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b s t r a c t

yclic and isothermal oxidation behaviors of first and fourth-generation superalloys AM1 and MCNG
ere investigated to evaluate the ability of the scratch test to quantify the adhesion of multi-layered

xide scales. Effects of sulfur content and of scale thickness were studied independently. Available mod-
ls lead to large discrepancies in the calculated work of adhesion values with the evaluation of the resid-
al stress being the largest source of error. Nevertheless, models can assess the effect of sulfur content
nd the scratch test can be used to correlate the long-term cyclic oxidation behavior and the adhesion
f oxide scales.
doi:10.1016/j.corsci.2010.08.013
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1. Introduction

Oxidation resistance of Ni-based superalloys and bond coating
materials in high-temperature environments is largely dictated
by their ability to preferentially form an adherent oxide scale on
the metal surface [1]. Maintaining good adhesion of the oxide scale
to the surface of heat-resistant alloys is crucial for long-term cyclic
oxidation resistance. Single crystal Ni-based superalloys have been
developed firstly for their mechanical properties. For application as
blade materials, single crystals are usually coated to improve their
hot corrosion and oxidation resistance. However, cracking of the
coating or removal by abrasion or by foreign object damage
(FOD) can occur so that the intrinsic oxidation behavior of bare
single-crystal superalloys must be accurately known [2].

The oxide scale adhesion depends on the alloy sulfur content
and its presence at the oxide/alloy interface [3,4]. Indeed, it was
shown that sulfur removal improves scale adhesion if its concen-
tration is below 0.1–1 ppm in weight, depending on the thickness
of the samples [5,6]. It is also well known that the detrimental
effect of S can be overcome by appropriate additions of reactive
elements, such as Zr, Y, or Hf to the alloy [5–7].

Scratch test as an appropriate method for qualitative evaluation
of the film adhesion to substrate has been used in many studies [8–
16]. Both intrinsic parameters, such as scratching speed, loading
rate, diamond tip radius, and extrinsic parameters, such as sub-
strate hardness, coating thickness, substrate and coating roughness
.
onceau).
and coefficient of friction, were considered, in the literature, to
improve the interpretation of the results.

The main objective of the present study is to evaluate the ability of
the scratch test to quantify the adherence of oxide scale formed on
Ni-based superalloys. The long term objective of this work is to estab-
lish the relationship between oxide scale/alloy adhesion, isothermal
oxidation kinetics of the alloy, physical properties of the alloy and the
oxide, and cyclic oxidation performance of the superalloys.

2. Experimental procedure

2.1. Materials

Single crystal Ni-based superalloys AM1 with different sulfur
concentrations and MCNG containing 0.1 wt.% Hf were provided
by Snecma-Safran Group. The sulfur content for AM1 alloy ranges
from 0.22 up to 3.2 ppmw as measured by glow-discharge mass
spectroscopy (GDMS). AM1 is a first-generation Ni-based single-
crystal superalloy whereas MCNG refers to a fourth-generation
single-crystal superalloy containing Ru and Re and some Hf. The
chemical compositions of the superalloys are presented in Table
1. Disk-shape samples of 11–13 mm diameter and 1 mm thick
were machined along the [0 0 1] direction from rods.

Prior to oxidation, all sides of the specimens were ground with
SiC paper down to a final grade 600 or ground and then polished
down to a 1 lm finish using diamond paste. All samples were
cleaned in an ultrasonic bath with acetone followed by high-purity
alcohol. They were weighed to within 10 lg with a Sartorius ME
balance before and after high-temperature exposures.

http://dx.doi.org/10.1016/j.corsci.2010.08.013
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http://dx.doi.org/10.1016/j.corsci.2010.08.013
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Table 1
Chemical composition of the single crystal Ni-based superalloys AM1 and MCNG (wt.%).

Alloys S (ppmw) Cr Co Mo W Ta Al Ti Re Ru Hf Ni

AM1 0.22 7.5 6.5 2 5.5 8 5.3 1.2 – – – Base
0.41
3.20

MCNG 0.53 4 – 1 5 5 6 0.5 4 4 0.1 Base
2.2. Thermogravimetry and cyclic oxidation tests

The isothermal thermogravimetric tests were performed in a
SETARAM™ TAG 24S thermobalance with a sensitivity of greater
than 1 lg. The device makes use of a double symmetrical furnace
designed to compensate all signal disturbances resulting from
gas flow, buoyancy and convection. It is suitable for the accurate
measurement of small mass changes occurring during short oxida-
tion tests or induced by very slow-growing oxide scale such as the
alumina scale formed on superalloys. The samples were oxidized at
1100 �C under a flow of synthetic air with a heating rate of
60 �C min�1. The flow rate was maintained at 0.4 l/h.

The AM1 specimens with three different sulfur levels and the
1 lm polished surface finish were oxidized for 9, 17 and 18 h to
form oxide scales of similar thickness. The continuous recording
of the mass gain within the thermobalance allowed stopping the
experiments when the desired oxide scale thickness was reached.
This was done to investigate the effect of sulfur content on adhe-
sion independently of oxide thickness (Table 2). To examine the
changes of adhesion values as a function of scale thickness, speci-
mens of alloys AM1 (0.41 ppm S) and MCNG were oxidized for
different exposure times. The effect of surface finish was also
studied on samples of AM1 (0.41 ppm S) and MCNG with similar
isothermal oxidation durations of 90 and 100 h (Table 2).

Cyclic oxidation tests were conducted in a previous study on
specimens coming from the same alloy batch [17]. A thermal cycle
consisted of a fast heating period at 90 �C/min up to 1100 �C (trans-
fer of the samples to the hot zone in 10 s), a 60 min exposure at
1100 �C (including heating) in laboratory air, followed by a
15 min fast (800 �C/min) cooling to room temperature in a strong
flow of purified air.

