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Abstract

The oxidation of four Co-20Ni-xCr-yAl (x=8,15 wt.%; y=3,5 wt.%) alloys under
1 atm O, for 24 h was studied at 800 and 900 °C. All the alloys formed complex
scales, irregular both in thickness and composition. The formation of external alu-
mina scales was more favored at 800 °C than at 900 °C and for larger chromium and
aluminum contents, but was never complete. The simultaneous presence of chro-
mium and aluminum is beneficial for increasing the oxidation resistance of these
alloys with respect to ternary Co-20Ni-xCr and Co-20Ni-yAl alloys of similar com-
position. However, an Al content of 5 wt.% is not yet sufficient to form continu-
ous alumina scales even when coupled with 15 wt.% Cr. The partial substitution of
cobalt by nickel has a beneficial effect on the ability of the quaternary Co-20Ni-xCr-
yAl alloys to form protective external alumina scales in comparison with the ternary
Co-Cr-Al alloys with similar chromium and aluminum contents.

Keywords Co-Ni-Cr-Al alloys - High temperature oxidation - Nature of scales -
Oxide maps

Introduction

The high temperature oxidation resistance of metallic materials is based on the for-
mation of stable, continuous, slowly-growing and well-adherent scales, such as alu-
mina and chromia [1-5]. In particular, at high temperatures, i.e., above 900-1000 °C
and under high oxygen pressures [5, 6] chromia easily reacts with oxygen to produce
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the volatile species CrO;, resulting in scales not sufficiently protective. However, a
similar process may also occur below 900 °C in the presence of water vapor due to
the formation of another volatile compound, the chromium hydroxide Cr(OH),0,
[1], so that under some conditions the formation of alumina may be preferable even
at relatively low temperatures. The aluminum content needed to form exclusive
alumina scales on Al-containing alloys must exceed a critical value, which, in the
absence of chromium, is generally so high to have a strong detrimental effect on
their mechanical properties. However, a good combination of mechanical proper-
ties and oxidation resistance of alumina-former alloys may be obtained by reduc-
ing this critical aluminum content by means of the so-called Third Element Effect
(TEE) [1, 5]. This involves the presence of an additional component, usually chro-
mium, forming an oxide with a thermodynamic stability intermediate between those
of aluminum and of the base metals which allows to avoid the internal oxidation of
aluminum by lowering the oxygen pressure prevailing at the alloy/scale interface.
The high-temperature oxidation behavior of ternary Co-Cr-Al and Ni-Cr-Al alloys,
representing common examples of the application of TEE and forming the basis of
many superalloys [1], has been intensively investigated so far [7-18].

The effects of the simultaneous presence of cobalt and nickel and of the Co/Ni
ratio on the high temperature oxidation of Co—Ni-based alloys containing aluminum
and chromium have been examined many times for various multi-component materi-
als [19-30]. Weiser et al. [24, 29] reported that the gradual replacement of cobalt
by nickel in Co-Ni-Cr-Al-W alloys produced a decrease in their oxidation rates in
air at 900 °C. Gao et al. [21] and Zenk et al. [30] showed that the addition of nickel
to complex y/y’-strengthened cobalt-based superalloys had a positive effect on their
oxidation in air at 900 °C. Ismail et al. [23] reported that increasing the cobalt con-
tent had an adverse effect on the oxidation of Co-Ni-Cr-Al-W-Ta alloys in air at
800 °C. In general, it as observed that the increase the nickel content in Co-Ni alloys
is beneficial for their oxidation behavior, a result which may be related to the differ-
ences between the free energies of formation [1] and the growth rates of the nickel
and cobalt oxides as well as to differences in the solubility and diffusivity of oxy-
gen in the two base metals [1, 31]. More specifically, the oxidation in air at 900 °C
and 950 °C of a number of quaternary Co-Ni-Cr-Al alloys deposited as coatings on
an inert substrate by magnetron sputtering was studied by Seraffon et al. [25, 26].
In spite of some limitations, such as the reduced thickness of the samples and an
uneven composition of the materials examined caused by the preparation method
adopted, these studies still provided a general background concerning the behavior
of this type of alloys, allowing to draw approximate oxide maps showing the area
of stability of the external alumina scales in pseudo-ternary phase diagrams of the
M-Cr-Al type (with M =Co,Ni). Some studies have also been carried out to improve
the high temperature oxidation performance of Co-Ni-Cr-Al alloys by the addition
of active elements [27, 28].

In spite of the previous work, the high-temperature oxidation behavior of Co-Ni-
Cr-Al alloys has not been completely elucidated so far, particularly for what con-
cerns the effects of changes of the Co/Ni ratio on the high temperature oxidation
performance of bulk Co-Ni-Cr-Al alloys, so that further research is still needed. The
present paper examines the isothermal oxidation behavior of four Co-20Ni-xCr-yAl
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(x=8,15 wt.%; y=3,5 wt.%) alloys exposed to 1 atm O, at 800 °C and 900 °C for
24 h, exploring the effects of the different chromium and aluminum contents on their
oxidation resistance and on the microstructure of the scales produced. The scal-
ing behavior of these four alloys exposed to the same environment at 1000 °C and
1100 °C has already been discussed in a previous paper [32].

