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of Nickel-Based Superalloy IN738LC at 900 °C
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The high-temperature isothermal oxidation behavior of the polycrystalline nickel-based superalloy
IN738LC was investigated at 900 °C in air for up to 1000 h. The results from the tests suggest that the alloy
showed single-stage parabolic oxidation behavior during isothermal oxidation. The oxidized samples were
characterized using SEM and SEM/EDS, and the results show that the alloy is comprised of an outer dense
chromia scale with titania proving Type II oxidation behavior. In addition, the formation of a spinel
composition adjacent to the external layer and a discontinuous needle-shaped alumina scale in the alloy
subsurface zone were also observed. The depletion of gamma prime (y") phase leads to a precipitate-free
zone formation in the subscale zone. A JMatPro thermodynamic analysis showed that an increase in
titanium content from 1 to 3.44 wt.% increased the chromium activity by 50%. Therefore, the results
suggest that the presence of high amounts of titanium (~3.44 wt.%) in IN738LC increased the oxidation
kinetics by increasing the chromium scale growth rate and resulting in an oxidation rate constant of
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1. Introduction

Superalloys are used in a wide range of applications where
high temperature and oxidation resistance are required, while
the material must concurrently maintain its mechanical integrity
and microstructure. These properties of superalloys were
developed over the past 60 years for applications involving
aggressive operating conditions such as those experienced by
components of gas turbine engines (Ref 1). Aviation gas
turbines take up to three-quarters of all applications of
superalloys, the other quarter going to applications such as
power generation gas turbines, the chemical industry and
nuclear reactors. All these high-temperature properties are
obtained through solid solution strengthening and/or by
precipitation hardening (Ref 2).

In recent years, the oxidation behavior of the turbine blade
materials has become one of the major life-limiting factors
because the surface temperature of these blades can reach up to
1100 °C (Ref 3-5). Hence, it is very important to understand
the inherent property of the material in an oxidizing environ-
ment in case of thermal barrier coating (TBC) failure (Ref 6).
Mechanical properties such as fatigue resistance and thermal
creep deformation resistance depend on the material composi-
tion, and the capability of the material to withstand high
temperature also depends on oxide scale formation and the
associated kinetics.
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Generally, Ni-Cr-Al alloys exposed to a high-temperature
oxidizing environment may produce a variety of oxides on the
surface such as NiO, Cr,O;, Al,O3, TiO, and Ta,Os. Thermo-
dynamically, Cr,05 and Al,Oj3 are the most stable oxide phases
among these oxides. Geggins and Pettit (Ref 7) have studied
oxidation behavior of many Ni-Cr-Al alloys at high tempera-
tures. The formation of an external scale, i.e., Cr,O3 or Al,O3,
is dependent not only on the thermodynamic equilibrium, but
also on the amount of Cr and Al present in an alloy. A spinel-
type oxide layer with the composition of Ni(Cr,Al),Oy is also
one of the oxide layers which is formed just beneath the
external oxide layer. The formation of the spinel layer is
determined by the Al concentration, and the composition of this
layer changes with the exposure duration at temperature of
interest.

IN738LC is designed for service in aggressive environ-
ments; this alloy contains relatively high chromium, 16 wt.%,
along with several other alloying elements such as Ti, Al and
Co. In service, the chromium oxidizes to form a continuous and
coherent chromia scale on an alloy surface to give maximum
protection by separating the substrate from the oxidizing
atmosphere (Ref 8). The aluminum content also provides
significant oxidation resistance to the alloy and together with
chromium give maximum protection to the alloy.

The high-temperature mechanical properties of the material
will be governed by the microstructure as well as by chemical
composition. IN738LC is a polycrystalline alloy with face-
centered cubic (FCC) 7" precipitates in the form of Nis(Al,Ti)
which are dispersed in an austenitic matrix. The strength and
oxidation resistance of the alloy depend on the volume fraction
of the precipitates present in the matrix (Ref 9, 10). These 7’
precipitates are a storage bank of aluminum. Therefore, an
increase in the volume fraction of these precipitates increases
the formation of the alumina scale which tends to decrease the
oxidation rate because the diffusion of oxygen ions through the
alumina scale is relatively slow (Ref 11).

