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The oxidation behaviours of three different generations of single crystal Ni-based superalloys (SRR-99 — 1st
generation, CMSX-4 — 2nd generation, and CMSX-10N - 3rd generation) have been investigated and compared at
550 °C. Isothermal oxidation tests were carried out at various exposure times ranging from 2 h up to 1000 h and
it was found that oxide morphology and development showed noticeable differences between the alloys. Scan-
ning electron microscopy (SEM), 3D imaging reconstruction, energy-dispersive X-ray spectroscopy (EDS) and X-
ray diffraction (XRD) were employed to characterise the oxide scales. The external and internal oxides were
studied through high-resolution imaging, measurements from which revealed the oxidation kinetics of CMSX-4
and CMSX-10N followed a near-parabolic law whilst a logarithmic law better described the kinetics behaviour of
SRR-99. Thermodynamic modelling was used to predict the species and composition of oxides formed in each
alloy and compared to measured EDS and XRD results. From the experimental results and modelling, it was found
that the mechanism and oxide products formed for CMSX-4 and CMSX-10N are very similar, as NiO initially
formed externally over the y channels and the y’ precipitates were preferentially oxidised internally at the y/y’

interface.

1. Introduction

Gas turbine technology is primarily implemented in jet propulsion
and power generation systems, and nearly a century after first use in
industry, there continue to be advancements in this technology to
improve performance and reliability. Since the first gas turbine
conception in the 1930s, a main driving force in improving the perfor-
mance was increasing efficiency which is directly linked to increasing
the combustion temperature [1,2]. These days the turbine entry tem-
perature (TET) is typically in the range of 1400 °C-1500 °C [3]; how-
ever, the most recent developments in aeroengine designs are able to
operate with a significantly higher TET, assisted by advanced cooling
technology [4]. Single crystal superalloys have been found to be the best
choice of alloy to cope with the extreme combination of high tempera-
ture and centrifugal stress in the turbine section of the aeroengine. This
is due to the lack of grain boundaries within the blade, enhancing creep
resistance at elevated temperatures. However, as the operating
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temperature continues to increase, degradation due to oxidation and hot
corrosion is unavoidable; therefore, thermal barrier coatings (TBCs) are
applied to help protect the blades in the hottest parts of the engine.
Where the blade experiences intermediate temperatures, (i.e. in the
blade shank close to the blade fir tree root or cooling channels) the blade
is often left uncoated by the TBC due to assembly issues thus reducing
the protection against oxidation damage to the underlying alloy. As a
result, understanding the oxidation behaviour of superalloys at these
intermediate temperatures and the potential implications on turbine
blade failures is of great importance.

Ni-based superalloys gain their high temperature oxidation resis-
tance from the formation of passive protective oxides that are thermally
stable, adherent to the substrate and limit the diffusion of oxygen to the
inner surface [5-7]. The main contributing elements to the formation of
protective oxides are aluminium (Al) and chromium (Cr) through the
growth of alumina (a-Al;03) and chromia (CrpO3) scales respectively
[7-9]. Extensive research on the high temperature (>800 °C) oxidation
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behaviour of superalloys exists [10-13]; whereas there is limited pub-
lished work on the oxidation of superalloys at intermediate tempera-
tures (450 °C-650 °C). Although oxidation reactions and formation will
be slower at these intermediate temperatures, the formation of the
passive protective oxides (a-Aly03 and CryO3) can be restricted, poten-
tially causing more severe oxidation than would be otherwise expected.
This has been shown by Li et al. [13] where it was found that oxidation
growth was slower at 900 °C than 800 °C for a single crystal superalloy
due to the formation of a protective a-AlyO3 at 900 °C, which didn’t form
at 800 °C.

Alongside the development of the aeroengine, single crystal (SX)
superalloys have also evolved through different generations to keep up
with the ever-increasing demand for a higher TET. Generally, for each
new generation of SX superalloys there is a higher composition of
rhenium (Re) and other refractory elements compared to the previous
generation, which can greatly improve the creep resistant properties of
the superalloy allowing it to operate at higher service temperatures.
However, this increase in creep resistance improving elements often
comes with the compromise of reduced levels of elements that aid in
oxidation resistance such as Cr [14]. This is since both Re (and other
refractory elements) and Cr can cause the precipitation of deleterious
topologically close-packed (TCP) phases, so as the Re content is
increased in later generation alloys, the Cr content must be decreased
[8]. In this study therefore the oxidation behaviour of three different
generations of single crystal superalloys is compared: SRR-99, CMSX-4
and CMSX-10N, which are first, second and third generation superalloys
respectively.

The aim of this study then is to evaluate the oxidation behaviour of
different generations of SX superalloys under isothermal conditions at
550 °C through a combination of scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS) and 3D stereoscopic image
reconstruction techniques to gain understanding of the oxidation species
forming and their kinetics at an intermediate service temperature.

2. Experimental procedures
2.1. Materials and characterisation techniques

The materials tested in this study are single crystal superalloys SRR-
99, CMSX-4 and CMSX-10N, which have been provided by Rolls-Royce
plc, in the form of cylindrical bars of 9.5 mm diameter and roughly
60 mm in length, all of which have received a proprietary commercial
heat treatment. The nominal composition of each alloy is shown in
Table 1; notably SRR-99 contains no Re and 8.5 wt% Cr, CMSX-4 con-
tains 3.0 wt% Re and 6.5 wt% Cr, and finally CMSX-10N contains 6.8 wt
% Re and 1.6 wt% Cr. This shows the trade-off in higher Re content for a
lower Cr content in each new iteration of superalloys.

