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Abstract An yttria dispersion strengthened NiCr-base
alloy was studied with respect to isothermal oxidation
behaviour at 1000 °C and 1050 °C in high- and low-pO,
gases, i.e. Ar—O, and Ar(—H,)-H,O. The scale growth
kinetics, morphology and composition were studied by
thermogravimetry in combination with SEM/EDX and
SNMS. Due to Y doping the surface scale is very protective
and initially grows predominantly by inward oxygen diffu-
sion. Local formation of mainly outwardly growing oxide
nodules occurs after longer oxidation times and is related to
metallic protrusions formed as a result of internal oxidation
of the minor alloying addition aluminium. The differences in
scale morphology in the various environments are related to
the effect of the gas composition on scale grain size and on
the relative amounts of inward scale growth. Possibly the
pO, dependence of the Ti-solubility in the chromia scale and/
or hydrogen doping of the oxide plays an additional role in
the scale growth process.

Introduction

NiCr—base alloys are commercially used construction
materials for a large number of high temperature

E. Essuman - J. Zurek (<) - M. Hénsel - L. Singheiser -
W. J. Quadakkers

Forschungszentrum Jiilich, IEF-2, 52428 Julich, Germany
e-mail: j.zurek @fz-juelich.de

E. Essuman - T. Norby
Department of Chemistry, University of Oslo, FERMiO,
Gaustadalleen 21, 0349 Oslo, Norway

G. H. Meier
University of Pittsburgh, Pittsburgh, PA, USA

components. For protection against oxidation attack the
materials rely on chromia base scales which form on the
component surfaces during high temperature service due to
selective oxidation of the alloying element chromium.
Frequently, the NiCr—base materials are alloyed with one
or more elements to increase their creep resistance by solid
solution and/or precipitation strengthening. The most com-
monly used precipitates to obtain an increase in the creep
resistance of Ni-base alloys are carbides and phases based
on 7'-Ni3Al. The strengthening imparted by this mechanism
is rapidly lost at high service temperatures of about 900 °C
due to precipitation dissolution and/or coarsening [1-3].
These effects can largely be suppressed if dispersions of a
thermodynamically stable oxide are used for strengthening.
A number of NiCr-base alloys, which contain dispersions of
a stable oxide, mainly yttria, have been developed by several
alloy manufacturers. Typical dispersions of particles of
10 nm diameter and approximately 30 nm apart can be
obtained by a special milling process called Mechanical
Alloying [4, 5]. The use of yttria has the additional advan-
tage that precipitates of this oxide greatly improve the
oxidation resistance in a similar manner to that obtained by
metallic additions of yttrium or other so-called reactive
elements (REs); it decreases the growth rate and improves
the adherence of the chromia base oxide scale [6—8]. The
oxidation behaviour of NiCr-base ODS alloys has been
described in a number of publications (e.g. [6, 9, 10]).
However, practically all these studies are related to the
materials behaviour in air, oxygen or inert gas/oxygen
mixtures. As far as known to the authors, few studies exist
on the behaviour of the materials mentioned in low-pO,
gases in which water vapour is the main oxygen carrying
species. Knowledge about the behaviour in this type of
environment is of great importance because chromia
forming alloys are frequently used in low-pO, gases and a
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number of recent studies [11-13] have shown that the
chromia growth mechanisms in H,O/H, mixtures are sub-
stantially different from those in O,-based gases.

In the present study, the oxidation behaviour of a NiCr-
base ODS alloy has been investigated during isothermal
oxidation in Ar-20%0,, Ar-7%H,0O and Ar—4%H,—
7%H,0 at 1000 °C and 1050 °C. Main emphasis was given
to the effect of gas composition on the oxide scale growth
mechanisms and morphology.

