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Abstract: The kinetics of internal oxidation of dilute Cur Al alloys, containing 0. 447 5% ~ 2. 214% Al (mole frac-

tion) was investigated over the temperature range of 1023 = 1273 K and the depth of internal oxidation was meas-

ured by microscopy. Based on non-steady-state diffusion, a rate equation is derived to describe the kinetics of inter-

nal oxidation of plate: X = th—, where X is the oxidation depth, ¢ is the oxidation time. For the internal oxidation of

Cu Al alloys employed in the synthesis of alumina dispersion strengthened copper, the permeability of oxygen in sol-

id copper is obtained from the internal oxidation measurements. Investigation shows that the depth of the internal

oxidation is a parabolic function of time, the typical shape of the front of internal oxidation is of planar morphology,

and there is no evidence for preferential diffusion along grain boundaries.
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1 INTRODUCTION

Internal oxidation provides a method of dis-
persion hardening. Considerable efforts have been
devoted to this method and encouraging results
have been obtained in some systems, for example,
CuAl, CuCr, CuTi, and CoTi alloys“-s]. And
now internal oxidation has become the most con-
venient method for producing oxide dispersion

strengthened ( ODS)

[6711]

copper on a commercial
scale
The internal oxidation rate equation based on
quaststeady-state assumption is often referred in
the literatures'™ "' . On the other hand, the nonr
steady-state diffusion rate equation is seldom re-
ported. The diffusion of oxygen in solid copper
during internal oxidation is considered in the non-
steady-state, and the research on non-steady-state
diffusion rate equation will be necessary in order to
better describe the kinetics of internal oxidation.
In the present research, the nomrsteady-state
diffusion rate equation for internal oxidation of Cu-
Al alloy plate was derived. According to this equa-
tion, the permeability of oxygen in solid copper
was estimated from the internal oxidation measure-

ments in Cu-Al alloys.
2 EXPERIMENTAL

The Cu-Al alloys for internal oxidation were
prepared by melting oxygenfree high conductivity
copper ( 299.95% ) together with electrolytic alu-
minum ( 299. 90%) in a vacuum induction fur-
nace. The melts were cast into ingots of 80 mm in
diameter and 150 mm in length. The aluminum
mole fractions (x 1) of the prepared CuAl alloy in-
gots are 0.4475%, 0.9892%, 1.6957%, and
2.214 0%, respectively. Then the ingots were
scalped and swaged to square bar of 14 mm X 14
mm. The square bars were then annealed for hom-
ogenization at 1 173 K in argon for 10 h. The oxi-
dation samples of 120 mm X 10 mm X 1. 5 mm were
cut from the as-annealed bars. In order to stand-
ardize the surface condition, each sample was
cleaned and smoothed on fine metallographic emery
paper prior to the oxidizing treatment.

In order to induce internal oxidation without

formation of a surface scale, the specimens were

packed in a powder mixture of 30% Cu20, 20% Cu
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and 50% A1:0;, and sealed in evacuated copper
containers. The Cu and Cu20 powders were served
to establish the oxygen partial pressure at the dis-
sociation pressure of Cu20 while the ALO; was
served to minimize sintering of the mixture. Each
container held one specimen of each alloy. Oxida-
tion temperatures of 1023, 1123, 1223, and 1273
K were used with at least four oxidation times be-
ing employed for each temperature.

The oxidized planar specimens were mounted
and sectioned perpendicular to the broad face with
at least 2 mm being removed from the length in or-
der to eliminate end effects. After metallographic
preparation, the depth of oxidation of each sample
was measured at 10 points in the cross section un-
der an optical microscope equipped with a micro-
meter stage. The OM and SEM micrographs were
taken to the samples.

3 RESULTS AND CALCULATION

3.1 Profile of interface

Fig. 1 shows that the typical shape of internal
oxidation front is of planar morphology, and there
is no evidence for preferential diffusion along grain
boundaries. This suggests that in the process of
internal oxidation, oxygen permeates mainly in the
form of volume diffusion.

3.2 Kinetic equation
Internal oxidation is a process by which oxy-

gen diffuses into an alloy and causes sub-surface

(a)

precipitation of the oxides of one or more alloying
elements.

