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Abstract In three different examples, the effects of the
oxidation behaviour as well as the microstructural sta-
bility of high temperature materials and protective coat-
ings was determined by combining the results of kinetic
studies with extensive analytical investigations using,
among other techniques, SNMS, SIMS, SEM, TEM,
Rutherford back scattering (RBS) as well as X-ray dif-
fraction.

1) The effect of water vapour on the oxidation behaviour
of 9% Cr steels in simulated combustion gases has been
determined. The effects of O, and H,O content on the ox-
idation behaviour of 9% Cr steel in the temperature range
600-800 °C showed that in dry oxygen a protective scale
was formed with an oxidation rate controlled by diffusion
in the protective scale. In the presence of water vapour, af-
ter an incubation period, the scales became non-protective
as a result of a change in the oxidation limiting process.
The destruction of the protective scale by water vapour
does not only depend on H,O content but also on the
H,0/O,-ratio.

2) The increase of component surface temperature in
modern gas turbines leads to an enhanced oxidation attack
of the blade coating. Improvements in corrosion resis-
tance and longer lifetime thermal barrier coatings in gas
turbines have been achieved by improvement of the high
temperature properties of MCrAlY coatings by additions
of minor alloying elements such as yttrium, silicon and
titanium.

3) The use of oxide dispersion strengthened (ODS) alloys
provides excellent creep resistance up to much higher
temperatures than can be achieved with conventional
wrought or cast alloys in combination with suitable high
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temperature oxidation/corrosion resistance. Investigation
of the growth mechanisms of protective chromia and alu-
mina scales were examined by a two-stage oxidation method
with 180 tracer. The distribution of the oxygen isotopes in
the oxide scale was determined by SIMS and SNMS. The
results show the positive influence of a Y,0; dispersion
on the oxidation resistance of the ODS alloys and its ef-
fect on growth mechanisms.
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Introduction

The development of modern coal-fired power generation
systems with higher thermal efficiency requires the use of
construction materials of higher strength and with im-
proved resistance to the aggressive service atmospheres.
The increase in the thermal efficiency of steam power
plants that can be achieved by increasing the steam tem-
perature and pressure has provided the incentive for the
development of the 9% chromium steels towards im-
proved creep rupture strength and oxidation resistance.
Modern steam power plants with steam temperatures
around 580°C and pressures of 30 MPa are now achiev-
ing thermal efficiencies of around 45%. With the aim of
conserving fossil fuel supplies and reducing the environ-
mental impact resulting from emissions of CO,, SO, and
NO,, further development towards even higher efficien-
cies is necessary [1].

In addition to the development of the conventional
steam-raising plant, alternative energy supply systems,
such as combined cycle plants, in which a gas turbine
(fired by natural gas or gasified coal) and a steam turbine
are coupled, offer the prospect of even higher thermal
efficiencies, as the gas turbine inlet temperatures are
1200°C and above [2]. This results in increased oxidation
rates requiring protective coatings with higher tempera-
ture capabilities. These requirements can be fulfilled only
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by coatings of the MCrAlY-type having high aluminium
contents of at least 9—10 weight-% Al.

A further increase of turbine gas temperatures can be
obtained using thermal barrier coatings (TBCs) based on
yttria stabilised zirconia. One of the predominant failure
mechanisms of these coatings is rapid oxidation of the
MCrAlY-bond coat (BC) resulting in spallation of the alu-
mina scale due to growth stresses or thermally induced
stresses resulting from different thermal expansion coeffi-
cients of the alumina scale and the bond coat. Therefore,
one of the key issues in developing reliable TBC systems,
which can be used as an integrated element of the blade
design, are bond coats with very low oxidation rates. This
can be achieved by modifying MCrAlY-compositions, es-
pecially in respect to the exact amounts of minor elements
present such as silicon, titanium and yttrium [3].

Oxide dispersion strengthened alloys (ODS) are poten-
tially suitable construction materials for components such
as high temperature heat exchangers, which are subjected
to hostile service conditions, due to their unique combina-
tion of superior high temperature creep and corrosion re-
sistance. High temperature Ni-, Co- and Fe-based alloys
are strengthened by a combination of solid solution and
precipitation hardening. ODS alloys contain small amounts
(ca 0.5-1.0 % by mass) of a finely dispersed oxide phase
(mostly yttria) which is thermodynamically much more
stable than the strengthening particles, such as “gamma
prime” (y’) and carbides, present in conventional high
temperature alloys. The ODS alloys therefore provide ex-
cellent creep resistance combined with high temperature
oxidation/corrosion resistance [4].