Experimental

The NiCr-based ODS alloy studied was received in the form
of a hot forged bar. Table 1 gives the chemical composition
determined by Inductively Coupled Plasma Mass Spec-
trometry (ICPMS) of the ODS alloy and a conventional
wrought Ni-25Cr alloy (in weight percent). As frequently
described for this type of materials (see e.g. [14]) the
microstructure consisted of a mixture of elongated and
equiaxed grains. They typically had a size of approximately
100 pm. Specimens of 10 x 10 x 2 mm dimensions were
machined from the forged bar, ground to a 1200 grit surface
finish using SiC paper and ultrasonically cleaned in acetone
immediately before use. Specimens of each alloy were oxi-
dized in three different oxidizing gases, i.e. Ar—20%0,,
Ar-7%H,0 and Ar-4%H,-7%H,0. The water vapour
content of the reaction gases was adjusted by bubbling Ar or
Ar—4%H, mixtures of ultra-high purity through deionized
water at controlled temperatures.

Isothermal oxidation tests at 1000 °C and 1050 °C were
carried out in a Setaram Thermobalance (TG92) for up to
72 h. Individual specimens were suspended on an alumina
hook and gravimetric data were recorded continuously
during each experiment. The total gas flow rate in the
alumina furnace tube was 2 L/h, corresponding to a linear
gas velocity of 0.2 cm/s, at a total pressure of 1 bar. The
heating rate was 90 °C/min.

In addition to the TG studies, a number of isothermal fur-
nace exposures were carried out in which four specimens were
exposed for 5, 8, 25 and 50 h, respectively, in Ar—20%0, at
1000 °C. Two other specimens were also exposed for a longer
time, i.e. 1000 h in Ar—20%0, and Ar—2%H,0 at 1000 °C.

The oxidized specimens were nickel coated, mounted in
a resin and subsequently prepared using the conventional

metallographic route of grinding, polishing and fine pol-
ishing. The metallographic cross sections were analysed by
optical metallography and scanning electron microscopy
(SEM) with energy dispersive X-ray analysis (EDX).

Results

Figure 1 shows the weight change data during isothermal
oxidation of the studied ODS alloy at 1050 °C in the three
test gases. Apart from the very early stages of oxidation,
the oxidation rates of the (ODS) alloy in the two water
vapour containing, low-pO, gases are substantially higher
than in Ar—O,. The differences in weight change after 72 h
of oxidation are confirmed by the SEM cross sections in
Fig. 2, i.e. the scale formed in the low-pO, gases are
thicker than those formed in Ar—O,. It is important to
notice that the scales are quite non-uniform in thickness.
Especially the specimen exposed in Ar-O, shows “flat
areas” in which the oxide scale is quite thin, whereas in
other areas rapidly growing, nodular type oxide growth is
found locally. In these areas of nodular growth, the oxide
formed in Ar—O, tends to be heavily voided and metal
seems to be protruded outward from the alloy into the
scale. This behaviour is also found after exposure in the
wet gases; however, the number of nodules seems to be
slightly larger. Also, the presence of voids in the oxide
nodules seems to be far less pronounced in the oxide
formed in Ar—H,O and especially in Ar-H,—H,O.
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Fig. 1 Weight change versus time during oxidation of the NiCr-base
ODS alloy at 1050 °C in different atmospheres

Table 1 Chemical composition of the tested NiCr-base ODS alloy and the conventional wrought Ni-25Cr alloy

Alloy Composition (wt%)

Ni Cr N C (0] Al Ti P S Y
ODS alloy Bal. 19.4 0.1156 0.071 0.344 0.2 04 <0.01 0.002 0.42
Ni-25Cr Bal. 24.8 0.0005 0.01 0.0056 - - 0.01 0.001 -
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Fig. 2 Cross-section SEM
micrographs of NiCr-base ODS
alloy after isothermal oxidation
for 72 h at 1050 °C in various
atmospheres; (a) Ar—20%0,,
(b) Ar-4%H,-7%H,0, (c)
Ar-7%H,0. The internal oxide
precipitates mainly consist of
Al,O4

Fig. 3 Cross-section SEM
micrographs of NiCr-base ODS
alloy after isothermal oxidation
for 72 h at 1000 °C in various
atmospheres; (a) Ar-20%0,,
(b) Ar—4%H,-7%H,0, (c)
Ar-7%H,0. The internal oxide
precipitates mainly consist of
Al,O4

Very similar scale morphologies are found after expo-
sure at 1000 °C (Fig. 3) whereby the number of nodules is
smaller than that found at 1050 °C after the same exposure
time.

