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Abstract: Pt-based superalloys are a new generation of materials intended to be used in various high temperature
applications. Effluent gases emitted to the environment during combustion operations can lead to degradation of high
temperature materials with deleterious effects on mechanical integrity and the corrosion of alloys. This paper focuses on
sulphidation of one quaternary, and four ternary, Pt-based superalloys of various chemical compositions. Pt-based
superalloys were exposed at 900°C in a reducing environment. The alloys were compared to coated and uncoated
Ni-based superalloys (NBSAs). X-Ray diffraction (XRD), Scanning electron microscopy (SEM) and Raman spectroscopy
were used to characterize corrosion products that formed. The Pt-based superalloys exhibited higher corrosion resistance
than NBSAs as a result of the formation of a protective Al,O; scale, whereas NBSAs suffered internal sulphidation and
formed Cr and Ni sulphide corrosion compounds. The formation of brittle needle-like phases and the transformation of the
NiAl phase to NizAl, led to early failure of the coated alloy. Pt-based superalloys alloyed with Co showed poor corrosion

resistance as a result of depletion of alloying elements.
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INTRODUCTION

Superalloys are complex engineering materials with a
unique combination of properties (high strength and good
resistance to creep, fatigue and oxidation resistance, etc.)
used in demanding high temperature applications such as gas
turbines in the aerospace and land based engines, waste
incinerators, fossil-fired steam boilers, the power generation
industry and paper and pulp industries [1]. Superalloys are
classified into three main classes based on the group VIIIA
elements, Fe, Co and Ni. Nickel-based superalloys are the
most popular amongst the superalloys, and find their largest
application in the production of aero-engine turbine blades,
constituting over 50% of the materials found in the gas
turbine engine [2].

The need for increased operating temperatures in gas
turbines has revolutionised the gas turbine industry since its
development in the 1940s. Early age gas turbine engines
were designed to operate at 700°C. Improvements in
metallurgical processes, from vacuum casting, through to
single crystal casting, advanced cooling and application of
coatings, all contributed towards increasing working
temperatures [3-6]. The continued improvements in the
aerospace gas turbine industry subsequently also benefited
the land based gas turbine industry [7], and currently land
based turbines are fast approaching the efficiencies achieved
in the aerospace engines. Today’s gas turbines are operating
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at 1100°C. In addition, there is a demand to further increase
the working temperatures to 1350°C [4]. Increases in inlet
gas turbine temperatures benefit the gas turbine industry by
allowing for improved efficiencies, reduction in fuel
consumption and a greener environment, because of a
reduction in the levels of CO, and hydrocarbon emissions
[8.9].

An increase in high temperature strength by increasing
the Al and reducing the Cr content resulted in alloys that are
more susceptible to high temperature corrosion. Poor
corrosion resistance by the high temperature materials led to
the development and introduction of coatings [10,11].
Today, it is common practice to apply coatings to gas turbine
hot section components, because coatings (e.g. thermal
barrier coatings, overlay coatings and diffusion coatings)
have the capability to withstand temperatures exceeding the
substrate melting temperature, while simultaneously
reducing the incoming temperatures and protecting the
substrate from environmental degradation [12].

Unfortunately, these desired working temperatures are
excessively high for NBSAs to withstand [13]. NBSAs are
currently operating at near melting point temperatures [3,14-
16]. Further temperature increases would result in the
dissolution of the strengthening phase and subsequent
melting of the alloy. Alternatively, new materials with higher
melting temperatures, high strengths and good corrosion
resistance could be employed to replace NBSAs [14,15].
Fischer ef al. [17] stated that problems encountered in the
aerospace industry could be solved by using Pt-based alloys,
because they have proved to do exceptionally well in various
high temperature applications, including areas such as glass
manufacturing, handling of corrosive substances, etc.
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[18,19]. This idea was further extended by Wolff, who
proposed that Pt-based alloys, with similar structures to
NBSAs, could be developed to benefit the aerospace
industry [20].

