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Oxidation behavior of three phase Cu 25Ni30Cr alloy
at 700 ~ 800 C under high oxygen pressures
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Abstract: The thermogravimetric analysis of a ternary Cu-25Nt30Cr alloy prepared by conventional casting was
performed in 0. 1 MPa pure Oz at 700 =800 C. The results show that the alloy is composed of three phases,
where the phase with the largest copper and lowest chromium content forms the matrix, while the other two,
much richer in chromium, form a dispersion of isolated particles. At variance with another three phase
Cu20Nr20Cr alloy, which forms complex scales containing the oxides of the various components and double oxides
plus an irregular region composed of alloy and oxides, the present alloy can form a very irregular but continuous
chromia layer at the base of the mixed internal region, producing a gradual decrease of the oxidation rate down to
very low values. A larger chromium content needed to form chromia layer for a ternary three phase alloy is

attributed to the limitations to the diffusion of the alloy components in the metal substrate imposed by their multi-
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phase nature.

Key words: Cu-NtCr alloy; three phase; high-temperature oxidation

CLC number: TG 174

Document code: A

1 INTRODUCTION

M aterials and/ or coatings used for technologi-
cal applications at high temperatures often contain
many components and more than one phase,
usually require to provide mechanical properties
and oxidation resistance sufficient to ensure a
reasonably long life under working conditions'" .
In fact, it is necessary to form external and slowly-
growing Cr203, Al20s and SiO2 scales on the alloy
surface by adding Cr, Al and Si elements to alloys
in order to protect these alloys against oxidation at
relatively high temperatures. A lot of studies have
proved that the formation of external scales of the
most stable oxide for binary two-phase alloys is
more difficult than that for solid-solution alloys
under the same values of all the parameters in-

volved, as predicted”" and also observed experi-

U9 For ternary multiphase alloys, no

mentally
systematic analysis of the scaling behavior has been
developed so far, in spite of their technological im-
portance, mainly as a consequence of the larger va-
riety of possible scaling modes and of the many im-
portance complication concerning various aspects,

such as the thermodynamic properties of the alloy

components and of their compounds with the oxi
dant as well as the diffusion processes in the alloy
and in the scale with respect to the simpler case of

21 Even though more complex,

binary alloys
the oxidation behavior of ternary multiphase
alloys is also expected to be similar to that of bina-
ry two-phase alloys.

Copper,

whose thermodynamic stability increases in the

nickel and chromium form oxides

given order. Moreover, copper and nickel are
completely soluble, while nickel can dissolve chro-
mium up to a large content. Finally, copper and
chromium are very slightly soluble into each other

' There

fore Cu-NTCr alloys can be used as model materials

and do not form any intermediate phase'"”

to study the fundamental oxidation mechanisms of
ternary multrphase systems. NIU et al'" widely
investigated the oxidation behavior of binary two-
phase Cu-Cr alloys and concluded that a 75% ( mass
fraction) chromium content is not yet sufficient to
form a chromia layer on the alloy surface. CAO et
al'’® investigated the oxidation behavior of the
three-phase Cu-20Nt20Cr alloy by adding Ni to
Cu-Cr alloy and concluded that the alloy can not
form continuous chromia layer even after extended
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oxidation periods. On the contrary, it forms com-
plex scales containing mixtures of the oxides of the
various components and double oxides plus an ir-
regular region composed of a mixture of alloy and
oxides, which does not correspond to the classical
case of internal oxidation, while the alloy/ scale in-
terface is very irregular. The aim of this work is to
examine the oxidation behavior of a threephase
Cu-NrCr alloy containing 30% ( mole fraction)
chromium (denoted as Cu-25N1+30Cr) to establish
the possibility of formation of continuous chromia
layer in spite of the simultaneous presence of three
different phases.

2 EXPERIMENTAL

A Cu25N130Cr alloy was prepared by arc
melting appropriate mixtures of the pure compo-
nents (99.99%) under a Tt gettered argon atmos-
phere using nomconsumable tungsten electrodes.
The alloy ingot was subsequently annealed in vacu-
um at 800 C for 24 h to remove residual mechanical
stresses. The actual average composition of the al-
loy is 25. 8% (mole fraction) Ni and 30. 5% Cr, bal-
ance Cu. The phase diagram of the Cu-NrCr sys-
tem, known only at 930 C and above, shows the
[19]

existence of different phases' . The present alloy
is actually composed of a mixture of three different
phases as shown in Fig. 1 whose volume fraction
The lightest a
phase contains about 81% ( mole fraction) Cu and
15% Ni, with only about 4% Cr. The medium gray
B phase with a larger chromium content contains
approximately 16% Cu, 52% Ni and 32% Cr. Final-
ly, the dark Y phase richest in chromium contains

approximately 8% Cu, 27% Ni and 65% Cr. The a
phase forms the matrix of the alloy, while the Y

can change locally to some extent.

phase is present in the form of isolated particles,
sometimes aggregated into dendritic formations.
The B phase occurs also in the form of isolated

Fig. 1 Microstructure of
Cu25N+30Cr alloy( BEI)

particles, which sometimes is dispersed in the a
matrix, while in other cases surrounds the ¥ phase
particles.