Microstructural characterisation was performed on the cut-offs of the
cylindrical bars by sectioning into smaller coupons and preparing using
a standard metallographic process of grinding and polishing, finishing
with a 1pm diamond suspension. The polished coupons were etched to
reveal the dendritic structure and selectively etch the y’ precipitates to
aid in quantitatively characterising the microstructure of the alloys.
SRR-99 was etched using Marble’s Reagent and CMSX-4 and CMSX-10N
were both etched using Kalling’s No. 2 Reagent. Characterisation of the
microstructure was carried out through optical microscopy and in a
JEOL JSM-7200 Schottky Field Emission scanning electron microscope
(SEM) Energy dispersive X-Ray spectroscopy (EDS) was used to measure
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and confirm the chemical composition of each alloy using acceleration
voltages of 15-20 kV.

2.2. Isothermal oxidation procedure and characterisation

Isothermal oxidation tests were performed on circular test coupons
(9 x 3 mm) cut from the cylindrical bars; the top surface of each coupon
was prepared finishing with a 1 pm diamond suspension polish. Before
testing, the coupons were cleaned in an ultrasonic bath of ethanol for
5 min. The samples were then placed in a preheated electric furnace at
550 °C for individual exposures of 2, 8, 16, 64 and 1000 h, in isothermal
lab air conditions. The 1000 h exposure was performed to produce a
thicker oxide layer for fuller compositional analyses of the oxide scales
forming. One sample was oxidised at each exposure as the focus of this
study is on scale formation variation across the range of microstructure
exposed

Following oxidation, the samples were examined under SEM to
inspect the outer oxide. XRD analysis was performed on the samples
oxidised for 1000 h for each of the alloys. Data was collected on a Rigaku
SmartLab diffractometer equipped with an in-plane arm, a 9 kW (45 kV,
200 mA) Cu target rotating anode generator and a HyPix 3000 semi-
conductor detector. A grazing incidence geometry was employed with a
fixed grazing angle of 1.0° and a parallel beam configuration. Data were
collected from 10 to 90° 26 using a detector scan and a step size 0.02°. To
examine the oxidation sequence, the samples were first nickel plated in a
bath of Watt’s Solution (at a temperature of 50 °C for roughly 15 min
with a potential of 3 V and current of 1.5 A) to preserve the integrity of
the external oxide layers, then the coupons were sectioned and mounted
in conductive Bakelite and polished to a 1 pum finish in order to inspect
the cross-section of the oxide layers under SEM using both secondary
electron imaging (SEI) and backscatter electron (BSE) imaging mode.

2.3. Oxide thickness analysis

Both the internal and external oxide layers have been characterised
in this study using various techniques. First, the external layer was
characterised under SEM through 3D stereoscopic reconstruction using
Alicona 3D MeX software. Using stereoscopic imaging, 3D images can be
generated of the surfaces from which 3D information and data can be
extracted. The software creates a 3D image by combining images of an
area of interest taken at 0° tilt (perpendicular to electron beam) and +5°
tilts. Then, once the oxidised coupons had been Ni-plated and sectioned,
images of the cross-section were taken under SEM over approximately
0.5 mm length of oxide scale to ensure a statistical representation of the
oxide thickness. Only parts of the surface that were sufficiently pro-
tected by the nickel plating were imaged and examined. From the BSE
images the external and internal layers were initially separated manu-
ally using a graphics pen, from this the internal oxide was extracted in
ImageJ using a thresholding technique to select and binarise the internal
scale thickness (Fig. 1). The binary images of the internal oxides were
processed using a MatLab [15] script designed to measure the number of
black pixels per column and scale into an average thickness measure-
ment with associated statistical measures (e.g. standard deviation). The
resolution of the measurement is dependent on the resolution of the SEM
image used in the image analysis, as the measurement counts the
number of pixels in the oxide layer. In this study the pixel resolution was
0.005 pm

Table 1
Chemical composition of SX Ni-based superalloys SRR-99, CMSX-4 and CMSX-10N (wt%).
Al Cr Co Ti Mo Ta w Re Hf C Ni
SRR-99 5.5 8.5 5.0 2.2 - 2.8 9.5 - - 0.015
CMSX-4 5.6 6.5 9.0 1.0 0.6 6.5 6.0 3.0 0.1 - Bal.
CMSX-10N 5.8 1.6 3.1 0.08 0.45 8.5 5.5 6.8 - - Bal.
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Fig. 1. Method for measuring the internal oxide thickness a) BSE SEM image of
the cross-section of the oxidised surface with internal layer highlighted b) the
internal layer extracted and image binarised.

2.4. Thermodynamic modelling

To assist this study thermodynamic modelling has been used to
predict the oxide that could form for each alloy system at 550 °C over a
range of oxygen partial pressures. Thermo-Calc 2024.2 software has
been used to model the sequence of oxidation in SRR-99, CMSX-4 and
CMSX-10N using the TCNI12 database and the CALPHAD approach [16,
17]. A more detailed description of Themo-Calc and its applications can
be found in reference [18]. For each alloy, the system was defined by
entering the composition of the alloy (for SRR-99, C was excluded as it
contributes a minor amount to the overall composition so was not ex-
pected to affect the results significantly), at a temperature of 550 °C and
atmospheric pressure. The variable is defined as the oxygen partial
pressure, represented by the chemical activity in Thermo-Calc, ranging
from 1 x 1072° to 1 atm. The chemical composition of individual
oxide phases was also calculated in Thermo-Calc.

