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of oxidized Ni-based superalloys
by GD-OES
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In this work, the analysis of various high-temperaturematerials after oxidation using GlowDischargeOptical

Emission Spectrometry (GD-OES) will be presented. The results of depth profiles of four Ni-based

superalloys that form different oxide scales after oxidation at high temperatures will be shown. It was

determined that GD-OES is a very flexible method allowing for analysis of different types of oxide scales

formed on the alloys after operation. This method enables analysis of the oxides varying in chemical

composition, as well as thickness (ranging between a few mm up to 150 mm). It will be shown that the

GD-OES method is not only suitable for analysis of oxide scales, but also for studying protective coatings

on a superalloy substrate, commonly used in the hot sections of gas turbines or jet engines. It was found

that the GD-OES technique allows to obtain depth-resolved information with relatively good depth

resolution at very thick layers, where other techniques fail due to e.g. sputtering time. The presence of

precipitates and laterally inhomogeneous oxides additionally excludes other techniques with high lateral

resolution. The results of GD-OES analysis will be confirmed by other analytical techniques, such as light

optical microscopy (LOM) and scanning electron microscopy (SEM).
1. Introduction

Energy demand combined with requirements for environ-
mental protection has led to an increase in Turbine Inlet
Temperature (TIT) inside gas turbines. This causes the mate-
rials used in gas turbines to degrade due to high temperature
oxidation. During exposure at high temperatures, oxidation
products start to form at the interface between the alloy
(coating) and the surrounding atmosphere. This effect leads to
changes in the local chemical composition in the region below
the oxide scale due to the consumption of the alloying elements
during the reaction of the alloy with the environment. Aer
a continuous oxide scale is formed, the reactants become
separated and the oxidation rate is controlled by solid state
diffusion through the oxide according to the mechanism
described by Wagner.1 Under thermal cyclic conditions the
formed oxide scale tends to spall off resulting in a loss of wall
thickness in the case of low-alloyed materials. In order to limit
rapid oxidation, modern alloys, e.g. Ni-based superalloys, con-
taining elements, such as Cr or Al, which form protective, slowly
growing oxide scales (chromia and alumina scale, respectively)
while exposed to high temperatures2,3 are used. Taking into
consideration the inuence of Cr and Al on the mechanical
properties of the alloys at room temperature, their content is
limited. Therefore, many of the superalloys are classied as
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stanców Warszawy 12, 35-959 Rzeszow,

1730–1738
marginal chromia or alumina formers.3 Thus, to protect the
alloys used in the hottest parts of the gas turbines against high
temperature oxidation, special coatings, e.g. b-NiAl4,5 or MCrAlY
(M ¼ Ni, Co) type coatings,6 are commonly used.

To investigate the oxidation behavior of thematerials used in
the hot sections of gas turbines or jet engines under laboratory
conditions, oxidation tests at an elevated temperature are per-
formed. Aer oxidation the samples are commonly investigated
by means of a number of analytical techniques, including X-ray
Diffraction (XRD), Light Optical Microscopy (LOM), Scanning
and Transmission Electron Microscopy (SEM/TEM), Mass
Spectrometry (MS) and Optical Emission Spectrometry (OES). In
the past few years, Glow Discharge Optical Emission Spec-
trometry (GD-OES) became a very popular method for investi-
gating high-temperature materials aer exposure to corrosive
conditions.7 Another advantage of the GD-OES technique is the
possibility of measuring and detecting nearly all elements
simultaneously. The latter allows for recording the depth
proles of unexpected elements.