The oxidation mechanism in a multicomponent system such
as a nickel-based superalloy is very complex because selective
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oxidation, internal oxidation and the formation of secondary
oxides such as TiO, are involved. The present work provides a
framework for the determination of both oxidation kinetics and
scale formation for IN738LC under service conditions.

2. Experimental Procedure

The specimens used in the present study were prepared from
polycrystalline IN738LC (C:0.112; Si:0.004; Cr:16.02; Al:3.4;
Mo:1.77; T1:3.44; Co:8.47; W:2.58; Zr:0.028; B:0.009; Nb:0.9;
Ta:1.71; Ni:bal.) (wt.%). The chemical composition of the
superalloy was determined by PCC airfoils, Inc. Minerva, using
inductively coupled plasma mass spectroscopy (ICP-MS). The
solution-treated (1120 °C) IN738LC alloy casting was aged in
a vacuum furnace at 845 °C for 24 h and furnace cooled to
precipitate the y” phase from the solid solution matrix. The fully
aged/heat-treated alloy bar was machined to specimens with a
size of 10 mm x 8.5 mm x 2 mm. The specimens were ground
to 600-grit SiC paper, ultrasonically cleaned in acetone and
dried in hot air.

The isothermal oxidation kinetics was studied in static air by
means of discontinuous gravimetric analysis at 900 °C for
exposure times up to 1000 h. The specimens were placed in
open-glazed porcelain crucibles which were placed in a
Carbolite high-temperature box furnace. After various times
from 1 to 1000 h, samples were withdrawn from the isothermal
oxidation test and left to cool to room temperature in air. Once
cooled, the samples were weighed using an electronic scale,
accurate to =+ 0.0001 g and the data were normalized per unit
area exposed.

The oxidized specimens were then cut, embedded in epoxy
resin, ground with SiC paper and polished with 1-pm diamond
suspension. Subsequent electrolytic etching in 12 ml of 70%
H3PO,4 + 40 ml of 70% HNO; + 48 ml of 98% H,SO, solu-
tion provided a topological contrast between the y and 7’
phases. The oxidized specimens were analyzed using several
different characterization techniques in order to obtain the
oxide structures which formed, as well as chemical composition
and microstructure. The oxide scales, precipitate-free zone
(PFZ) and internal oxides were examined by optical micro-
scopy using a Zeiss Axiovert 25 followed by scanning electron
microscopy (SEM) JEOL JSM-5900LV operating at 10 keV in
the secondary electron mode. The phase constitution of the
oxide scales was analyzed using energy-dispersive spectrom-
eter (EDS) with INCA X-Max, operating at 20 keV.

3. Results and Discussion

3.1 Initial Microstructure Evaluation

The optical microstructure and SEM microstructure of the
IN738LC before oxidation are shown in Fig. 1. The lower
magnification of age-hardened IN738LC was taken using the
optical microscope is shown in Fig. 1(a), where the presence of
two-phase structures, 7/y” can be seen along with MC carbides
(Fig. 1a), which is common in nickel-based superalloys. The
cuboidal )" precipitates which are obtained after the aging heat
treatment are indicated in the SEM micrograph, Fig. 1(b). From
Fig. 1(b), a bimodal distribution of y” can be seen. The image
analysis results from Fig. 2 show that the precipitate-hardened
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superalloy contained 70 vol.% of cuboidal }y’ precipitates, with
majority of precipitates being less than 200 nm in diameter.
The sample grain size was measured to be approximately
700 pms, and the grain boundaries are decorated with M;3Cg
carbides.

3.2 Isothermal Oxidation Kinetics

Figure 3 shows the specific mass gain per unit area as a
function of oxidation time after isothermal oxidation at 900 °C
for up to 1000 h in static air. The oxidation curve indicates a
significant increase in mass up to 400 h, whereas later stages in
oxidation duration have minimum effect on the mass gain. The
kinetics of oxidation can be described by examining the rate
exponent or n value, which is determined by a linear least
square method using the following equation (Ref 12, 13):

(AW/A)'=ky -1+ C (Eq 1)

where AW/A is the specific mass gain per unit area
(mg cmfz), t the oxidation duration, C a constant, and k;, is
the oxidation rate constant with units of mg2 em 457! The
slope of specific mass gain per unit area as a function of
exposure duration plot gives the k, value.