3. Results
3.1. Microstructural characterisation

SEM-BSE images of the polished alloys revealed the dendritic struc-
ture of the alloys. Primary dendrite arm spacing for SRR-99, CMSX-4 and
CMSX-10N was measured to be 384 & 25 pm, 596 + 176 um and 274
+ 44.8 um, respectively. Under SEM the y/y’ structure can be observed
for the alloys, Fig. 2. Measurements of the y’ precipitates show an
average y’ size of 0.138 um? (+0.03), 0.197 pm? (+0.06) and 0.071 pm?
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(£0.01) for SRR-99, CMSX-4 and CMSX-10N respectively. The y’ volume
fraction was measured to be 71.8 % (£2.68) for SRR-99, 73.5 % (+2.96)
for CMSX-4 and 73.2 % (+2.36) for CMSX-10N. The typical cuboidal y’
structure can be observed in CMSX-4 with a regular and repeating
structure. Low magnification SEM images reveal the dendritic structure,
the lighter region being the dendrite cores (DC) and the darker being the
interdendritic regions (IR) Fig. 2a-c. This brightness contrast is due to
the segregation of heavier elements with a higher atomic mass to the DC
regions. Due to the addition of carbon to composition of SRR-99, clusters
of metallic carbides (MC) are observed within the IRs, highlighted in
Fig. 2a. Neither carbides nor porosity were observed in the interden-
dritic region of CMSX-4, Fig. 2b. For CMSX-10N under higher magnifi-
cation, patches of y/y’ eutectic can be found within the IRs, highlighted
in Fig. 2c. Clusters of y/y’ eutectics tend to be found in the IR of single
crystal superalloys that have not received a solution heat treatment
[19]. The morphology of the y’ precipitates differ between the two re-
gions, being more irregular in the DC and becoming more cuboidal and
regular in the IR. Similar observations were made by Park et al. [20] in
as-cast CMSX-10N having undergone no heat treatments suggesting the
CMSX-10N used for this study had not received a fully solutionising heat
treatment.

3.2. Oxide surface morphology

The development of oxide scale under isothermal conditions at 550
°C from 2 to 1000 h is shown in Fig. 3 for SRR-99, CMSX-4 and CMSX-
10N. There are distinct differences in the oxide morphology and oxide
distribution between the three alloys. First describing the sequence of
oxidation and morphology for SRR-99, after 2 h of exposure the oxide
appears more pronounced over the y’ precipitates. This is more pro-
nounced after 8 h where the gaps in the oxide surface, over the y
channels, have been almost completely covered. Beyond 8 h and up the
64 h the morphology of the oxide scale seems uniform and homogeneous
across the surface. Additionally, the carbides in SRR-99 have also been
found to be readily attacked by oxidation. Fig. 4a shows an example of a
carbide that has been oxidised for 2 h at 550 °C; it can be observed that
when oxidised the carbide erupts as shown through the 3D image
reconstruction (Fig. 4b). In the case of CMSX-4, initial stages of oxida-
tion very clearly reveal the underlying microstructure morphology.
There is a clear difference between the oxides forming over the y
channels and the y’ precipitates. The y channel oxide is interconnected

Fig. 2. Low magnification SEM-BSE image of the dendritic structure of a) SRR-99 (carbides circled), b) CMSX-4 and ¢) CMSX-10N (y/y’ eutectic circled). High
magnification SEM secondary electron images showing the morphology of d) SRR-99, e) CMSX-4, f) CMSX-10N.
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CMSX-10
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16 Hours

64 Hours
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Fig. 3. Secondary electron SEM images showing the oxide scale development on the surface of isothermally oxidised SRR-99, CMSX-4 and CMSX-10N samples at
550 °C.

Fig. 4. a) SEM-SEI of an SRR-99 carbide b) 3D reconstruction of carbide eruption ¢) 3D reconstruction of oxidised CMSX-4 surfaces revealing differences in oxide
formations over y channels and y’ precipitate.

and appears raised from the surface. The oxide scale over the y’ pre- the initial stages of oxidation of SRR-99, where oxide over the y’ pre-
cipitates also appear darker and thinner, as opposed to that observed in cipitates appears to be raised. Through 3D imaging reconstruction the
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raised oxide over the y channels can be observed in Fig. 4c. As the
exposure time increases, the oxide over the y channels thickens and
spreads over the y’ precipitates. However, even at 64 h exposure, the y
and y’ microstructure of the alloy is still reflected in the oxide, albeit
significantly more obscured. Similar observations of oxide morphology,
specifically in early oxidation, have been made in CMSX-4 oxidised at
550 °C [21] and a third generation superalloy at 900 °C [22].

As for CMSX-10N, the oxide morphology appears to be similar to that
of CMSX-4 in the initial stages but more severe. After 2 h exposure, oxide
build up over the y channels is still observed with a thinner layer over
the y’ precipitates; however, the oxides over the y channel have almost
completely covered the y’ precipitates and progressed much further than
is seen in CMSX-4 at 64 h exposure. After 8 h exposure, the external
oxide scale has become homogenous leading to the underlying micro-
structure becoming completely obscured. However, the y/y’ eutectic
phases are still visible, even at the longer exposure times (Fig. 5a). Using
3D imaging reconstruction, a heightmap of the oxide formation over the
eutectic regions shows a build-up of oxide around the interface between
the y/y’ eutectic precipitate and surrounding regular y/y’ structure,
Fig. 5b. The oxide height then plateaus further away from the interface
as the oxide becomes homogenous, as shown by the height profile
measurement in Fig. 5¢ for CMSX-10N after 64 h exposure.

