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a  b  s  t  r  a  c  t

The  oxidation  behavior  of  GTD111  Ni-based  superalloy  was  investigated  at 900 ◦C from  1 h  to  452  h. The
detailed  oxide  structure,  from  the top surface  down  to  the  base  material,  was  clarified  by  modelling
studies  as  Ni–Ti oxides,  Cr–Ti  oxides,  Cr2O3 oxide  band,  Ni–W–Ta  oxide  and  finally  a blocky  Al2O3 region.
Internal  oxide  Al2O3 was  discontinuous,  Cr2O3 oxide  dense  band  provided  the  most  protection  against
further  oxidation.  Cracking  and spalling  of  the outer  oxides  scale  results  in  the nitrogen  penetration  into
the  inner  oxides  scale,  and inner  nitridation  to  form  TiN  occurs.  Additionally,  the  oxidation  mechanism
was  discussed  by  a model.

©  2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Ni-based superalloys are widely used in the manufacture of
aerofoil components such as blades and nozzle guide vanes that
operate in the hot sections of advanced gas turbine engines [1–3],
due to their good high temperature mechanical properties. These
superalloys do not possess adequate oxidation resistance in their
service environment, especially at damaged areas where the bare
metal is exposed to the oxygen-containing atmosphere. Continual
oxidation of the moving crack tip can accelerate the crack’s prop-
agation through the component, resulting in shorter service life,
especially under thermal cycling conditions. Therefore high oxida-
tion is a main cause, or at least a strong contributor, to the failure
of hot-section turbine blades [4].

Characteristics of the oxide films formed on an alloy, including
chemical composition, microstructure and thickness, et al., deter-
mine the protect ability of the oxide film and thus play a crucial
role in the corrosion behavior [5]. Presently, the oxidation structure
at high temperature of superalloys has been extensively studied
[6–15], as shown in Table 1. The oxidation resistance of Ni-based
superalloys at high temperature is achieved by additions of Al and
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Cr, which preferentially oxidize to form dense, protective oxide
films and to slow down the overall oxidation process [8]. It has
been found that NiO and Cr2O3 are the main oxides formed dur-
ing oxidation at 700–900 ◦C of Inconel600 alloy and only NiO has
been formed at 600 ◦C [6]. The oxidation microstructure of Ni-based
superalloy at more than 700 ◦C can be divided into three layers. The
outer layer mainly composed Cr2O3 and/or NiO, and the inner layer
was identified as �-Al2O3. The multiphase complex middle layer
contained Ti, Ta oxides and some spinel phases, such as NiCr2O4,
CrTaO4, and NiTa2O6. In all superalloys, a �′-free layer has been
observed underneath the bottom oxide layer, due to element deple-
tion in the oxidation process.

GTD111 was  a General Electric (GE) proprietary alloy used for
first-stage hot-section turbine blades in the mid-1970s [16]. It
is superior to Inconel738 in low-cycle fatigue strength, rupture
strength and hot corrosion resistance in the equiaxed form. Trexler
et al. results [17] for oxidation tests showed that the oxide struc-
ture of GTD111 DS was  simply described as Cr2O3 + TiO2 + Al2O3.
The aim of this work is to provide more detailed analysis of distinct
oxide regions in GTD111 Ni-based superalloy at 900 ◦C, as well as
the oxidation sequence and mechanism. Note that 900 ◦C is a typi-
cal material surface temperature of turbine blades in stationary gas
turbines.

2. Experimental methods

The substrate chosen for this study was a polycrystalline
Ni-based superalloy (GTD111, supplied by General Electric Co.,
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Table 1
Oxide structure of superalloys in references.

Alloy Temperature (◦C) Time (h) Environment Oxide structure Reference

Inconel600 600 24 0–19% absolute humidity NiO 6
700–900  24 NiO + Cr2O3

Rene95 1000 100 Air NiO + NiCr2O4 + Cr2O3 + oxygen affected zone 7
Prepared alloy 850 300–360 Air NiCr2O4 + Cr2O3 + Al2O3 8

1000  NiCr2O4 + Al2O3

TMS82+ 800 200 Air + 15% H2O (Ni,Co)O + [NiCr2O4 + Cr2O3] + Al2O3 9,10
900  Air + 15% H2O (Ni,Co)O + [NiCr2O4 + (Cr,Al)TaO4 + Cr2O3] + [Al2O3 + (Ni,Co)Al2O4]