In the present paper the significance of surface analy-
sis techniques, in combination with conventional charac-
terisation methods, in studying oxidation and corrosion
processes of metallic materials will be illustrated thereby
using examples related to the various technical applica-
tions mentioned above. The main surface analysis tech-
niques used are secondary ion mass spectrometry (SIMS),
sputtered neutrals mass spectrometry (SNMS) and Ruther-
ford back scattering analysis (RBS). Compared to other
surface analysis methods, such as AES and XPS, the SIMS
technique has the advantage that it allows the detection of
various isotopes of one element thus enabling tracer stud-
ies frequently used in studying growth mechanisms of
corrosion layers [5, 6, 7, 8]. However, a major problem in
analysing oxide layers on metallic substrates by SIMS is
the strong matrix-dependence of the ion yield, which makes
SIMS depth profiles difficult to quantify [5]. Therefore, in
recent years a number of modified methods, i.e. SNMS
[6] and MCs*-SIMS [7] were developed which, in most
cases, allow calculation of the measured intensities as func-
tion of sputter time into concentration as function of depth
to be readily performed [5, 6]. Especially in case of very
thin corrosion layers, conventional SIMS, MCs*SIMS and
SNMS have the disadvantage that at the beginning of the
measurement, sputter equilibrium is not fully established
and consequently a reliable analysis of the uppermost part
of the oxide layer is in most cases not possible [7]. In such
cases, RBS has been shown be an excellent complemen-

tary method to SIMS and SNMS for obtaining a full analy-
sis of the surface oxide and the subscale regions in the al-
loy.

Experimental-Results

The effect of water vapour on the oxidation behaviour
of 9% Cer steels

In power plants, 9% Cr steels are being used as construction mate-
rials for piping, headers and superheater tubes. For these materials,
the challenge is to find a compromise between optimum mechani-
cal properties and corrosion resistance. Studies on the thermal ox-
idation in simulated combustion gases of coal fired plants have
shown that under these conditions, in contrast to 12% Cr steels,
9%Cr steels possess an oxidation resistance which is far lower than
in air (Fig. 1). Water vapour is responsible for the rapid oxidation
in the combustion gas [9, 10, 11, 12, 13, 14].

Exposures of the 9% Cr steel(P91) were carried out at up to
10,000 h at 650°C in simulated combustion gases consisting of:
1 vol.-% O,, 14 vol.-% CO,, 0.1 vol.-% SO,, 0.01 vol.-% HCl or a
water content of 7 vol.-% (in N,). SEM analysis of samples after
250 hours of oxidation under dry N, gas containing 1 vol.-% O,
showed a thin oxide layer with a thickness of about 1 um, appear-
ing compact and adherent. The EDX analysis revealed that the
scale mainly consisted of iron, chromium and minor amounts of
manganese, molybdenum and silicon (Table 1). With X-ray dif-
fraction, only the Fe,Oj; structure could be detected.

In the wet environments a very high oxidation rate occurred af-
ter an initial incubation period, which was a function of H,O con-
tent. In the incubation period the kinetics showed a parabolic
growth rate which was slightly higher than in the dry gas. After the
incubation period the curves followed a linear rate with a rate con-
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Fig.1 Oxidation of 9% Cr (P91) and 12% Cr (X20) steels in a
simulated combustion gas and air at 650 °C

Table 1 EDX analysis of scale on P91, compared with bulk alloy
composition, after 250 h oxidation in N,+1 vol.-% O, for 250 h at
650°C

Element Alloy Oxide layer
(atom %) (atom %)

Fe 88 73.2

Cr 9.6 20.4

Si 1.2 0.5

Mo 0.5 1.4

Mn 0.7 4.5
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Fig.2 SIMS profile of oxide scale (tapered cross section) of 9%
Cr steel (P91) oxidised in N, with a 1 vol.-% O, +2 vol.-% H,0O
mixture at 650°C for 7 h

stant which depended on the H,O content. The microscopic obser-
vations of the specimens oxidised in the wet gases showed porous
scales which consisted of three parts, identified as Fe,O; (outer),
Fe;O, (middle) and (Fe,Cr);0, (inner). This information is con-
firmed by the SIMS line scan, determined on a tapered cross sec-
tion, which showed a chromium enrichment in the internal part
of the scale, whereas no chromium was present in the outer part
(Fig.2).