Flat specimens about 1 mm thick and with a
surface area of about 2 cm”® were cut from the alloy
ingot by means of diamond-wheel saw, ground
down to 600 emery paper, washed in water and ac
etone and dried immediately before use. The oxida-
tion tests were carried out in 0. 1 MPa pure Oz at
700~ 800 C for 24 h with a continuous mass gain
measurement using a ThermoCahn Versa HM mi-
crobalance. The oxidized specimens were examined
by means of X-ray diffraction (XRD), scanning e
lectron microscopy ( SEM) and energy-dispersive
X-ray microanalysis ( EDX) to establish the na-
ture, composition and spatial distribution of the
oxidation products.

3 RESULTS

3.1 Oxidation kinetics

The kinetic curves for the oxidation of the
present Cu-25Nr30Cr alloy and the previous
Cu-20Nr20Cr alloy in 0. 1 MPa pure O2 at 700 ~
800 C for 24 h are shown in Fig. 2. For the present
Cu25Nr30Cr alloy, the oxidation kinetics at 700
‘C can be approximately described as three main
quasrparabolic stages, the first with a rate con-
stant k,= 2.5x 10" " (all k, values in g* * em™*
s~ ') for the initial 2 h, the second with an average
k, value of 5.8 x 10" "> about 10 h, and the third
with a rate constant k,= 4.8 x 10°" up to 24 h.
While the oxidation kinetics at 800 C is also com-
posed of the three parabolic stages, the first with a
rate constant k,= 8. 6% 10™ '° for the initial 3 h, the
second with an average k, value of 1.4x10™ "
about 12 h and the third with a rate constant
ky=5.7x10"" up to 24 h. At both temperatures,
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Fig.2 Oxidation kinetics for Cu-25N+30Cr and
Cu20Nt20Cr alloys oxidized in 0. 1 M Pa
pure Oz at 700 =800 C for 24 h
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the oxidation rates decrease continuously with time
more rapidly than that required by the parabolic
rate law, so that the instantaneous parabolic rate
constants, i.e. the instantaneous slope of the plot
of the weight squared vs time, are also decreased
with time, indicating that the scales become more
protective as the reaction time increases. The
Cu-25N130Cr alloy at 700 C oxidizes more slowly
than at 800 C. By comparison, the oxidation rates
of the present alloy are significantly smaller than
that of the previous threephase Cu-20Nt20Cr
alloy with lower chromium content at both temper-
atures.

3.2 Scale microstructures and composition

The scale microstructures of the Cu-25Nr30Cr
alloy oxidized in 0. 1 MPa pure Oz at 700 =~ 800 C
for 24 h are shown in Fig. 3. The X-ray diffraction
(XRD) patterns of the oxide scales at 700 ~ 800 C
are shown in Fig. 4. The scales formed on alloy
surface at 700 ~ 800 C are relatively complex. Ac
cording to the XRD analysis, some peaks for CuO,
NiO, Cr20s3 and NiCr204 are present. EDX analy-
sis shows that at 700 C, the main fraction of unr
form lighter external scale is composed of almost

Fig. 3 Cross sections of Cu-25N130Cr alloy
oxidized in 0. 1 M Pa pure O2 at

700 = 800 C for 24 h (BEI)
(a) =700 C; (b) —800 C
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Fig.4 XRD patterns of oxide scales in

0.1 MPa pure 02 at 700 =800 C for 24 h
(a) —700 C; (b) —800 C

pure CuO ( 73.38% Cu, 2.13% Ni, 0.98% Cr and
23.50% 0O) .
ning deep protrusions into the alloy composed of a
thin but discontinuous medium gray NiCr204 spinel
layer (4.38% Cu, 33.17% Ni, 31.61% Cr and
30. 84% 0), which also has some B phase particles
surrounded by chromia layer, while the innermost

