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while presenting a method for analysis of complex oxides using
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sis of complex oxides in QUASES. Ni-Cr-Mo alloys are often used to replace conven-
tional materials under aggressive conditions, because of their exceptional corrosion
resistance. Their corrosion resistance is conferred by the formation of an inert sur-
face oxide film that protects the underlying metal. Using the QUASES software, the
thickness of the air-formed oxide on four Ni-Cr-Mo alloys was found to lie within the
range of 2.5-3.6 nm. They were found to be composed of an inner Cr,O3 layer and
an outer Cr (OH); layer, with a transition zone where the two coexisted. Oxidized
Mo species, MoO, and MoOj;, were found in trace amounts at the boundary
between the Cr,Os-only and mixed Cr,O3/Cr (OH); regions of the oxide. We also
determined that using 20% reduced IMFP values gave results similar to those
obtained using electron effective attenuation length (EAL) values. Auger depth pro-

files showed comparable trends to the QUASES models.
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1 | INTRODUCTION a result, these alloys find applications in the nuclear, pharmaceutical,

chemical processing, and aerospace industries. The corrosion resis-
Ni-Cr-Mo alloys exhibit excellent corrosion resistance even under tance of Ni-Cr-Mo alloys is the result of a surface oxide that is
aggressive conditions, including high temperatures, strong oxidants, enriched in both Cr and Mo.! In particular, alloying additions of Cr are
aggressive anions, low solution pH, or some combination of these. As known to promote the formation of Cr"' oxides that provide excellent
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122 Alloying additions of Mo have

protection to the underlying meta
been shown to increase film stability and promote the repair of local-
ized damage to the film in conditions involving low solution pH.*~®
Although the effects of alloyed Cr and Mo have been extensively
studied,>*” more work is required to understand the relationship
between alloy composition, oxide structure, and corrosion resistance.

Because oxide films formed on Ni-Cr-Mo alloys are typically only
a few nanometers thick,2%%? techniques with high surface sensitivity
are required to study their composition and structure. The surface
sensitivity (5-10 nm) of X-ray photoelectron spectroscopy (XPS)
makes it an ideal technique for the study of these films.'%*! In con-
ventional XPS analysis, peaks in the survey and high-resolution spec-
tra are integrated to obtain elemental and chemical state information.
However, this type of analysis does not provide any structural
information.

Tougaard et al. have extensively studied the energy loss pro-
cesses associated with electrons in surface electron spectroscopy
techniques.’?"*® They have shown that the inelastic background sig-
nal that is subtracted and discarded in conventional XPS analysis con-
tains structural information on the nanoscale, including both depth
and surface coverage information. Photoelectrons originating from
deep within a surface experience an increased probability of inelastic
collisions. Because of the inelastic collisions, some of the escaping
photoelectrons have a lower-than-expected kinetic energy (K.E.),
resulting in an increase in the background signal. On the other hand,
photoelectrons originating from the outermost surface layers experi-
ence minimal inelastic collisions and consequently lose less energy.
Using these principles, Tougaard developed a commercial software
package called “Quantitative Analysis of Surfaces by Electron Spec-
troscopy” (QUASES), which analyzes the inelastic background signal
associated with selected peaks in XPS spectra. Quantitative informa-
tion is obtained by modeling the inelastic electron loss processes for a
user-defined structure that considers both depth and surface cover-
age. Various surface models can be considered: a buried layer, multi-
ple buried layers, island structures, and exponential concentration
profiles. The models are deemed accurate when the simulated back-
ground and photoelectron peak contributions match the experimental
spectrum.