The enhancement of the oxidation by the presence of water
vapour does not continuously increase with temperature (Fig.3).
For 2 and 4 vol.-% of H,0, a bell shaped temperature dependence
was recorded with respective oxidation rate maxima at 650 and
700°C. At 800°C, however, a protective scale was formed, irre-
spective of the H,O content (0, 2 and 4 vol.-%) in the gas. Conse-
quently, at a given H,O content of 4 vol.-% the oxidation rate in
the temperature range 650—800°C decreases with increasing tem-
perature. Results of thermogravimetric (TG) analyses at 650°C,
whereby the gas was cycled between wet and dry N, containing
1 vol.-% O, showed that when the experiment started in wet gas,
the presence of water vapour rapidly led to a high rate of oxidation
which was a function of both O, and H,O contents with a compe-
tition between reactions at the internal interface. When the atmo-
sphere was changed to dry, the immediate decrease of the oxida-
tion rate can be explained to be the consequence of the new growth
of an (Fe,Cr),05-based protective layer at the alloy/scale interface.
This assumption is in good agreement with the fact that an incuba-
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Fig.3 Influence of water vapour on the rate of oxidation of 9% Cr
steel (P91) in N, with 1 vol.-% O,+x vol.-% H,O mixtures be-
tween 600 and 800 °C
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tion period is observed on changing the atmosphere from dry to
wet.

The higher growth rate in the gas with high H,0O/O,-ratios
eventually led to a breakdown of the protective scale. This was fol-
lowed by an approximately linear growth of an Fe;O,-rich scale.
The rate of Cr incorporation into the scale was then determined by
Cr diffusion in the alloy.

Corrosion resistant coatings and thermal barrier coatings
of gas turbine components

Alumina scales which are formed on MCrAlY-based (M=Ni, Fe,
Co) alloys or coatings can offer excellent protective capabilities
due to their slow growth rate and thermodynamic stability. It is
well known that minor additions of reactive elements such as yttri-
um improve the protective nature of the scale [15]. Also, minor
silicium additions can affect the oxidation behaviour of alumina
forming alloys [16, 17, 18]. Isothermal oxidation experiments of
NiCrAlY alloys (with Si contents: 0—2 mass-%) at between 950 °C
and 1100 °C in Ar containing 20 vol.-% O, showed that the growth
rate of the oxide scales on Si-containing alloys were very similar
to those of Si-free alloys. Cyclic oxidation at 1100°C in air
showed a similar behaviour in the early stages of oxidation. But an
effect of Si became apparent after longer exposure times with bet-
ter scale adherence. The results of the XRD analysis in Fig.4 show
that the oxide scales mainly consisted of o-Al,0O; with minor
amounts of AIYOs. The alloy matrix consisted of a y-phase (Ni-
solid solution), ¥ (NizAl), o.-Cr and B-NiAl. SNMS depth profiles
revealed that after only short oxidation times Si, next to Ni and Cer,
was present in the alumina scale (Fig.5). The Si was always de-
tected near the scale/gas interface indicating that it originated from
the transient, early stages of oxidation. Si appeared to stabilise the
B-NiAl and o-Cr phase in the alloy. During cyclic oxidation, Si
had a beneficial effect on oxide scale adherence and Si suppressed
the formation of metastable Al,O;.

In another study the role of silicon and titanium on the oxida-
tion behaviour of MCrAlY model alloys with a typical base com-
position, resembling that of commercial oxidation resistant MCrAlY-
coatings, were produced with various additions of silicon and tita-
nium. The base composition of the MCrAlY was Ni-20Cr-10Al-
0.4Y. The silicon and titanium contents were varied between
0.4 and 2 mass-%. Oxidation kinetics were determined by isother-
mal gravimetry in a Setaram microbalance at temperatures be-
tween 950°C and 1100 °C for up to 200 hours.