This is followed by a region contai-

irregular dark layer is made of chromia layer
(3.16% Cu, 3.13% Ni, 49.94% Cr and 43.76%
0). At 800 C, the external scale is relatively
uniform and at the same time has some holes,
which is composed of almost pure CuO ( 69. 40%
Cu, 2.04% Ni, 1.20% Cr and 27. 37% O), while
the intermediate thick and continuous medium gray
layer is made of NiCr204 spinel (2.05% Cu,
59.12%Ni, 16. 76% Cr and 22. 07% O) .
the innermost region is made of a continuous dark
chromia layer (2. 65% Cu, 1. 53% Ni, 55. 56% Cr
and 42. 26% 0O), which is much thicker than that
formed at 700 C on the same alloy. At both tem-

Finally,
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peratures, there is a deep region containing a mix-
ture of alloy and oxide phases. As examined be-
low, this is not a classical case of internal oxida-
tion. In fact, the islands which have been oxidized
are not those of the Band ¥ phases rich in chromi-
um, but those of the a phase presenting quite small
chromium content. The B and Y phase islands are
surrounded by a dark chromia layer, while the a
phase islands have been transformed into NiO con-
taining some copper oxide in solution ( slightly dar-
ker than CuO) close to the alloy/scale interface,
and in a mixture of NiO and copper metal ( light)
deeper in the alloy. In some cases the chromia lay-
ers grown around two close particles are in direct
contact, finally, forming a continuous chromia lay-
er, therefore the alloy oxidation rates decrease ob-
viously.

4 DISCUSSION

Previous studies show that the threephase
Cu20N120Cr alloy can not form a continuous
chromia layer over the alloy surface and at the base
of the scale even after an extended oxidation peri
ods, so that oxidation involves all the alloy compo-
nents and proceeds with a rather large rate even if
the instantaneous parabolic rate constant decreases
with time' " .

At variance with the previous Cu-20Nt20Cr
alloy, the present Cu-25Nr30Cr alloy also can not
produce a regular flat chromia layer directly over
the alloy surface in spite of its relatively large
chromium content, but can form a continuous
chromia layer only within the alloy after an initial
transient stage of rather fast oxidation. Thus, a
30% ( mole fraction) chromium content is possible
to produce a selective oxidation of the most reac
tive component in spite of the presence of a mixture
of three different phases in three-phase Cu-NrCr
alloy.

In fact, the approach to predict the oxide scale
structure on the alloy surface is based purely on
thermodynamic and kinetic considerations. T her-
stablities
oxides increase in the range from CuO, Cu20 and
NiO to Cr:03, therefore Cr is the most reactive

modynamically, the of four various

component, while Cu is noble component. Because
the oxygen pressure prevailing in the gas is much
higher than the equilibrium decomposition pres-
sure, four various oxides all may form when
oxidation starts, but Cr20s3 is more stable than
CuO, Cu20 and NiO. Kinetically, there are much
more differences among the oxidation rates of three
components, CuO and Cu20 grow more rapidly
than NiO and Cr20; on the alloy surface, when ox-

idation starts, CuO, Cu20, NiO and Cr203 oxides
may form, but CuO and Cu20 overlays NiO and

Cr20;3 because of rapid growth rate of copper ox-
ides. Thus,

forms initially, which is controlled by the rate of

a continuous CuO external scales

growth of CuO. Alloy/scale interface transfers in-
ward along with oxide scale formation, the oxygen
pressure at alloy/ scale interface decreases gradual-
ly. NiCr204 spinel is formed and then oxidation
rate is

NiCr204.
formed around the Band Yphase particles, the sup-

controlled by the rate of growth of

However, after a chromia layer has
ply of both copper and nickel to the external scale
is blocked and the oxidation rate becomes eventual-
ly controlled by the rate of growth of Cr20s.
Therefore oxidation kinetic is composed of three
parabolic stages and the instantaneous parabolic
rate constant decreases gradually with time to very
low value.

The microstructure of the mixed internal re-
gion for the present alloy does not correspond to an
internal oxidation of the two most reactive compo-
nents, so this would imply the presence of isolated
particles of chromium and nickel oxide within a
matrix of pure copper. Moreover, oxygen should
penetrate into the alloy by diffusion through the
copper matrix and then react with nickel and chro-
mium either at a single or at two different reaction
fronts, which should be substantially flat. Contra-
ry to this, oxidation inside the present alloy pro-
ceeds mostly along the network of particles of the a
phase, while the particles of the B and ¥ phases,
much richer in the most reactive components, re
main mostly metallic and are surrounded by a thin
but continuous chromia layer which protects their
core from further oxidation. Thus, the front be
tween the alloy and the oxidized regions becomes
very irregular. Within the a phase islands, both
copper and nickel are oxidized in the most external
region, while deeper in the alloy copper is present
as metal particles in a matrix of nickel oxide. This
situation is clearly out of equilibrium, because the
Band Y particles presented at the same depth re-
main unoxidized, indicating that the oxygen activi-
ty at their interior is below the stability of chromi
um oxide, and thus much lower than that prevail-
ing within the oxidized a phase islands. This is a
consequence of purely kinetic factors, and more
precisely of the presence of a chromia layer around
the external surface of the Band Y phase particles,
which maintains a low oxygen activity inside these
islands and therefore prevents their conversion into
oxides.