Considering a planar specimen of Cu-Al alloy
in which Al is a dilute solute and forms a very sta
ble oxide (Al203), as a simplification to internal
oxidation kinetics, the following approximations
have been made( Fig. 2) .

(a) (Da= 0): the diffusion coefficient of sol-
ute Al in Cu (Da1) can be neglected, which means
that the counter-diffusion of solute Al is assumed
to be negligible.

(b) (co= constant): the oxygen is taken up
rapidly from the oxidizing atmosphere, so that the
surface oxygen concentration is practically equal to
the solubility (co) of oxygen in Cu.

(¢) ( Sharp moving boundary): the reaction
takes place only and completely at a sharp bounda-
ry plane between the internally oxidized and the re-
maining part of the specimen. This means in front
of the advancing sharp boundary, the concentra-
tion of freely diffusing oxygen is zero, while be
hind it all of the solute Al in Cu-Al alloys has been
converted to ALOs.

Suppose the oxidation front (moving bounda-
ry) at time ¢ is at point of X= X (¢).

According to Fick's second law, in the region
0< x< X, there is

aZ

ac: Do 55 (at O< x< X, for all ¢) (1)
ot Ox

where ¢ is the oxygen concentration.

And ¢= co(at x= 0 for all 1) (2)
At the moving boundary:

Fig. 1 Photomicrographs of Cu-Al alloys after partial internal oxidation for 10 h at 1273 K
(a) —OM micrograph of Cu-1.695 7% Al alloy (un-etched); (b) —OM micrograph of Cu-1. 695 7% Al alloy (etched);
(¢) —OM micrograph of Cu-0.989 2% Al alloy (etched); (d) —SEM micrograph Cu-2.214% Al alloy
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Here the rate equation to describe the kinetics
of internal oxidation is XAls= k. The value of the
constant k is determined by equation (11).
7 % The relation between the ratio co/ca and
; k/(2 UDo) is represented in Fig. 3.
V]
; 1.0
/ :
% x — Line based on Eqn.(11)
%Cm 08+ o — Line based on Eqn.(12)
X dx
Subscale Reaction
front 0.6F

Fig.2 Schematic concentration profiles of
internal oxidation

c= 0 (x= X for all 1) (3)

In order that the reaction front can advance a
distance 6X, we need to supply an amount (3/2)
cat8X of oxygen. According to Fick s first law, the
amount of oxygen arriving at X in a time interval &
is — Do8tOc/ Ox.- x, and conservation at boundary
requires:

- Do * 0c/0x.-x = %'Cr\l.dX/dl (4)

The solution of equation (1) satisfying equa-
tion (2) is

[ A—
c= co—- A erf{z m‘ (5)

where A is a constant, erf ( *) is the error func

tion. erf(Z) = ﬁ‘ J.jexp(— T )dn

The constant A is determined by the condition
(3), which gives

A *er = ¢ (6)
N2 dpoed ™

Since equation (6) has to be satisfied for all
values of ¢, X/»/? must be a constant, that is

k= X/tor k= X/t (7)
Considering boundary condition (4), we find
2 Gl B NS G

N e BT I I o

Substitution of equation (7) into equation ( 6)
and equation (8) yields

A *er 2_5’0_0 = co (9)
N I il S AN
In A * exp Ao = 5 T em ﬂ (10)

Eliminating A from equations (9) and ( 10),
we obtain

CO/CAI

0.4

0.2

0.2 03 0.4 0.5
K2/ Dy )

S0

Fig. 3 Relation between co/cai and £/ (2 JDo)

For the internal oxidation of Cu-Al alloys em-
ployed in the synthesis of alumina dispersion
strengthened copper, the value of ratio co/car is
small (for example, at 1323 K, co= 2. 66 x 10™*
according to Pastorek'”, when aluminum content
is 0. 1% (mass fraction), ca= 2.3553 %10 °, then
the value of ratio co/cai is only 0. 113 161).