After 1000 h exposure at 550 °C, the external oxide morphologies for
all the alloys now appear homogenous with no outline of the underlying
microstructure visible on the oxidised surface of CMSX-4 either at this
stage. A slight waviness on the oxide is also observed on the surface
morphology of CMSX-4.

3.3. Oxide cross-section

The development of the external and internal oxides for SRR-99,
CMSX-4 and CMSX-10N is shown in Fig. 6. The single crystal substrate
is identifiable by the y/y’ microstructure revealed by the BSE SEM mode;
the oxide layer has a dark contrast and is seen to protrude above the
surface and penetrate the substrate. Above the oxide layer the nickel-
plated layer can be seen, in some instances the plating can be seen to
have detached with the external oxide layer. It is clear from Fig. 6, the
progression of the oxide growth is more severe for CMSX-10N, with the
internal oxidation penetrating deeper into the substrate than both SRR-
99 and CMSX-4. It is worth noting that the adhesion of the nickel plating
was worse for CMSX-10N, leading to consistent measurements of the
external oxide from the cross-section of the sample not being able to be
taken. This suggests that the adhesion of the external oxide layer for
CMSX-10N is weaker than that of the other two alloys. Isothermal
oxidation studies of CMSX-10N performed by Akhtar et al. [23] at 800,
900 and 1000 °C also found that there was poor external oxide adhesion
to the substrate, only becoming well bonded at 1000 °C. Initial stages of
oxidation after 2 h, Fig. 6a, show a non-uniform layer of external oxides
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forming predominantly over the y channel for both CMSX-4 and
CMSX-10N. This is supported by the observations made on the external
oxide in Fig. 3. However, as the oxidation reaction continues with longer
exposure durations, Fig. 6b, it is observed that an internal oxide layer
forms preferentially attacking the y’ precipitates. This is especially
apparent in CMSX-10N where the internal oxidation penetrates multiple
rows of y’ precipitates below the surface. In the case of SRR-99, further
oxidation shows preferential oxidation along the y channels instead of
the y’ precipitates.

Fig. 7 highlights the path of oxidation for CMSX-4 and SRR-99 after
64 h exposure. In CMSX-4 the oxidation path is along the y/y’ interface
whilst also preferentially oxidising the y’ precipitates leaving fingers of
the y phase reaching to the surface. This observation supports the
mechanism proposed by Evangelou et al. [21] by which oxygen diffuses
down the y/y’ interfaces due to the higher localised stress states on the
interfaces caused by the different lattice parameters of y and y’. A similar
mechanism could explain the behaviour seen in SRR-99, with prefer-
ential oxidation occurring along the y/y’ interface, but instead prefer-
entially oxidising the y phase rather than the y’ phase, this difference in
behaviour will be discussed later.

The internal oxide thickness has been measured using transverse
sections of the coupons. The external oxide was not measured in this way
as it was found that the nickel plating had poor adhesion to some of the
test coupons; therefore, in some instances the external oxide was lost or
damaged during the sectioning and sample preparation stage. Thus,
focussing on internal oxide thickness measurements was considered as a
more systematic approach as an evaluation to compare the oxidation
kinetics. Instead, the external oxide has been characterised through
profile measurements taken from 3D image reconstruction, as shown in
Fig. 4 and Fig. 5. In the case of CMSX-4 the measurements are taken
across the y channel to show the difference in external oxide thickness
between the scale over the y’ precipitate and y channel; therefore, these
measurements are taken as a relative height and not as a true measure of
the external oxide thickness. Similar measurements were taken for
CMSX-10N; however, due to the rapid growth of oxide obscuring the
underlying microstructure, the profile measurement was taken at
eutectic phases with one taken at the interface and another far field
measurement compared to the oxide over the y/y’ eutectic.

The oxide scale thickness results compared to exposure duration for
each of the alloys are shown in Fig. 8. Through assessment of the relative
external oxide thickness difference over the y compared to the y channel
the results are shown in Fig. 8a. For CMSX-4 the difference between
oxide height over the y and y’ phases remain relatively constant sug-
gesting that once an initial build-up of oxide over the y channel has
formed, at a short duration (not captured in this study) the growth of
oxide over the y’ and y are similar. However, for CMSX-10N, external
oxide which has formed over the y channels continues to grow at a faster
rate than the oxide over the y/y’ eutectic and is even more severe at the

Depth (nm)

00 04 08 12 16 20 24 28 3.2

Path Length (um)

Fig. 5. a) SEM image showing a y/y’ eutectic on the oxidised surface of CMSX-10N after 64 h at 550 °C, b) 3D reconstruction of oxidised eutectic, c) height profile

scan taken along the eutectic interface.
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CMSX-10

CMSX-4

Fig. 6. BSE images of the oxide profile development on the surface of SRR-99, CMSX-4 and CMSX-10N isothermally oxidised at 550 °C.