Analyzing the inelastic background signal has been useful in stud-
ies including, but not limited to, surface oxides, nanoparticles, corro-
sion, and adsorption processes.'? 2 In a series of publications by
Grosvenor et al., QUASES was used to study the gas-phase oxidation
of pure Fe.r??%25-27 The authors were able to model the structure of
various surface oxides and hydroxides (i.e., y-Fe,Os, Fez04, FeO,
FeOOH, Fe (OH),) as a function of exposure conditions, which
included temperature, O, concentration, and exposure time. Similar
studies were done by Payne et al. for oxide films formed on pure Ni
after exposure to various gaseous environments.?®2? Here, the
authors were able to determine the oxidation kinetics for different
atmospheric compositions (e.g., water vapor) and temperatures by
using oxide thickness measurements and compositional profiles
obtained from QUASES analyses. Recent work by Laszczynska et al.

used QUASES to study the effect of annealing temperature on a Ni-
Mo alloy coating.2® In this study, models considering elemental spe-
cies of C, O, Ni, and Mo were produced to determine the film thick-
ness and composition at each annealing temperature. Lampimaki et al.
conducted a comprehensive analysis of the oxide formed on austen-
itic stainless steel at various temperatures using QUASES.3! The
authors constructed a model for the FeCrNi alloy consisting of Cr,O3
and Fe''/Fe" oxides. A layer enriched in metallic nickel was also
observed at the interface between the oxides and alloy. Similar work
was conducted by Jussila et al. and Ali-Loytty et al. on ferritic stainless
steel (Fe-17Cr).2%32

Previous works have focused primarily on simple systems, with
analysis being conducted on one or two elements of interest to
determine changes caused by an environmental factor, for example,
temperature and partial pressure. Studies related to specimens with
more complex surface structures have been limited, with notable
work being conducted on stainless steel.?*132 Here, we present a
detailed procedure for the deconvolution of the air-formed oxide
structures found on four commercially available Ni-Cr-Mo alloys.
Improvements to one of the user-input values in QUASES, the inelas-
tic mean free path, are discussed in the context of reducing the error
associated with analyzing such complex surface structures. The selec-
tion of the other input parameter, the inelastic scattering
cross-section, is also discussed. Although the experimental results are
limited to air-formed oxides, the intent of this publication is to
present and validate the methodology for this type of analysis. The
air-formed oxide models obtained for these alloys provide a baseline
for future QUASES models of Ni-Cr-Mo alloys. The approach
described could also be used to extract more information from exist-
ing XPS data.

2 | EXPERIMENTAL

2.1 | Materials

211 | Hastelloy specimens

Hastelloy specimens were supplied as mill-annealed sheets by Haynes
International (Kokomo, Indiana). Nominal alloy compositions provided
by Haynes International are given in Table 1. The alloys were first
ground using wet silicon carbide (SiC) paper from P600 to P4000 grit,
then given a final polish using a 1-um diamond suspension (Buehler
MetaDi™ Monocrystalline Diamond Suspension). The specimens were
then sonicated in ethanol (EtOH), rinsed with deionized (DI) water
(18.2 MQ cm), and dried in a stream of (UHP) Ar gas. All specimens
were stored in a desiccator for a 72-h period prior to XPS analysis of
the native oxide film. A KLA-Tencor P-17 Surface Profiler was used to
obtain a roughness value for a G-30 sample that underwent surface
preparation identical to that used for the XPS specimen. Three 1-mm-
length line scans were conducted and then used to calculate a mean

roughness average (Ra) of 3.20 nm.
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TABLE 1
Alloy Ni Cr Mo Fe W Co
BC-1 Bal. 15 22 2 - ™
C-22 Bal. 22 13 3 3 2.5M
G-30 Bal. 30 55 15 25 5M
G-35 Bal. 33.2 8.1 2 0.6M ™

Note: M indicates a maximum value, and Ni accounts for the balance.

2.1.2 | Reference spectra

Reference spectra were obtained for a number of pure compounds,
including Cr,03 (99.9%), MoO, (99%), MoO3 (99.97%), and Cr (OH)s.
All samples were purchased from Sigma-Aldrich, with the exception of
Cr (OH)3, which was prepared according to the procedure described
by Swaddle et al.>3 The identity and purity of all samples were con-
firmed using X-ray powder diffraction (XRD) and XPS. For amorphous
compounds unsuited to identification by XRD analysis, Fourier trans-
form infrared spectroscopy (FTIR) was employed. Reference spectra
for metallic Cr and Mo were each obtained by sputtering through the
oxide film and analyzing the bare alloy surface of a pure specimen of

the respective metal.