The growth rate constant n values of 2 and 3 for square and
cubic mass gains as a function of oxidation duration are shown
in Fig. 4(a) and (b), respectively. It can be concluded from
these figures that the oxidation behavior of IN738LC follows a
square power law or parabolic rate law rather than a cubic
power law because Fig. 4(b) follows a polynomial fit. By the
use of a least squares analysis, Fig. 4(a), the oxidation rate
constant, k, of IN738LC at 900 °C was determined to be
2.79 x 10~ mg2 em 457!y the value lies in the range of
different Ni-Cr alloys (Ref 14-16). Both oxidation kinetics and
the oxide scale growth in IN738LC were diffusion controlled
because the value of the growth time constant or rate exponent
n is 2, which is similar to several chromia-forming alloys (Ref
4, 5). Conversely, if the cubic rate law of oxidation is
governing, this would indicate a grain boundary diffusion-
controlled mechanism (Ref 17). In the present study, elemental
diffusion has taken place from the matrix as well as from the
grain boundary.

3.3 Surface Morphology of Oxidized Specimens

The back-scattered electron (BSE) surface morphologies of
IN738LC after 3 and 1000 h oxidation at 900 °C in static air
are shown in Fig. 5 at lower magnification (700x). It is
observed from Fig. 5(a) that the surface consists of a dispersed
oxide scale after 3 h of oxidation. As the oxidation duration
increased to 1000 h at 900 °C, the scale formation and the
growth on the surface increased as shown in Fig. 5(b).

The SEM surface morphologies and EDS elemental map-
ping of the IN738LC after 3-h oxidation at 900 °C in air are
shown in Fig. 6. After 3 h, the surface morphology showed a
discontinuity in the oxide scale formation on the surface as
shown in Fig. 6(a). The EDS elemental quant mapping of the
oxidized surface was generated using INCA X-Max QuantMap
software, with SEM operating at 20 keV in BSE mode. The
quantitative elemental maps were generated from SmartMap
data using the QuantMap software application. QuantMap
constructs x-ray maps by calculating the quantitative data from
the spectral data stored in each pixel of the SmartMap
according to the current quantitative conditions. A resolution
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Fig. 3 Specific mass gains per unit area of IN738LC at 900 °C for
up to 1000 h in static air

of 128 x 88 pixels was used for the present QuantMap created
from the SmartMap data of 1024 x 768. The raw data from a
two-dimensional (2D) EDS elemental QuantMap with the
resolution of 128 x 88 pixels were forwarded to an Excel
program, and the data were converted into three-dimensional
(3D) contours using surface plot (an Excel program). These are
shown in Fig. 6(b), (¢), (d), (e) and (f).

The 3D schematic maps in Fig. 6 depict how each element
is distributed on the alloy surface. It can be seen in Fig. 6(c),
(d) and (e) that the darker regions (A) in Fig. 6(a) in the BSE
image are Cr-rich and Ti-rich oxides. The brighter regions (B)
in Fig. 6(a) are regions which are not oxidized after 3 h at
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Fig. 4 (a) Square mass gains with linear curve fitting and (b) cubic
mass gains with polynomial curve fitting for IN738LC as a function
of oxidation duration at 900 °C for up to 1000 h in static air

900 °C. The semiquantitative EDS results of the two regions
(darker and brighter) in Fig. 6(a) are summarized in Table 1.
The corresponding elemental mapping results after 1000 h
at 900 °C in static air are shown in Fig. 7. These data reveal
that the surface of the alloy was covered with titanium-rich
oxides with a small concentration of chromium-rich oxides.
The formation and development of oxides depend on the
concentration of the alloying elements and thermodynamics.
IN738LC is a polycrystalline alloy with grain boundaries and
this could be one of the reasons for the formation of TiO, and
Cr,03 on the surface. Equilibrium thermodynamics (Ref 4)
suggests that at 900 °C, TiO, will form first; later, chromium
oxide growth will occur. Under these conditions, the rate
controlling mechanism for the TiO, and Cr,O5 growth includes
the migration of Ti and Cr ions from the matrix to the surface.
Since diffusion of Ti and Cr is the rate controlling step, the
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Fig. 6 (a) BSE image of IN738LC surface after 3-h oxidation at 900 °C in static air and (b), (c), (d), (e), (f) are 3D qualitative elemental maps

of Ni, O, Cr, Ti, and Al, respectively

Table 1 EDS results of IN738LC after 3-h oxidation at 900 °C in static air (wt.%)