During high temperature materials development, high
temperature strength is the primary, most desired property
[14]. Other properties that require attention are creep and
high temperature corrosion resistance [21,22]. These
properties become significant with increasing temperatures,
hence it is imperative that during the materials selection
process, corrosion evaluations be taken into consideration.
Apart from serious catastrophic failures, corrosion/oxidation
has a serious economic impact. Significant amounts of
money are spent annually on corrosion related problems,
therefore better corrosion control technologies can largely
contribute towards saving money and extending the
operational life of the alloys [23].

High temperature corrosion becomes significant with
increasing temperatures. Moreover, traces of impurities
commonly found in fuels or ingested air, such as Na, S, V,
etc. impact negatively on corrosion properties, by forming
solid deposits such as Na,SO4. Na,SO,, NaCl and other
sulphate salts which are corrosive in nature when they are in
their molten state and lead to a process called hot corrosion
[20]. Hot corrosion is accelerated oxidation degradation of
high temperature materials in the presence of fused salts or
corrosive gases, and affects the mechanical integrity of
alloys, reducing component life.

The Pt-based superalloys selected for this investigation
were based on the Pt-Al-Cr, Pt-Al-Co and Pt-Al-Ru ternary
systems. They can have at least two forms of the precipitate
phases: the ordered L1, phase at high temperatures and the
tetragonal DO( phase at low temperatures. A comprehensive
discussion of these phase formations and their influence on
the mechanical properties of Pt-based superalloys can be
found in Cornish et al. [24]. The high temperature precipitate
form was stabilised by adding Cr, Ti and Ta [25]. The
optimum alloy selected for this investigation was based on
the quaternary alloy system (Pt-Al-Cr-Ru), and is a fine two-
phase mixture. Additionally, this alloy yielded the best
oxidation properties during isothermal oxidation tests and
possesses a reasonable hardness of 472 + 14 HVy, [26],
compared to other ternary Pt-based alloys, such as
Pt36:A110:Cr4 (317HV10) and Ptg(,ZAlloiRlu (278HV10)[27]

This investigation focused on type I hot corrosion since it
is commonly found in aircraft. Type I hot corrosion is
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commonly observed at around 850°C to 950°C, while type 11
hot corrosion typically occurs at 650°C to 800°C. The
emphasis of the current work was to evaluate the oxidation
behaviour of Pt-based superalloys and to identify the best
performing alloys for potential commercial application in the
gas turbine industry. In the evaluation process, Pt-based
superalloys were ranked and compared to commonly used
NBSAs. Pt-based superalloys were exposed to corrosive
environments containing sulphur dioxide at high
temperatures to determine the effect of sulphur on the
behaviour of the developed high temperature materials and
the occurrence and severity of sulphidation. The results of
this investigation can contribute to increased applications of
Pt superalloys in high temperature environments.

EXPERIMENTAL PROCEDURES
Materials

Five Pt-based superalloys button samples of
approximately 2 g were prepared by weighing out masses of
elements, in their purest form (99.9%), equivalent to the
chemical compositions of the alloys. These elements were
arc-melted under an argon atmosphere. The alloys were
turned several times to provide homogeneity in the alloys.
The choice of alloying additions was based on the fact that
Cr stabilises the cubic Pt;Al precipitates, Al accelerates
oxide scale formation [28], Ru acts as solid solution
strengthener [16] and Co enhances the alloy’s formability
[29]. The hot corrosion behaviour of four ternary and one
quaternary Pt-based superalloys, with chemical compositions
given in Table 1, were tested and compared with two single
crystal alloys, a coated and an uncoated CMSX-4 nickel-
based superalloy. The nominal chemical composition of the
benchmark alloy, CMSX-4, is also included in Table 1. A
thin aluminide coating of approximately 1 pm thickness was
applied on one of the benchmark alloys.

Weight change methods were employed to assess the
performance of the alloys. Prior to the tests, exposed
surfaces of the samples were abraded on silicon carbide
paper in succession from 200, 600, up to 1000 grit finish.
Samples were rinsed and degreased in acetone and dried.