2.3. Microstructure and morphology characterization

The use of a thermogravimetric device allows to detect if the
samples experience spalling during the high temperature dwell
and even during cooling. In the present case, no such spalling event
Table 2
Conditions of the isothermal oxidation experiments and obtained oxide scale thicknesses

Alloy Sample No. Sulfur content,
ppmw

Surface
finish

Isothe
at 110

AM1 1 0.22 1 lm 18
2 600 SiC 100
3 0.41 1 lm 9
4 100
5 330
6 600 SiC 100
7 3.2 1 lm 17
8 600 SiC 100

MCNG 1 0.53 1 lm 0
2 3
3 10
4 100
5 600 SiC 90

a Calculated from TGA data.
b Not measured.
was detected, it was then possible to determine the total oxide
scale thickness t from the difference of the mass at the beginning
of oxidation and at the end of the process inside the thermobal-
ance. The value of t was then verified from the direct observation
using scanning electron microscopy (SEM) on a LEO 435VP system
in conventional mode. The microstructure of the oxide scales
formed on AM1 and MCNG were characterized. When the oxide
scale was duplex, i.e. consisting of an inner alumina layer in con-
tact with the metal and an outer spinel layer, the thickness of
the internal pure Al2O3 (tAl2O3 ) layer was measured by SEM (Table
2). The oxide phases were identified by X-ray diffraction (XRD)
using a Seifert 3000TT diffractometer operated at 40 kV and
30 mA at a low angle of incidence (4�) in order to maximize the rel-
ative intensities of the oxide scale peaks and to ensure that the
analyzed depth did not depend on Bragg’s angle. The chemical
analysis by means of a PGT (imix-PC) system for the EDS was per-
formed as a complementary study.

2.4. Scratch test

To evaluate the mechanical adherence of the oxide scale formed
on AM1 and MCNG alloys, the scratch test was carried out using a
commercial SCM Revetest scratch tester. A Rockwell diamond
indenter with a 200 lm radius hemispherical tip was used. The
normal load Fn was continuously increased from 1 N up to 100 N.
The loading rate was 50 N/min. A 3 mm long scratch was made
during each test. The instrument is equipped with an integrated
optical microscope, an acoustic emission monitoring system to de-
tect crack formation and a device to measure the horizontal fric-
tional force Ft in the scratching direction from which the friction
coefficient values l can be obtained (Ft = lFn). The critical load cri-
terion used was the lowest load at which failure occurred along the
scratch track as determined by optical microscope examination.
The first acoustic emission peak observed and the variation of
the frictional force provide complementary information for critical
load measurements. Five scratches were performed for each
sample under the test conditions determined previously. Average
(see text).

rmal oxidation
0 �C, h

Total scale thicknessa,
t, lm

Thickness of internal
a-Al2O3 layer tAl2O3

, lm

1.1 �0.7
1.6 n.m.b

1.3 �0.7
2.4 �1.4
3.6 �1.7
2.7 n.m.
1.3 �0.8
1.6 n.m.
1.1 0
1.7 0
1.9 �0.2
2.6 �0.6
2.1 n.m.



values of critical normal load, corresponding frictional force, coef-
ficient of friction, and track width are reported. A schematic repre-
sentation of test and data recording during the experiment is
shown in Figs. 1. Point ‘‘A” corresponds to the smallest load at
which some recognizable adhesive failure event occurs. Point ‘‘B”
corresponds to a load of 40 N and point ‘‘C” to the end of scratch.
3. Results and discussion

3.1. Oxidation behavior

To investigate the cyclic oxidation behavior, it is necessary to
know both the isothermal oxidation kinetics of the studied alloys
and the adherence of oxide scales formed on their surfaces.

Results for cyclic oxidation kinetics of AM1 and MCNG samples
are compared in Fig. 2. The cyclic oxidation behavior of the AM1
alloy showed the expected improvement in scale retention as the
sulfur concentration was decreased. After 430 cycles, the samples
with 3.2 ppmw S presented significant oxide spallation with an
average weight loss of 17 mg/cm2 (not shown in Fig. 2) whereas
the sample with 0.22 ppmw S, weight loss was 0.03 mg/cm2. For
the MCNG sample, a low mass change and good scale adherence
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Fig. 1. Schematic presentation of the scratch test and an example of data recorded dur
emission; x – scratch length. Point A – critical load; B – 40 N load; C – end of scratch.
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Fig. 2. Cyclic oxidation kinetics of superalloys A
was observed despite the fact that it contains 0.53 ppmw S. This
is certainly due to beneficial effect of Hf [5–7] and/or to the pres-
ence of Rh and Ru.

The net mass gain curves obtained during isothermal oxidation
at 1100 �C for AM1 and MCNG alloys (Fig. 3) showed faster oxida-
tion kinetics over the transient regime for all the samples. After
�6 h, oxidation kinetics of both alloys follows a parabolic law.
Then, the parabolic constants kp were calculated by fitting a com-
plete parabolic law after the transient regime, using:

t ¼ Aþ BðDm=SÞ þ ð1=kpÞðDm=SÞ2 ð1Þ

where t is the time, A and B are constants and (Dm/S) is the mass
variation of the sample divided by its surface area [18]. The stea-
dy-state parabolic rate constants (kp) calculated from thermogravi-
metric analysis data for AM1 with different levels of sulfur and for
AM1 and MCNG with different surface finishes are compared in
Table 3. As seen in Fig. 3b and Table 3, the oxidation kinetics of
AM1 specimens are not monotonous functions of the sulfur level.
Indeed, the highest oxidation kinetics are found for the AM1 sample
with the intermediate sulfur level. This result can be explained in
terms of materials processing differences resulting in different
impurity levels for this series of rods, but no precise data are
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Fig. 3. Isothermal oxidation kinetics at 1100 �C in synthetic air flow (a) AM1 and MCNG superalloys with different surface finish (label: superalloy (wt ppm of S) – polishing),
(b) AM1 with different sulfur content. Mass gain during heating is not included.