Build-up of
external oxidation
over y channel

Preferential internal
oxidation of y’
precipitates

Internal oxidation
growing at y/y’ interface

Fig. 7. BSE images of a) CMSX-4 and b) SRR-99 oxidised at 550 °C for 64 h showing the profile of the internal and external oxides.
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Fig. 8. a) External oxidation thickness measured through 3D imaging reconstruction b) oxidation kinetics of SRR-99, CMSX-4 and CMSX-10N at 550 °C as a function

of internal scale thickness.

interface. The internal oxide thickness measurements up to an exposure
of 1000 h are shown in Fig. 8b on a log-log plot. For each alloy a fit has
been applied to show which law the oxidation kinetics follows. This is
discussed further in the Section 4.1. Up to 64 h, as expected, the internal
oxide thickness is seen to increase with longer exposure times for each
alloy. The oxide thickness of CMSX-10N is the greatest out of the three
alloys; the oxide has grown the least in CMSX-4, and somewhat sur-
prisingly, SRR-99 lies in between CMSX-10N and CMSX-4. However,
advancing to an exposure of 1000 h reveals the oxide thickness of SRR-
99 has plateaued whereas the oxide of CMSX-4 has continued to grow, as
is also seen in the CMSX-10N study.

3.4. Oxide composition characterisation

The results from the XRD analysis are shown in Fig. 9. Scans of each
alloy revealed strong peaks associated with the formation of NiO, which
is to be expected. In SRR-99 transition alumina were found to be present:
the low angle peaks at roughly 19° and 27° correspond to y-Al,O3 and
n-Aly03 respectively [24,25]. As for CMSX-4 and CMSX-10N, XRD
detected the spinel Co304, although the peaks in CMSX-10N are very
small suggesting the majority of the oxide is comprised of NiO.

To determine the chemical composition of the internal and external
oxides formed during oxidation at 550 °C, EDS line scans were taken
across the oxide scale layers (including both internal and external
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Fig. 9. XRD diffraction pattern of SRR-99, CMSX-4 and CMSX-10N oxidised at
550 °C for 1000 h.

oxides) on samples exposed for 1000 h. The results of the EDS line scan
analysis are shown in Fig. 10; the separation between the internal and
external oxides have been shown by the black dashed lines. The line
scans for SRR-99 and CMSX-10N also cross the Ni-plating, which was
applied to protect the integrity of the oxide scale, and this can be seen on
the line scan data where only Ni (and Co) are detected over the external
oxide. For SRR-99, CMSX-4 and CMSX-10N the external oxide is pre-
dominantly Ni based but also with a detectable level of Co. Internally,
where O is detected, there is an increase in Al aligned with a decrease in
Ni for each of the alloys; furthermore, in CMSX-4 and CMSX-10N, an
increase in W, Ta and Re is detected in the internal oxide region
alongside Al. There is not a detectable increase in W or Ta in the internal
oxide layer for SRR-99. Additionally, in SRR-99 and CMSX-4 a slight
increase in Ti has been detected in the internal oxide layer but not for
CMSX-10N. Furthermore, from the cross-section of the 1000 h CMSX-4,
both the internal and external oxide layers appear to be uneven and
wavy; a similar observation was made in the previous section when
observing the surface morphology of the 1000 h oxidised sample. From
the cross-sectional view, where the internal oxide has penetrated deep
into the substrate, the external oxide is also thicker, showing that more
Ni has migrated to the surface and oxidised in these regions. It is
important to note that the scans for SRR-99 and CMSX-4 are significantly
shorter than that of CMSX-10N as the oxide layers are much thinner;
therefore, the EDS scans are going to be affected more heavily by the
underlying microstructure and may not fully represent oxides formed.
This is evident in the scan for SRR-99 as there appears to be two peaks
for Cr which both correspond to the y channels, and does not necessarily
indicate a Cr-rich oxide has been formed.
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4. Discussion
4.1. Oxidation kinetics

To better understand the oxidation kinetics behaviour of each alloy,
an attempt to fit generic power law (Eq. 1) [26], was made on the
measurements of the internal oxide thickness,

= kit 1

where x is the oxide thickness, k;, is the reaction constant, and n is a
constant. Additionally, a logarithmic law (Eq. 2) [9,27] was also fitted to
the data,

x = kioglog(t +1ty) + A 2)

where x is the oxide thickness, kjo is the logarithmic reaction constant,
and tp and A are constants. For the fitting process, weights were assigned
to each data point to account for the variance in the data using weight
= 1/, where 62 is the variance (calculated from the standard deviation
indicated by the error bars in Fig. 8b). The coefficient of determination,
R?, value has been calculated and shown to indicate how good the law fit
is for the data. This approach has been used to determine the growth law
which most accurately describes the data [28]. The values of the fitting
parameters for the power law are shown in Table 2 and for the loga-
rithmic law are shown in Table 3. In the case of the power law, a value of
nnear to 2 would indicate the oxidation kinetics follows a parabolic law.
It has been well documented that the isothermal oxidation growth
rate of Ni-based superalloys follows a parabolic law [29-32], suggesting
that the rate controlling factor is the diffusion of ions through the oxide
scale as described by the Wagner theory [9,33]. Other laws have been
derived for the oxidation of metallic materials such as the linear law,
which is generally used to describe the oxidation of light metals that can
burn in air such magnesium [34]; or the logarithmic law, which has been
used to describe the initial formation of thin film oxides at intermediate
temperatures [35,36]. For this reason, both a generic power law (if
n=2 in Eq. 1 then the fit is parabolic) and a logarithmic fit were
attempted in Fig. 8b. Both CMSX-4 and CMSX-10N behaved similarly
and showed near parabolic behaviour, whereas neither the power nor
logarithmic fit provided a good description for the behaviour seen in
SRR-99. However, these results only describe the partial kinetics of the
alloys as only measurements from the internal oxide layer were used.
The effect of y’ size and distribution must also be considered in the
oxidation kinetics of the alloy. A study into the effect of y’ size on the
oxidation resistance of polycrystalline IN738LC between 750 and 950 °C
reported a decrease in oxidation resistance for alloys with a smaller y’
size [37]. This has been attributed to the faster depletion of smaller y’
due to preferential oxidation of Al, quickly creating a precipitate free
zone exposing the y matrix to oxidation. The larger precipitate size was
found to decrease the internal oxidation rate. In our current study, up to
64 h exposure at 550 °C a similar trend has been observed, as the alloy
with the smallest measured y’ size, CMSX-10N, appears to be the least
oxidation resistant and the alloy with largest measured y’ size, CMSX-4,
shows the slowest kinetics. Although, the precipitate sizes compared in
[37] were 800 nm and 50 nm, a much larger size disparity than was
measured in alloys tested in this study, suggesting the effect of y’ size on
difference in oxidation behaviour may be minor compared to other
factors. Additionally, there is opposing literature on the effect of y’ size
on oxidation resistance. An investigation into the effect of y’ size in
single crystal superalloy at 650 °C found poorer oxidation resistance in
the alloy with larger precipitate size [38]. It was proposed that this
behaviour was caused by large laterally growing Ni-Al spinel promoting
inward and outward diffusion of ions assisting in oxidation in the alloy
with large y’ size, but for the alloy with a smaller y’ size a continuous
protective alumina layer was formed, slowing the oxidation kinetics.
Aluminium and chromium are well known to play a vital role in the
oxidation resistance of Ni-based superalloys through formation of stable
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Fig. 10. BSE images showing the cross-section profile of the internal and external oxide scale after 1000 h for a) SRR-99, b) CMSX-4 and ¢) CMSX-10N. To the right of
each image is an EDS line scan for that alloy in the region shown by the red dashed line.

