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[ Abstract] The air oxidation of Cir Ni alloys with 50% and 70% nickel ( mole fraction) at 800 ‘C was studied. The ki

netic curves for the oxidation of the two alloys are complex and deviate from the parabolic rate law. Typical double layered

scales are produced, which consist of a CuO outer layer and an inner layer containing a mixture of Cu,O and NiO with

many pores. Cur SONI presents a small degree of internal oxidation of nickel, which is observed in many binary double

phase systems, but is quite rare in single phase systems.
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1 INTRODUCTION

The oxidation of unalloyed copper and nickel has
alreadv been studied in detail, but there are rather
few studies on the high-temperature oxidation of bi-
nary Cu-Ni alloys. In fact, Cu and Ni form a substr
tutive solid solution without miscibility gap, but their
oxides, CuO and CuzO and NiO, exhibit small mutual
solubility and show significant differences in the ther
modynamic stability and parabolic growth rates.
Therefore Cu-Ni alloys are often used as model alloys
to examine the high-temperature oxidation mecha
nism of binary alloys. Whittle et al' ! investigated the
oxidation of CurNi alloys containing 10%, 55% and
80% Ni in pure oxygen at 800 C. Haugsrud et al'*’!
studied the oxidation of Cu-rich Cu-Ni alloys contain-
ing 2%, 5%, 10% and 15% Ni at 800~ 1050 C un-
der 50~ 10° Pa oxygen pressures. Recently LI et all*!
investigated the internal oxidation behavior of nickel
in Cur 10N alloy and the effect of grain size on it. In
the present paper, the two alloys with nominal com-
positions of Cu50Ni and Cu70Ni ( mole fraction,
%) are selected to study the scale structure and ki-
netic behavior.

2 EXPERIMENTAL

Cu-50Ni and Cu70Ni alloys were obtained by
arcmelting appropriate mixtures of two components
(with purity of 99.99%) under a Trgettered argon
atmosphere using non-consumable tungsten elec
trodes. The alloy ingots were subsequently annealed
for 24h at 800 'C under vacuum to remove the residu-
al mechanical stresses. The actual compositions of

two alloys are Cur50. 2Ni and Cur70. ONi. Plate spec
imens about Imm thick with a surface area of about 2
em” were cut from the alloy ingots with a diamond
wheel saw and then ground on 1000" grit paper,
washed in acetone and dried immediately before use.
Isothermal air oxidation tests were carried out for 24h
at 800 C using a Cahn 2000 microbalance. The oxi
dized specimens were analysed by X-ray diffraction
(XRD) and a scanning electron microscope (SEM) e
quipped with an energy-dispersive X-ray spectrometer

attachment ( EDX) .

3 RESULTS

The kinetic curves for the air oxidation of the
two alloys at 800 C are shown in Fig. 1. It can be
seen that the oxidation kinetics for the two alloys are
complex and deviate from the parabolic rate law. The
kinetic curve for the oxidation of Cu-70Ni alloy is
composed of three parabolic stages and that of Cu-
50N alloy consists of two parabolic stages. The oxi
dation rate of Cu50Ni is higher than that of Cu-
70Ni. Approximate parabolic rate constants calculat-
ed from the kinetic curves for the two alloys are listed
in Table 1. It can be seen that the oxidation of the
two alloys is slower than that for pure Cu, but faster
than that for pure Ni.

The scale microstructures of the two alloys are
shown in Fig. 2. Typical double-layered scales are
formed on the alloy surface when they are oxidized for
24h in air at 800 C. The general structure of the
scales is uniform in direction parallel to the alloy sur-
face, while their composition changes significantly
with the distance from the substrate/ scale interface.
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Table 1 Approximate parabolic rate constants for
2, -4, ~1
two pure metals and two alloys(g”*cm™ "*s™ )

M aterial Initial Average Final
Cu 5.4%x10°°
Nil ¢ 3.8x 107 1
Cr50Ni  2.1x10°°% 4.2x10° 1 1.8x10° 1°
Cr70Ni 2.2x107'"  2.4x10° ' 2.7x 10" 10
10
m—Cu-50N;i
~ 8 &—Cu-70Ni
£
(7]
& 6
£
3
= 4
[s"1)
2
o
= 2
0 500 1000 1500
Time/min

Fig. 1 Air oxidation kinetic curves at

800 C for Cu-Ni alloys
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Fig. 2 Back electron images of cross section for

Cu-Ni alloys oxidized for 24 h in air at 800 C
(a) —Cur 50Ni alloy; (b) —Cur 70Ni alloy

In all cases the external layers are composed of cop-
per oxide with some nickel (about 2%, mole frac
tion, possibly in solution) and the inner layer com-
posed of a mixture of CuyO and NiO with many
pores. Cur50Ni alloy shows a small degree of internal
oxidation of nickel ( XRD results are shown in Fig.
3). However, the mixed layer in Cu70Ni alloys is
thicker than that in Cu-50Ni. The interface between
the two layers reflects the location of the original alloy
surface because the self-diffusion coefficient of Cu in
Cuy0 is several orders of magnitude larger than that

of Niin NiO'".
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Fig. 3 XRD patterns for Cu-Ni