Sulphidisation Test

During sulphidation tests, alloys were exposed to a
controlled reducing environment. Samples were exposed to a
pre-mixed special gas mixture of 0.2% SO,-N,. The gas was
first allowed to flow through oil to remove moisture and then

Table 1. Nominal chemical compositions of selected Pt-based superalloys (at. %).
Alloys Pt Al Cr Ru Co
RS-1 86 10 4 - -
RS-2 86 10 - 4 -
RS-3 84 11 3 2 -
P420 79 15 - - 6
P421 73 15 - - 12
Ni Mo W/Ta/Ti
CMSX-4 66.4 11.5 6.5 0.3 11 1.7/1.8/0.9
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charged into a horizontal, electric tube furnace preheated to
900°C. The gas leaving the furnace was flowed through oil
before venting the gas to the atmosphere. The air in the
furnace was purged by allowing the mixed gas to flow for
approximately 15 minutes at the specified temperature, prior
to placing samples in the test chamber. Each test was run for
a total of 60 hours, with cycles of 5 hours of heating,
followed by furnace cooling under a nitrogen atmosphere to
room temperature. At the end of each cycle, weight changes
were recorded and the samples were placed back into the
furnace.

Materials Characterisation

Materials characterisation involved non-destructive tests
such as scanning electron microscopy with energy dispersive
analyses (EDX), X-ray diffraction, Raman spectroscopy, and
optical microscopy (OM) to evaluate corrosion products and
deduce the corrosion mechanism.

Scanning Electron Microscopy with X-Ray Energy
Dispersive Spectrometry

A JEOL 840 scanning electron microscope was used to
identify the oxidation products’ morphology and study the
cross sectional analysis of the alloys, using a voltage of 20
kV. Semi-quantitative and qualitative analyses were
determined from using EDX.

X-Ray Diffraction

A Phillips-PW1710 XRD spectrometer was used to
identify the oxidation products that formed on the surfaces of
the seven alloys. Generator settings for the analysis were set
at 40 kV and 20 mV with copper K-alpha as the anode. A
scan with a step size of 0.02° per minute was run from a
starting position of 10° up to 100° (20). Expert High Score
software was used to identify peaks in each of the spectra.

Raman Spectroscopy

A JOBIN-YVON T64000 Raman spectrometer was used
in the investigation to identify thin surface films on the
samples. The spectrum was collected by directing a
continuous laser of Ar’ (514.5 nm) on the alloy surface at
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room temperature. The spectrum covered a scanning range
between 250 cm™! and 2500 cm™.

Optical Microscopy

An Axiocam microscope installed with the Axio vision
3.1 programme was used to study the cross sections of the
corroded sample. Low magnifications up to 50X were
employed.

RESULTS AND DISCUSSION
Corrosion Kinetics Obtained After Sulphidation

Fig. (1) gives the oxidation curves of the investigated
alloys after being exposed to mixed gases at 900°C for a
period of 60 hours. Mass change were calculated as the mass
at any time t minus the initial mass (at time t=0). It was
observed that the mass changes over time were the highest
for the coated alloy. Rapid mass change was observed on the
uncoated alloy, which experienced weight gain during the
initial stages of the experiment, followed by a relatively
constant behaviour. It has to be taken into account that due to
very small mass changes within the measurement limit of the
balance used, fluctuations in the mass chances were encoun-
tered. Minimal mass changes were attributed to the format-
ion of oxidation products that acted as a barrier, making it
difficult for elements and the gas to diffuse inwards or
outwards. Fluctuations in mass gains were very noticeable in
alloys P420 and P421. Instability by Co-containing alloys
after exposure to corrosive gases indicates poor oxidation
resistance of the alloys. Alloy RS1, RS2 and RS3 were
reasonably stable with little changes in mass, with alloys
RS2 and RS3 recording the lowest mass changes.