Table 3
Stationary values of parabolic rate constants kp at 1100 �C, calculated between 6 h and the end of the experiment using t(s) = A + B (Dm/S) + (1/kp) (Dm/S)2.

Alloys, sample No. Sulfur content,
ppmw

Surface finish Isothermal oxidation
exposure at 1100 �C, h

kP, mg2/cm4/s B, s cm2/mg A, ks

AM1 1 0.22 1 lm 18 1.4 � 10�7 �12.1 � 105 60
2 600 SiC 100 1.1 � 10�7 �18.1 � 105 110
4 0.41 1 lm 100 2.6 � 10�7 �11.5 � 105 110
6 600 SiC 100 3.3 � 10�7 �6.3 � 105 50
5 1 lm 330 1.8 � 10�7 �18.5 � 105 200
7 3.2 1 lm 17 1.1 � 10�7 �23.9 � 105 170
8 600 SiC 100 0.8 � 10�7 �33.3 � 105 250

MCNG 4 0.53 1 lm 100 0.6 � 10�7 �48.2 � 105 400
5 600 SiC 90 0.4 � 10�7 �81 � 105 620
available. In agreement with the data presented, the kp values for
the Hf-containing MCNG alloy were lower than the values mea-
sured for all AM1 samples despite the fact that the initial oxidation
rate of MCNG was higher than that of AM1. Similar effect was also
reported by Hayashi and Gleeson for Hf-containing Pt-modified c/c0

alloys [19] for which a high oxidation rate during the transition
stage was found. No effect of surface finish (600 grit SiC or 1 lm
diamond) on the oxidation kinetics was detected (Fig. 3a).

3.2. Microstructures of oxide scales

During oxidation of nickel-based superalloys, a multi-layered
oxide scale forms [2,20,21]. Back-scattered and secondary electron
images of the oxide scales formed on the surface of AM1 and
MCNG alloys after 100 h isothermal oxidation at 1100 �C are pre-
sented in Fig. 4. EDS analysis and X-ray diffraction were used to
identify phases. In the case of AM1 alloy, the oxide consists of an
inner alumina layer in contact with the metal and an outer NiAl2O4

spinel layer separated by discontinuous (Ta, Ti)-rich oxide (bright
spots on BSE images Fig. 4a). TiO2 was also identified by XRD so
the (Ta–Ti)-rich oxide is certainly a rutile phase. On MCNG alloy,
the oxide scale was composed of three clearly distinct layers
(Fig. 4b). The inner adherent layer is a-Al2O3, which its morphol-
ogy is shown in a higher magnification in 5. The outer layer of
the scale is NiO. Between them is located a double layered NiAl2O4

spinel separated by a discontinuous (Ta, Ti)-rich oxide, with some
Re- and Ru-rich particles, which were also identified by EDS. The
XRD analysis of this oxidized MCNG sample showed the presence
of a-Al2O3, TiO2/TiTaO4 rutile, NiAl2O4 spinel, and NiO in the scale.

3.3. Assessment of the work of adhesion of oxide scales using the
scratch technique

The interpretation of scratch-test results can be misleading. In
order to correctly choose the test parameters and to assess the
work of adhesion using the scratch technique understanding the
limits of validity of the results, it is mandatory to review the exist-
ing models and their physical assumptions. Theoretical models
based on the Linear Elastic Fracture Mechanics approach and dif-
ferent adhesion testing techniques including the scratch test for
variety of systems were reviewed by Volinsky et al. [22]. The
scratch test has been used to measure the adherence of a range
of coatings on steel substrates, such as, hard coatings TiN
[23–28], CrN and CrN/Cr [23,26,29], TiC or/and TiC/CrC [10,23],
thermally grown A12O3 [24], diamond-like carbon (DLC) on WC-
Co substrate [30] and more recently polymeric coating [31]. In
common practice, the scratch test is used for comparative studies
of thin films of the same thickness on identical substrates. The
mechanical behavior of thin film/substrate systems under sliding
indenter loading is complex. Difficulties include complicated
stress–strain field, different failure modes occurring at the same
time, numerous intrinsic and extrinsic parameters. Therefore, the
technique is usually regarded as semi-quantitative. The earliest
model developed by Benjamin and Weaver [8] uses the theory of
fully plastic indentation and gives an expression for the critical
shearing force for coating removal [32]. This model is applicable
in a limited range of cases for plastically deformed film. The model
was developed further by Weaver to include the elastic properties
of the coating and assuming elastic–plastic behavior in the system
during scratching. The best parameter for the quantitative evalua-
tion of the adhesion strength between a film (coating or oxide
scale) and a substrate is the work of adhesion, which is a measure
of the chemical bonding across the interface [33].

In the present study, the most commonly used models to assess
the work of adhesion during scratch test were analyzed. A brief
description of these models is presented below. The great number
of theoretical models employed to calculate the work of adhesion
are based on the Griffith energy balance approach [34,35]
developed by Orovan [36] and Irwin [37], which relates the elastic
strain energy released to the surface energy for crack formation.