For the silicon and titanium modified coating systems, the
isothermal oxidation behaviour at 1100 °C showed no significant ef-

-]
mes
e
R

150 ) 200 250

AYQ,

2

Intensity
\
v

Si
Si
S
d [pmi
Fig.4 X-ray diffraction results of NiCrAlY alloys with different

Si contents after 200 h isothermal oxidation at 1000°C in Ar+20
vol.-% O,
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Fig.5 SNMS depth profiles of alumina scale on NiCrAlY+2
mass.-% Si after 6 h oxidation at 1000 °C in Ar+20 vol.-% O,
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Fig.6 Oxygen isotope distribution in alumina scales on Ni-20Cr-
10A1-0.4Y with 0.4 mass.-% Ti and 2 mass.-% Ti after two-stage
oxidation in air/air+'30, (16 h/32 h) at 1000 °C

fect on the isothermal oxidation behaviour of silicon or titanium.
However, under cyclic oxidation conditions, silicon and titanium ap-
peared to possess a clear effect on the oxidation properties. Addi-
tions of 2 mass-% Si appeared to be beneficial in improving oxide
scale adherence during thermal cycling at 1100 °C. In titanium mod-
ified coatings, low Ti concentrations (0.4 mass-%) appeared to im-
prove oxide scale adherence, whereas for higher titanium concentra-
tions the onset of spallation was shifted to shorter oxidation times.

Metallographic investigations revealed that titanium and sili-
con additions led to a significant change in the coating microstruc-
ture: in general the microstructure consisted of a NiCr matrix with
low Al content (typically 4—5 mass-%), which corresponded to the
v-phase. Aluminium was enriched in the B-phase which corre-
sponded to the intermetallic compound NiAl. Both silicon and tita-
nium changed the morphology of the B-phase precipitates and af-
fect precipitation of additional phases. Increased titanium content
promoted the precipitation of gamma prime (y’) and o.-chromium,
whereas silicon additions promoted the formation of very small
o-chromium particles.

Two-stage oxidation experiments were carried out to check
whether silicon and/or titanium affect the alumina growth mecha-
nisms after longer oxidation times. In the first stage, the specimens
were oxidised in normal air and in the second one, a controlled
amount of 180 was added to the gas atmosphere without interme-
diate cooling. Subsequently, the localisation of the oxygen iso-
topes in the scale was measured by SNMS.

This two-stage oxidation technique with subsequent isotope
analysis in the surface scale is a suitable technique to study the
growth processes occurring in the protective oxide scales [5, 6]. It
has frequently been shown [6, 8], that the technologically relevant
oxide scale properties, growth rate and adherence, are strongly af-
fected by the processes dominating the oxide scale growth, i.e.
cation diffusion, anion diffusion or a combination of both processes,
either proceeding through the oxide lattice or the grain boundaries.

Fig. 6 shows typical oxygen isotope profiles for Ti containing
model alloys. The oxygen '80 isotope is mainly concentrated at the
alumina scale/MCrAlY-interface, indicating predominant growth
of the scale by inward oxygen diffusion through grain boundaries,
irrespective of Ti content. Similar results were found for Si-modi-
fied Ni-20Cr-10A1-0.4Y model alloy [3].

Oxide dispersion strengthened (ODS) alloys

As mentioned above oxide dispersion strengthened alloys (ODS)
are subjected to service conditions due to their unique combination
of superior high temperature creep and corrosion resistance.

Growth, adherence and composition of oxide scales

For their high temperature oxidation/corrosion resistance the
nickel- and iron-based ODS alloys rely on the formation of slow
growing and well adherent chromia and alumina scales. Examples
of commercial Fe- and Ni-based ODS alloys are given in Table 2.
For the determination of the oxidation behaviour, MA 754 and MA
956 were chosen as an example of chromia forming alloys and
alumina forming materials, respectively. The results have been
compared with those obtained for conventionally produced
wrought alloys Ni-25Cr and Fe-20Cr-5Al. Fig.7 compares the
X-ray diffraction analysis of the surface scales after 300 hours of
isothermal oxidation at 1000°C in synthetic air. The ODS alloy
clearly exhibited a very selective oxidation of chromium whereas
the scale of Ni-25Cr contained significant amounts of NiCr,0, and
NiO in addition to chromia. Isothermal and cyclic oxidations of the
alumina former MA 956 and the conventionally produced wrought