Table 2
Oxidation power law rate constants for the internal oxides formed on CMSX-4
and CMSX-10N when oxidised isothermally at 550 °C.

Table 3
Oxidation logarithmic law rate constants for the internal oxidation SRR-99,
CMSX-4 and CMSX-10N when isothermally oxidised at 550 °C.

Alloy k, (um"/h) n RrR? Alloy Kiog A to R?

SRR-99 1.61 x 10710 8.19 0.674 SRR-99 0.0098 0.0746 —1.80 0.829
CMSX-4 1.16 x 104 2.40 0.933 CMSX-4 0.141 — 0.564 77.0 0.920
CMSX-10N 520 % 10-4 .47 0.997 CMSX-10N 0.214 ~ 0747 418 0.996

and adherent oxides preventing further oxygen diffusion into the sub-
strate, therefore, these elements are highly influential in the kinetics of
oxidation. Concerns have been raised about the decrease in these pro-
tective oxide-forming elements, especially Cr, in later generation su-
peralloys and the effects this may have on the performance of turbine
blades in high temperature environments [23]. In an investigation of the

oxidation kinetics at 550 °C of two SX superalloys with different levels of
Cr at 550 °C, CMSX-4 and MD-2 with Cr content of 7.53 at% (6.41 wt%)
and 9.39 at% (8.08 wt%) respectively, CMSX-4 was found to have faster
oxidation kinetics with thicker oxides forming, suggesting that the
reduced level of Cr reduces the effectiveness of the oxides to prevent the
diffusion of oxygen to the substrate [21].
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Similarly, the kinetics of SRR-99, CMSX-4 and RR3000 (also referred
to as CMSX-10K [39]) has been investigated through thermogravimetric
analysis (TGA) at 800, 900 and 1000 °C up to 100 h exposure [40]. As
with this current study, SRR-99 possesses the highest Cr content with
RR3000 containing the least. It was found that for each temperature,
CMSX-4 possessed the slowest oxidation kinetics, with RR3000 having
the fastest at a magnitude faster than both CMSX-4 and SRR-99. At 1000
°C both RR3000 and SRR-99 experienced mass loss over time, resulting
in RR3000 plateauing after 30 h and SRR-99 losing mass at a linear rate
for the last 80 h. This shows that even though SRR-99 contained more Cr
that CMSX-4, this does not necessarily equate to better oxidation resis-
tance, at least up to 100 h exposure. At 550 °C, a similar result has now
been observed up to 64 h exposure through measurement of the internal
oxide thickness (Fig. 8b), showing the oxide has grown the least in
CMSX-4 and most in CMSX-10N with SRR-99 in between. It is again
worth emphasising that the oxide kinetics derived in this work only
consider the internal oxide, however TGA includes both the internal and
external oxide growths, but TGA is beyond the scope of this study.

4.2. Thermodynamic simulations

The oxidation kinetics and sequence of oxide formation is reliant on
the thermodynamics of the oxide species in the metal system. Depending
on the temperature and oxygen partial pressure of a system, thermo-
dynamic calculations can predict which stable oxide species will form.
The plots calculated by Thermo-Calc, Fig. 11, show the stable oxide
phases formed in each of the alloy systems at 550 °C as a function of the
oxygen partial pressure. For SRR-99, CMSX-4 and CMSX-10N (Fig. 11a-
c), in the high oxygen partial pressures regions the dominant phase is
halite in the form of NiO. This is consistent with experimental obser-
vations as NiO is observed as an external oxide layer where the oxygen
partial pressure is highest. Going down to a pressure of 1072 the for-
mation of NiO abruptly stops, below which the formation of disordered
FCC L15 is found. The FCC L1, phase predicted is disordered as Al in the
system has been used in the other oxides predicted at these partial
pressures. This transition point can be seen at the surface of the alloys
where higher partial pressures above the transition represents external
oxide scales attached to the surface of the metal, and oxides forming at
lower partial pressure represent the internal oxides formed subsurface.
For CMSX-4 and CMSX-10N (Fig. 11b-c), due to the similar composition
of the alloys, Thermo-Calc has predicted they share mostly the same
oxides; however, there are significant differences in the volume fractions
of certain oxide species formed between the alloys, such as the spinel
phase that has formed at high partial pressure, which is significantly
higher in CMSX-4 or the volume fraction of corundum formed at low
partial pressure that is almost double in CMSX-10N.