The basis of GD-OES is that the measured surface is sput-
tered by plasma, layer by layer, and part of the sputtered atoms
become excited in the plasma. Shortly aer excitation, the
atoms undergo disexcitation. During the latter process excess
energy is emitted in the form of light with a given wavelength
characteristic for each element. Measuring the intensity of the
light with a given wavelength as a function of sputtering time
allows for qualitative interpretation of the element distribution
within the oxide scale and the regions below. The GD-OES
proles are commonly quantied by using the emission yield
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ja00069c&domain=pdf&date_stamp=2017-08-24
http://orcid.org/0000-0002-5285-4900
https://doi.org/10.1039/c7ja00069c
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA032009


Paper JAAS

Pu
bl

is
he

d 
on

 1
3 

cu
oo

m
án

nu
 2

01
7.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

02
5-

05
-0

7 
09

:1
3:

07
. 

View Article Online
concept, which also allows the conversion of time into the depth
using a density model.8–10 The GD-OES prole quantication is
also possible by using the Relative Sensitivity Factors (RSFs).11 It
was shown in the papers published by the group of High-
Temperature Corrosion and Corrosion Protection in For-
schungszentrum Juelich that GD-OES analysis is a very useful
method not only for investigating the overall chemical compo-
sition of oxide scales, but also for distributing elements such as
C, B or S, which are difficult to investigate by means of
conventional analytical methods like SEM/EDX due to their low
atomic numbers.12–18 Incorporation of other elements, such as
zirconium19 or yttrium,20 into the oxide scale was successfully
investigated using the GD-OES technique. Due to the limited
spectral resolution of commercial spectrometers it is impos-
sible to distinguish isotopes like 16O and 18O, which were used
as markers during oxidation tests and successively measured by
secondary neutral mass spectrometry (SNMS).21 However, it is
possible to effectively distinguish H and D via GD-OES,22 which
can also be used in a similar manner as 16O and 18O during
oxidation tests. As previously described, the GD-OES technique
is an excellent analytical method, however, its potential is not
limited only to depth proling. Shimizu et al.23 successfully
used GD-OES to prepare a sample for SEM observation. There-
fore, GD-OES has a wide range of potential applications.

In this paper, a variety of applications of the GD-OESmethod
in the high-temperature range will be presented. The results of
the GD-OES depth proles of different Ni-based superalloys and
MCrAlY type coatings will be presented. The quantication
procedure will be shortly described as well. Finally, the GD-OES
depth prole of a real gas turbine component aer operation
will be presented. All GD-OES analyses will be combined with
the results of “standard” analytical methods, such as LOM or
SEM.
2. Experimental

In order to present the potential application of the GD-OES
technique in the high-temperature oxidation range, four
different alloys were chosen and investigated. The nominal
chemical compositions of these alloys are shown in Table 1.
Table 1 Nominal chemical composition of the investigated alloys (given

Name of
the alloy

Elements (wt%)

Ni Cr Ta Co Mo W

IN 792 BASE 12.50 4.00 8.90 1.90 4.00
PWA 1483 BASE 12.00 5.00 9.00 1.90 3.80
MCrAlY BASE 17.00 — 25.00 — —
Rene 80 BASE 14.00 — 9.50 4.00 4.00

Table 2 Wavelengths used for detection of certain elements

Element O C S B Co Ni

Wavelength (nm) 130 156 181 209 229 341

This journal is © The Royal Society of Chemistry 2017
Rectangular specimens with 20 � 10 � 2 mm dimensions were
cut from these materials. The surfaces were ground on SiC
paper up to 1200 grit and then ultrasonically cleaned in ethanol
prior to oxidation.

Isothermal oxidation tests were performed using a TGA 92-
16.18 Setaram thermobalance at 1050 �C up to 50 hours in
laboratory air. The heating rate was 90 K min�1, the cooling rate
10 K min�1 and the gas ow rate 2 dm3 h�1.

Additionally, a part from a gas turbine blade was investigated
by means of GD-OES and LOM. The analysed component comes
from the cooling channel of the gas turbine blade aer oper-
ating for around 10 000 hours. Inside the cooling channel, the
blade is aluminized.