DD32 900 500 Air (NiO + CoO) + (CrTaO4 + NiCr2O4) + Al2O3 11
Rene′N5 980–1000 50 Air (NiO + Co3O4) + a multiphase interlayer + Al2O3 12,13
PWA1483 950 120 (NiO + TiO2) + Cr2O3 + Al2O3 14
SCA425+ 980 25 Air Cr2O3 + Ta2O5 + [Ni(Cr,Al) 2O4 + Ta2O5] + Al2O3 12
SCA425+ 900 100 Flowing air Cr2O3 + Ta2O5 + Al2O3 14

1000  100 Flowing air Cr2O3 + NiTa2O6 + Al2O3

GTD111 760–1038 100 Dry air Cr2O3 + TiO2 + Al2O3 17

Table 2
Composition of the GTD111 alloy used in this study (wt.%).

Cr Co Al Ti W Mo  Fe Ta C B Ni

13.7–14.3 9.0–10.0 2.8–3.2 4.7–5.1 3.5–4.1 1.3–1.7 0.2–0.25 2.5–3.1 0.08–0.12 0.01–0.02 Bal.

American), used for first-stage hot-section turbine blades. The
nominal composition of this alloy is shown in Table 2. The incip-
ient melting temperature of GTD111 is considered as 1250 ◦C.
GTD111 in the standard heat treatment condition consists of duplex
gamma  prime (primary and secondary) precipitates evenly dis-
tributed within an FCC gamma  matrix. All coupons were cut
into 15 mm × 12 mm × 9 mm blocks using Wire Electro-Discharge
Machining (EDM) at Excel Wire EDM, Inc.

The surfaces of the samples were polished with SiC abrasive
paper to 800# and cleaned ultrasonically with acetone for 10 min
before oxidation. Oxidation tests were carried out using an electric
air furnace in the ambient air. Coupons were placed in an alumina

crucible to oxidize for 1 h, 4 h, 96 h, 144 h, 192 h, 260 h, 308 h and
452 h at 900 ◦C, respectively, and then rapidly cooled to room tem-
perature. This temperature was  chosen to simulate the temperature
experienced inside the hot-section of an industrial gas turbine. The
furnace temperature was  increased at a rate of 25 ◦C/min up to
400 ◦C, 10 ◦C/min up to 750 ◦C, and 5 ◦C/min up to 900 ◦C.

All analyzed samples were ground to a final stage of 1200-grit
SiC paper and rinsed with water and ethanol. Etching was only nec-
essary for analysis via optical microscopy (OM, Olympus BX15 M).
The samples were immersed in the etchant (10 g H2SO4–5H2O and
50 mL  HCl to 50 mL distilled water) for approximately 45 s and
then rinsed with water and ethanol. Scanning electron microscopy

Fig. 1. Microstructure images and EDS mapping results of GTD111 oxidized at 900 ◦C for (a) 1 h and (b) 4 h.
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Fig. 2. Microstructure images and element map  overlays of samples oxidized for (a, b) 96 h, (c), (d) 192 h, (e), (f) 308 h, and (g), (h) 452 h. The general structure from the top
surface down to the base material consists of a gray band rich in Cr (green), a thin white layer rich in W–Ta (red), and dark, isolated, blocky phases rich in Al (blue). Ti (yellow)
mostly  concentrates above and within the very top portion of the surface, however several TiN particles form below the Al-rich region for 192 h and 308 h oxidation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)
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(SEM) was performed on a LEO 440 SEM equipped with a Quartz
Xone EDX detector. Rigaku Micro-Area X-ray diffraction (XRD) was
used to analyze the types of oxide present on the surface of oxidized
samples.

3. Results and discussion

3.1. Characterization of the oxidation layer structure

Fig. 1 shows the microstructure and EDS mapping results of
GTD111 specimens that had been oxidized at 900 ◦C for 1 h and
4 h. As shown in Fig. 1a, the 1 h sample exhibited no obvious
signs of oxidation, but the Ti element map  showed concentra-
tions in some region, and so the first-formed oxide might be
that of Ti. Other oxides at the surface seemed to appear in the
sample oxidized for 4 h, shown in Fig. 1b, in which bands of con-
centration were seen in Al and Cr element maps besides Ti. It
could therefore be suggested that Al and Cr elements followed Ti
to oxidize at 900 ◦C. The bright blocky phases were indented as
carbides rich in W–Ta and Ti, marked in Fig. 1a. The more car-
bide accumulates at the metal surface the faster the oxide scale
will grow [14]. At such times, the extent of oxidation observed
was quite low, and the oxides of Al, Ti and Cr were not easily
differentiated on the sample. A distinct and stable oxidized struc-
ture could not be observed on GTD111 surface until oxidized for
96 h.