Fig. 4. SEM micrographs of the oxide scales formed on AM1 (a) and MCNG (b) after 100 h isothermal oxidation at 1100 �C in synthetic air (see text for the details).
Application of this approach to estimate the coating/substrate
adhesion in the scratch test was proposed by Laugier [10]. The
load, at which failure occurs, termed the ‘‘critical load”, is used to
assess the work of adhesion. During the test, at critical load, the
film ahead of the indenter releases its elastic deformation energy
by interface delamination and film spallation. The stylus adds com-
pressive stress to the film in front of the indenter. It is important to
note that in most cases, the film or oxide scale already has some
residual compressive stresses with some consequences detailed
below. The critical load depends not only on the adhesion property
of a considered film/substrate pair but also on several parameters
related to the testing conditions – as indicated above – and to the
elastic–plastic behavior of each material. Thus, it produces a mea-
surement of the practical work of adhesion. The elastic energy per
unit volume (U) stored in a film is expressed as:

U ¼ r2

2Ef
ð2Þ

where r is the stress responsible for interface failure and Ef is
Young’s modulus of the film.

The elastic energy stored in the entire film of thickness t is given
as:

U ¼ pr2t
2

r2

2Ef

� �
ð3Þ

where r is the radius of the semicircle, which is formed in front of
the indenter under the critical load, and is equal to one-half of
the scratching width. This equation is theoretically valid for the
substrate region occurring either in the elastic or the plastic defor-
mation. When the normal load applied in the indentation test
reaches the critical load, the elastically stored energy U in the entire
film is equal to the total energy of adhesion (Wfs). Theoretically, the
adhesion energy (Wfs) represents the elastically stored energy aris-
ing in the elastic and plastic substrate regions of deformation.

The differences between the models described in the present
work are based on the method employed for the evaluation of
the local stress. In the purely elastic analysis of Laugier [10], the
compressive stress in the film is a function of the internal stress
and the applied stresses which were calculated from the equation
of Hamilton and Goodman [38]. Contact radius was taken from the
contact theory of Herth [39], which is formulated on the assump-
tion of elastic deformation between two bodies in contact. This
model was criticized by Rickerby [25] in view of limitations in
application to materials that deform plastically. Later, the model
of Laugier was modified by Gruss and Davis [40] who introduced
the equation for the indentation stress of elastic–plastic homoge-
neous materials developed by Chiang et al. [41] and employed it
to calculate the work of adhesion of polycrystalline ZrN and amor-
phous SiC coatings on nickel and titanium alloys, i.e. a hard ceramic
layer on a more ductile metallic substrate as for an oxidized metal.
It was observed [40] that the modified model, in comparison with
Laugier’s model, produces similar values of adhesion work.

It is well known that a range of possible failure modes can occur
during the scratch test and only some of these are dependent on
scale-substrate adhesion. According to Burnett, Rickerby, and Bull
[14,24], the adhesion related compressive failures which are the
basis for hard coatings on a softer substrate are buckling and spall-
ation by wedging. The theoretical basis to analyze buckle failure
was developed for oxide scales under thermally induced stresses
[42–44] from the classical buckling analysis of Timoshenko in
1936 [45]. Wedge spallation failure mode (compressive shear crack
and spall after shear cracking) and local stress analysis was carried
out by Evans [44]. In order to quantify adhesion measurement, a
careful analysis of the observed failure modes is needed. However,
the validity of direct application of this approach, which was devel-
oped for the thermal and growth biaxial stresses for scratch in-
duced stresses assessment, can be questioned. Moreover, this
method requires precise measurements of the area and geometry
of delamination which is not always easy to determine when the
different failure modes occur at the same time.

Scratch testing can be regarded in relation to the delamination
of films under static indentation. A number of models have been
developed to relate the interfacial toughness to the critical inden-
tation load required for debonding [46,47]. These models rely on
the fact that the indentation volume is accommodated by plastic
deformation around the indenter within the plane of film. This
deformation establishes residual elastic stress which can provide
a driving force for delamination and spalling [32]. Some of these
concepts have been extended to the scratch. Burnett and Rickerby
developed the analysis based on the elastic–plastic indentation
theory [14,15] and identified three components for the total stress



responsible for coating detachment during the scratch test. First, a
static elastic–plastic indentation stress, second, a tangential fric-
tional stress due to the interaction between the sliding indenter
and the specimen surface and third, the residual internal stresses
in the film. This analysis was extended by Bull et al. [48] and later
refined by Bull and Rickerby [49]. Each one of the three contribu-
tions described before was expressed in terms of its effect on the
measured total frictional force Ft. Indentation stress, often named
‘‘ploughing stress”, has been considered as the component of stress
responsible for film delamination. Accordingly, the local ccompres-
sive stresses in the plane of the interface or the tensile stresses nor-
mal to the interface, due to Poisson’s effect, cause the oxide/scale
detachment:

r ¼ mf Ft

A1
ð4Þ

where mf is the Poisson ratio of the film; A1 is the cross-sectional
area of the track, which can be calculated using the indenter radius
R and the track width dc measured at critical load Fnc:

A1 ¼ R2 sin�1 dc

2R

� �
� dc

2
R2 � dc

2

� �2
" #1=2

ð5Þ

The final equation which relates the minimum critical load with the
practical work of adhesion, W, is:

Fnc ¼
A1

mf lc

2Ef W
t

� �1=2

ð6Þ

where lc = Ft/Fnc is the friction coefficient corresponding to the crit-
ical load.

This model has been modified by Attar and Johannesson [23]
using an equation which, in contrast to Eq. (6), shows a direct pro-
portionality between the critical normal load and the square root
of the coating thickness:
Table 4
Average valuesa of critical load measured during the scratch test and calculated values of
different conditions.

AM1 sample No. Sulfur content, ppmw Oxide scale thickness t,

Effect of sulfur content, t = const
1 0.22 1.1
3 0.41 1.3
7 3.2 1.3
Effect of scale thickness, Scontent = const
3 0.41 1.3
4 2.4
5 3.6

a Five scratches were performed for each sample.