Glow discharge optical emission analysis (GD-OES) was
performed on samples aer oxidation and before cross-section
preparation. The GD-OES depth proles were obtained using
a GD Proler HR (Horiba Jobin Yvon). All analyses were con-
ducted under the same sputtering conditions, i.e. with an argon
pressure of 700 Pa and 30 W power using an anode made of
copper with a 4 mm diameter. The argon used in the analysis
had a very high purity of 6 N. The wavelengths used for the
measured elements are listed in Table 2. The method enables
measuring the depth proles with a relatively high sputtering
rate (depth up to 200 mm sputtered within 2500 seconds).
Quantication of GD-OES depth proles was performed
according to the procedure similar to that proposed by Pfeifer
et al.,11 instead of the procedure based on emission yields
described e.g. by Nelis et al.8, Gonzalez-Gago et al.9 or Weiss.10

Such a quantication procedure has been chosen due to the
fact that the wavelength for oxygen detection is 130 nm,
which causes problems with quantication via the matrix-
independent method as reported by Gonzalez-Gago et al.9

Moreover, the matrix-independent quantication method
would require a calibration material with a different matrix.
Since all alloys investigated in the present study are Ni-based,
the use of matrix-specic calibration is preferred.

Prior to cross-section preparation, the oxidized specimens
were cut in the middle, sputtered with a very thin gold layer
using cathodic evaporation, electrolytically coated with nickel
and mounted in resin. Metallographic cross-sections of the
in wt%)

Al Ti Zr B Fe Y Re C

3.40 4.00 0.02 0.02 0.20 — — 0.08
3.60 4.20 0.03 0.01 — — — 0.07

10.00 — — — — 0.40 1.50 —
3.00 5.00 0.03 0.02 — — — 0.16

Re Ta Ti Y Mo Al Cr W

345 363 365 377 386 396 425 429

J. Anal. At. Spectrom., 2017, 32, 1730–1738 | 1731
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alloy aer oxidation, as well as under the as-cast conditions,
were prepared by a series of grinding and polishing steps, the
nal of which was ne polishing in SiO2 suspension with 0.25
mm granulation. The cross-sections were analyzed using LOM
and SEM.
3. Results and discussion
a. Laboratory testing

According to the oxidationmap introduced by Giggins and Pettit,3

the alloys based on Ni–Cr–Al can form different types of oxide
scales depending on their chemistry. In Fig. 1 superimposition of
three studied Ni-based superalloys into the oxidation map is
presented. One can observe that IN 792 and PWA 1483 can be
classied as marginal alumina-forming alloys, whereas the
MCrAlY type alloy is a typical alumina-forming alloy. However,
themeasuredmass changes (Fig. 2) and calculated instantaneous
Fig. 1 Oxidation map of Ni–Cr–Al alloys3 showing areas of various
types of oxide scale formation as a function of Cr and Al contents in
alloys at 1000–1100 �C: (I) NiO-forming alloys, (II) Cr2O3-forming
alloys, and (III) Al2O3-forming alloys. Cr and Al contents of IN 792, PWA
1483, Rene 80 and MCrAlY are superimposed.

Fig. 2 Mass changes obtained for the studied alloys during isothermal
exposure to laboratory air at 1050 �C for 50 h.

1732 | J. Anal. At. Spectrom., 2017, 32, 1730–1738
oxidation rate plots k0w (Fig. 3) for the studied alloys show that all
of them have different oxidation rates. The instantaneous
oxidation rate constants k0w were calculated according to the
procedure described by Quadakkers et al.24 The obtained k0w
values differ substantially between the studied alloys, even
between IN 792 and PWA 1483 although both are classied to be
alumina formers on the basis of their Cr and Al contents (see
Fig. 1). To investigate the reason for such a difference, further
studies, such as GD-OES depth proling and SEM analysis, have
been performed.