2.2 | Surface analysis

2.2.1 | X-ray photoelectron spectroscopy

All XPS analyses were carried out on the Kratos Axis Supra spectrome-
ter (Kratos Analytical Ltd, Manchester, UK) located at Surface Science
Western. In all analyses, a take-off angle of 90° to the specimen sur-
face was used. The instrument work function was calibrated to give a
binding energy (B.E.) of 83.95 eV for the 4f,,, signal of a metallic Au
specimen. During all analyses, pressures within the analysis chamber
were maintained <1 x 1078 Torr. Photoelectrons were produced using
a monochromatic Al K, X-ray source (1486.6 eV) operating at 6 mA
and 15 kV for the collection of survey spectra. High-resolution spectra
were collected at 15 mA and 15 kV. Photoelectrons were collected
from an area of 300 um x 700 um. Survey spectra were acquired for
binding energies (B.E.) between 0 and 1200 eV using a pass energy of
160 eV and a step size of 1 eV. High-resolution spectra were acquired
for the Mo 3d, Cr 2p, Ni 2p, C 1s, and O 1s regions using a pass energy
of 20 eV and a step size of 0.1 eV. All spectra were charge-corrected
using the aliphatic carbon signal (284.8 eV). All spectra were deconvo-
luted using CasaXPS (v.2.3.19). Deconvolution of high-resolution spec-
tra was done according to the fitting parameters previously described

in the literature for Ni,3*3° Cr,*>%¢ and Mo.37:%8

2.2.2 | Auger electron spectroscopy

Auger electron spectroscopy (AES) was performed using the PHI
710 Scanning Auger Nanoprobe (Physical Instruments Inc., MN, USA)
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Nominal composition of Hastelloy family alloys, as reported by Haynes International (wt.%).

Mn Si Nb \% Al (o Cu
0.25M 0.08M - - 0.5M 0.01M -
0.5M 0.08™ - 0.35M - 0.01™ 0.5M
1.5M 0.8M 0.8 - - 0.03 2
0.5M 0.6M - - 0.4M 0.05M 0.3

located at Surface Science Western. Survey spectra were collected
from 30 to 1030 eV (K.E.) with a step size of 1 eV, over an area of
90 um x 90 um. To obtain depth information, specimens were sput-
tered with Ar" ions accelerated at 500 eV, over an area of
4 mm x 4 mm. Sputtering was performed for 1.2 s, followed by data
acquisition. This cycle was repeated until a total sputter time of 120 s
was reached. For the oxide films formed on the Hastelloy specimens,
sputter rates and times were converted into approximate resultant
sputter depths using the experimentally measured sputter rate of a Si
wafer containing a 100-nm-thick SiO, overlayer. Under the same con-
ditions used for the Hastelloy specimens, the sputter rate of SiO, was
~2 nm min~1. Peaks selected for analysis during the depth profiling

were determined from the original AES survey spectra.

2.3 | Inelastic background signal analysis

The inelastic background signal was analyzed using the “Quantitative
Analysis of Surfaces by Electron Spectroscopy” (QUASES) software
package (v. 5.4) developed by Sven Tougaard.’ The principles behind
QUASES analyses were developed by Tougaard et al. and have been
extensively described in the literature.}>*>1740-42 values of the
inelastic mean free path (IMFP) for pure species were calculated
according to the TPP-2M equation of Tanuma, Powel, and Penn.*®
Values of electron effective attenuation length (EAL) were calculated
using the NIST Electron Effective-Attenuation-Length Database
(v. 1.3).** The asymmetry parameters necessary in the EAL calcula-
tions were provided by Yeh et al.***¢ The QUASES-Generate pro-
gram, which analyzes spectra by calculating the background of
inelastically scattered electrons expected from a theoretical model
specimen and comparing such model spectra to a measured spectrum,

was utilized for all instances in this study.

3 | RESULTS AND DISCUSSION

3.1 | Method development

Similar to conventional high-resolution XPS analyses, QUASES-
Generate analyses of experimental signals are conducted using refer-
ence spectra obtained from pure metal and oxide specimens. For
example, consider the Cr 2p spectral region signal obtained for alloy
BC-1, Figure 1, which overlays reference spectra of Cr in three chemi-

cal states: the metal (metallic Cr), oxide (Cr,O3), and hydroxide
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FIGURE 1

QUASES analysis of the Cr 2p peak for alloy BC-1. The contributions of both oxidized and metallic reference spectra to the

simulated spectrum are shown, along with the resulting surface model produced by the simulation. The inelastic mean free path values (20%
reduced weighted average IMFPs) and the cross-section (x-sect) utilized are displayed.