Fig. 2 shows the microstructure images and overlaid element
maps of samples oxidized for 96–452 h at 900 ◦C. Very distinct
regions of oxide growth were observed after oxidation. Overlaid
element maps show the distributions of Al (blue), Ti (yellow), Cr
(green), and W–Ta (red) after each oxidation time in Fig. 2. Dark,
isolated, blocky phases were found within the sample, above which
was a thin white layer, followed by a gray band on the surface in
Fig. 2a. This general pattern remained for all oxidation times, and
only minor differences were observed as will be discussed later
in Fig. 2c, e and g. Contrasting the microstructure with the corre-
sponding overlaid element map, the oxidation process had caused
the oxides of Al, Cr, Ti, W and Ta to form at different levels within
the sample.

The dark blocky regions (shown as blue color in Fig. 2b) were
the deepest-formed oxides and rich in Al. The blue blocky Al-
rich region grouped together in a thick, discontinuous region close
to the unoxidised base metal with the oxidation time increas-
ing in Fig. 2g and h. However, a continuous aluminum oxide
layer was not formed in this oxidation process, for the con-
tent of Al in GTD111 (2.8–3.2 wt.%) was less than the threshold
(at least 5–7 wt.% Al) at 900 ◦C [8,15,18]. When the oxida-
tion temperature increased to 1100 ◦C, Cr2O3 oxide changed
to gaseous CrO3 and a continuous Al2O3 layer formed as the
outer oxide, and acted the most protection against oxidation
[19].

A thin W–Ta rich oxide layer (red region) was clearly identi-
fied between Cr and Al rich oxide (green and blue region), which
agreed with a finding from Sato et al., who observed the forma-
tion of a layer rich in Ni and Ta between the chromia and alumina
regions [12–13,15]. Trexler et al. [17] provided no details on the
“inner oxide layer” of GTD111 and only stated it was high in Ni and
Al. The current study has identified that the region high in Ni of the
“inner oxide layer” in fact contains W and Ta elements with a thin
band distribution. It seemed to be an increasing concentration of Ti
(yellow) in the W–Ta (red) rich oxide layer respect to the increasing
oxidation time, as shown in Fig. 2b, d, f and h.

A continuous band of Cr rich oxide (green region shown in
Fig. 2b) formed even for 96 h oxidation, which would provide the
most protection against further oxidation for this alloy. This has

Fig. 3. Magnified BSE image of dashed area in Fig. 2g showing the oxide structure
observed for 452 h, with distinct regions numbered. Chemical compositions of each
region are listed in Table 3.

been previously observed in alloys with Cr additions of more than
5 wt.% [20]. While the green Cr-rich region appeared to get thicker
and be a very dense, continuous oxide layer from 96 h to 452 h of
oxidation.

After the initial formation of Al and Cr oxides, Ni and Ti could
continue to migrate through these regions to form oxide com-
pounds on the surface. Therefore, Ti element (yellow) mostly
concentrated on the above and within the very top portion of the
surface, whereas Cr concentrations were observed below this Ti
region. And also, the exterior regions, found to be rich in Ti (yellow),
showed a large variation in thickness and presence with respect to
oxidation time, as their weak, porous nature has resulted in their
spallation from the surface of the oxidized component [21,22]. It
was interesting to observe that Ti concentrations below the Al-rich
region changed with the increasing oxidation time. These light gray
Ti-rich particles could be identified as TiN by EDS testing (Fig. 2e),
not as Ti oxide.

EDS analysis is performed at each region of the numbered cir-
cles sampled in Fig. 3, and the results are summarized in Table 3.
Although regions 2 and 3 were analyzed as different regions, they
have similar in composition, in which the contents of Al, Ti and Cr
were lower than that of the base metal (region 1). It is obviously
resulted from the diffusions of Al, Ti and Cr driven by their own con-
centration gradients induced by the oxidation reaction. Region 4,
blocky dark phase was identified as Al2O3 phase. A thin, continuous
band (region 5) was  mainly composed of Ni, W and Ta, containing
9.3 wt.% Ti. Region 6 corresponding to the green band in overlaid
element maps can be identified as Cr2O3 phase. Regions 7 and 8
corresponding to the exterior regions were all rich in Ti, but Cr in
region 7 beside the Cr2O3 band was much higher than region 8
located at the exterior surface.