Figure 4 compares the weight changes after 72 h iso-
thermal exposure of the ODS alloy in the various gases
with those obtained for the yttria-free, conventional chro-
mia-forming wrought alloy Ni—-25Cr. In all cases, the oxide
scales on the Y,0s5-containing alloy are, as expected from
literature [7], thinner than those on Ni-25Cr. In spite of
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these differences in oxidation rate, both materials show the
same trend when comparing the behaviour in the three
gases, that is, the scales formed in the low-pO, gases are
thicker than those formed in Ar-O,, in agreement with
findings from various authors for pure chromium and other
chromia forming materials [11-13].

Figure 5 shows the time dependence of scale formation
in Ar-20%0, at 1000 °C. The number of nodules increases
with increasing exposure time. After very long term
exposure the nodules tend to grow together, thus giving the
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Fig. 4 Weight change after isothermal oxidation of NiCr-base ODS
alloy and Ni-25Cr model alloy in different atmospheres at 1050 °C
for 72 h. Inserted lines do not present a real pO, dependence of the
oxidation rate; they are just inserted for clearer visibility of the data
points

Fig. 5 Cross-section SEM
micrographs of NiCr-base ODS
alloy after different oxidation
times at 1000 °C in Ar-20%0,

Ni-Coating

impression that the scale eventually becomes relatively
uniform in thickness (Fig. 6). The outer parts of this type of
scales are prone to crack formation during cooling, which
is eventually expected to lead to partial scale spalling
(Fig. 6).

The formation and location of the nodules is more or
less a statistical process with the result that they are quite
evenly distributed over the whole metal surface [15, 16].
This is in agreement with metallic nodule formation as a
result of other internal corrosion processes (e.g. carburi-
zation, nitridation) in cases where the atmosphere did not
exhibit external oxide scale formation [17]. The nodule
formation is clearly not correlated with alloy grain
boundaries considering a typical distance between the
nodules of 4-10 pum, compared to an alloy grain size in the
range of 100 pum.
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Fig. 6 Cross-section SEM
micrographs of NiCr-base ODS
alloy after oxidation at 1000 °C
in (a) Ar-20%0, and

(b) Ar-2%H,0 for 1000 h
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Discussion

The non-even oxide growth on an yttria strengthened NiCr-
base alloy, whereby “flat” areas with a very thin oxide
scale are interspersed with areas of more rapidly growing
nodules (Fig. 2a) during air or oxygen exposure, has been
described previously (see e.g. [18, 19]). It is well estab-
lished that the thin oxide grows, due to Y doping, by
inward oxygen diffusion, in contrast to chromia scales on
non-doped alloys which were shown to mainly grow by
outward cation transport [10]. Several mechanisms were
proposed to explain the change of the transport process and
the decreased growth rate of the chromia scale by a reac-
tive element (RE) addition such as Y. Two popularly
supported mechanisms are the grain boundary blocking
mechanism in which the RE segregates to oxide grain
boundaries [20-22], inhibiting grain boundary diffusion,
and the poisoned interface model PIM, in which the reac-
tive elements segregate to the oxide/metal interface,
retarding the interface reaction [23-25]. The majority of
experiments support the former mechanism, because it was
previously clearly demonstrated for various types of
chromia forming alloys, e.g. by implanting a RE in a pre-
existing oxide scale [26], that the decreased growth rate of
chromia scales on RE-doped alloys requires the RE to
become incorporated into the oxide scale. When becoming
incorporated into the scale, the RE blocks outward cation
diffusion [18] resulting in an inwardly growing chromia
scale with a lower growth rate than that on non-doped
metal or alloy.