The other significant oxide products calculated are spinel oxides, and
in SRR-99 and CMSX-10N two different spinel oxide species have been
predicted. The spinel Al,NiO4 was calculated in both SRR-99 and CMSX-
10N, this is a common spinel formed externally. However, this spinel has
not been calculated in the CMSX-4 model. Fig. 12 shows the calculated
composition of the second spinel predicted in SRR-99 (Fig. 12a) and
CMSX-10N (Fig. 12b), it was also calculated that the only spinel pre-
dicted for CMSX-4 shared the same composition as the spinel formed for
CMSX-10N (Fig. 12b). For SRR-99, these results indicated that the pre-
dominant element (other than O) in this spinel is Cr. However, in the
case of CMSX-4 and CMSX-10N, Al is the main component of the spinel
at high partial pressures but then switches to Cr at lower partial
pressures.

It is important to consider some of the limitations associated with
this method of predicting oxide phases. That the results obtained from
the simulations predict the oxides formed at equilibrium and the simu-
lations do not consider the kinetics of oxide species and how they change
as oxides grow. Experimentally an equilibrium state may require far
longer to achieve than has been tested in this study; therefore, some of
the phases predicted here may not have been able to form even after
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Fig. 11. Thermo-Calc simulations of the stable oxide phases formed on a) SRR-
99, b) CMSX-4, ¢) CMSX-10N at 550 °C.

1000 h exposure. Additionally, this model has not considered the ki-
netics of ion transport though the oxide species formed, and the change
of kinetics as different oxide phases and scales grow, inhibiting diffusion
of ions. Hence, the oxides predicted by Thermo-Calc, especially at very
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low oxygen partial pressures, may not be able to form experimentally or
even in service due to the oxidation kinetics [17]. Finally, the results are
dependent on the database used, TCNI12 data was the latest and most
complete database available for use in this study. This database does not
contain the relevant information of transition aluminas, so these species
will not be predicted in the calculations even though they have been
detected through XRD analysis of SRR-99.

XRD and EDS analysis are generally in agreement with most of the
phases predicted, especially the order in which they form due to oxygen
partial pressure. The calculations did predict a-Al,03, corundum, which
is a desirable and protective oxide in Ni-based superalloys. However,
XRD results have shown transition alumina in SRR-99, Fig. 9a. Although
a-Al;O3, is the most stable and desirable form of alumina due to its
protective nature in Ni-base superalloys, there exists a host of transition
phases of alumina that are not considered stable and are formed in a
sequence of reactions that leads to the formation of the stable a phase
[41,42]. The sequence and types of transition alumina species formed
depends on the temperature and composition [43,44]. Transition
v-Al,03 and n-Aly03 have been described as low temperature alumina
phases reported to form at 600 °C [45]. It is interesting therefore, that
the transition aluminas have only appeared in SRR-99, but this could
help describe the change in kinetics of SRR-99. The oxidation kinetics of
SRR-99 initially is faster than that of CMSX-4, but moving to the 1000 h
exposure signs of alumina forming have been found in SRR-99 and not
CMSX-4, which now has a thicker layer of oxide than SRR-99 at 1000 h.

4.3. Oxidation mechanism

It is clear that the oxidation mechanism and rate are greatly affected
by the composition of the alloy, and this has been shown through the
observations and simulations of this study. Based upon this work, the
following mechanism of oxidation is proposed for CMSX-4 and CMSX-
10N. Assuming a clean flat surface, initial oxidation begins with the
formation of a thin NiO film with Ni cationic diffusion upward towards
the surface of the alloy. A recent study has shown that initial oxidation
starts and progresses along the y/y’ interface [22]. Although the ordered
Y’ precipitates are coherent with the disordered y phase, there is still a
slight difference in the lattice parameters of the two phases leading to a
negative lattice mismatch, 8, causing a stress in this region. The value of
§ is dependent on temperature and composition of the alloy, with an
increase in temperature resulting in a more negative value of &. Re has
also been shown to have a strong influence on § as it partitions solely to
the y phase, increasing the lattice parameter making the lattice misfit
more negative [46].