Table 2 Nominal composition of commercially available iron-
and nickel-based ODS-alloys

Alloys Composition in Mass.-%

Ni Fe Cr Al Ti W Mo Ta C Y,0;
MA 956 — Base 20 45 03 - - 0.04 05
MA 754 Base - 20 02 03 - - — 004 05
MA 6000 Base - 15 45 2 2 2 2 0041
MA 760 Base - 20 6 - 352 0.04 1
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alloy Fe-20Cr-5A1 showed that the differences in oxidation behav-
iour between ODS- and non-ODS alloys were similar to those for
the chromia formers: the spallation resistance of the scale on the
ODS alloy was superior and the scale growth was slower than that
on Fe-20Cr-5Al

Investigations of the growth mechanisms
of protective chromia and alumina scales

The growth mechanisms of the oxide scales were examined by a
two-stage oxidation method with 80 as tracer; the distribution of
the oxygen isotopes in the oxide scale was determined by SIMS.
From SEM measurements the scale morphology between the ODS
and conventional alloys were determined. After oxidation for 8 h
at 1100°C, the scale on the conventional alloy Fe-20Cr-5Al had a
convoluted surface, whereas that of the ODS alloy MA 956 was
very flat with only the formation of small spherical particles ap-
parent. Fig. 8 shows the depth profiles for the oxygen isotopes 80
and '°0 in the oxide layer on the aluminium formers measured
with SIMS after different oxidation steps in air at 1000 °C. The re-
sults show that the scales on Fe-20Cr-5Al grew by cation transport
to the scale/gas interface as well as by oxygen transport to the
scale-alloy interface: the '°O introduced in the second oxidation
stage is clearly enriched near the interface. This was also the case
for the ODS alloys, however, the enrichment at the scale/gas inter-
face, especially for MA 956 (shown), was essentially smaller than
for the conventional alloy. This showed that for the ODS alloys,
the cation transport was reduced and made only a small contribu-
tion to the overall oxide growth; the layer grew almost exclusively
by oxygen transport. The oxidation experiments with alumina- and
chromia-forming ODS alloys have demonstrated that additions of
yttria decrease the oxide growth rate, improve scale adherence, and
enhance selective oxidation. The addition of Y,Oj significantly re-
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Fig.9 RBS analysis of oxide scales on alloy MA 956 after differ-
ent oxidation times in the temperature range 900—1100 °C

duces the outward growth by reducing the outward cation trans-
port. Decreased cation transport reduces the pore formation at the
scale-metal interface, as a result of vacancy condensation and
thereby prevents the formation of convoluted, poorly adherent
scale. SIMS imaging clearly showed that the oxygen transport oc-
curred through localised paths in the alumina scale. Comparison
with SEM studies of oxide fracture surfaces strongly indicates that
the localised paths for oxygen transport are the scale grain bound-
aries. In the case of alloys with 0.17 mass-% and 0.7 mass-% yt-
tria, the scale growth occurs nearly exclusively by oxygen diffu-
sion. Only a small amount of yttrium and titanium outward diffu-
sion occurs. Apparently, a minimum amount of yttria (>0.02 mass-
%) was necessary to suppress the aluminium transport in the scale.
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Fig.10 Concentration profiles of Fe,
Cr, and O in the oxide (alumina) film
of the ODS-alloy MA 956 (containing

0.21 mass.-% Y in form of yttria dis-
persion) versus sputter time for MCs*-
SIMS and SNMS. The relative sensi-
tive factors (RSFs) for the calculation
of the concentration profiles have
been described in [7]
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Decreased transport of nickel and/or iron cations reduced spinel
oxide formation and consequently selective oxidation. Detailed
analysis of oxide scales by TEM has shown that yttrium tends to
be enriched at the grain boundaries both in Al,O; and Cr,0Oj; scales
[19, 20]. Analysis of the oxide on the ODS alloy MA 956, after
different oxidation times in the range 900-1000 °C, has addition-
ally used the Rutherford backscattering (RBS) method. The results
in Fig.9 confirm that yttrium becomes concentrated at the outer
surface of the oxide film.