Similar findings were recently made for NiO scales on
pure Ni [27, 28]. Pre-oxidized Ni samples were coated with
CeO, and then exposed for an additional 50 h at 800 °C.
Cross-sectional micrographs showed that the scale thick-
ness was reduced for the coated nickel with respect to the
uncoated nickel. The pre-oxidation treatment did not allow
the deposited ceria to contact unoxidized nickel and the
reduction of the growth rate of NiO was still observed.
These results clearly confirm that the effect of RE oxide on
the growth of the oxide scale is not related to the PIM but
to the incorporation of the RE in the oxide scale.

Fig. 7 Cross-section SEM
micrographs of NiCr-base ODS
alloy after oxidation at 1000 °C
in (a) Ar-20%0, and (b) Ar—
4%H,—7%H,0 for 72 h. Arrows
indicate metallic protrusions
free of internal Al-oxide
precipitates

(@) Ar-20%0,

Ni-Coating

Internal oxides

If the RE, such as Y, is present as a metallic alloying
addition or if it is implanted into the surface [29-31],
incorporation into the oxide seems to be a straightforward
process because Y might diffuse from the bulk alloy to the
scale alloy interface and eventually into the scale. If,
however, Y is present in the form of a thermodynamically
very stable oxide dispersion, such as in the ODS alloy used
in the present study, diffusion of metallic Y is unlikely. For
yttria containing Cr-base ODS alloys it was shown that Y
incorporation occurs by embedding of the fine yttria dis-
persion into the inwardly growing oxide scale [32, 33]. An
optimum positive effect is thus obtained only if the yttria
exists in the alloy in the form of extremely fine dispersions
that are practically in direct contact with the scale [32, 33].

From the scale morphology (e.g. Figs. 2, 3) and previ-
ous tracer studies [18] it is apparent that in the specimen
areas with oxide nodules, the scale grows by outward
cation diffusion. Based on the above described theory of
the effect of REs on chromia growth, the grain boundary Y
doping [34] was apparently not effective in these areas of
the scale such that the overall scale growth is substantially
higher than would have been obtained in the case of an
ideally doped scale. For practical applications it would thus
be of great importance to elucidate the reasons for this
uneven RE doping.

An important finding in the present study is a small zone
of internal oxide precipitates which are formed due to
oxidation of the minor alloying addition aluminium
(Figs. 2, 3). EDX-analysis revealed the internal oxides to
be rich in Al. Due to the small size of the precipitates,
unequivocal characterization of the precipitates was not
possible by EDX; however, it is believed that the particles
consist of alumina, although it cannot be excluded that they
consist of an Al-rich, mixed oxide. It has been shown by
several authors that the volume increase accompanied by
such internal corrosion processes leads to outward metal
flow resulting in metallic nodules, which become embed-
ded in the external scale [15, 16], as also found in the
present study. Figure 7 clearly shows that in the metallic
protrusions, no indication of internal Al-oxide precipitates
are found thus strongly indicating that they are formed as a
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result of the internal oxidation process, thus after the Al in
the near-surface zone became depleted.

The outward metal flow must lead to local damage, and
thus local loss of protection of the initially formed external
surface scale [15, 16]. The question then arises whether the
re-healing of the oxide on these metallic protrusions occurs
according to the same mechanism as described above for
the previously formed, RE-doped thin oxide layer. If only
metal flows outward, the metallic nodules will not contain
the yttria dispersion present in the bulk alloy. For the
reasons mentioned above, the yttria cannot be incorporated
into the scale, and the chromia on the metallic nodules will
thus grow like that on a non-RE-doped alloy, i.e. by out-
ward cation diffusion. This results in a high growth rate
accompanied by substantial void formation due to vacancy
condensation near the oxide/alloy interface, as frequently
observed for non-RE-doped chromia formers [19]. This
explains the typical scale morphology found in the present
study after Ar—O, exposure (Figs. 2a, 3a).