For this study the three generations of superalloys contain different
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levels of Re, as shown in Table 1, so it can be assumed that SRR-99 will
have the least negative 3, as it contains no Re, with § becoming more
negative in CMSX-4 and the most negative 8 in CMSX-10N with 6 wt%
Re. This is supported by a study investigating and modelling lattice
misfit in single crystal superalloys at —170 °C, that calculated
8=-2.4x 1072 in CMSX-4 and 6= —1.5 x 10~% in SRR-99 [47]. Addi-
tionally, at —170 °C, as-cast CMSX-10 has been shown to possess a more
negative 8 ( — 5.7 x 10~3) than CMSX-10 after a standard heat treatment
( — 2.7 x 1073) [48]. This further suggests that the CMSX-10N used in
this study will have the most negative 8, not only due to high Re content,
but also due to insufficient heat treatment as shown through the
microstructure. The stress at the interface induces faster diffusion of Ni
ions outward towards the surface, where preferential outward diffusion
of Ni to the interface can explain the reason for bulges of NiO forming
over the y channels. This is especially apparent around the coarse
eutectic phases of CMSX-10N, as the incoherent y/y’ interface around
the eutectic phase allows for the easy diffusion of Ni, creating the
distinctive oxide ridge at the interface as seen in Fig. 5. Where the y’ is
exposed on the surface, a thin layer of Al-rich oxide is formed, where Ni
and O diffusion through the scale is slower than through the porous NiO
oxide over the channels [21,49], so at longer exposures, the oxide
growth over the precipitates is slower than over the channels. In the case
of both CMSX-4 and CMSX-10N, Ni ions initially migrate from the vy’
precipitates at the interface, illustrated in Fig. 13a, and this process
leaves vacancies in the y’ lattice structure [22]. The outward diffusion of
Ni ions in the y’ precipitate, allows for inward diffusion of O ions down
the y/y’ interface, Fig. 13b, and the internal oxidation of the Al within
the y’ precipitates [22,50]. This process is also accelerated by the
negative 8, which is also increased in magnitude at higher temperatures
[2,46]. This is shown to be due to the thermal expansion of the y phase
being higher than that of the y’ [51], creating an additional tensile strain
on the y’ precipitate, promoting stress assisted oxidation in the y’. The
preferential internal oxidation of y” has also been attributed to Al having
a higher affinity to oxygen than other alloying elements, hence y’ oxidise
preferentially due to the high Al content compared to the y matrix [52].
However, this alone cannot explain the difference in oxidation kinetics
seen between the two alloys. The § value can explain why the prefer-
ential oxidation of the y’ precipitates is far more severe in CMSX-10N
than CMSX-4, as the larger negative & value, assumed through the
higher Re content as well as the apparent insufficient heat treatment of
CMSX-10N, will induce a higher stress in the y’ causing more advanced
oxidation for a given exposure as observed in Fig. 6. Internally, the
decreased oxygen partial pressure thermodynamically favours the
oxidation of Al over Ni, as predicted by the Thermo-Calc simulations.
However, this type of mechanism is not observed in SRR-99. Instead
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Fig. 13. Schematic showing the early sequence of isothermal oxidation of CMSX-4 and CMSX-10N at 550 °C.

of the y* being preferentially oxidised internally along the y/y’ interface
it is the y channels that are being attacked and oxidised. Further un-
derstanding and investigation into the role of lattice misfit at the y/y’
interface at 550 °C is required to help describe the sequence and
mechanism of oxidation in SRR99.

5. Conclusions

In this study, the oxidation behaviour of three generations of single
crystal superalloys at 550 °C has been investigated. Isothermal oxidation
tests have been performed with the aim of assessing the effects of
compositional changes between different generations of superalloys on
the oxidation kinetics, oxide species formed and oxidation mechanisms.
The following conclusions can be drawn:

1. Microstructural characterisation has been performed across each of
the three alloys. For both SRR-99 and CMSX-4, the expected y’
morphology was seen with y” volume fractions consistent with
alloying composition. Carbides were also found residing in the
interdendritic regions of SRR-99. Through observation of the y’
morphology and identification of y/y’ eutectic phases in CMSX-10N,
it was determined that the CMSX-10N material used in this study had
not received a full solution heat treatment.

2. Examination of the oxidised surface and cross-section of the oxide
layers in each alloy at different exposure durations revealed the
sequence of oxidation. CMSX-4 and CMSX-10N behaved similarly,
with the external oxide scale preferentially building up over the y
channels and eventually covering the underlying microstructure to
leave a homogenous external scale; internally, the y’ precipitates
were preferentially oxidised with CMSX-4 showing oxidation
initially attacking the y/y’ interface. However, for SRR-99 the sur-
face oxide morphology initially built up over the y’ and internally the
y channels seemed to be oxidised preferentially.

3. The oxidation kinetics at 550 °C under isothermal conditions has
been characterised through measurements of the internal oxide layer
over a range of exposure times. Interestingly, up to 64 h exposure
CMSX-4 showed the slowest oxide growth; however, at 1000 h the
thinnest oxide layer was measured in SRR-99. The isothermal
oxidation behaviour of CMSX-4 and CMSX-10N obey a near-
parabolic law at 550 °C. A logarithmic law is more suitable for
describing the isothermal oxidation behaviour of SRR-99 at 550 °C.

4. Through thermodynamic calculation, a complex series of oxides have
been predicted to have formed in each of the alloys. Due to their
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similar chemical compositions, the predicted oxides for CMSX-4 and
CMSX-10N are similar, XRD and EDS support these results showing
the majority of the oxides formed are NiO and Co304, found in the
external oxide. The transition alumina, (n, v)-AlyO3, was detected in
SRR-99.

5. An oxidation mechanism for CMSX-4 and CMSX-10N has been pro-
posed as follows. Assuming a clean flat surface, oxygen initially re-
acts with the Ni over the y channels and Al over the y’ precipitates
forming a thin external scale. At the same time, Ni diffuses out of the
v’ phases and up the y/y’ interface, oxidising at the surfaces causing
bulges of NiO at the interface at the surface and eventually bulges
covering the entire y channel. Due to the non-protective and porous
nature of NiO, oxygen is able to diffuse through the external scale
and preferentially travel down the y/y’ interface and oxidises the Al
rich y’ precipitate, which is thermodynamically favourable at the
lower oxygen partial pressure.
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