Experimental Procedures

The four alloys with nominal composition (wt.%, if not specified otherwise)
Co-20Ni-xCr-yAl (x=8, 15; y=3, 5) used in the experiment were made by vacuum
induction melting appropriate amounts of high purity metals (Co: 99.9%, Ni: 99.9%,
Cr: 99%, Al: 99.7%) and then cast into cylinders 10 cm high and with a diameter of
5 cm. Subsequently, the alloy ingots were annealed in 1 atm argon at 1000 °C for
36 h to release the residual stresses and to achieve a good homogenization. Their
actual composition, measured by ICP spectroscopy, is shown in Table 1. According
to the micrographs of the four alloys reported in a previous paper [32], three alloys
(Co-20Ni-8Cr-3Al, Co-20Ni-8Cr-5Al and Co-20Ni-15Cr-3Al) are single-phase
even at room temperature, while Co-20Ni-15Cr-5Al is made of a Co-Ni matrix with
a small content of a second phase rich in nickel and internal oxidation zone. Finally,
the grain sizes of the four alloys are large enough to exclude any special effect of
this factor on their corrosion behavior.

The ingots were cut into samples with an approximate size of 10X8x 1.5 mm
using a line saw, drilling a circular hole with a diameter of about 1 mm near one
edge. Each sample was metallographically polished down to 2000 grit finish accord-
ing to EU standard and then ultrasonically cleaned in acetone and ethanol immedi-
ately before exposure. The corrosion tests were carried out in 1 atm of pure oxygen
with a flow rate of 100 ml/min at 800 °C and 900 °C, measuring the mass changes
using a microbalance (Setaram B-92). At the beginning of each test the sample was
suspended with Pt wire in the balance under a flux of argon of 100 ml/min, while
the furnace was heated up separately with a heating rate of 30 K/min. After reaching
the test temperature the furnace was raised to the sample level ad oxygen was intro-
duced into the reaction chamber. The duration of all tests was of 24 h. At the end
of each test the samples were allowed to cool down to room temperature inside the
furnace in an argon atmosphere.

Table 1 Nominal and actual composition of the four Co-20Ni-xCr-yAl (x=38,15 wt.%; y=3,5 wt.%)
alloys measured by ICP spectrometry analysis

Nominal (wt.%) Nominal (at.%) Actual (ICP wt.%)
Co-20Ni-8Cr-3Al Co-19.27Ni-8.65Cr-6.23Al C0-20.1Ni-7.99Cr-3.02A1
Co-20Ni-8Cr-5Al Co-18.94Ni-8.38Cr-10.26Al Co0-20.2Ni-7.92Cr-5.03A1
Co-20Ni-15Cr-3A1 Co-19.02Ni-15.96Cr-6.14Al C0-20.0Ni-14.87Cr-2.97Al
Co-20Ni-15Cr-5A1 Co-18.23Ni-15.53Cr-10.12Al Co-19.6Ni-14.79Cr-5.00Al
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Fig. 1 Kinetic curves for the oxidation of Co-20Ni-xCr-yAl (x=8,15 wt.%; y=3,5 wt.%) alloys in 1 atm p
O, at 800 °C for 24 h: a Linear plots; b Parabolic plots; ¢ Enlarged view of the parabolic plots for the
alloys Co-20Ni-15Cr-yAl

The corroded samples were examined by scanning electron microscopy (SEM,
FEI INSPECTF 50, USA), energy dispersive spectrometer (EDS, OXFORD
X-MAX, UK), X-ray diffraction (XRD, Panalytical X’ pert PRO, Holland) and elec-
tron probe microanalysis (EPMA, EPMA-1610) to identify the element distribution
and the morphology and phase constitution of the scales.

Results
Corrosion Kinetics

The kinetic curves for the oxidation of the four alloys in 1 atm O, at 800 °C for
24 h are shown in Fig. 1a as linear plots and in Fig. 1b, c as parabolic plots, respec-
tively. For Co-20Ni-8Cr-3Al oxidized at 800 °C, an initial stage of about 30 min
with an instantaneous parabolic rate parameter (iprp, i.e., the instantaneous slope
of the parabolic plot) increasing with time was followed by a parabolic stage lasting
until the end of the test with a parabolic rate constant k,=2.12X 107! g?em™* 571,
For Co-20Ni-8Cr-5Al an initial stage of about 30 min was followed by two stages
The first stage, lasting from 30 min to 16 h, was parabolic with k,=2.09X 107!
g’cm™ 57!, while the second stage had an iprp decreasing slightly W1th time with a
final k,= 1.50>< 107! g?cm™ s~!. The corrosion of Co-20Ni-15Cr-3Al also included
two stages: an initial parabolic stage, lasting 2.5 h with k,=1.45x10" 12 g2em™*s7!,
was followed by a second quasi-parabolic stage, lasting up to the end of the test,
with an iprp gradually initially decreasing and finally increasing with time with an
average k;, value of 2.84 x 10713 g%cm™ s~ A similar behavior was also followed by
Co-20Ni-15Cr-5Al, with an initial parabolic stage lasting from 30 min to 2 h with
k =3.71 %1072 g?cm™ s~! and a second quasi-parabolic stage with k,=1.21x 10713
g em ™4 s7h

The kinetic curves for the oxidation of the four alloys in 1 atm O, at 900 °C for
24 h are shown in Fig. 2a as linear plots and in Fig. 2b, c as parabolic plots, respec-
tively. Co-20Ni-8Cr-3Al behaved similarly to 800 °C, showing an initial stage of
about 30 mm followed by a parabolic stage with a rate constant k,=1.89x 107
g’em™ . Co-20Ni-8Cr-5Al had an initial parabolic stage lasting approx1mately
from 15 min to 9 h with a rate constant k,=8.71 X 10 10 92cm= 57! followed by the
second stage with an iprp gradually decreasing with time down to a final value of
4.58x107'% g?cm™ s~!. Co-20Ni-15Cr-3Al had a similar behavior, with an initial
parabolic stage, from 40 min to 7 h with k,=7.68 x 10" 1 g2em= 571 followed by the
second stage with an 1prp gradually decreaslng with time with an average k,, value
of 1.84x 107! g?cm™ s~!. After an initial stage of very low rate up to 1 h, Co-20Ni-