There are essentially three groups of alloy compositions
among the seven alloys investigated, i.e. Pt alloys containing
either Cr, Ru or both, Pt alloys containing various amounts
of Co, and the base NBSA with and without an aluminide
coating. Each alloy has been analysed by SEM/EDX, XRD,
optical microscopy and Raman spectroscopy, and similarities
as well as differences in their observed oxidation behavior
will be highlighted.
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Fig. (1). Corrosion of the seven investigated alloys after sulphidation in a 0.2% SO,-N, gaseous environment.
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The Pt-Al-Cr-Ru Alloys

Cross-sectional examinations of the corroded sections of
the investigated alloys were evaluated using a high
resolution electron microscope. The attack on the surface of
Alloy RS1 was not uniform throughout. Fig. (2a) shows the
affected corroded area showing internal oxidation that was
approximately 2 pm deep. A fine dispersion of precipitates
randomly distributed in the alloy was also seen in the
substrate. No sulphides were detected on the corroded area.
However, it was observed that a thin layer of alumina was
formed on the external surface of the alloy, as was confirmed
by the EDX analysis shown in Fig. (2b). The formation of
Al,Osscale led to the depletion of the alloying elements that
resulted in a Pt-rich area. Cr was in low concentration, and at
these working temperatures, it was likely that Cr oxidised,
forming volatile compounds.

Corroded layer

Below corroded layer

Fig. (2a). Secondary electron images of the cross-section of Alloy
RS1 at 30,000X magnifications after sulphidation, showing the
effect and depth of attack by 0.2% SO,-N, gas.
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Fig. (2b). EDX analysis performed on the external scale that
formed on the surface of Alloy RS1 after sulphidation in 0.2% SO,-

N, environment.
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Insignificant changes were observed on the external
surface of Alloy RS2 when the alloy was viewed under the
electron microscope. The alloy was unattacked and appeared
homogenous and continuous throughout with no internal
oxidation, as is shown in Fig. (3a, b). This was exceptional
behaviour displayed by a Pt-based superalloy.

% 2000y 40 Py —

Fig. (3a). Cross-section of Alloy RS2 at 14,000X magnification
with an Al,O; scale forming on the surface of the alloy.
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Fig. (3b). EDX analysis of the external scale of Alloy RS2.

Alloy RS3 suffered internal oxidation with possible
cracks forming. The depth of attack was approximately
5 pum, and is depicted in Fig. (4a). The area below the thin
oxide scale has lost mechanical integrity. EDX analysis of
the oxide scale is given in Fig. (4b). Fig. (4¢) represents
XRD spectra obtained on the surface of Alloy RS3.
According to the analysis, some of the oxidation products
that were detected, were Al,O; and the Pt,Al phase. This is
typical of what has been observed in the XRD spectra both
the RS1 and RS2 also.

In summary, it seems that the Pt-Al-Cr-Ru alloys are well
resistant against sulphidation, and this is due to the formation
of a protective alumina film formed on the surfaces of these
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Fig. (4a). Secondary image of cross-section of Alloy RS3 after
sulphidation.
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Fig. (4b). EDX analysis of the dark area in the corroded section on
Alloy RS3.
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Fig. (4c). XRD spectrum performed on the external surface of
Alloy RS3 [Pt-Al-Cr-Ru] before (blue) and after (pink) exposure to
a 0.2% SO,-N, atmosphere at 900°C for 60 hours.
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alloys. The quarternary Pt alloy displayed the poorest
resistance against sulphidation attack.

The Pt-Al-Co Alloys

Oxidation characteristics of Alloys P420 and P421 were
nearly similar, due to the alloys’ similar chemistry. A
transverse section of Alloy P420 indicated in Fig. (5a) shows
that the attack was non-uniform across the surface of the
alloy and the Al,O; that formed was discontinuous. Below
the corroded surface is a single area rich in Pt. The Pt-rich
area is depleted of alloying elements, and a dendritic
structure formed below the Pt-rich area as depicted in
Fig. (5b). Co-containing alloys were more susceptible to
corrosion attack compared to other Pt-based superalloys.
Images that were taken across the surface of Alloy P421
showed similar behavior to Alloy P420. However, the
corroded band was thicker than the one observed in Alloy
P420, suggesting that Alloy P421 is less resistant to
corrosion attacks compared to Alloy P420. Cobalt-oxides
were detected on the surface of these alloys after the
sulphidation test, as indicated in Fig. (5¢). Alloy P421
underwent sulphidation and formed sulphides such as Al,S;
and PtS.