Table 5
Average valuesa of critical load measured during the scratch test and calculated values of t
different conditions. Critical load is given for the external spinel layer (text – thickness of

MCNG sample No. Oxide scale thickness, lm C

1 text 1.1 Fn

tAl2 O3
0 Fn

2 text 1.7 Fn

tAl2 O3
0 Fn

3 text 1.7 Fn

tAl2 O3
�0.2 Fn

4 text 2.6 Fn

tAl2 O3
�0.6 Fn

a Five scratches were performed for each sample.
Fnc ¼
dc

mf lc
½2Ef Wt�1=2 ð7Þ

A combination of shear and tensile stresses in the coating/sub-
strate interface ahead of the indenter and the possibility of plastic
deformation occurring in the coating were assumed. In this model,
the frictional force acts on the cross-section of the coating A = tdc

[23].
Before to apply these models to the oxidized superalloys, it is

then necessary to observe the failure modes which have occurred
during the scratch tests.
3.4. Qualitative results of scratch tests

For the studied oxide scale/substrate systems, two adhesion-re-
lated failure modes occurring in the test were observed during the
scratch track examination. First, the interfacial spallation at the
border of the scratch track and second, the conformal type buck-
ling cracks. In many cases, it is difficult to identify the predominant
failure mode. Nevertheless, the complex morphology of the cracks
observed can be considered as a response by buckling as the main
failure mechanism induced by compressive stresses ahead of the
moving indenter. Large area interfacial spallation was observed
for the oxide scale formed on AM1 with 0.41 and 3.2 ppmw S
(Fig. 6).

The load at which failure occurs is firstly used for a qualitative
analysis. As already established [11,12,33], the critical load is fac-
tored by intrinsic parameters, including loading rate and scratch
velocity. In the present study the operating parameters of the
scratch test were determined previously and were fixed. Thus the
critical load depends on the combined effect of the oxide scale
thickness and the oxide/scale adhesion. Values measured during
the scratch test for AM1 and MCNG are presented in Tables 4
and 5 respectively.
the work of adhesion for AM1 samples polished down to 1 lm finish and oxidized in

lm Critical load Fnc, N Work of adhesion W, J m�2

Model 1 Model 2

19.5 ± 1.1 2.2 21.7
14.6 ± 1.2 2.0 11.4
10.0 ± 0.5 1.8 6.5

14.6 ± 1.2 2.0 11.4
11.6 ± 0.6 2.8 3.5

9.8 ± 1.3 3.9 1.8

he work of adhesion for MCNG samples polished down to 1 lm finish and oxidized in
external spinel layer) and for the internal alumina layer (when present).

ritical load Fnc, N Work of adhesion W, J m�2

Model 1 Model 2

c1 5.4 ± 0.4 0.5 1.4
c2 – – –

c1 9.7 ± 0.6 1.0 2.0
c2 – – –

c1 20.3 ± 0.4 2.8 11.3
c2 65.0 ± 2.1 0.1 306

c1 8.9 ± 0.4 3.2 2.2
c2 29.4 ± 1.6 0.5 33



The variation of surface roughness due to different surface fin-
ishes has the same effect on the values obtained for the critical load
for both AM1 and MCNG samples. A rough surface (600 grit SiC
grinding) decreases the reading and repeatability of measured val-
ues, showing lower value of critical load compared with samples
polished down to 1 lm finish.

For the oxide scales with a constant thickness and a surface fin-
ish of 1 lm, different critical normal and tangential forces were
measured depending on the sulfur level. There was a clear ten-
dency for the critical load to decrease with increasing sulfur con-
tent. Optical observations of detachment development show
large areas of spallation at early load for the oxide scale grown
on the AM1 alloy with the highest sulfur level. At the end of the
test, the oxide scale was completely removed from the substrate.
AM1 containing 0.22 ppmw S was considerably more resistant to
detachment in comparison with 3.2 ppmw S sample (Fig. 6). These
qualitative results are in good accordance with the cyclic oxidation
kinetics reported in Fig. 2 and numerous data reported in the liter-
ature ([3,4,20]). The role of sulfur is likely associated with a reduc-
tion in fracture toughness of the oxide/metal interfaces through
formation of voids or reduction of the bonding energy [20].

The effect of coating thickness is usually discussed in publica-
tions related to the scratch test application or modeling. Detailed
analysis of thickness dependence has been studied by several
authors [14,15]. For coatings of variable thickness, the energy bal-
ance approach predicts that Fnc decreases, since internal energy in-
creases with increasing thickness according to [25,30,50].
Nevertheless, the critical load for hard, wear-resistant coatings is
generally found to increase with increasing coating thickness, e.g.
[23]. The influence of thickness on the failure mode was observed
by [24]. It was found that the critical load for buckle formation in-
creases as the thickness increases and decreases for wedging fail-
ure. A more complex relationship between these two parameters
affected by conditions of film deposition was observed [51].

In the case of oxidized AM1 samples, Table 4 shows that
increasing scale thickness, for a constant sulfur level and identical
Fig. 5. Micrographs showing the oxide scale spallation on the MCNG isothermally oxidiz
the fractured continuous internal alumina layer; the lower right image indicates an area
layer, the intermediate grey is the double layer of spinels and the bright grains are nickel
rich oxides.
surface finish, causes the decrease of the critical load. This observa-
tion was confirmed by optical and SEM characterizations showing
that the oxide scale spalled area enlarges with the duration of iso-
thermal oxidation.