15Cr-5Al followed by two approximately parabolic stages: the first stage, lasting
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from 1 to 9 h with k,=9.95x 10713 g%em™ 57!, was followed by a second stage, last-
ing from 9 h to the end of the test, with kpz 1.53x 10713 gzcm_4 s~

In summary, at 800 °C the two alloys with 8 wt.% Cr corroded at similar rates,
but much faster than the two alloys with 15 wt.% Cr, which again behaved similarly.
Conversely, at 900 °C the oxidation rates of the four alloys were significantly dif-
ferent and decreased in the order Co-20Ni-8Cr-3Al> Co-20Ni-8Cr-5A1> Co-20Ni-
15Cr-3Al> Co-20Ni-15Cr-5Al. These results suggest that at 800 °C the oxidation
rates are essentially controlled by the chromium content, while the increase of the
aluminum content from 3 to 5 wt.% has only a small effect. Conversely, at 900 °C
the increase of the aluminum content from 3 to 5 wt.% under a constant chromium
content has a beneficial effect on the corrosion resistance for both the alloys contain-
ing either 8 wt.% or 15 wt.% chromium.

Figure 3 shows again separately the linear plots of the kinetic curves for each
of the four alloys at 800 °C and 900 °C, including also the corresponding results
obtained previously for the oxidation of the same alloys for 20 h at 1000 °C and
1100 °C, published recently [32], to show more clearly the effect of temperature
on their corrosion behavior. The mass gains of Co-20Ni-8Cr-3Al (Fig. 3a) increase
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Fig. 3 Temperature effect on the kinetic curves for the oxidation of the Co-20Ni-xCr-yAl (x=8, 15 wt.%;
y=3,5 wt.%) alloys in 1 atm O, at 800 °C, 900 °C, 1000 °C (*) and 1100 °C (*¥) for 20 h: a Co-20Ni-
8Cr-3Al; b Co-20Ni-8Cr-5Al; ¢ Co-20Ni-15Cr-3Al; d Co-20Ni-15Cr-5Al. (*)—data from Ref [32]
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regularly with temperature, but the final slope of the curve at 1100 °C is significantly
lower than that at 1000 °C, so the two curves might cross each other over a longer
period of time. For Co-20Ni-8Cr-5Al the mass gains at 900 °C are far greater than at
the other three temperatures, while those measured at 800 °C are the smallest: more-
over, and the values measured at 1000 °C and 1100 °C are comparable even though
the final slope of the curve at 1100 °C is smaller than that observed at 1000 °C.
The mass gains of Co-20Ni-15Cr-3Al increase with temperature, especially in going
from 800 to 900 °C. The mass gains at 1100 °C are smaller than those measured
at 1000 °C, but the final slope of the curve at 1100 °C is significantly higher than
that at 1000 °C, so that even in this case the two curves may cross each other at
longer times. For Co-20Ni-15Cr-5Al the mass gains measured at 800 °C are slightly
larger than those measured at 900 °C, while the mass gains at 1000 °C and 1100 °C
are significantly larger than those measured at the two lower temperatures and cross
each other at the end of the test.

In summary, the increase of temperature from 800 to 900 °C has a positive effect
on the oxidation resistance of Co-20Ni-15Cr-5Al, while it has a negative effect on
the other three alloys, resulting in greatly accelerated oxidation rates. Conversely,
the increase of temperature from 1000 to 1100 °C has a positive effect for the oxi-
dation of the two alloys with 8 wt.% Cr, but especially for the alloy with 5 wt.%
Al, while it has a negative effect for Co-20Ni-15Cr-3Al and nearly no effect for
Co-20Ni-15Cr-5AL

The kinetic curves for the oxidation of the four quaternary alloys for 24 hin 1 atm
0O, at 800 °C and 900 °C are compared with those measured for the oxidation for
24 h of the corresponding ternary Co-20Ni-R alloys (with R=Cr or Al) containing
only aluminum (either 3 or 5 wt.%) or only chromium (either 8 or 15 wt.%) as well
as with those of the binary Co-20Ni alloy in Figs. 4 and 5, respectively. The study
of the oxidation of these ternary alloys is presently under way [33], and the relevant
data, not yet published, are quoted here only for comparison purposes. An analysis
of the data presented in these two figures is postponed to a later section.

Morphology and Structure of the Scales

Before proceeding to a detailed analysis of the nature of the scales for the various
combinations of alloys compositions and temperatures the following general con-
siderations seem appropriate. Due to their insufficient contents of the two reactive
components, these alloys are not able to develop continuous external scales made of
a slowly-growing oxide, i.e., either chromia or alumina or their combination, which
may be able to prevent the oxidation of the two base metals. As a consequence, these
alloys generally form scales not uniform in both thickness and composition over dif-
ferent regions of the surface of the same sample. Thus, thin scales made of protec-
tive oxides alternate with much thicker scales, frequently grown in the form of oxide
nodules, containing also the oxides of the base metal components. In particular, the
thick scales are generally composed of two main regions, with external regions made
of cobalt and nickel oxides and practically free from both chromium and aluminum
associated with internal regions of complex composition, composed of mixtures of
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Fig.4 Comparison of the kinetic curves for the oxidation in 1 atm O, at 800 °C for 24 h of the quater-
nary Co-20Ni-xCr-yAl (x=38,15 wt.%, y=3,5 wt.%) alloys with the corresponding data for the ternary
Co-20Ni-xCr and Co-20Ni-yAl alloys and the binary Co-20Ni alloy [33]: a Co-20Ni-(0,8)Cr-(0,y)Al; b
Co-20Ni-(0,15)Cr-(0,y)Al; ¢ Co-20Ni-(0,x)Cr-(0,3)Al; d Co-20Ni-(0,x)Cr-(0,5) Al