%

Fig. (5a). Secondary image of Alloy P420 after sulphidation in
0.2% SO,-N, environment.

The NBSA Group

Variations across the transverse section of the coated
alloy observed in Fig. (6a) indicate that there were four
different sections that formed. The external area of the
coated alloy consisted of a single component that comprised
mainly of AL,O; on its external surface, as is confirmed by
the EDX analysis shown in Fig. (6b).

The interdiffusion zone in Fig. (7a) showed that needle-
like structures were formed. An EDX analysis, shown in
Fig. (7b), indicated that these needle-like structures were
rich in refractory elements. The effect of sulphur on the
oxidation behaviour of these alloys was the main focus of the
study. It was noted that only the area below the alumina
scale was affected by sulphur, where Cr,S, and Ni,S,
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compounds formed. Further analysis indicated that there
were no traces of S deeper into the substrate. Distinct areas
were observed and the EDX analysis shown in Fig. (7¢)
indicated that instead of alumina, the alloy formed a non-
protective columnar structure of NiO. Below the NiO scale
was a greyish area rich in Cr.

Fig. (5b). Secondary electron image of Alloy P420 with the
dendritic structure below the corroded area.
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Fig. (5¢). XRD pattern of Alloy P421 in as-cast condition (blue)
and after (pink) exposing the alloy to a gaseous environment of
0.2% SO,-N, for 60 hours.

In summary, the NBSA alloy group showed substantially
poorer resistance against sulphidation than any of the two
other groups evaluated. While an alumina coating seem to be
the main reason why the two other groups of Pt-based alloys
have excellent to reasonably good resistance against
sulphidation attack, a similar layer that forms in the case of
the coated and uncoated NBSAs offered no protection
against further attack to the underlying substrate material.

Raman Analysis

Raman analyses were performed on surfaces of the
sulphidised alloys to validate the compounds previousl
found. Raman scans covered a range from 250-2500 cm™.
The optical micrographs of corroded surfaces are placed next
to each respective spectrum of the investigated alloys. The
spectra are shown in Figs. (8-14). Although the spectra
collected at different locations were slightly different for a
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given specimen, the peaks were the same. Two prominent
peaks that are similar to all the investigated alloys occur
within the 1026-1032cm™ and 1048-1062cm™ ranges. The
peaks were assigned to molecular vibrations of SO,* ions.
Sulphates form prints in the 900-1250cm™ and 570-680 cm™
range. The Raman peak at 981 cm™ wavenumber is due to
the symmetric stretching mode, whilst the Raman peak at
1051 cm™ is as a result of the asymmetric stretching mode
[30]. A broad peak at approximately 840cm™ wavenumber is
believed to be due to molecular vibrations of SO42' ions.
Co;04 was detected on the surface of the two Co-containing
alloys, Alloy P420 and Alloy P421.

Fig. (6a). Cross-section showing the different phases formed when
the coated alloy was exposed to 0.2% SO,-N, atmosphere.
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Fig. (6b). EDX analysis of the external scale of the coated alloy
after sulphidation.

Pt-Al-Cr-Ru Alloy Group

Peaks that formed on the surface of Alloy RS2 were
sharp and had high intensities. Raman spectrum of Alloy
RS2 was similar to that of Alloy RS3, as illustrated in
Figs. (9, 10). Table 2 shows the peaks that formed on the
surface of Alloys RS1, RS2 and RS3.
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Fig. (7a). Inter-diffusion zone at high magnification of the coated
Ni-based superalloy in a 0.2% SO,-N, atmosphere.