Several authors illustrated that chromia growth on non-
RE-doped alloys in Ar(—H,)-H,O is substantially faster
than that in Ar-O, or air [11, 12]. It was also found that,
the scales are more compact and the void formation at/near
the scale/alloy interface is virtually absent resulting in
improved oxide adherence. This observation was attributed
to the fact that, in addition to outward growth, substantial
inward scale growth occurred in the low-pO, environment
even if no RE doping prevailed [12]. This growth mecha-
nism was attributed to an extremely fine grain size of the
oxide scale [12] formed in the low-pO, gas.

This at least qualitatively explains the observed scale
morphology in the present study after Ar—-H,—H,O expo-
sure. The thin parts of the scale formed in Ar-H,—H,O are
slightly thicker than those formed in Ar—O, due to differ-
ences in grain size and thus number of grain boundaries,
which are the transport paths for inwardly diffusing oxy-
gen. Local nodule formation occurs in Ar—H,—H,O similar
to that in Ar—O, because in both cases it is initiated by
internal oxidation of Al. The growth of the oxide on the
metallic nodules in Ar—H,—H,O does, however, not lead to
considerable void formation, because substantial inward
scale growth occurs [12], in spite of the lack of the Y,0s-
dispersion in the metallic nodule.

These scale growth mechanisms in the high- and low-pO,
gases are summarized in Fig. 8. Initially a thin, inwardly
growing, Y-doped oxide forms in both environments. The
oxide formed in the “flat areas” in Ar-H,—H,O is slightly
thicker than that formed in Ar-O, due to a higher grain
boundary density in the oxide formed in the low-pO, gas.
Local nodular growth occurs in both gases with substantial
in-scale voidage during Ar—O, exposure. Hardly any voi-
dage occurs in Ar—H,—H,O due to a substantial contribution
of inward scale growth, in spite of the lack of Y doping.
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Fig. 8 Schematic diagram showing the mechanism of local “nodule”
formation on the ODS alloy during isothermal oxidation at high
temperatures. During short-term exposure yttria becomes embedded
in the chromia scale (#;). Y doping results in blocking of outward
cation diffusion so that the slowly growing scale grows nearly
exclusively via oxygen grain boundary transport. After longer times,
internal oxidation of Al results in formation of Y-free metallic
protrusions (#,). Here the oxide grows nearly like that on an yttria-free
alloy. Time #," relates to Ar—O, exposure, time tzb to Ar-H,—H,0

The scale found after the Ar-H,O exposure (Figs. 2c,
3c) seems, in respect to growth rate and morphology, to be
intermediate between those formed in the Ar-O, and the
Ar-H,-H,0 exposures.

Although the exposure of the metallic inclusions and the
respective oxide nodules are found in all atmospheres, their
number and size as well as the growth rate of the oxides
differ slightly from environment to environment. Based on
observations and mechanistic descriptions found in the
literature, three reasons which might be responsible for
these differences will be discussed:

(1) Enhanced precipitation of internal oxides of Al in the
H,O(H,) atmosphere compared to Ar-O,, as recently
found for internal Cr-oxide in the case of FeCr alloys
[35, 36].

(2) Differences in Ti incorporation into the chromia scale
[14] due to a pO, dependence of the Ti-solubility in
chromia [37].

(3) Dissolved hydrogen or OH™ originating from water
vapour altering the defect structure and forming point
defects in chromia [38, 39].

To get further insight on the reasons for these differ-
ences, a number of specimens were analysed by SNMS
after very short exposure times, i.e. when the scales were
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still relatively flat and hardly any nodules had formed. The
quantification of the SNMS data was carried out using the
procedure described in references [40, 41].

A clear indication for mechanism (1) could not be
derived from the SEM-cross sections (Figs. 2, 3) and only a
minor indication of such an effect might be derived from
the SNMS profiles.