alloys oxidized for 24 h in air at 800 C
(a) —Cu 50Ni alloy; (b) —Cur 70Ni alloy

4 DISCUSSION

If NiO forms only on the alloy surface, Ni con-
tent must exceed a critical value!®', otherwise scales
will form containing a mixture of Cu0 and NiO. For
binary solid-solution A-B alloys (A is more noble
component), the oxide scale structure formed on the
surface can be predicted on the basis of thermodynam-
ic and kinetic considerations. Thermodynamically,
there is a unique composition for which the alloy is in
simultaneous equilibrium with both oxides, AO and
BO,. Alloys richer in A than this composition will
form AO only, while alloys richer in B will form BO,

only!®" . Kinematically, there are two critical bulk al
loy compositions. One corresponds to the transition
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from the formation of external scales of pure AO to
that of mixtures of AO and BO,, ng(1), and the
other is between the formation of mixed scales and
the exclusive growth of external BO,, ng(2). In ad-
dition, ngp(2)is the minimum np value necessary to
provide a flux of B from the alloy to the oxide/ alloy
interface. It is sufficient to maintain the growth at
the correct rate and at the same time to prevent the
formation of the less stable oxide AO'®*°!. Thus, al-
loys with a bulk B content ( ng) in the range between
0 and ng(1) will form AO scales only, while those
with B content ranging from ng(2) to 1 will form ex-
clusively pure BO, scales. On the contrary, alloys
with ng( 1)< ng< np(2) will form scales containing
mixtures of AO+ BO,.

For CuNi system, the parabolic rate constants
for the oxidation of pure Cu and for the growth of
copper oxides on Cu-Ni alloys are 5.2 % 10™ ° and 1. 1
x 107 % em™ 2*s™ ', respectively. The parabolic rate
constant for the growth of NiO scales on pure Ni
ranges from 3. 7x 10" % t0 9. 5x 10" '? em™ %5 !,
while that for the growth of NiO on CurNi alloys is
5.6x 100" em™ o5 L
cient of Cu in pure Cu is given by

Deo/ (em™ 2os™ )= 0. 78 exp(— 211.3/ RT) (1)
and that of Ni in Cu is given by

Dni/ (em™ %*s™ 'Y= 1. Texp(- 225.1/ RT) (2)
Finally, the solubility of oxygen at the Cu-CuO equi-

The tracerdiffusion coeffr
[ 10]

librium (mole fraction) and the diffusion coefficient of

oxygen in Cu are given by !

nd(Cu)= 154exp(— 149. 6/ RT) (3)
Do(Cu)/(em™ *es™ 'Y= 1. 2exp(— 67.3/ RT)
(4)

The calculated value of nyi( 1) ranges from 9 x
10" °t0 3. 6 x 10" * and that of ny;(2) ranges from
0.47 to 0. 86. The scale structure actually observed
in the oxidation of Cu~Ni alloys is in agreement with
the conclusions of the above analysis.

Cu- 50N presents also a limited degree of internal
oxidation of nickel. The simultaneous external and
internal oxidation is observed in many binary double

12~ 16 . : . .
: I but is very rare in solid-solution

phase alloys
alloys.

The condition for the stability of this special kind
of scale structure was firstly analyzed by Wagner' '
in the oxidation of Cu-Pt and Cu-Pd alloy, later this
analysis was extended by Smelyzer'"® during diffu-
sion of the different components in internal oxidation
zone. In fact, for binary single phase A-B alloys,
there is a hypothesis when the external oxidation is
formed in all criteria used to predict the formation of
external and internal oxidation simultaneously.

For a given alloy system, S is a function of

[17

time """, Therefore it is convenient to introduce a pa

rameter P which is independent of time and given by

P= S(TDpt)"? (5)

When P< 0, the component B can only oxidize
externally; while the condition of P> 0 may lead to
the external and internal oxidation of B. In fact, P is
only used to predict the trend to simultaneously pro-
duce the external and internal oxidation of component
B. The larger the P value, the more likely the sys
tem accept this oxide scale structure.

P values of Cur50Ni and Cu-70Ni alloys calcu-
lated from the above equations are 2. 8 x 10° and 7. 4
x10°. The P value for Cu-50Ni is much larger so
that it may undergo external and internal oxidation of
nickel more easily. This prediction is in agreement
with actual oxide scale structure.

CusO and NiO are both metaldeficient oxides

and, accordingly, the predominant point defects are

[ " The self-diffusion coefficient of

metal vacancies
Cu in Cu0 is several orders of magnitude larger than

that of Ni in NiO'".
ered to be relatively stationary. It partially blocks the

The NiO layer can be consid-

outw ard diffusion of copper and reduces the cross sec
tional area for diffusion, therefore approximate
parabolic rate constants for two alloys are all lower
than that for pure copper. Since NiO layer presented
in the scale acts as barrier to the copper flux, the cop-
per flowing at scale/ alloy interface and across the out-
er CuO scale under constant temperature decreases
with increasing nickel concentration. Therefore the
oxidation rates of the two alloys decrease when the

nickel concentration increases.
5 (CONCLUSIONS

1) The kinetics of the oxidation for the two al-
loys containing 50% and 70% Ni are complex and de-
viate from the parabolic rate law.

2) The oxidation rate of Cu-50N1i is much higher
than that of Cu-70Ni. For both alloys, the oxidation
rates are slower than that of pure Cu, but faster than
of pure Ni.

3) Typical double-layered scales are produced,
which consist of a CuO outer layer and an inner layer
containing a mixture of Cu;O and NiO with many
pores.

4) Cu50Ni alloy presents a small degree of in-
ternal oxidation of nickel. The interface between the
inner and the outer layer approximately corresponds
to the original alloy surface.
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