XRD analysis was performed on the surface of the sample to
determine the outermost oxides present at each oxidation time.
Therefore the actual oxide compounds observed could not be iden-
tified, but it was clear that only the oxides of Ni–Ti, Cr–Ti and Ni–Cr
spinel phases were present at the surfaces of oxidized samples from
96 to 452 h as shown in Fig. 4. NiO was observed on the surface
for 308 h oxidation, and then disappeared on the sample of 452 h
oxidation, which was contributed to the spallation of NiO and the
formation reaction of spinel phases as follows [12].

NiO + Cr2O3 = NiCr2O4 (1)

5NiO + TiO2 = Ni5TiO7 (2)

Fig. 5 shows a schematic model of the general oxidized structure
seen on GTD111 in the range of 96–452 h at 900 ◦C. This schematic
model provides much more detail on the oxide structure of GTD111
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Table  3
Average concentrations of the main oxidizing elements present in each distinct region (wt.%).

Region Al Ti Cr Ni W–Ta O Description

1 3.5 4.6 12.2 62.7 6.7 0.0 Base metal
2  1.7 2.2 8.7 68.0 6.2 0.0 Lower Depleted
3  1.4 0.4 5.5 69.3 7.5 2.2 Upper Depleted
4  33.7 1.5 2.2 17.3 2.1 40.0 Al-rich
5  1.7 9.3 7.3 34.6 19.4 20.9 Ni–W–Ta-rich
6  1.2 4.6 47.8 3.1 2.1 39.1 Cr-rich
7  2.2 10.4 18.6 16.1 1.6 34.5 Cr–Ti-rich
8  2.1 9.0 6.6 25.3 3.9 27.5 Ni–Ti-rich

Fig. 4. XRD plots of the peaks observed after 96–452 h oxidation at 900 ◦C. 2� peaks
of  corresponding to Cr2Ni3, NiO, TiO2, NiCr2O4, Ni5TiO7, Cr2TiO5, and CrTaO4/CrWO4

are detected on the outermost oxide layer.

than what has been noted in previous publications. In all cases, the
deepest-forming oxide islands were rich in Al, and were surrounded
by a gamma  prime phase depletion region, unoxidised base metal
reaching even deeper into the bulk material. Observed above this
Al region was  a thin, continuous band of Ni–W–Ta oxide, followed
by a thicker, continuous and very dense band of Cr oxide. And a thin
band of Cr–Ti oxide, inconsistent in thickness, formed atop the Cr-
rich band. Finally, outermost regions rich in Ni and Ti were observed
at some oxidation times, but their presence was very sporadic, and
these weak oxide regions may  have spalled from the surface, due
to the differences in CTE between different oxide regions during
cooling or the process of grinding.

Fig. 6. Thickness profiles of different oxide layers for 96–452 h oxidation at 900 ◦C.
Cr,  Cr–Ti and Ni–Ti oxides could have the largest effect on the overall oxide thickness.

3.2. Oxides thickness profiles analysis

The thickness of different oxides layers changed with oxidation
time, as shown in Fig. 6. The thickness fluctuations of Cr, Cr–Ti
and Ni–Ti oxides (the outer oxides) were larger than that of Al and
Ni–W–Ta oxides (the inner oxides) with respect to time, and deter-
mined the change trend of the overall thickness. The upper exterior
region (Ni–Ti and Ni–Ti oxide), especially, exhibited large fluctua-
tions, and was only present at times of 260 and 308 h, where the
overall oxide thickness was  observed to be the greatest. It can be
stated that their presence or absence could have the largest effect
on the overall oxide thickness.

The overall oxides thickness increased with oxidation time from
96 h to 260 h, for the elements diffusions from the substrate. How-

Fig. 5. A schematic model showing the distinct regions of oxides formed in and on GTD111 at 900 ◦C. The detailed oxide structure, from the top surface down to the base
material, was  clarified by modelling studies as Ni–Ti oxides, Cr–Ti oxides, Cr2O3 oxide band, Ni–W–Ta oxide and finally a blocky Al2O3 region.
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Fig. 7. The gamma  prime depletion oxidized for 308 h: (a) optical micrograph, (b) thickness of the depletion with respect to the oxidation time.