Elements (0} Al Ti Cr Co Ni Mo Ta W
A, wt.% 28 6.1 8.9 25.6 3.8 22.1 0.8 2.6 24
B, wt.% 15 7.2 1.8 14.2 7.3 47.0 14 2.2 3.6

oxidation kinetics of this alloy should always show a parabolic
trend.
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As discussed earlier, apart from thermodynamics another
factor that drives the formation of the oxide scale is the
concentration/abundance of oxide-forming elements. From a
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Fig. 7 BSE surface morphology and EDS elemental mapping of IN738LC after 1000-h oxidation at 900 °C in static air

Table 2 Surface EDS results of IN738LC after 1000-h oxidation at 900 °C in static air

Elements (0] Al Ti Co Ni Mo Ta W
Average, wt.% 33 0.1 45.5 0.4 1.3 0.5 0.6 0.7
thermodynamic point of view, TiO, should form preferentially " o Cror 4 TIO,  ® Maix
to Cr,03. However, the amount of titanium present in the alloy o ’
is 3.44 wt.%, whereas chromium is 16 wt.%. Therefore, TiO, ° N .

. . . o . - 1000h
will form only as a thin layer on the surface, as observed in the - LJ .J‘LL_J_A_.J . L_./)\ s
present study. The formation and growth of TiO, on the surface g .
of chromium-containing alloys are possible when Ti ions 3 £ . o
diffuse through the chromium oxide scale (Ref 5). A similar ; _JLJLw.L_“LL__JJ\J\ b u 400h
mechanism was found in the present study, where Ti ions % l'
diffuse through the chromium oxide scale to form TiO, on the E| o4 e, -
surface. However, the rate of diffusion of Ti in Cr,O3 appears el L a R 5 2
to be slow, hence the formation of a thin TiO, oxide scale on ",
the surface. The surface EDS analysis results on IN738LC after ca se Jh\ . . . 3h
1000 h of oxidation at 900 °C in air are summa'n.ZCd in Table 2. 20 e % 0 ’ 0w 0 A % 50

To confirm the EDS results, specimens oxidized for 3, 15, 20

400 and 1000 h were subjected to x-ray diffraction analysis
(XRD), as shown in Fig. 8. From Fig. 8, the 3 h specimen
suggests only the formation of two oxides on the surface,
namely Cr,0O; and TiO, together with the peaks corresponding
to the matrix. As the oxidation duration increased, the
intensities of the oxide phases increased, whereas the matrix,
principally Ni-Al, decreased in intensity until 1000 h, at which
point the latter has almost disappeared due to increased oxide
scale thickness.

4842—Volume 26(10) October 2017

Fig. 8 X-ray diffraction spectra of IN738LC oxidized for up to
1000 h at 900 °C in static air

3.4 Cross-Sectional Characterization of the Oxidized
Specimens

The cross-sectional SEM microstructure for a 3 h specimen
is shown in Fig. 9 along with the line scan results. Although the
oxygen activity was high enough in air to form oxides on the
surface, no distinct oxide layer was identified in the cross
section of this 3 h specimen. This might be due to the formation
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of thin and discontinuous TiO, and Cr,O; oxide layer
formation on the surface, which could not be identified by
the SEM used for this analysis. Figure 9 explains the distribu-
tion of different elements across the surface of an IN738LC
specimen after 3-h oxidation at 900 °C in air. It can be seen that
the surface edge in the cross-sectional region has no evidence
of oxide-rich elements. However, from previous research, the
growth of external oxide scale and internal oxides in the
subscale regions increased gradually with the increase in the
oxidation duration at high temperature (900 °C) reaching up to
10 pm thickness for the external scale and 20 pm for the
internal scale including spinel and alumina (Ref 18).

Typical cross-sectional morphologies for specimens oxi-
dized for 3-1000 h are shown in Fig. 10. Formation of
internal oxides together with the surface oxides can be seen in
Fig. 10(e). SEM-EDS analysis confirmed that the outer layer
is Cr- and Ti-rich, and the internal finger-like structures in the
subsurface zone are rich in Al Some pores were also
observed in the external Cr-rich oxide layer. It is assumed that
these pores/porosity affect the solid state diffusion for the
metal and oxygen ions by increasing the oxide scale growth.
As shown in Fig. 7, the formation of the TiO, above the
chromium oxide scale happened due to titanium diffusion
through the chromia scale. From Fig. 10(e), the formation of
internal oxides such as Al,O; and the spinel composition
beneath the external scale suggest that oxygen ions migrated
to the subscale zones across the external Cr,Oz oxide scale.
The depletion of y” precipitates creates a precipitate-free zone
(PFZ) in the subscale locations (Fig. 10e) due to the formation
of an Al,Os-rich oxide scale. Thus, the Nis(Al, Ti) precip-
itates act as an Al storage bank for the continuous growth of
the Al,Ojs-rich oxide scale (Ref 5).