It is important to point out that the studied case of oxide scale
adherence on an alloy is more complex than that of a film depos-
ited on a substrate. For a thermally grown oxide, it may be neces-
sary to distinguish the effect of oxide scale thickness and the effect
of oxidation duration on the adhesion behavior. Indeed, the metal/
oxide interfacial adhesion may evolve during oxidation with alloy-
ing element depletion and subsequent phase transformation [52],
with cavity formation [53], sulfur segregation [54], substrate plas-
tic deformation [55] and/or oxide scale wrinkling which was ob-
served in the case of oxidation of uncoated single-crystal
superalloy [52]. Moreover, growth and thermal residual stresses
[44] should be considered. In our case, the tilted surfaces of oxi-
dized superalloys after spalling were observed and no wrinkling
or cavity formation was observed. Sulfur segregation was not mea-
sured. The most obvious observation was the multi-layered nature
of the oxide scale.

The multilayered structure of the oxide scale must be accurately
known for a correct analysis of scratch-test results. Indeed, the lay-
ering of the oxide scale influences the values measured for the crit-
ical load. It is important to notice that the different sublayers of the
oxide scale remained adherent to each other for the AM1 samples
whereas the fracture occurred between the internal alumina layer
and the outer spinel layer for the MCNG ones (Fig. 4 and 5). Repre-
sentative fracture cross-sections of the oxide scale after the scratch
test from MCNG (SE and BSE images) show the entire oxide scale
structure in contact with the metal and magnified images of the in-
ner adherent alumina layer (Fig. 5). Despite the spalling of the
external spinel oxide layer, MCNG alloy containing 0.53 ppmw S
and 0.1 wt.% Hf demonstrates noticeably better performance than
AM1 with about the same concentration of sulfur (0.41 ppmw) un-
der the same conditions of oxidation. This is clearly due to the bet-
ter adherence of the internal alumina subscale. When applying the
ed for 100 h at 1100 �C, after scratch test (upper image); the lower left image shows
where the whole oxide scale is broken. The dark grey layer is the internal alumina

oxide. The very bright small sized particles inside or over the spinel layer are (Ta–Ti)
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Fig. 6. Optical micrographs showing the oxide scale spalling induced by the scratch test for AM1 samples with different sulfur contents: 1 – oxide scale; 2 – alloy surface.
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Fig. 7. Optical micrographs showing the oxide scale spalling induced by the scratch test for MCNG samples oxidized 100 h at 1100 �C: 1 – external spinel layer spalled at
Fnc1 = 9 N; 2 – internal alumina layer spalled at Fnc2 = 30 N.
scratch test to MCNG samples, the two oxide sublayers spalled at
different loads, as reported in Table 5. The external spinel layer
spalled at a critical load equal to or smaller than the load for the
oxide scale on AM1. For example, the critical normal load for the
MCNG sample was 9 N but was 12 N for the AM1 sample oxidized
in the same conditions (100 h at 1100 �C). But, the internal alumina
layer formed on MCNG spalled at a much higher critical load (30 N)
(Fig. 7). Therefore, Table 5 gives two lines of values measured for
each MCNG sample. The first corresponds to the total scale and
the second to the internal alumina layer thickness. The fact that
spalling can occur at the subscale interfaces is of great importance
for the quantitative analysis.

In general, the critical loads for MCNG were decreased when a
characteristic oxide scale thickness, at which a large spallation
occurred, was exceeded. This tended to occur when the oxide scale
failure was dominated by the stress levels already present within
the scale.

3.5. Quantitative results of scratch tests

Here, we apply the models discussed in a previous section, to
quantify the adherence of oxide scales formed on AM1 and MCNG
superalloys. To understand the problems that arise during the
interpretation of scratch-test results, the most commonly used
models were chosen as the basis for the present adhesion analysis.
The work of adhesion was estimated using the models described in
Eqs. (6) and (7) (Models 1 and 2 correspondingly), and assuming
the following elastic properties: Young’s modulus of bulk alumina



Ef = 380 GPa, and Poisson ratio mf = 0.24 were used for the oxide
scale [56]. The mechanical properties of scale formed on the alloy
surface were not measured in the present work. This would be a
source of improvement for further analysis.

3.5.1. Effect of sulfur content at constant oxide scale thickness
The results obtained for AM1 samples are presented in Table 4.

Both models (Eqs. (6) and (7)) show a tendency towards a
decreasing work of adhesion with increasing sulfur content. As
seen in the qualitative analysis, this is in agreement with the cyc-
lic oxidation kinetics as well as with the optical and SEM obser-
vations after the scratch test on isothermally oxidized samples.
According to Table 4, the values of the work of adhesion calcu-
lated with the model of Bull and Rickerby (Eq. (6)) are very small
in comparison with those given in Attar and Johannesson’s model
(Eq. (7)). For example, for specimen 1 of the AM1 series (AM1-1),
the value of W given by Eq. (6) was 2.2 J/m2 and by Eq. (7) was
21.7 J/m2. For the values presented in Table 4, scale residual stres-
ses rR, were not considered. If it is assumed that the oxide scale
has the same elastic and dilatation properties as a-Al2O3, the
value of the TGO residual stresses can be estimated from the
thermal expansion mismatch between the thin oxide layer and
the thick substrate [57]. The thermal stresses in first approxi-
mation:

rf ¼
Ef DTDa
1� mf

ð8Þ

where DT is temperature change; Da ¼ as � af is the difference in
thermal expansion coefficients of the substrate (�13–16 �C�1 ppm)
and the oxide scale (�8–9 �C�1 ppm). Temperature dependence of Ef

and a is ignored. Accordingly, calculated average compressive stress
values of rR are between �2.7 and �3.8 GPa. Experimentally mea-
sured values of residual stresses in the alpha alumina scale using
XRD, optical fluorescence spectroscopy (OFS) and photo-simulated
luminescence spectroscopy (PSLS) vary between �3 and �6 GPa
depending on substrate and oxidation conditions [18,24,58,59]. If
a representative value of rR = �4 GPa (assuming that internal stress
remains constant) is summed with the compressive failure stress,
the work of adhesion values presented in the Table 6 are obtained.
These values show still the same trend for the specimens with a
constant oxide thickness, but are appreciably higher. As a represen-
tative example, the values of W for specimen AM1-1 without rR are
2.2 J/m2 (Eq. (6)) and 21.7 J/m2 (Eq. (7)). With rR, the values
increase to 39.1 and 90.3 J/m2 respectively. Therefore, it is clearly
shown that the evaluation of scale residual stress is crucial to calcu-
late the work of adhesion.