Based on the SNMS data in Fig. 9, mechanism (2) might
play a role in the development of various morphologies
observed in the different environments. A number of studies
have shown that Ti-incorporation into the chromia scale
results in an increase of the scale growth kinetics probably
due to a classical doping mechanism [14, 42]. Naoumidis
et al. [37] showed that the Ti solubility in chromia decreases
with increasing oxygen partial pressure. During Ar-O,
exposure substantial Ti solubility will thus only occur in the
inner part of the oxide scale. The outward diffusing Ti will in
the outer scale hardly be present in the chromia lattice and
only prevail as TiO, on top of the scale, as confirmed by the
SNMS profile in Fig. 9. From the pO, dependence of Ti
solubility, it is expected that after exposure in the low-pO,
gas Ti should be more evenly distributed all through the
chromia scale, in agreement with the SNMS data in Fig. 9.
This higher, overall solubility and a more even distribution of
defects may allow more rapid outward Ti cation transport
and thus a higher Ti concentration at the scale/gas interface
after exposure in low-pO, gas compared to high-pO, gas
(Fig. 9). Enhanced outward chromia scale growth due to Ti
doping which was illustrated by several authors [14, 43] is
likely to be increased by increased Ti solubility in the scale.
This may be an explanation for the differences observed in
the different gases.

Another possible explanation would be mechanism (3)
where dissolved hydrogen or OH originating from water

Ar-2%H,0
Ar-20%0,

Concentration (at. %)

Ar- 4%H2%H,0

0 1000 2000 3000 4000 5000
Sputtering time (s)

Fig. 9 SNMS profiles for Ti after 2.5 h oxidation of NiCr-base ODS
alloy in Ar—20%0,, Ar-2%H,0 and Ar—4%H,-2%H,0, respectively.
The lines drawn across the curves for the various environments
indicate the respective metal/scale interfaces whereby to the left of
these lines is the oxide scale and to the right the alloy

vapour may form point defects and alter the defect struc-
ture of the chromia scale [38, 39]. In stoichiometric oxides
protons may be the dominating positive defects even at
very low water vapour partial pressures and high temper-
atures. When protons dominate the defect structure, the
defect-related properties, such as transport properties of the
oxide, become dependent on the water vapour partial
pressure [39]. Hydrogen doping would have the same
consequences as Ti doping, namely enhancing the cation
outward diffusion. Both form positively charged defects
which in turn, to keep the charge balance, promote the
additional creation of chromium vacancies.

However, it is not possible to provide experimental
evidence for mechanism (3), as in Fig. 9 for (2) the dis-
solution of Ti in the chromia scale, because hydrogen
cannot be quantified using SNMS.

To answer the question whether hydrogen doping plays
a role in the present findings additional experimental
techniques need to be employed, e.g. gas phase analysis—a
technique in which the oxidation process is studied by
analysing gas consumption and evolution in a sealed vol-
ume by isotope labelling methods during the course of the
oxidation reaction or in situ XPS measurements using a
synchrotron beam studying adsorption processes and
reactions at the oxide scale/gas interface.

Conclusions

The chromia scale on an yttria dispersion strengthened
NiCr-base alloy during Ar—-O, exposure at 1000 °C and
1050 °C exhibits a very small growth rate. Two types of
oxide morphologies are found on the specimen surface:

— “flat areas” with very thin oxide which, based on
literature data, grows by inward oxygen diffusion along
oxide grain boundaries because of the suppression of
the outward chromium transport due to Y doping.

— More rapidly growing oxide nodules which form on
metallic protrusions.

The metallic protrusions are the result of internal oxi-
dation, mainly of Al, which leads to a volume increase in
the alloy and consequently to local outward metal flow. As
the metallic protrusions are free of yttria dispersion, the
oxide formed in all test environments on the metallic
protrusions exhibits a substantially higher growth rate than
in the “flat areas”. The scales formed in Ar-H,—H,O in the
“flat areas” are slightly thicker than those formed in
Ar-0,, in agreement with recent findings for Cr and NiCr
alloys. The nodules formed in Ar-O, on the metallic pro-
trusions exhibit substantial in-scale voidage. This is not the
case in Ar—H,-H,O because of a large extent of inward
scale growth occurring in this gas even in the absence of
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yttrium doping. The growth rate and morphology of the
scales formed in the different gases are possibly addition-
ally affected by a pO, dependence of Ti solubility in
chromia and/or hydrogen doping of the oxide.
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