various oxides whose relative importance depends on the overall content of chro-
mium and aluminum of each specific alloy. Thus, alloys with small chromium and
aluminum contents form internal regions mostly composed of a solid solution of
Co0 and NiO, denoted simply as MO in the following, mixed with double oxides of
general formula MR,0, (where M =Co,Ni and R=Cr,Al), simply denoted hereafter
as spinels. Conversely, for alloys richer in chromium and aluminum the mixtures of
MO and spinels typical of this region are increasingly replaced by mixtures of the
two protective oxides, sometimes indicated collectively as R,05. Furthermore, the
growth of thick scales is generally associated with the presence of a zone of inter-
nal oxidation of aluminum, not observed in the presence of thin scales. Finally, the
structure of the external layer of the thick scales differs depending on the reaction
temperature. In particular, for samples oxidized at 800 °C this scale layer is com-
posed of an external zone made of the higher cobalt oxide, Co;0,, practically free
from nickel (darker), while the internal zone (lighter) is made by MO. Conversely,
for samples oxidized at 900 °C the external region is made almost completely by
MO, while Co;0, is only present in the form of islands distributed in the outer
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Fig.5 Comparison of the kinetic curves for the oxidation in 1 atm O, at 900 °C for 24 h of the quater-
nary Co-20Ni-xCr-yAl (x=8,15 wt.%, y=3,5 wt.%) alloys with the corresponding data for the ternary
Co-20Ni-xCr and Co-20Ni-yAl alloys and the binary Co-20Ni alloy [33]: a Co-20Ni-(0,8)Cr-(0,y)Al; b
Co-20Ni-(0,15)Cr-(0,y)Al; ¢ Co-20Ni-(0,x)Cr-(0,3)Al; d Co-20Ni-(0,x)Cr-(0,5) Al

fraction of the MO matrix. The reasons for this difference are briefly considered in
“Oxidation kinetics” section.

Cross sections of Co-20Ni-8Cr-3Al oxidized at 800 °C are shown in Fig. 6.
Most of the alloy surface is covered by a complex scale including a duplex exter-
nal layer containing an outer zone made of Co;0O, (darker) and an inner zone
(lighter) made of a solid solution of CoO and NiO (MO, lighter), followed by
a complex inner layer of irregular thickness located into the alloy consumption
zone and containing mixtures of MO with cobalt- nickel- chromium-aluminum
spinels. An internal oxidation zone (IOZ) of aluminum is present only at some
locations beneath the thick scale layer (Fig. 6b). A small fraction of the alloy
surface is covered by a thin alumina scale and is free from internal oxidation
(Fig. 6a, c). Finally, the scale contains also nodules (Fig. 6¢) presenting a struc-
ture similar to that of the continuous scale shown in Fig. 6b and overlying an
I0Z of aluminum. The X-ray maps of the nodule in Fig. 6d (Fig. 6e) show that
its external section, protruding out of the original alloy surface, is made mostly
of Ni-free Co;0, with a limited presence of MO in the inner region and does
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100 ym (

Fig.6 Micrographs (SEM/BEI) of cross sections of Co-20Ni-8Cr-3Al oxidized in 1 atm O, at 800 °C for
24 h: a General view; b Enlarged view of a thick scale region; ¢ Enlarged view of nodules; d Enlarged
view of the selected area of (c); e EDS maps of (d)

not contain either chromium or aluminum. Conversely, the internal section of the
nodule, lying inside the alloy consumption zone, contains all the alloy compo-
nents, not evenly distributed, indicating the coexistence of different phases. These
include MO and spinels, but also some chromia (darker areas), while alumina
(black areas) is present mostly as internal oxide particles, but also as a continuous
layer at a few locations. Some large metal particles containing nickel and cobalt
(white) are also incorporated in the inner scale region.

After oxidation at 900 °C (Fig. 7), the sample of Co-20Ni-8Cr-3Al is covered
again by an external scale similar to that observed after oxidation at 800 °C, but
thicker and more regular (Fig. 7a). However, the external layer grown at this tem-
perature is mostly composed of MO and contains only some isolated particles of
Co;0,, darker than MO, located in the external region of this layer (Fig. 7b). The
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spinels + MO |0z
15 pm

Fig. 6 (continued)

inner scale region is composed again of MO plus spinels with some streaks of
chromia (darker). An IOZ of aluminum is also generally present beneath the alloy/
scale interface (Fig. 7a, d), while in few areas a thin continuous layer of alumina
has grown in contact with the alloy, preventing the internal precipitation of alumina
(Fig. 7b, ¢).

A cross section of Co-20Ni-8Cr-5Al oxidized at 800 °C for 24 h is shown in
Fig. 8. A duplex layer, often in the form of isolated nodules, similar to that described
above, formed on less than half of the alloy surface (Fig. 8a, b), sometimes associ-
ated with an internal oxidation of aluminum. The remaining fraction of the sample
surface is covered by a continuous alumina layer (Fig. 8b). The scale grown on the
same alloy after oxidation at 900 °C for 24 h (Fig. 9) is very similar to that observed
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Fig.7 Micrographs (SEM/BEI) of cross sections of Co-20Ni-8Cr-3Al oxidized in 1 atm O, at 900 °C
for 24 h: a General view; b View of a different scale region; ¢ Enlarged view of selected area of (b); d
Enlarged view of the internal oxidation zone