(Cr (OH)3). The peaks in the BC-1 spectrum can be deconvoluted on
the basis of the peaks found in the reference spectra to provide speci-
ation of the specimen surface. The inelastic background signal in the
BC-1 spectrum contains some information about the depth of buried
Cr atoms/ions that can be extracted by QUASES. This extraction is
based on the inelastic background signal of the input reference spec-
tra. These principles also apply to the deconvolution of the Mo 3d
peak, which was accomplished using reference spectra of metallic Mo,
MoO,, and MoOs (Figure 2). The QUASES deconvolution of the Cr 2p
and Mo 3d peaks for all models presented in this study are provided
in the Supporting Information (Figures S1-S12). Prior to QUASES
deconvolution, all reference spectra were processed according to the
procedure recommended in the software manual.*” This included a
correction for the energy dependence of the analyzer transmission
and a subtraction of the initial background signal. Only corrected ref-
erence spectra were considered in the deconvolution of experimental
spectra.

The experimental data were fitted by generating a simulated
spectrum that contained peak contributions and background signals
from each of the reference spectra. Adequate fits were obtained
when the simulated spectrum closely matched the experimental spec-
trum, including the background signal. Because the simulated back-
ground signals are directly related to the structure of the adjustable
surface models in QUASES, quantifiable information can be obtained.
For the deconvoluted Cr 2p and Mo 3d peaks shown in Figures 1 and
2, respectively, a simulated spectrum was found to match the

experimental data when a series of buried layers were considered.
The location and thickness of each buried layer will be discussed in
more detail below.

The structural information obtained from the separate analyses of
the Cr 2p and Mo 3d peaks was combined into a final model that con-
siders the position of the metal and both Cr and Mo oxides, shown in
Figure 3. In this final model, the outermost surface layer represents
adventitious carbon and other adsorbed species. When the models
for Mo and Cr were combined, we retained the starting depth of the
metal determined by analysis of the Cr 2p peak in the final model, as
analysis of this peak produced a model that contains the interface
between metal and oxide. The starting depth for the metal obtained
by analysis of the Cr 2p and Mo 3d peaks was identical for both BC-1
(22wt.% Mo) and C-22 (13 wt.% Mo), which are the higher-
Mo-content alloys. For G-35 (8.1 wt.% Mo) and G-30 (5.5 wt.% Mo),
there was a 0.2 nm and a 1.2 nm difference in the determined metal
starting depth, respectively. This difference can likely be attributed to
the additional error associated with analyzing spectra of less-
abundant elements, as the difference increases when the Mo content
of the alloy decreases.

While simulating the inelastic background signal for each of the
reference spectra, several input parameters are required, including the
selection of an inelastic scattering cross-section and values for the
IMFP. Here, these two parameters are discussed in the context of
minimizing error. The first input parameter required for the simulation

of an inelastic background with QUASES is the inelastic scattering
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FIGURE 2 QUASES analysis of the Mo 3d peak for alloy BC-1. The contributions of both oxidized and metallic reference spectra to the
simulated spectrum are shown, along with the resulting surface model produced by the simulation. The inelastic mean free path values (20%
reduced weighted average IMFPs) and the cross-section (x-sect) utilized are displayed.
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FIGURE 3 Results obtained using the QUASES software for the air-formed oxide present on alloy BC-1. Models obtained via analysis of the
Cr 2p (A) and Mo 3d (B) spectra are combined into a final model shown in (C).