The GD-OES depth proles illustrating the intensities of
light emitted by certain elements as a function of sputtering
time are shown in Fig. 4. On the basis of these proles the oxide
scale composition and the depletion regions in the alloys below
the oxide scale can only be qualitatively estimated. However,
aer the quantication process described below, the “raw”
results of GD-OES depth proling can be recalculated into the
concentration of elements as a function of sputtering time
using the so-called Relative Sensitivity Factors (RSFs).11 The
RSFs for element X were calculated using the following
equation:

RSFX ¼
�
cX

cA

��
IA

IX

�
(1)

where: cX – atomic concentration of element X, cA – atomic
concentration of basic element A (matrix), IX – measured light
intensity of element X, and IA – measured light intensity of
element A being the matrix (in the present case Ni).

The RSF for oxygen can be calculated, aer assuming a M2O3

oxide type formation according to the following equation:

IX �RSFX

IO �RSFO

¼ 2

3
(2)

where: IX – measured light intensity of element X, RSFX –

calculated RSF for element X, IO – measured light intensity for
oxygen, and RSFO – calculated RSF for oxygen.

Concentration can be calculated using the following
equation:
Fig. 3 Instantaneous apparent parabolic rate constant k0w obtained for
the studied alloys during isothermal exposure to laboratory air at
1050 �C for 50 h. k0w was calculated using data from Fig. 2 in accor-
dance with the procedure described in ref. 24.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 “Raw” GD-OES depth profiles illustrating the intensity of light
for the given elements as a function of sputtering time determined for:
(a) IN 792, (b) PWA 1483 and (c) MCrAlY after isothermal oxidation
performed at 1050 �C for 50 hours in laboratory air.
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cX ¼ ðIX �RSFXÞ�Pn
i¼1

Ii �RSFi

�
þ IO �RSFO

(3)

where: IX – measured light intensity of element X, RSFX –

calculated RSF for element X, i – i-th alloying element in the n-
element alloy, IO – measured light intensity for oxygen, and
RSFO – calculated RSF for oxygen.

Using RSFs, the concentration proles can be calculated
according to the following procedure. The concentration of the
elements in the bulk alloy was determined by means of
inductively-coupled plasma optical emission spectrometry (ICP-
OES) for major alloying elements, inductively-coupled plasma
mass spectrometry (ICP-MS) for minor alloying elements and
This journal is © The Royal Society of Chemistry 2017
combustion analysis for non-metallic elements (C, S, and O).
The RSF for a given element was determined by the correlation
between the light intensity measured on a non-exposedmaterial
and its concentration derived from the previously described
chemical composition measurement. The RSF for oxygen was
determined under the assumption that the alloy forms M2O3

type oxides (Al2O3) and using only one reference sample, which
was the oxidized MCrAlY type alloy itself. The light intensities of
the elements used in the calculations were taken from the time,
where a M2O3 type oxide was formed in multilayered oxide
scales. Moreover, a linear correlation between the light intensity
and the concentration was assumed. Such an attempt leads to
semi-quantitative results, which enable the estimation of the
stoichiometry of formed oxides. It is known that species such as
H2O or OH make it difficult to quantify oxygen. However, since
the semi-quantitative results obtained in the present study are
satisfactory for estimating oxide stoichiometry, their inuence
was neglected. Converting sputtering time into depth is also
a problematic issue due to the fact that in multilayered samples
different layers might (and they most probably will) exhibit
different sputtering rates. Furthermore, the presence of light
elements in the oxide scale causes a problem with such
conversion by means of a simple density model used in the
emission yield model. However, recent innovation in GD-OES
equipment, namely Differential Interferometry Proling (DIP)
developed by Horiba Jobin Yvon25 is intended to overcome these
problems.

An alternative method is to use the concept of matrix-
independent emission yields.8–10 The correspondence between
both methods can be established by considering the denition
of a RSF, eqn (1), and the denition of the corresponding
emission yield, see ref. 10. Under certain assumptions, it is also
possible to calculate the depth beneath the surface as a function
of sputtering time.