It is obvious from Eqs. (6) and (7) that the W values are strongly
affected by the magnitude of Young’s modulus and the Poisson ra-
tio. Young’s modulus values for TGO alumina vary between 350
and 400 GPa, this can result in errors in W values calculated using
Eqs. (6) and (7) of less than 10% and 8% respectively. However, if
the film is represented by multi-layered oxides, the variations of
Table 6
Calculated values of the work of adhesion for AM1 samples, with or without considering

AM1, sample No. Model 1

Failure stress, GPa Work of adhesion W, J m�2

Without rR With

Effect of sulfur content, t = const
1 1.2 2.2 39.
3 1.1 2.0 44.
7 1.8 1.8 42.
Effect of scale thickness, Scontent = const
3 1.1 2.0 44.
4 0.9 2.8 75.
5 0.9 3.9 113.
Ef and of Poisson ratio mf values, mf can lie between 0.2 and 0.28
according to the data reported in the literature for thermally grown
a-Al2O3 [39,60]. This uncertainty in the value of the Poisson ratio
leads to errors of about 30–50%.

On the other hand, an error of about 10% may also arise from
incorrect track width d measurement (±5 lm). Therefore, expected
total error is 50–70%, which is still not as large as the effect of the
internal residual stress in the oxide scale.

3.5.2. Effect of oxide scale thickness at constant S level
The work of adhesion W was calculated using Eqs. (6) and (7),

for three different oxide scale thicknesses on AM1 (0.41 ppmw
S). The two models show different tendencies (Table 4). The first
model shows a slight increase of W with increasing the scale thick-
ness when the second model leads to a large decrease of W from
11.4 J/m2 (9 h) to 1.8 J/m2 (330 h) with scale thickness, i.e. with
the duration of oxidation. Model 2 is in agreement with the exper-
imental observations showing that for a constant sulfur level and
identical surface finish increasing of scale thickness causes the de-
crease of scale adhesion.

Values of the work of adhesion for AM1 (0.41 ppm S) estimated
taking into account the residual stress rR = �4 GPa are reported in
Table 6. The increase in thickness from 1.3 to 3.6 lm results in an
increase of the work of adhesion calculated using both equations
(Table 6). This fact can be explained in terms of the predominant
influence of the scale thickness on W values (over the failure stres-
ses induced during the scratch test). As described in the previous
section, more complex mechanical behavior was observed during
the test in the case of MCNG samples. The values of the work of
adhesion corresponding either to the entire oxide scale or only to
the thickness of the internal alumina layer are summarized in Ta-
ble 5. The work of adhesion, calculated using Model 1, increases
with the total thickness and with the internal alumina layer thick-
ness, but shows very small values. For example, for MCNG-3 with
0.2 lm oxide thickness, a value W = 0.1 J/m2 was found. This is ex-
plained by the fact that W (Eq. (6)) is a strong function of the
scratch track width. The larger the scratch track, the smaller the
value for the work of adhesion W. Model 2 shows the same effect
as in AM1, i.e. the adhesion degrades with the total oxide scale
and with the thickness of the internal alumina layer. The value of
W decreases until a critical thickness is exceeded. This fact has
been confirmed by experimental observation. Whereas the value
of the work of adhesion was found to be very small using Eq. (6)
for MCNG-3 with a 0.2 lm thick alumina layer, Eq. (7) gives a very
high value for W. The explanation of such a result is the high ratio
of critical force/ alumina layer cross-section area, which gives a
high value of stress at failure.

3.5.3. Comparison of the two models and discussion on the validity of
the results

The two models used to assess the adhesion work show the
same tendency for sulfur content variation in accordance with cyc-
the residual stresses.

Model 2

Failure stress, GPa Work of adhesion W, J m�2

rR Without rR With rR

1 3.9 21.7 90.3
5 2.6 11.4 74.5
8 1.9 6.5 59.5

5 2.6 11.4 74.5
8 1.1 3.5 82.1
7 0.6 1.8 100.2



lic oxidation behaviors. Despite the fact that models lead to differ-
ent values for the adhesion work, the scratch test, practiced under
careful conditions on isothermally oxidized samples, can be used
to predict qualitatively the long-term cyclic oxidation behavior of
samples with varying chemical compositions. The adhesion behav-
iors regarding the effect of scale thickness was predicted differ-
ently using these models, especially for multilayered thermally
grown oxides. From two models the Eq. (7) proposed by Attar
and Johannesson [23] describes better the experimental observa-
tions showing the expected decrease of adhesion properties with
the duration of oxidation.