on Co-20Ni-8Cr-3Al after oxidation at the same temperature, except for the reduced
thickness of the external scale (approximately 40% smaller). Moreover, the thick-
ness of the inner layer is quite irregular and contains regions presenting an 10Z of
aluminum alternating with others free from internal oxidation due to the growth of a
thin alumina layer in contact with the alloy (Fig. 9a, b). This is shown more clearly
by the X-ray maps (Fig. 9c) which indicate again the substantial absence of chro-
mium and aluminum from the external scale region and the preferential concentra-
tion of nickel in the inner region of the external scale layer. Moreover, the scale
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Fig. 8 Micrographs (SEM/BEI) of a cross section of Co-20Ni-8Cr-5Al oxidized in 1 atm O, at 800 °C
for 24 h: a General view; b Enlarged view of the selected area of (a)

located in the alloy-consumption region contains much more nickel than cobalt and
has large contents of both chromium and aluminum. In particular, alumina is either
present as a thin but continuous layer (left side of Fig. 9¢), or as internal oxide (right
side of the same figure). Finally, nickel is strongly enriched in the alloy located
inside IOZ and especially around the interface between this zone and the bulk alloy.

Oxidation of 20Ni-15Cr-3Al at 800 °C for 24 h (Fig. 10) formed protective
alumina scales on most of the alloy surface (about 80%), while the remaining
fraction was covered by a much thicker scale, sometimes in the form of nod-
ules (Fig. 10b, c), presenting the usual duplex structure in the region protrud-
ing from the alloy, composed of an outer layer of Co;0, (darker) and an inner
layer of Ni-rich MO. Conversely, the scale developed in the alloy consumption
zone has a complex composition, as shown more clearly by the corresponding
X-ray maps (Fig. 10c). The external zone of this region (lighter) is made of a
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20 pm 10z

Fig.9 Micrographs (SEM/BEI) of a cross section of Co-20Ni-8Cr-5Al oxidized in 1 atm O, at 900 °C
for 24 h: a General view; b Enlarged view of the selected area of (a). ¢ Enlarged view and EDS maps of
the selected area of (a)

mixture of spinels with some MO, while the internal zone is made of a mixture
of some Ni-rich spinels with chromium oxide and some aluminum oxide (R,05)
plus a number of alloy particles (light). The thin boundary between these two
zones (darker) is particularly rich in aluminum. Finally, the surface layer of the
alloy beneath the nodule contains many isolated alumina particles which at some
places form a continuous layer. After oxidation of Co-20Ni-15Cr-3Al at 900 °C
for 24 h (Fig. 11) about one half of the sample surface is covered by a duplex
scale of uneven thickness (Fig. 11a, b) composed of an external zone of MO with
Co;0, islands plus an inner zone of MO and spinels with some chromia (darker)
overlying a thin irregular region containing small alumina particles (black) tend-
ing to form a continuous layer (Fig. 11b). The remaining fraction of the alloy sur-
face is covered by a thin scale (Fig. 11c, d) alternating with some large nodules
presenting a structure similar to that of the thick scale regions. Conversely, the
thin scales (Fig. 11c, d) are mostly made of chromium oxide incorporating some
alloy particles (white) and are followed by alumina particles protruding into the
alloy and tending to form a thin even though discontinuous layer.
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Fig.9 (continued)

After 24 h oxidation at 800 °C Co-20Ni-15Cr-5Al formed a very thin alumina
layer (Fig. 12) over the largest fraction (about 85%) of the sample surface, while
the remainder was covered by nodules (Fig. 12b, c) presenting the usual duplex
structure involving an external region made of Co;0, with some MO islands plus
an internal region containing some spinel islands (Fig. 12c, light), mostly located
close to the interface with the external scale layer, but composed mostly of mix-
tures of aluminum and chromium oxides (R,0;). Below the nodules alumina
tends again to form a nearly continuous layer in contact with the alloy. Oxidation
of the same alloy at 900 °C for 24 h formed again irregular scales (Fig. 13). In
particular, a small fraction of the alloy surface (about 10%) formed a very thin
layer of alumina in contact with the alloy surmounted by a lighter chromia-rich
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Fig. 10 Micrographs (SEM/BEI) of a cross section of Co-20Ni-15Cr-3Al oxidized in 1 atm O, at 800 °C
for 24 h: a General view; b Enlarged view of the selected area of (a); ¢ EDS maps of (b)

layer (central region of Fig. 13a and b). The remainder of the surface formed two
types of scale, with approximately the same abundance. In one case (Fig. 13d) the
scale, slightly thicker and more complex than that shown in Fig. 13b, includes an
external region composed of MO with some Co;0, particles followed by an inner
darker region. According to the corresponding X-ray maps (Fig. 13e) this region
is essentially free from both cobalt and nickel and contains a layer of alumina
in contact with the alloy surmounted by a layer of chromia mixed with alumina
(darker areas). In view of its composition and of the absence of internal oxidation
of aluminum this kind of scale may be considered as substantially equivalent to
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Fig. 10 (continued)

that shown in Fig. 13b. At other places (Fig. 13c) the scale consists of an exter-
nal layer composed of an outer region of MO mixed with Co;0, plus an inner
region made of a mixture of spinels and chromia which contains also many alloy
particles (white), sometimes forming a nearly continuous layer. The alloy layer
underlying this type of scale contains also a significant volume fraction of large
but isolated internal alumina particles.