The morphology and elemental distribution of a cross-
sectional specimen after 1000-h oxidation at 900 °C in static air
are shown in Fig. 11. From the microstructure shown in
Fig. 11(a), multiple oxide layers can be observed. The external
continuous, dense and thick region is rich in chromium and
oxygen as shown in Fig. 6(b) and (c), which corresponds to a
Cr,0O;5 layer in Fig. 11(a), identified as a region A. Further
evaluation of the EDS maps of Fig. 11(b), (c), (d), (e) and (f)

Electron Image 1

reveals that the external chromia layer consists of the measur-
able amount of Ti as well as a separate thin Ti-rich oxide layer
on the surface. Although a thin Ti-rich layer was observed on
the surface, the external scale is considered to be primarily
chromia. In addition, a spinel layer with the composition of
Ni(Cr,Ti),O4 (determined using EDS line scan analysis and
XRD) was observed adjacent to the external scale, which is
referred as region B in Fig. 11(a). The compositional analysis
of the spinel layer showed a higher amount of Cr than Ti. Since
Cr occupies more lattice positions than Ti in a spinel, the
amount of Ti required to form the spinel composition is
relatively low (Ref 19).

The preferential oxidation of aluminum in IN738LC results
in internal oxides of Al,O; below the external surface and
spinel layers. This Al,O5 has finger-like structures marked as
region C in Fig. 11(a). The formation of the discontinuous
oxide layer in the subsurface zone indicates poor protectiveness
of external chromia layer for IN738LC. At some portions of the
alloy surface, alumina has penetrated to a greater depth in the
subsurface zone to the alloy grain boundaries. However, the
penetration was limited to the PFZ due to the low aluminum
content. The EDS analysis of the penetration region indicates
the presence of titanium in the grain boundaries in the subscale
region. The EDS analysis confirms that there was no oxygen
associated with the titanium, but the region is rich in nitrogen
indicating formation of titanium nitride. The TiN surrounding
the alumina at the grain boundaries is shown in Fig. 11(d) and
(e). The TiN was limited to the grain boundaries. Similar results
were also found in Cruchley’s work on oxidation of RR1000
over different temperatures (Ref 20).

Researchers Pettit and Meier developed a three-scale oxide
scale regimes depending on their composition using a ternary
alloy model such as Ni-Cr-Al (Ref 4, 7). The Type I oxidation
group consists of an external NiO growth over Cr,O; and
Al,O5 oxides in the subscale region, Type II is an external
Cr,03 over an Al,O5 scale, and the third oxidation behavior is
Type III, where a continuous Al,Os5 layer is found. The present
alloy falls in the Type II oxidation group, where the oxidation
rate was controlled by the formation of an external Cr,O5 layer
with internal Al,O5 in the subscale region.

Surface Distance from gas/alloy interface

Fig. 9 Cross-sectional EDS line scan analysis of IN738LC specimen after 3-h oxidation at 900 °C in static air. (a) SEM microstructure with

area of interest (b) line scan results
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Fig. 11 Cross-sectional morphology and elemental distribution in IN738LC after oxidation for 1000 h at 900 °C in static air; (a) BSE image,
(b), (c), (d), (e), (f) mapping for the elements O, Cr, Ti, Al and Ni, respectively

The Cr and Al contents of IN738LC are plotted on a Ni-Cr- scale on the surface after exposure to an oxidizing environment
Al oxidation map (Ref 21, 22), as shown in Fig. 12. The plot at 900 °C. This contradicts the findings of present work, which
reveals that the alloy would be anticipated to form an Al,O3 show that IN738LC forms a dense Cr,O5 scale and internal
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Fig. 12 Oxidation map for ternary NiCrAl alloys during isothermal
oxidation in air at 1000 °C (Ref 4, 25). The Cr and Al composition
of IN738LC is inserted in the oxidation map ® where I, II and III
are the three types of oxidation regimes (Ref 4, 21, 22)
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Fig. 13 JMatPro thermodynamic modeling; effect of Ti concentra-
tion on chromium activity in IN738LC at 900 °C

Al O3 scale in the subsurface region. The probable reason for
this deviation may be that the oxidation map shown for the
ternary Ni-Cr-Al alloy was at 1000 °C and the present study
was done at 900 °C. As well, the chemistry of IN738LC is
considerably more complex than the simple ternary shown in
Fig. 12.