Fig. 8. Migration behavior of Ti during oxidation process at 900 ◦C: (a) Ti distribution in different oxide regions for 452 h oxidation, (b) Ti and O distribution in the lower
depletion with respect to oxidation time.

ever, the overall oxides thickness decreased after 260 h oxidation.
It is mostly contributed to that the exterior oxides grew with pores
and cracks weakening the scale, and stresses induced by differences
in the coefficients of thermal expansion of different oxide scales
may  have caused the weak oxide regions to spall from the sur-
face, especially during cooling. The thermal expansion coefficients
of NiO, Cr2NiO4, Cr2O3 and Al2O3 are respectively as 17.1, 10.0,
8.1 and 8.7 × 10−6 K−1 [8]. Furthermore the oxide layer grew dense
after 260 h oxidation, especially for Cr2O3 layer.

According to the EDS results, the Al and Ti contents in regions
2 and 3 were lower than that of the base metal, which was  asso-
ciated with the gamma  prime phase depletion by the oxidation
process. The oxidized sample was depleted of the gamma prime
phase near the edges of the surface, as indicated by the bright region
in Fig. 7a. It is important to note that the measurements were taken
only within the bright region, where the measurement lines beyond
the bright region end at the dark scale. Actually the gamma  prime
phase depletion was composed of regions 2 and 3 (Fig. 3), so it is
defined that region 2 is the lower depletion, and region 3 is the
upper depletion (Table 3).

Each sample was measured at five positions, as shown in Fig. 7a.
The results of this analysis are plotted in Fig. 7b. The testing data
were relatively discrete, for the depletion thickness was nonuni-
form. However, the depletion depth was observed to increase to

an average thickness of 23 �m,  in general, until 308 h. Very little
increase was observed between 308 h and 452 h. It was therefore
indicated that the element diffusion rate slowly decrease after
308 h, and on the oxidation rate. The depletion layer growth of
GTD111 was  different from other oxide layers (Fig. 6) and materials
[14].

3.3. Migration behavior of Ti

Fig. 8a shows the depletion of Ti beneath the oxide scale after
452 h oxidation measured using EDS. It is clear that Ti depletion
is severe in Cr–Ti and Ni–Ti exterior oxides besides the Ni–W–Ta
regions. It is indicated that Ti cations in the material appeared to
be constantly moving toward the surface of the sample to react
with oxygen in the air. Only trace amounts of Ti were detected in
the lower depletion for 452 h oxidation. Fig. 8b presents the con-
centration change with the oxidation time in the lower depletion.
Ti content decreases from 96 h to 192 h by the outward diffusion,
but lightly increases until 308 h during the oxidation. This region
was not found to be associated with oxygen, as the oxygen did not
extend as far into the sample as the variation in Ti concentrations.
Correspondingly, the buildup of TiN [19,23,24] particles dispersedly
distributes below the Al-rich region changed with the increasing
oxidation time from 192 to 308 h, as indicated by the arrows in
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Fig. 2c–f. Cracking and spalling of the outer oxides scale results
in the nitrogen penetration into the inner oxides scale, and inner
nitridation to form TiN occurs, for Ti has a high affinity for nitrogen
[25,26]. However, the nitrides particles disappear in lower deple-
tion in the 452 h oxidation samples. Therefore, the formation of
continuous Cr2O3 oxide layer on GTD111 provides an effective dif-
fusion barrier to reduce the oxidation and inner nitridation rate of
those elements, and the thickness of the depletion lightly increase
between 308 h and 452 h (Fig. 7b).

3.4. Oxidation mechanisms

The general oxide reaction equation for pure metal is given by:

M(s) + 1/2O2(g) = MO(s) (3)

And the two reactants M and O2 are separated by the solid reaction
product MO,  as shown by:

| M

Metal
| MO

Oxide
|
O2

Gas
| (4)

To make the reaction proceed, one or two reactants must
pass through the oxide film. Therefore, the reactants transmission
through the oxide has been an important part of high tempera-
ture oxidation mechanisms [27]. The actual transmission species
through the oxide are the electrons and the ions of metal or O2.
There is always either an excess or deficit of metal (or a deficit
or excess of oxygen, respectively) ions in the oxide. The resultant
relative charge difference in the oxide becomes the driving force
for oxidation, and controls the kinetics of the oxidation process.
The metal-deficit oxides such as Ni, Cr and Ti oxides grows out-
ward from the surface of the component by the outward diffusion
of metal cations to react with oxygen at the oxide/gas interface [28].
On the other hand, the oxygen-deficit or n-type oxides such as Al,
W and Ta oxides grows inward from the surface by the diffusion
of oxygen anions to react with metal cations at the oxide/metal
interface [20].