Fig. 5 shows the GD-OES depth proles aer quantication.
On the basis of these proles one can make conclusions about
the stoichiometry of the formed oxides. The obtained results
presented in Fig. 5 reveal that a multiphase oxide scale was
formed on IN 792 and PWA 1483.

In the outer part of the oxide scale grown on IN 792
(Fig. 5(a)), enrichment of Ti is observed (0 to 100 s), below which
the scale is rich in Cr (100 to 400 s). Below that, a peak of Cr, co-
enrichment of Ti and Ta are present (400 to 450 s). Two plateaus
are visible in the oxygen prole. The oxygen content indicates
that the rst plateau illustrates the outer part of the oxide scale
(oxygen content of about 60 at%) and the second shows the
region of internal oxidation (oxygen content of about 20–30 at%
with simultaneously higher Ni and Co contents from the alloy
matrix). In the region of the second oxygen plateau, a relatively
high peak of aluminum is observed (450 to 650 s). The latter
indicates the presence of a zone containing internally oxidized
aluminum. Below the aluminum peak, a depletion zone per-
taining to this element can be found (650 to 850 s). This
depletion is caused by Al-consumption during Al2O3 formation.

The GD-OES analysis performed on PWA 1483 aer oxidation
(Fig. 5(b)) showed qualitatively similar proles to IN 792,
namely outer Ti enrichment, below which enrichment of Cr and
J. Anal. At. Spectrom., 2017, 32, 1730–1738 | 1733
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Fig. 5 Quantified GD-OES depth profiles showing the atomic
concentration of the given elements as a function of sputtering time
determined for: (a) IN 792, (b) PWA 1483 and (c) MCrAlY after
isothermal oxidation performed at 1050 �C for 50 hours in laboratory
air.
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co-enrichment of Ti and Ta can be observed. At the oxide/alloy
interface, an Al peak can be found. However, in this case, the
second plateau is not observed in the oxygen prole. This
indicates the formation of a continuous alumina sub-layer. In
the case of internal oxidation, a second plateau with a lower
oxygen intensity/concentration is expected due to the fact that
a matrix is entrapped at the internal oxidation zone between the
internal oxide precipitates. Therefore, the signal coming from
the oxygen is lower compared to that detected in the continuous
oxide layer. As previously shown for IN 792, depletion of
aluminum is visible under the alumina scale. It must be
emphasized that the sputtering time illustrating the oxide scale
1734 | J. Anal. At. Spectrom., 2017, 32, 1730–1738
region nishes aer 200 s, whereas in the previous case it was
700 s including the internal oxidation zone.

Finally, the GD-OES depth prole of MCrAlY (Fig. 5(c))
indicated that the oxide scale consists of relatively pure alumina
(high enrichment of aluminum in the outer part of the oxide
scale). Below the alumina scale, enrichment of yttrium is
observed. The sputtering time representing the oxide scale zone
reaches 5 s. From this the formation of a thin and protective
alumina scale can be concluded.

For a better description of the oxidized alloys, the cross-
sectional analysis by means of SEM has been performed.
Fig. 6 shows the SEM images of the studied alloy cross-sections
aer oxidation at 1050 �C for 50 hours in laboratory air. The
obtained results conrmed the data obtained by GD-OES.
Moreover, the types of the formed oxides were identied.

Fig. 6(a) presents the microstructure of the oxide scale
formed on IN 792 during 50 h oxidation at 1050 �C in air. The
SEM/EDX analysis revealed that the oxide scale consists of TiO2