At temperature ranges from 950 to 1020 °C, Cr,0O5; will
decompose to form a low-melting oxide such as CrO3 (Ref 23).
The presence of this low-melting oxide phase or liquid phase
will lead to linear oxidation in the system, which will finally
disintegrate the alloy. The CrO; is volatile at such high
temperatures although its vapor pressure is low at that
temperature. A similar phenomenon was also found in the
low-melting oxide systems such as V,05 (674 °C) and MoO;
(795 °C) (Ref 24). Hence, alumina will form because it is the
most stable oxide at this temperature.

3.5 Effect of Ti Concentration Using JMatPro

In the present work, the mechanism of the chromia scale
growth rate in the presence of Ti in the IN738LC alloy was
studied using the thermodynamic software JMatPro. The Ti
content was varied from 1 to 3.44 wt.%, and the resulting
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chromium activity was noted from the JMatPro analysis. From
Fig. 13, it is evident that the chromium activity increases with
an increase in the titanium content. The chromium activity (ac;)
for IN738LC at 900 °C is 0.68 for 3.44 wt.% of Ti and
decreased to 0.48 when the Ti concentration reduced to 1 wt.%.
Therefore, the chromium is more likely to oxidize in the
presence of titanium.

The decrease in the oxidation resistance of Ni-based
superalloys in the presence of a wide range of Ti has been
studied by a number of authors (Ref 20, 26, 27). The addition
of 2 wt.% Ti has been proposed by Taniguchi et al. (Ref 28) to
enhance the oxidation resistance by forming an adherent oxide
scale, although grain boundary oxidation was not reported.
Generally, more than 2 wt.% Ti addition revealed a precipitate
lattice distortion by occupying former chromium lattice points
resulting in the volume change (Ref 29). In the present case, the
IN738LC alloy contains 3.44 wt.% Ti which explains the
increase in the oxide scale growth. The higher chromia growth
rate of IN738LC could be related to the incorporation of Ti in
the oxide scale. The presence of higher amount Ti creates
vacancies in the scale by replacing Cr’* with Ti** ions. Hence,
the concentration of Cr vacancies increases in the chromia scale
(Ref 30, 31) as follows:

3TiO, (+Cr,03) — 3Tig, + V¢ + 60} (+Cr,03) (Eq 2)

where the triple-charged chromium vacancy is given by V¢,

and the oxygen ion on oxygen sub-lattice is denoted by O3.
The presence of the titanium ions on chromium lattice sites
(Tig,) increases the positive charge, which is represented in
Eq 2 (right side).

4. Conclusions

An isothermal oxidation study has been conducted on
polycrystalline nickel-based superalloy IN738LC at 900 °C for
up to 1000 h and oxidation kinetics, microstructure, the
evolution of different phases and chemical composition were
systematically investigated. The following conclusions are
drawn:

The alloy showed Type II oxidation behavior with a chromia
layer outside and alumina scale in the subsurface zone. The rate
and the scale growth both followed parabolic oxidation
kinetics. The rate constant was calculated to be
2.79 x 107 ° mg? cm * 57,

The alloy exhibited a thick chromia scale covered with a
thin TiO, scale after 1000 h exposure at 900 °C in air. The
subscale region had an internal alumina layer with many
protrusions, and basically, TiO, encapsulated Al,O5 and these
were limited to the PFZ.

The rapid growth of a chromia scale on the IN738LC alloy
was attributed to the addition of 3.44 wt.% Ti, which increased
the growth rate of the Cr,05 scale by injecting vacancies in the
chromia scale, thereby decreasing the likelihood of formation
of a protective Al,O3 scale. Chromium activity increases with
an increase in Ti, as confirmed by thermodynamic modeling
using JMatPro software.
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