In another study the growth mechanism of oxide films on ODS
alloys have been investigated more quantitatively. In order to
quantify the similarities between e-beam SNMS and MCs*-SIMS,
relative sensitivity factors (RSF) have been determined for the ele-
ments Fe, Cr, and Al from the alloy composition and compared
with Fe, Cr, Al, and O from Fe/Cr-implanted sapphire [7, 21]. The
published RSF factors of Quadakkers et al. [7] have shown that,
particularly for MCs*-SIMS, different RSFs have to be used for
the oxide and the alloys. Fig. 10 summarises the results for Fe and
Cr as measured with SNMS and MCs*-SIMS for the ODS alloy
MA 956. Good general agreement is found for the element profiles
measured by the two different methods. However, for both alloys
the deviations in the concentrations as calculated for the oxide
show systematic trends. At low concentrations the SNMS profiles
diverge from SIMS-profiles by a factor of 2; an even larger devia-
tion occurs near the oxide surface. For Cr, the agreement between
the two methods is excellent at low concentrations and only above
1 at.-% Cr is the SNMS profile a factor of 2-3 higher than the
MCs*-SIMS result. This seems to be surprising because the RSFs
employed were taken from implantation concentration profiles be-
tween 0.1 and 1 at.-% and therefore a good agreement between
SIMS and SNMS at least for this range of concentrations would be
expected. The systematic differences between the two independent
methods might be caused by the fact that the implantation stan-
dards used do not completely resemble the chemical state of the el-
ements in the oxide film. Therefore these results do not absolutely
define which of the methods yields the true concentration profiles.

Summary

Summarising, the effect of O, and H,O content on the ox-
idation behaviour of 9% Cr steel in the temperature range

0 20 40
Sputter Time (min)

600-800 °C shows that in dry oxygen a protective scale is
formed with an oxidation rate controlled by diffusion in
the scale. In the presence of water vapour, the scales be-
come non-protective, as a result of a change of the oxida-
tion limiting process. The destruction of the protective
scale by water vapour does not only depend on H,O con-
tent but also on the H,O/O,-ratio. At low contents of H,O
and high contents of O, a slow parabolic dependence is
observed with the scale growth being controlled by diffu-
sion through a scale with a composition (Fe,Cr),0;. At
high contents of H,O and low contents of O, the oxidation
also initially starts with a parabolic dependence, however
with a slightly higher rate than in dry gas. The oxidation
rate during the first hours of oxidation is a function of the
ratio H,0/O,, possibly as a result of the contribution of
substitutional hydroxide to scale growth. The higher growth
rate in the gas with high H,0/O, ratios eventually leads to
a breakdown of the protective scale. This is followed by
an approximately linear oxidation of an Fe;O,-rich scale
in which the rate is probably controlled by a competition
of reactions between O, and H,O at the internal interface.

Studies of protective alumina scales which form on
NiCrAlY-alloys with Si addition show that Si concentra-
tions up to 2 mass-% have only a minor effect on scale
growth of Ni-20Cr-10Al-Y during isothermal oxidation.
Si appeared to stabilise the 3-NiAl and (o-Cr-phase in the
alloy and had a beneficial effect on oxide scale adherence
during cyclic oxidation.

Considerable efforts have been made in the improve-
ment of high temperature properties of MCrAlY coatings
by additions of minor alloying elements such as yttrium,
silicon and titanium. But the results clearly show that, for
a given MCrAlY-base composition, additions of further
alloying elements and their amount have to be carefully
adjusted. The yttrium content of commercial coating com-



positions, which is typically between 0.5 and 1 mass-%,
should be lowered to avoid internal oxidation of yttrium.
Small additions of Ti and Si can improve oxide scale ad-
herence. For titanium, the beneficial effect is only ob-
tained for small additions around 0.4 mass-%.

The oxidation behaviours of Fe- and Ni-based oxide
dispersion strengthened (ODS) alloys of the type MA 956
and MA 754 were investigated at temperatures between
900°C and 1100°C. The main emphasis was placed on
the effect of alloy yttria content on scale composition and
structure. By using SNMS and SIMS depth-profiling and
SIMS imaging it was found that yttria additions to the al-
loy changed the transport phenomena in such a way that
the scales on the ODS alloys grew nearly exclusively by
oxygen grain boundary transport. TEM-studies revealed
that yttria was incorporated in the scale grain boundaries
as precipitations and as segregation layer. RBS measure-
ments confirmed that yttria became concentrated at the
outer surface of the oxide film during long term oxidation.
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