in the outer part of the oxide scale. Below the latter a relatively
thick region of Cr2O3 is present. Near the oxide scale/alloy
interface formation of TiTaO4 is observed, as well as the zone
of internal aluminum oxidation. The morphology of the oxide
scale formed on IN 792 is very similar to the oxide scale grown
on another Ni-based alloy with a similar chemical composition,
i.e. Rene 80. The oxidation behavior of Rene 80 at 1050 �C was
investigated by e.g. Jalowicka et al.16 or Nowak et al.26 In both
studies, Rene 80 formed an oxide scale similar to the one
described here for IN 792. Moreover, Jalowicka16 explained the
formation of a chromium rich oxide scale on Rene 80 by Ti-
doping, which increases the chromia growth rate, thereby
suppressing the formation of a continuous alumina scale. In
this work, both marginal alumina-forming alloys, namely IN
792 and PWA 1483, also contain about 4 wt% Ti. Moreover, IN
792 contains 4 wt% Ta, while PWA contains 5 wt% Ta. It was
determined by Jalowicka et al.16 that the addition of Ta leads to
the formation of TiTaO4 which should suppress the ux of Ti
through the oxide scale. However, as shown in Fig. 6(b), the
addition of 5 wt% Ta enables the formation of a nearly
continuous TiTaO4 layer on PWA 1483, while on IN 792 TiTaO4

is present in the form of precipitates (Fig. 6(a)). Therefore, it
might be speculated that the formation of a TiTaO4 layer helped
create a continuous sub-layer of alumina on PWA 1483, whereas
the formation of a continuous sub-layer of alumina cannot be
observed on IN 792 aer 50 hours of exposure. Another expla-
nation for the different oxidation behaviors of IN 792 and
PWA1483 can be the difference in alloy microstructures. As
shown in Fig. 7, IN 792 is a polycrystalline material, whereas
PWA1483 is a single crystal. Therefore, Ti-transport to the
surface through grain boundaries is increased in the case of IN
792. Moreover, the higher carbon content in IN 792 might result
in tying up Ta in the form of carbides in the case of IN 792,
which in turn might result in a less Ta content available for
TiTaO4 formation.

The microstructure of the oxide scale observed on MCrAlY
via SEM conrmed the formation of a relatively pure, thin and
protective alumina scale with about 2 mm thickness. Near the
oxide scale/alloy interface, formation of Y-rich precipitates is
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 LOM images illustrating the microstructure of: (a) IN 792 and (b)
PWA1483 under the as-received conditions. Both surfaces were
etched for better visualization of their microstructure. Different colors
represent separate grains.

Fig. 8 Light optical microscopic image of the cross-section across
a cooling channel of a turbine blade after approximately 10 000 hours
of operation.

Fig. 6 SEM/BSE images of: (a) IN 792, (b) PWA 1483 and (c) MCrAlY
cross-sections after isothermal oxidation at 1050 �C for 50 hours in
laboratory air.
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observed. The formation of such precipitates was previously
observed in the literature by, e.g., Gil et al.27

b. Component aer service

As described in the previous chapter, the GD-OES technique can
be effectively used to characterize the samples exposed to
laboratory conditions. However, as this chapter will show, GD-
OES analysis can be successively performed on real compo-
nents of gas turbines aer operation. Various oxidation-
This journal is © The Royal Society of Chemistry 2017
resistant coatings are applied on the base alloys, used as
a construction material, in order to protect them against
aggressive hot gases. The outer part of a turbine blade is covered
mainly with MCrAlY type alloys deposited using plasma spray-
ing methods.20,28 On the other hand, in the cooling channels,
application of the coatings by means of plasma spraying is
impossible due to geometrical limitations. Therefore, the
chemical vapor deposition (CVD) technique is commonly used
to produce aluminide coatings.29 Fig. 8 presents the cross-
sectional image of a part of the turbine blade from the cool-
ing channel. It can be seen that the aluminide coating is applied
on the base alloy, which in this case is Ni-based superalloy Rene
80, the chemical composition of which is given in Table 1.
Between the aluminide coating and the base material an
interdiffusion zone is present. This zone contains the so-called
J. Anal. At. Spectrom., 2017, 32, 1730–1738 | 1735
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Fig. 9 Comparison of: (a) microstructure (optical metallographic
image) and (b) GD-OES depth profile of aluminized Rene 80 used in
the cooling channel of a gas turbine blade after approximately 10 000
hours of service.