Discussion
Classification of Scales

The nature of the scales formed by the present alloys is first examined by extend-
ing, with appropriate modifications, the classification into four types of scales,
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cr,0, _10pm

Fig. 11 Micrographs (SEM/BEI) of cross sections of Co-20Ni-15Cr-3Al oxidized in 1 atm O, at 900 °C
for 24 h: a General view of a thick scale region; b Enlarged view of the selected area of (a); ¢ General
view of a thin scale region; d Enlarged view of the selected area of (c)

corresponding to four groups of alloys, proposed for the oxidation of ternary of Co-
Cr-Al alloys by Wallwork and Hed [7], to the present case of quaternary Co-20Ni-
xCr-yAl alloys. In the case of the ternary Co-Cr-Al system alloys of group I form
scales containing an outer thick columnar dense CoO layer and a much thinner inner
porous layer made of CoO mixed with Al,O5, Cr,05 and Co(Cr,Al),O, spinels (type
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Fig. 12 Micrographs (SEM/BEI) of a cross section of Co-20Ni-15Cr-5A1 oxidized in 1 atm O, at 800 °C
for 24 h: a General view; b, ¢ Enlarged views of the selected areas of (a); d EDS maps of (c)

I scales). Alloys of group II, with larger contents of aluminum and chromium, form
scales presenting a composition similar to those of produced by alloys of group I,
except for a reduced relative thickness of the external CoO layer, which becomes
similar to that of the inner layer: in both cases aluminum undergoes an inter-
nal oxidation (type II scales). The scales produced by alloys of group III (type III
scales) involve an external oxidation of chromium coupled to an internal oxidation
of aluminum, while the oxidation of cobalt is suppressed. Finally, alloys of group
IV correspond to the exclusive growth of external alumina scales, while cobalt
and chromium are no longer oxidized (type IV scales). For the present quaternary
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Fig. 12 (continued)

Co-20Ni-base alloys containing chromium and aluminum the simple cobalt mon-
oxide, CoO is replaced by solid solutions of CoO and NiO, MO, while spinels will
generally contain appropriate combinations of divalent (Co,Ni) and trivalent (Cr,Al)
metal ions. Furthermore, as a result of the temperature range selected, cobalt is also
able to form the higher oxide Co;0,.

Despite its apparent generality, this classification does not yet give an exhaustive
description of the actual structure of the scales produced by the oxidation of the
present alloys. In fact, very often different oxidation mechanisms coexist simultane-
ously on the surface of the same sample, albeit with different relative abundance
depending on the alloy composition and reaction temperature, so that in most cases
the results for a single sample correspond to more than a single oxidation mode.
Moreover, other types of structure not strictly considered in the previous list must
also be taken into account. For example, thin external scales are frequently com-
posed of an innermost layer of alumina surmounted by an external layer made of
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Fig. 13 Micrographs (SEM/BEI) of a cross section of Co-20Ni-15Cr-5A1 oxidized in 1 atm O, at 900 °C
for 24 h: a General view; b, ¢, d Enlarged views of the selected areas of (a); e EDS maps of (d)

chromia or of spinels, but possibly containing also cobalt and nickel oxides, such as
observed in the oxidation of Co-20Ni-15Cr-5Al at 900 °C: scales with this structure
are still considered to belong to type IV. Moreover, in some cases, such as for the
oxidation of Co-20Ni-8Cr-3Al or of Co-20Ni-8Cr-5Al at 900 °C, scales of type II
are partly underlay by a thin alumina layer in contact with the alloy, not considered
for type II scales: scales with this structure are still considered to belong to type II.
Finally, the internal oxidation of aluminum beneath an external layer of chromia,
expected for type III scales, may also occur beneath an external layer containing also
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Fig. 13 (continued)

Table 2 Classification of

the scales grown on the four
Co-20Ni-xCr-yAl (x=8,15
wt.%; y=3,5 wt.%) alloys into
the four scale types proposed by
Wallwork and Hed [7] (*)

621
T (°C) 800 900
Co-20Ni-8Cr-3A1 Type II+Type IV Type II
Co-20Ni-8Cr-5Al1 Type 11+ Type IV Type II
Co-20Ni-15Cr-3A1  Type II (¥*)+Type IV Type 11+ Type 111
Co-20Ni-15Cr-5A1  Type I (**)+Type IV Type I+ Type IV

*The assignment of two different groups for a given alloy at a con-
stant temperature indicates the simultaneous presence of two differ-
ent types of scale structure over different areas of the same sample

**With only few nodules of type II

spinels and possibly Co—Ni oxides, as observed for the oxidation of Co-20Ni-15Cr-
5Al at 900 °C, a situation still considered to be of type III.

An approximate allocation of the scales observed after oxidation of the pre-
sent four quaternary alloys at 800 °C and 900 °C to the four scale types recalled
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above, taking into account the extensions proposed above, is given in Table 2. In
particular, oxidation of the two alloys with 8 wt.% Cr produced scales of mixed
types II and IV by oxidation at 800 °C, but mostly of type II by oxidation at
900 °C. Conversely, oxidation of the two alloys with 15 wt.% Cr and 3 or 5 wt.%
Al produced mainly scales of type IV with type Il nodules by oxidation at 800 °C,
while by oxidation at 900 °C, Co-20Ni-15Cr-3Al formed scales of mixed types II
and IIT and Co-20Ni-15Cr-5Al scales of mixed types III and IV. It is finally noted
that the present results differ partly from the model proposed by Walkwork and
Hed [7] because in some cases the outer layers of scales of type III are composed
of spinels rather than chromia.

The reason for the presence of the higher cobalt oxide, Co;0,, in the external
region of the scales grown on these four alloys is that the oxygen pressure adopted in
the present tests is larger than that for the CoO/Co;0, equilibrium at these two tem-
peratures (equal to 4.26x 10~ atm and 0.141 atm at 800 and 900 °C, respectively)
[1]. In particular, Co;0, formed isolated particles by oxidation at 900 °C rather than
a continuous layer, as observed by oxidation at 800 °C, due to the smaller difference
between the oxygen pressure in the gas phase and that for the equilibrium between
the two oxides, which may have been further reduced due to the presence of some
nickel dissolved in CoO, but not in Co;0,.