Fig. (7b). Secondary image of the cross-section of the uncoated
Ni-based superalloy after sulphidation.
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Fig. (7c¢). EDX analysis of the needle-like phases that formed
between the substrate and the coating.
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The Pt-Al-Co Alloy Group

The Raman spectra of Alloys P420 and P421 are nearly
the same, and the spectra are depicted in Figs. (11, 12). The
four peaks at 486, 528, 629 and 699 cm™ wavenumbers were
assigned to Co304 as indicated in Table 3 and compared to
cobalt peaks found by Hadjiev and co-workers [30]. The
peak at 194.4 cm™ due to F,, vibrations is not observed
because the spectral range started at 250cm .

The Coated and Uncoated NBSA Group

In a study by Kloproggee and Frost [31], the peaks at
1027 and 1029 cm™ wavenumbers were assigned to N-O-Al
bond vibrations. This suggested that traces of nitrates were
also formed on the surfaces of the oxidised NBSAs. The
results obtained suggest that sulphate salts, with possible
traces of nitrates, formed on the surfaces of the alloys.

Raman spectra of Alloy RS1 in 0,2% SO,-N, atmosphere
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Fig. (8). Raman spectra at different areas on the external surface of
Alloy RS1 after sulphidation at 900°C for 60 hours.

Table 2. Raman spectra peak positions from the surface of
Pt-based superalloys after exposure to a corrosive
gas.

Samples Peak 1 (cm™) Peak 2 (cm™) Peak 3 (cm™)
Alloy RS1 842.1 1026.1 1054
Alloy RS2 834 1027 1056
Alloy RS3 836 1027 1057

Raman spectra of Alloy RS2 in 0.2% SO»-N, atmosphere
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Fig. (9). Raman spectra from different areas on the external surface
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of Alloy RS2 after sulphidation at 900°C for 60 hours.




High Temperature Corrosion Resistance of Pt-Based Superalloys in 0.2% SO, -N, Gas

Raman spectra of alloy RS3 in 0.2% SO,-N, atmosphere
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Fig. (10). Raman spectra from the different areas on external
surface of Alloy RS3 after sulphidation at 900°C for 60 hours.

Table3. Comparison of Raman shifts of Co;O0, and the
corroded alloy P420 exposed to 0.2% SO,-N,

corrosive gas at 900°C.

Vibrational Mode | Hadjiev et al. [30] (C03;0,) This Study
Fa, 194.4 -
E, 482.4 486
Fa, 521.4 528
Fa, 618.4 629
A, 691 699

Raman spectra of Alloy P420in 0.2% SO,-N, atmosphere
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Fig. (11). Raman spectra collected from different areas on the
external surface of Alloy P420 after sulphidation at 900°C for 60
hours.

CONCLUSION

The resistance to sulphidation of the alloys with Cr, Ru
and a combination of both, were more corrosion-resistant
than the group containing Co, while the NBSA group
showed much poorer resistance compared to both the
Pt-based alloy groups and disintegrated after some time of
exposure to the corrosive medium. Pt-based superalloys
exhibited better corrosion resistance than NBSAs partly as a
result of the formation of a protective Al,O; scale. NBSAs
suffered internal sulphidation, forming Cr and Ni sulphide
corrosion compounds. Pt-based superalloys alloyed with Co
showed poor corrosion resistance as a result of depletion of
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the beneficial alloying elements. Raman spectra analyses
suggest that sulphate salts with possible traces of nitrates
formed on the surfaces of the alloys. The Pt-based alloys
displayed potential for successful application as high
temperature corrosion resistant materials. Due to the
drawback of their high density and subsequent weight, the
most successful option for future exploration and
exploitation would probably be as coatings on suitable
substrate materials.

2500 Raman analysis performed on the surface of Alloy P421 after exposure to 0.2%
S0,-N, gas environments
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Fig. (12). Raman spectra collected from different areas on the
external surface of Alloy P421 after sulphidation at 900°C for 60
hours.
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Fig. (13). Raman spectra collected from different areas on the
external surface of the uncoated NBSA alloy after sulphidation at
900°C for 60 hours.
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Fig. (14). Raman spectra collected from different areas on the
external surface of the coated alloy after sulphidation at 900°C for
60 hours.
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