The thin and irregular chromia layer extends
gradually with time to a larger fraction of the inner
surface of the mixed region until a continuous
chromia layer is eventually established at the base
of this region. At this point, the further growth of
the less stable oxides of nickel and copper is com-
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pletely prevented. T his process also corresponds to
a gradual decrease of the instantaneous parabolic
rate constant with time, which eventually will be
controlled by the rate of growth of the chromia lay-
er. The final rate of oxidation is extremely small,
probably as a consequence of the fact that the chro-
mia layer grows inside the alloy, where the oxygen
activity must be very small since the rate of oxygen
penetration is quite slow.

A 30% ( mole fraction) chromium content is
possible to form a continuous chromia layer within
a three phase Cu-25Nr30Cr alloy after an initial
transient stage of rather fast oxidation. For binary
two-phase Cu-Cr alloys, the formation of chromia
layer is much more difficult, since a 75% ( mass
fraction) chromium content is not yet sufficient to
produce the same oxidation behavior in alloys with

U1 In fact, according to the

a normal grain size
Gibbs phase rule, a ternary system of the A-B-O
type composed of a binary A-B alloy exposed to
oxygen can only contain a maximum of three
condensed phases in the presence of a gas phase

which

conditions the system becomes invariant. Thus, a

under isothermal conditions, under
binary two-phase alloy can be in equilibrium with
only one oxide under a single value of the oxygen
pressure, while the composition of the two phases
must remain constant, there will be no chemical
potential gradients to cause long-range diffusion.
As a result, diffusion process can hardly occur
between difference phases, especially when A and
B exhibit a rather limited mutual solubility. A
similar situation also applies to oxidation of a
ternary multrphase alloy after making the
appropriate modifications. A quaternary system of
the A-B-C-0O type can only contain a maximum of
four  condensed  phases under isothermal
conditions. Thus, a ternary three phase alloy can
be in equilibrium with a single oxide only under a
unique value of the oxygen pressure, which is
exactly the situation prevailing at the front of
the a

leaving a

internal oxidation. Above this location,
phase disappears by forming oxides,
surface layer in contact with the scale where the
alloy will contain a mixture of only two phases, so
that the equilibrium among the three phases is lost
and the system becomes mono-variant. In ternary
two-phase alloys the two phases can coexist in e
quilibrium in a finite range of composition, so that
their presence does not necessarily prevent the dif-
fusion of the metal components and may decrease
critical content needed to form chromia layer. At
the same time, the large difference in the critical
Cr content needed to form chromia layer in the two
systems is very likely a consequence of the larger
solubility of chromium in nickel than in copper'* ,
which allows a more effective diffusion of chromi-

um through the region of internal oxidation to sus-
tain the growth of the chromia layer in the pres-
ence of favorable concentration gradients in alloy
phases. This behavior is similar to that of binary
two-phase alloys, for which the critical content of
the most reactive component B needed for its ex-
clusive oxidation decreases significantly as its solu-

bility in the more noble component A increa-
[5. 10, 12]
ses .

S CONCLUSIONS

1) The Cu-25N130Cr alloy can not form a reg-
ular flat chromia layer directly over the alloy sur
face in spite of its relatively large chromium con-
tent, but can form a continuous chromia layer only
within the alloy after an initial transient stage of
rather fast oxidation in spite of the presence of a
mixture of three different phases in the metal sub-
strate.

2) The main fraction of the external scale is
composed of almost pure copper oxide ( CuO) fol-
lowed by an innermost region containing a darker
NiCr20s spinel layer. Beneath this, there is a deep
region containing a mixture of alloy and oxide pha-
ses. The islands which have been oxidized are not
those of the Band Y phases rich in chromium, but
those of the aphase presenting quite small chromi
um content. The Band ¥ phase islands are surroun-
ded by a chromia layer close to the alloy/scale in-
terface. Finally, a continuous chromia layer is
formed to prevent the alloy against oxidation fur
ther.
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