It is important to point out that both models are based on elas-
tically stored energy and use only the physical properties of the
deposited film. The properties of the substrate are not incorporated
into these models. The mechanism of delamination during the
scratch test is much more complex and should certainly take into
consideration the effect of substrate plastic deformation and stress
state in the local contact zone between the indenter and the
scratched surface. Models were developed to take the substrate
into consideration, for example, Xie and Hawthorne proposed a
scratch test analysis that estimated the strain field in the substrate
[26] based on the contact mechanics of bulk materials as estab-
lished by Herz and Bussinesk, a hemispherical model of elastic–
plastic indentation referring to the work of Hill and Jonhson
[61,39]. The equation which was proposed includes the effects of
the material properties of coating and substrate, of the indenter
geometry and of the normal load, on the mean compressive coating
stress. However, this equation is not suitable for comparing coat-
ings of different thicknesses, or in different failure modes. Numer-
ical simulations for the scratch test contact conditions have been
made by developing a three-dimensional finite element model
describing the elastic and plastic behaviors and calculating the
stresses, strains, and fracture toughness for monolayer TiN-coating
on steel [28].

The values of adhesion work obtained in the present study
using the scratch test were compared to results obtained using
the scratch test and other techniques for a thermally grown oxide
scale on an alloy substrate. The order of magnitude of values ob-
tained in the present study agrees with the investigation of
[21,24,62–64] (Table 7). The authors related a relatively large
distribution of values with mode mixity of fracture behavior and
reported the fracture energy of alloy/alumina interfaces deter-
mined by a variety of methods to be between �5 and 110 J/m2

increasing from mode I to II accordingly.
The following conclusions can be then be made from the previ-

ous analysis.
Table 7
Values of energy release rate for different substrate/oxide scale systems.

Oxide/metal system Value of energy
release rate,
J m�2

Conditions of oxidation

MA956 superalloy/alumina
scale

28 Isothermal oxidation in lab. air a
1250 �C

Substrate/alumina interface
in TBC

�50–80

PWA 1484 (1.7 ppmS)/
alumina scale

�93 Isothermal oxidation in lab. air a

Fe–15Cr/chromia scale 20–80 Isothermal oxidation at 850 and
a thermobalance under flowing A

Pt-modified and Zr-doped b-
NiAl bond coat/alumina
TGO

110–50 Cyclic oxidation 1100 �C
4. Conclusions

The growth kinetics of oxide scale during high-temperature iso-
thermal oxidation of single-crystal superalloy AM1 with different
sulfur concentrations (0.22–3.2 ppmw) and of MCNG were investi-
gated at 1100 �C. It was found that the oxidation kinetics of AM1
specimens were not monotonous functions of the sulfur level,
and that there was no strong effect of S content on the isothermal
oxide growth kinetics. The values of the parabolic constant kp for
the Hf-containing MCNG alloy are lower than those measured for
all AM1 samples, in agreement with the well known effect of reac-
tive elements on alpha alumina scale growth kinetics, but MCNG
alloy shows faster transient oxidation than AM1. In addition, it
was found that the surface finish (600 grit SiC or 1 lm diamond)
had no effect on the oxidation kinetics.

The microstructures of the multi-layered oxide scales formed
on both superalloys were characterized and compared. On AM1 al-
loy, the oxide consisted of an inner a-Al2O3 layer and an outer NiA-
l2O4 spinel layer separated by a discontinuous rutile phase.
Concerning MCNG alloy, the oxide scale is composed of three
clearly distinguished layers: the inner adherent a-Al2O3 layer,
the upper NiO layer, and between them the double layered NiAl2O4

spinel separated by a discontinuous rutile layer with some Re- and
Ru-rich oxide particles.

The ability of the scratch test technique to quantify the adher-
ence of these complex oxide scales was evaluated. The existing
models to quantify the interfacial adhesion of film/substrate sys-
tems were reviewed. In order to understand the problems which
arise during the interpretation of scratch-test results, the two most
commonly used models to assess the work of adhesion were cho-
sen. Despite the fact that these models lead to different values for
the adhesion work, they clearly show the same tendency for the ef-
fect of sulfur content. Sulfur decreases the critical load at failure of
the oxide scale/substrate interface. The values of the work of adhe-
sion were found to vary from 2.2 down to 1.8 J/m2 (Eq. (6)) and
from 21.7 down to 6.5 J/m2 (Eq. (7)) with increasing sulfur level
(0.22–3.2 ppmw). On the other hand, our analyses showed that
there are many factors which can lead to large errors, especially
in the case of multi-layered oxide scale, when the effect of the
oxide scale thickness is analyzed. The sources of possible errors
and imperfections of the models were discussed and the errors
were quantified. An effect of oxidation duration on the adhesion
behavior for this complex system was observed. Therefore a new
model able to dissociate the effects of the time of oxidation and
the effect of oxide scale thickness should be developed in future
work.
Quantification methods/ mode
of failure

Residual stress
measurement method

Ref.

t 1150 and Scratch test/wedge spallation XRD [24]

Analytical treatment of the
experimental data/wedge
spallation

Model comprises the
residual thermal
strains

[62]

t 1200 �C FEM calculations based on SEM
observations/edge delamination

PSLS XRD [21]

950 �C using
r–15% O2

Room temperature tensile
testing in a SEM chamber

XRD, Raman
spectroscopy

[64]

Modified four-point bending test PLPS [63]



Using the isothermal oxidation kinetics and the oxide scale
adhesion measurements, it can be concluded that the excellent
cyclic oxidation behavior of bare MCNG alloy is partly due to lower
long term oxidation kinetics but more importantly to the high
adhesion of the thin alumina sublayer which is formed at its sur-
face. It is confirmed that S strongly degrades the cyclic oxidation
behavior of alloy AM1, i.e. an alloy without enough reactive ele-
ment. This degradation is solely due to the decrease of the oxide
scale adhesion, independently of its thickness. This is shown by
scratch tests performed on samples with the same oxide scale
thickness, and by thermogravimetry results showing that S does
not increase the oxidation kinetics.
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