JAAS Paper

Pu
bl

is
he

d 
on

 1
3 

cu
oo

m
án

nu
 2

01
7.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

02
5-

05
-0

7 
09

:1
3:

07
. 

View Article Online
topologically close-packed (TCP) phases.12 The GD-OES depth
prole presented in Fig. 9(b) reveals that the outer part of the
coating consists of b-NiAl. Below the aluminide coating, an
interdiffusion zone is present, in which a co-enrichment of Ti,
Mo and W is visible. Moreover, enrichment of carbon is
observed. This might indicate the formation of carbides within
the interdiffusion zone. Such carbide formation in the
aluminized Ni-based alloy has already been found and
described by Pillai et al.12 Just below the aluminide coating an
enrichment of boron is found. Boron is present in Rene 80 and
it was already determined that during the exposure of
unmodied Rene 80, boron diffuses outwards, forms a stable
mixed oxide, BCrO3, and becomes depleted in the bulk alloy.14

However, as found by Nowak et al.,15 formation of a continuous
alumina sub-layer suppresses boron depletion. It can be
speculated that the aluminide coating might also hinder
outward boron diffusion. Therefore, a boron peak is observed
below the coating. Alternatively, boron can form a compound
with another element, such as Cr, the activity of which is
increased by Al-diffusion from the coating, as determined by
Chyrkin et al.30 Beneath the oxide scale formed on the coating,
an enrichment of sulfur was found. The presence of sulfur in
the aluminide coating was not expected. Therefore, such
enrichment suggests the formation of suldes below the
oxides. Sulfur, most probably, comes from the exhaust fumes,
because sulfur is intentionally added to the fuel to avoid its
sedimentation. Measurement of the crater depth of the prole
presented in Fig. 9(b) reveals that it is possible to measure the
depth prole obtained by GD-OES up to 120 mm, which is not
possible using other depth proling techniques, such as
plasma-SIMS or SNMS. Therefore, it can be concluded that GD-
OES is an excellent method for investigating a wide range of
coatings and oxide thicknesses.
1736 | J. Anal. At. Spectrom., 2017, 32, 1730–1738
4. Summary and conclusions

In this work, GD-OES analysis of oxidized Ni-based superalloys
is presented. It is shown that proling of oxides and coating
with various thicknesses and chemistry is possible. From all the
presented results it can be concluded that:

– GD-OES allows for analysis of oxide scales with various
thicknesses, from about 2 mm up to about 120 mm;

– Studying different types of oxide scales, such as Al2O3 or
Cr2O3 or, as in most cases in this work, multilayered systems is
possible;

–Due to the high sputtering rate, GD-OES allows fast analysis
with reasonable depth resolution;

– Analysis of light elements, e.g. boron, is possible, using the
GD-OES technique as opposed to e.g. SEM, where it is not very
easy. Thus, GD-OES studies combined with other “standard”
analytical methods help to fully describe the samples;

– Analysis of nearly every element enables the determination
of non-expected elements in the samples, such as sulfur from
the fuel that forms suldes below the oxide scale as shown in
this work;

– Presenting intensities as a function of sputtering time is
commonly accepted and might give valuable information con-
cerning what happens in the sample during oxidation, however,
it is possible to quantify the results;

– A simple quantication based on the ratio model, used in
this study, gives semi-quantitative information enabling the
estimation of the types and stoichiometry of the formed oxides,

– If more accurate quantication is demanded, quantica-
tion based on the emission yield model should be applied. In
this work, quantication using the emission yield model was
impossible due to the fact that the wavelength used for oxygen
detection was 130 nm, which leads to problems with oxygen
quantication,

– In both aforementioned methods, namely the ratio model
and emission yield model, conversion of sputtering time into
depth is problematic and the uncertainty of such estimation
might be signicant,

– Finally, it was shown that not only samples manufactured
in laboratories, but also real components used in the stationary
gas turbines can be successfully analyzed by GD-OES.
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