Oxidation Kinetics

A general feature concerning the oxidation of these four alloys is their rather irregu-
lar kinetic behavior, as evidenced in particular by the changes with time of the slope
of the parabolic plots observed frequently. As already observed in a previous paper
regarding the oxidation of the same alloys at 1000 and 1100 °C [32], this aspect
is connected with the presence of different types of scales growing simultaneously
over different regions of the alloy surface and especially with the very likely change
of their relative importance as the reaction proceeds. Effects of this kind have been
observed experimentally and explained theoretically in a study of the time evolution
of the nature of the scales produced by oxidation of some Ni-Cr-Al alloys able to
form alumina scales by Nijdam et al. [13, 14]. These authors were able to identify
four successive stages characterized by different kinetic behaviors corresponding to
the growth of different types of scales during the same test before the final stable
scale structure was established. In the present case the alloy with the smallest chro-
mium and aluminum contents, Co-20Ni-8Cr-3Al, corroded much more rapidly than
the other three alloys at both temperatures, with the exception of Co-20Ni-8Cr-5Al
which at 800 °C corroded at approximately the same rate as the alloy with 8 wt.%
Cr and 3 wt.% Al. These two alloys corroded significantly more slowly at 800 °C
than at 900 °C mainly due a partial growth of type IV scales at 800 °C, absent at
the higher temperature. The oxidation rates of Co-20Ni-15Cr-3Al and Co-20Ni-
15Cr-5A1 at 800 °C are slower than those of the alloys with same aluminum con-
tents but containing only 8 wt.% Cr. The reason of this effect is that increasing the
chromium content promotes the relative importance of scales of type IV, while at the
same time that of scales of type Il is significantly reduced. In summary, no exclusive
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formation of an alumina scale has been observed, as already reported for the oxida-
tion of the same alloys at 1000 and 1100 °C [32], even though significant amounts
of alumina formed on the four alloys at 800 °C. Conversely, oxidation at 900 °C
produced important amounts of alumina only for Co-20Ni-15Cr-5Al. In any case,
an aluminum content up to 5 wt.% is still insufficient to form exclusive external alu-
mina scales by oxidation of quaternary alloys of the composition examined in this
work both at 800 and 900 °C even when combined with the presence of 15 wt.%
chromium.

The comparison between the kinetics of oxidation of the present quaternary
alloys at 800 °C and 900 °C with those of ternary alloys based on Co-20Ni and con-
taining only aluminum or chromium as a third component at the same temperature,
summarized by means of Figs. 4 and 5, respectively, leads to the following consid-
erations. At 800 °C (Fig. 4) the mass gains of the quaternary alloys are consider-
ably smaller than those of the corresponding ternary Co-20Ni-xCr and Co-20Ni-yAl
alloys. Moreover, the increase of the aluminum content from 3 to 5 wt.% has a neg-
ligible effect on the oxidation resistance of the alloys containing either 8 or 15 wt.%
chromium. Conversely, the increase of the chromium content from 8 to 15 wt.% has
a clear positive effect on the oxidation resistance of the alloys containing either 3 or
5 wt.% aluminum. Thus, from a kinetic point of view, the effect of the addition of
3 wt.% or 5 wt.% aluminum is approximately the same for both ternary Co-20Ni-
xCr alloys, while the addition of 15 wt.% chromium is much more effective than
that of 8 wt.% chromium for both ternary Co-20Ni-yAl alloys. In any case, only the
simultaneous presence of both protective elements has a strong positive effect on the
kinetics of oxidation of these quaternary alloys. At this temperature, at variance with
the quaternary alloys, all the ternary Co-20Ni-R alloys significantly more rapidly
than the binary Co-20Ni alloy. A similar effect, already reported for binary alloys
based on nickel or cobalt and containing chromium or aluminum, was attributed to
an enhanced diffusion through the base MO oxide due to a doping effect produced
by the presence of the trivalent ions Cr** or AI** in solution, which increases the
concentration of metal vacancies of the base oxide, producing a faster diffusion of
the base-metals ions through the scale [1, 34-39].

The situation observed at 900 °C (Fig. 5) is more complex. In fact, the mass gains
of the quaternary alloys are again smaller than those of the ternary alloys with the
same content of either chromium of aluminum, except for the case of Co-20Ni-15Cr-
3Al which initially corrodes more slowly than the ternary alloy Co-20Ni-15Cr, but
more rapidly than the same ternary alloy for sufficiently long times [33]. Moreover,
at this temperature Co-20Ni-15Cr corrodes much more slowly also than the binary
Co-20Ni alloy, at variance with the behavior of the other three ternary alloys [33].
Finally, an increase of the aluminum content from 3 to 5 wt.% improves the corro-
sion resistance for both the quaternary alloys containing 8 wt.% or 15 wt.% chro-
mium. A similar effect is also produced by increasing the chromium content from
8 to 15 wt.% for both the quaternary alloys containing 3 wt.% or 5 wt.% aluminum.
Thus, even at this temperature the best kinetic effect is obtained by the simulta-
neous addition of the two reactive alloy components, with the possible exception
of Co-20Ni-15Cr-3Al which at long times corrodes faster than the ternary alloy
Co-20Ni-15Cr.
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Effects of the Simultaneous Presence of Cobalt and Nickel

A final aspect of interest of the present results regards the effects of the simultaneous
presence of cobalt and nickel on the oxidation behavior of the quaternary Co-20Ni-
xCr-yAl alloys as compared with the results of the oxidation of ternary Co-Cr-Al
and Ni-Cr-Al alloys of similar composition, with a particular attention to the criti-
cal chromium and aluminum contents needed to produce exclusive external alumina
scales. For this, reference is made to the approximate oxide map of the pseudo-ter-
nary M-Cr-Al system (where M is Ni+ Co) established by Seraffon et al. [26] for the
oxidation of a number of quaternary Co-Ni-Cr-Al alloys at 900 °C, shown in Fig. 14,
where the data concerning the alloys studied in this paper at the same temperature
have also been included. All the present alloys are located outside the region of sta-
bility of external alumina scales, or Region I, limited by the approximate boundary
dashed line of Fig. 14, in agreement with the corresponding experimental results.