Based on the above results and discussions, it is verified that
the oxidation behavior of GTD111 superalloy is controlled by the
diffusions of oxygen, Cr and Ti. Meanwhile, Cr, Al and Ti are all
strong oxide formers which have a high affinity for oxygen; they
are preferentially oxidized when added to a base metal such as Ni
due to the lower free energy of formation [20,29,30]. The oxidation
mechanism of GTD111 can be described as follows by a model in
Fig. 9. In the first stage (Fig. 9a) the oxygen molecules are adsorbed
onto the surface of a specimen. Ti cations with the initial highest
mobility allows fast diffusing towards the metal/oxide interface,
firstly reacts with O2, and nuclei of the island Ti-rich oxides forms
on the surface as the external oxide for 1 h oxidation. Within the
4 h exposure at 900 ◦C, a continuous Cr2O3 film is quickly formed
on the substrate beneath the surface. Simultaneously the oxidation
reaction of Al element takes place, which correspond to internal
oxidation (Fig. 9b). The initial external oxide scales are more per-
meable to O2− anions than to metal cations, so that oxygen can
easily traverse through these scales [14]. After the initial formation
of Al and Cr oxides, Ni and Ti continued to migrate through these
regions to form oxide compounds at the surface. Due to the forma-
tion of Ti-rich and Cr2O3 oxides, solid state reactions occur to form
Ni–Ti, Cr–Ti and Ni–Cr spinel phases as parts of the outer oxide layer
in the ongoing oxidation stage, which can accelerate the oxidation
rate. Ni–W–Ta oxide formed between the Cr2O3 band and Al2O3
layer, through the inwards diffusion of O2− as the inner oxidation
layer, just like Al oxide after approximately 96 h oxidation. How-
ever, W and Ta elements inhibit rapid formation of Al2O3 because
it reduces inward diffusion of oxygen due to their higher valances
and larger sizes than Al [8,12–13,15]. For longer exposure times a

Fig. 9. A schematic model showing the oxidation mechanism of GTD111 at 900 ◦C:
(a) Ti with fast diffusion towards the surface react with O2 in the initial oxidation
stage, (b) a continuous Cr2O3 band and blocky Al2O3oxides simultaneously form in
the followed oxidation stage, (c) Ni–W–Ta oxide formed between the Cr2O3 band
and Al2O3 layer, through the inwards diffusion in the ongoing oxidation stage.

more compact but still discontinuous Al2O3 layer is formed below
the Ni–W–Ta oxide layer, which grows in depth (Fig. 9c). There-
fore oxidation resistance of GTD111 superalloy was provided by a
continuous and dense Cr2O3 oxide band, instead of discontinuous
Al2O3 oxide layer at 900 ◦C in air.

4. Conclusions

In this paper, the oxidation behavior of GTD111 Ni-based super-
alloy was studied at 900 ◦C from 1 h to 452 h. All samples oxidized
for 96 h or more times exhibited very similar structures, wherein
inconsistent outermost regions high in Ni and Ti were located atop
followed by a very dense band high in Cr. Underneath this band of Cr
oxide was a thin, continuous band showing concentrations of W–Ta
and lesser extents Ti. In all cases, the deepest-forming region was
the blocky, discontinuous region high in Al. Cracking and spalling
of the outer oxides scale results in the nitrogen penetration into the
inner oxides scale, and inner nitridation to form TiN occurs.

A model has been presented for the oxidation mechanisms of
GTD111 at 900 ◦C in air. The first-formed oxide on this alloy was  Ti
oxide, followed by Cr oxide, Al oxide, and finally the formation of an
oxide layer rich in W and Ta. The oxidation resistance of GTD111
superalloy was provided by a continuous and dense Cr2O3 oxide
band, instead of discontinuous Al2O3 oxide layer at 900 ◦C in air.
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