Considering the condition of k/ (2 JDo) 0.5
(colenr 0. 9), the equation (11) describing the

relation between the ratio co/ca and k/(2 VDo)
can be substituted by (as shown in Fig. 3)
2 4C!!D“
= 0. 629¢o + 3cai (12)
By substituting equation ( 12) into equation
(7), we obtain
2 _ 3CQDQ o
A= 076290 + 3em ! (13)

3.3 Check and calculation

The measured data of internal oxidation depth
are summarized in Fig. 4. It shows that the relation
between oxidation depth (X) and time () is in
good agreement with the result from equation (7).
The k* values calculated according to equation ( 7)
are given in Fig. 4 as a plot of square of thickness,
X? vs time, em?/s.

Fig. 5 shows the variation of k* values (ob-
tained from Fig.4) with ca at different tempera
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(a)* —k?=9.5209 X 10-9 cm2/s(0.447 5%Al)
008} ® —k*=4.5162X 109 cm2/s(0.989 2%Al)
4 —k>=1.7702 X 10-9 cm2/s(1.695 T%Al)
+ —k?=1.6187X 1079 cm2/s(2.214 0%Al)
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4 —k?=8.229 8 X 1078 cm?/s(1.695 7%Al)
o —k2=4,773 8 X 1078 cm2/5(2.214 0%Al)
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Fig. 4 Variations of oxidation depth with time at different temperatures
(8) —1023K; (b) —1123K; (¢) —1223K; (d) —1273K
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Fig.5 Variation of k” with ca at
different temperatures

tures. By fitting the data of k> with equation (12),
the values of coDo and co can be calculated. How-
ever, the calculated data of co are ineffective, and
this is because the values of co are so sensitive to &’
that the mini error of k*(or X* obtained from the
measurements of internal oxidation) will lead to

the large error of co. So here we can only get the

effective data of coDo, as shown in Fig. 5.

From the calculated data of coDo against 1/ T

shown in Fig. 6, we can get the permeability of ox-
ygen in solid copper:

coDo/(em2+s71)

10—1[ 1 ! 1
1.5 8.0 8.5 9.0 9.5 10.0

1079

10-10

coDo = 1.95 x 10 *exp(- 41 711/RT)

The energy Q associated with temperature de-

coDo=1.95X 10~2exp(~41 711/RT)

T TTTIIT

U Y

L

T-1/1074K"!

Fig. 6 Permeability coDo(cm’/s) of
oxygen in solid copper

(14)
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pendence of coDo is 175. 14 k] according to equa-
tion (14).

4 DISCUSSION

From the above study, we can see: (a) the re-
lation between internal oxidation depth ( X) and
time (¢) is in good agreement with the result from
the derived equation (7); (b) the energy Q associ
ated with temperature dependence of coDo calculat-
ed from the measured data and the derived equation
(12) is 175. 14 kJ, which is in agreement with the
value of 165. 90 kJ obtained by M eijering''” and
somew hat lower than the value of 190. 04 kJ ob-
tained by Pastorek!"
urements. This means that the derived equation

from electrochemical meas-

based on non-steady-state diffusion of oxygen in
solid copper can better describe the kinetics of in-
ternal oxidation of Cu-Al alloy plates.

With the development of synthesis technology
of alumina dispersion strengthened copper, the re-
searches on internal oxidation kinetics based on no-
steady-state diffusion will be important: (a) the
process of internal oxidation is diffusion con-
trolled, and the diffusion of oxygen in solid copper
is in non-steady-state; (b) these studies can pro-
vide basic knowledge for optimizing internal oxida-
tion parameters during the synthesis of alumina
dispersion strengthened copper plates, and for ob-
taining fine oxide particles which play a decisive
role in the high temperature properties of alumina
dispersion strengthened copper.

S CONCLUSIONS

1) The kinetic equation of internal oxidation
of Cu-Al alloy plate based on non-steady-sate diffu-
sion can be described as XAlt= k. And the value of

constant k is determined by

SN S Jﬂ_l: 2.1,
2JD_() 2JD_(, Pl 4p, 3 Im
£o
CAl

For the internal oxidation of Cu-Al alloys em-
ployed in the synthesis of alumina dispersion
strengthened copper, the rate equation can be sim-
plified as

X? = 4eoDot/ (0. 629¢co + 3car)

2) The permeability of oxygen in solid copper
is coDo = 1.95 x 10 *exp(— 41711/RT)

3) The typical shape of internal oxidation
front is of planar morphology, and there is no evi-
dence for preferential diffusion along grain boundaries.
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