A further evidence to support to this conclusion is provided by the oxide maps
for the oxidation at 900 °C of ternary Co-Cr-Al alloys and Ni-Cr-Al alloys, shown in
Figs. 15 and 16, respectively, which contain also the composition of alloys with the
same chromium and aluminum contents as the present quaternary alloys (denoted
as equivalent ternary alloys). Due to the small number of experimental data, Fig. 15
contains only two points for ternary alloys [40] plus two points for binary Co-Al
alloys [35], so that it is only possible to draw a very rough boundary line of Region
I. Nonetheless, this map shows that both the chromium and aluminum contents of
the equivalent ternary Co-Cr-Al alloys are much smaller than that of the only ter-
nary alloy forming alumina scales. Furthermore, the larger aluminum contents of
the two present Al-rich alloys (10.12 and 10.26 at.%) are much smaller than that
of the first binary Co-Al alloy forming alumina scales (with about 20 at.%Al) and

50 At%Al

100

. 7 0
at%(Co+Ni) ; 10 20 30 40 50 at%Cr

Fig. 14 Simplified oxide map for quaternary Co-Ni-Cr-Al alloys exposed in 1 atm O, at 900 °C: the
dashed line shows the boundary of the region of stability of alumina scales according to the results by
Seraffon et al. [26]. The black stars correspond to the present quaternary Co-Ni-Cr-Al alloys

@ Springer



Oxidation of Metals (2022) 97:599-627 625

5 At%Al

m  data from Ref [35] 50
A data from Ref [40]

100

at%Co / 7 7 7 7 >0
% 0 10 20 30 40 50 at%Cr

Fig. 15 Simplified oxide map for ternary Co-Cr-Al alloys exposed in 1 atm O, at 900 °C: the dashed line
shows an approximate boundary of the region of stability of alumina scales (Region I). The hollow sym-
bols correspond to alloys forming external alumina scales; the black symbols correspond to alloys not
able to form external alumina scales; the black stars correspond to ternary Co-Cr-Al alloys equivalent to
the present quaternary alloys
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Fig. 16 Simplified oxide map for ternary Ni-Cr-Al alloys exposed in 1 atm O, at 900 °C: the dashed
line shows an approximate boundary of the region of stability of alumina scales (Region I) according to
Seraffon et al. [26]. The black stars correspond to ternary Ni-Cr-Al alloys equivalent to the present qua-
ternary alloys
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approximately the same as that of the alloy not able to form alumina scales (with
about 10 at.% Al). Conversely, the oxide map for ternary Ni-Cr-Al alloys (Fig. 16)
at 900 °C taken from a paper by Seraffon et al. [26], based on a larger number of
data (only the boundary line of region I is reported for simplicity), indicates that the
two ternary Ni-Cr-Al alloys with 3 wt.% aluminum should not be able to form alu-
mina scales, while the two alloys with 5 wt.% Al are close to the line indicating the
boundary of Region I. In any case, in spite of the limited amount of data available,
comparison between Figs. 15 and 16 suggests that the growth of external alumina
scales is much more favorable for ternary M-Cr-Al alloys based on nickel than on
similar alloys based on cobalt. Finally, a negative effect of a partial substitution of
cobalt to nickel on the oxidation behavior of various complex alloys at high temper-
atures has been already reported by numerous previous studies [21, 23, 24, 29, 30].

Conclusions

Four Co-20Ni-xCr-yAl (x=8,15 wt.%; y=3,5 wt.%) alloys were oxidized under
1 atm O, at 800 °C and 900 °C. At 800 °C external alumina scales formed only on
a fraction of the surface of all alloys, more extended for the two alloys with 15 wt.%
Cr. The remaining surface fraction was covered by thicker double-layered external
scales of complex nature, mostly followed by an internal oxidation zone (I0Z) of
aluminum. Conversely, oxidation at 900 °C the two alloys with 8 wt.% Cr produced
duplex external scales plus an IOZ of aluminum. By oxidation at 900 °C Co-20Ni-
15Cr-3Al formed a combination of thin chromia-rich scales overlying an IOZ of alu-
minum with thick scales having the usual complex composition. Finally, oxidation at
900 °C of Co-20Ni-15Cr-5Al produced alumina scales over about half of the alloy
surface, while the remainder surface formed a complex external scale associated
with an IOZ of aluminum. Altogether, except for the oxidation of Co-20Ni-15Cr-
5Al at 900 °C, the tendency to form external alumina scales is stronger at 800 °C
that at 900 °C. However, under the present testing conditions an aluminum content
of 5 wt.% is still insufficient to form exclusive external alumina scales on alloys con-
taining up to 15 wt.% Cr.

The partial replacement of cobalt by nickel has a beneficial effect on the ability of
the quaternary Co-20Ni-xCr-yAl alloys to form protective external alumina scales
as compared with ternary Ni-Cr-Al alloys with similar chromium and aluminum
contents. Finally, the simultaneous presence of chromium or aluminum is beneficial
to reduce the oxidation rate of quaternary Co-20Ni-xCr-yAl alloys with respect to
ternary Co-20Ni-Cr and Co-20Ni-Al alloys with the same chromium or aluminum
contents.
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