =
7.9 +£0.1 x 10* cm?ssec and Q = 73.9 0.5
kcal/g atom (table II).

A similar calculation applied to the penetra-
tion rate measurements made on a polycrysialline
Ni-0.48 wt 9 Si alloy gives D, = 9.5 4- 0.1 x
- 10* cm?¥/sec and Q = 74.4 + 0.3 kcal/g atom

(table 1I).

The accuracy of equation 4 when applied to
nickel-silicon alloys can be checked by substitu-
tion into the inequality 5. It is found that the
inequality holds at 800° C provided Cs < 0.57
wt 7 and at 1200° C provided Cs < 1.75 wt .

The oxidation constants of the Ni-0.48 wt %/
Si alloy and a polycrystalline Ni-0.77 wt % Si
alloy have been determined experimentally and
theoretically, (using the Rhines equation, 4), the
results being shown in table 1* It can be seen
that there is good agreement in both cases
between the experimental and calculated values
which shows that equation 4 is accurate to
within 1% at these low alloy concentrations. The
oxidation front penetration rate in the Ni-0.77
wt 9 Si was little different from that in the
Ni-0.48 wt 9 Si alloy, although occasionally the
oxidation product acts as a barrier to the diffus-
ing oxygen, making the penetration depth
measurements more inaccurate. The precipitated
oxide structure in the Ni-0.77 wt % Si alloy was
similar to that in the Ni-0.48 wt % Si, being
mainly filamentary in the grains and a continu-
ous film in the grain-boundaries [7], and it is this

TABLE Il Diffusion constants for oxygen in nickel calculated from measurements on (a) a single crystal Ni-0.058 wt
% Si alloy (b) a polycrystalline Ni-0.48 wt % Si alloy.

Temperature ° C Do cm?/sec D¢ cm?/sec Q kcal/g atom
(a) Ni-0.058 wt % Si 800 8.38 x 1011
850 4.38 x 10-10
925 3.19 x 10®
1000 1.78 x 10-8
1075 9.99 x 10—
1150 4.19 x 10-7
1200 1.00 x 10-¢
800-1200 7.9 £ 0.1 x 10* 73.9 £ 0.5
(b) Ni-0.48 wt % Si 925 3.17 x 10-*
1000 2.00 x 10—
1075 1.01 x 107
1150 4.29 x 1077
1200 1.03 x 10-¢
1250 2.33 x 10—
1300 4.91 x 10—¢
900-1300 9.5 £ 0.1 x 10 74.4 £ 0.3

*The theoretical determination was made by substituting the appropriate value of D,

as determined from the 0.058 wt

% Si single crystal alloy, into equation 4 for the 0.48 wt % or 0.77 wt % alloy.
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grain-boundary precipitation that produces the
barrier to diffusing oxygen.

4.2, [ron

The penetration depths of the internal oxidation
front were measured in a polycrystalline Fe-0.072
wt % Si alloy for varying oxidation times and at
several temperatures in the range 700 to 850° C.
The temperature range is limited because below
700° C the oxidation rate is extremely slow, while
above 850° C enhanced grain-boundary precipi-
tation begins to take place, causing uncertainty in
the penetration depth measurements, The con-
stants (Dc)ox and (Q)ox were computed from a
plot of In X?/¢ against 1/T by the method of
least squares as 90 4 20 cm?/sec and 53.6 4- 2.5
kcal/g atom respectively. Unfortunately values of
Ds in a-iron in the temperature range considered
cannot be found in the literature. However, the
diffusion coefficients of substitutional alloying
elements are consistently two orders of magni-
tude less than those of the interstitial oxygen, so
that the Rhines equation can be modified for use
on iron alloys without the introduction of any
appreciable error. The equation thus becomes.

X2{1 GO 1
D°*7(§co S+6>
Several values of X2/t and C, can then be
substituted to give values of the diffusion
coefficient of oxygen D, in a-iron in the tempera-
ture range 700 to 850° C. The values of X?/f used
in these calculations were determined by using
the (Do)ox and (Q)ox values given above, while
the values of C, were those given by Seybolt
[11]. The values of Do so calculated are shown in

table TII.

TABLE Il Diffusion constants for oxygen in a-iron
calculated from measurements on a poly-
crystalline 0.072 wt 9, Si-Fe Alloy.

Temperature Do cm?/sec D¢ cm?/sec O kecal/g atom

°C

700 5.26 x 1071°

725 8.97 x 107

750 1.37 x 10—?

175 2.28 x 10-*

800 3.40 x 10~°

825 5.28 x 10~°

850 7.67 X 107

700850 04 +01 399 +03

The temperature dependence of the diffusion
coefficient of interstitial oxygen is given by the

800

normal diffusion equation, so that the constants
D and Q can be computed from a plot of In D,
against 1/7. This computation yields the results
D¢ =04 4+ 0.1 cm?sec and Q =399 1 0.3
kcal/g atom. The sizeable difference between the
activation energy values for the alloy and pure
metal is a result of the large increase in oxygen
solubility in the temperature range considered.
In fact the solubility increases by a factor of 3,
being 0.008 wt ¢} at 700° C and 0.023 wt 9 at
850° C. Equation 5 should hold to within 1% for
the iron alloy in the temperature range
considered, provided that Do/Ds > 50. The value
of Ds is unknown, but this ratio governs the
dispersion of the oxide product, and electron
microscopy has shown that the degree of disper-
sion of the oxide in the iron alloy is similar to that
obtained in the most dilute nickel alloy where
Do/Dg ~ 650. Thus it can be assumed that
equation 5 is applicable to the iron alloy con-
sidered here.

5. Discussion

The determined values of activation energy Q for
interstitial oxygen diffusion in nickel are in
reasonable agreement with the value given by
Goto, i.e. 73.9 and 74.4 compared to 72.0 kcal/g
atom. However our diffusion coefficients D, in
the temperature range 900 to 1300° C are con-
sistently a factor of three higher than those of
Goto. An explanation of this could be found in
the fact that he used nickel-chromium alloys
with a large solute content, ~ 0.6 to 4.0 wt %,.
It is probable that at these concentrations the
precipitated oxide will have an impeding effect on
the diffusing oxygen, thus reducing the diffusion
coefficient D,. The difference in the activation
energies determined here is within the experi-
mental error, while the values of D, are such that
calculation of the diffusion coefficient D, with
both sets of data gives results which are in
excellent agreement. Comparison of the D,
values in table II shows the order of this
agreement.

The values of the diffusion coefficient D, in
a-iron shown in table T1I are consistently a factor
of four higher than those given by Schenck et a/
[12]. The experimental technique use by Schenck
et al to determine the diffusion coefficients was
the same as that used in this work, namely
exclusive internal oxidation of dilute Si-Fe
alloys, but the alloy concentration was never less
than 0.24 wt 9 Si. The difference in alloy
concentration used in the determinations may
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account for the difference in diffusion coefficients
obtained. The alloy activation energy deter-
mined here is in reasonable agreement with
values given by Schenck et al [12].
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