cross-section. The inelastic scattering cross-section describes the
change in energy distribution of electrons traveling in a solid and
therefore affects the shape of the background signal, and the IMFP
describes the intensity of the background signal. For the example used
in this paper, the universal cross-section was utilized in all instances
for the analysis of Cr and Mo peaks. The universal cross-section has

been proven to describe the cross-section for most metals and their

respective oxides with sufficient accuracy** and has been utilized in
many studies.*??2484? For other solids (i.e., Al, Si, SiO,, Ge, and poly-
mers), an alternative cross-section is required to describe the electron
energy loss processes accurately. Using the reflected electron energy-
loss spectroscopy (REELS) method of cross-section determination,
Tougaard demonstrated that the cross-section for Si has a distinct

plasmon peak at 16.8 eV.*! This feature of a distinct plasmon
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structure is seen in the cross-section of other free-electron-like solids,
such as Al, Si, SiO,, and Ge, and therefore, a unique cross-section is
required for each of these solids. In contrast, it was found that Fe has
a significantly broader cross-section, because of a more complex band
structure, in which multiple groups of electrons contribute to the elec-
tron energy loss process.** Similar to Fe, most metals and their oxides
display a broad cross-section profile where the width of the promi-
nent shape in the cross-section is greater than ~15-20 eV, and there-
fore, the universal cross-section was developed. As previously
mentioned, the universal cross-section was utilized in all instances in
this study; however, certain challenges are presented when perform-
ing inelastic background signal analysis of samples that contain ele-
ments that have different inelastic scattering cross-sections. In this
respect, significant advancements to this user input value have been
made to overcome this difficulty and obtain more accurate elemental
depth distributions.*®=>? Risterucci et al. analyzed an Al/Ti bilayer
structure in an AlGaN/GaN power transistor device stack using hard
X-ray photoelectron spectroscopy (HAXPES). In this case, the back-
ground signal of the photoelectron peaks had contributions from the
universal cross-section (due to metallic Ti), an aluminum cross-section,
and, in some cases, a TiO, cross-section. They were able to obtain
improved background signal analysis by using an effective cross-
section, calculated as the weighted sum of the individual cross-
sections of each layer. The extent to which these cross-sections were
blended was guided by the nominal composition from high-resolution
core-level analysis. Effective cross-sections have also been used to
increase the accuracy of inelastic background signal analysis with
HAXPES of Al/Ta bilayers®! and theoretical bilayer structures consist-
ing of combinations of Al, Si, polymer, Ta, and Au.>? The ability to
blend cross-sections has been implemented in Ver 6.0 of the
QUASES-Tougaard software.®’

The second input parameter required is an IMFP value. Because
the IMFP is a material-dependent value describing the average dis-
tance that a photoelectron can travel between inelastic collisions, it
should reflect the specific environment in which the photoelectron is
traveling. Commonly in QUASES analyses, the IMFP values utilized
are from the dominant metal species and the dominant oxide species,
when modeling the metal and oxides, respectively. Previous studies,
which focused on simple systems, have used this straightforward
approach for determining IMFP values. For example, in the study of
an oxidized Ni specimen, Payne et al. deconvoluted and modeled the
Ni 2p peak using reference spectra obtained for Ni metal and NiO.?’
During the simulation of inelastic background signals, IMFP values for
either Ni metal or NiO were used, depending on the reference spectra
(i.e., (IMFP)y; for Ni and (IMFP)yio for NiO). In the case of Ni-Cr-Mo
alloys, Ni is the dominant metal species (from the nominal composi-
tion) and Cr,O3 is commonly considered to be the dominant oxide
species. For illustrative purposes, we conducted such a QUASES anal-
ysis on the XPS signals from a Hastelloy BC-1 specimen, using the
IMFP of Cr,O5 for electrons emitted from atoms in the air-formed
oxide layer and the IMFP of Ni metal for electrons originating in the

metal substrate. The best-fit model output is shown in Figure 4A.

However, it is easy to understand that the use of the dominant
species IMFP values introduces some errors, because the oxide is not
simply made of Cr,Og, nor is the alloy made of pure Ni. Moreover,
photoelectrons emitted from the metal would have to pass through
the oxide and experience its IMFP before they could reach the detec-
tor. This is problematic; for example, the IMFP for a photoelectron
(K.E. [Cr 2p] = ~912 eV) traveling through metallic Cr is less than its
IMFP in Cr,0O3 (16.10 and 18.33 A, respectively). Furthermore, this
difference in IMFP increases as photoelectrons become more ener-
getic. For instance, consider the Mo 3d signal, which has photoelec-
trons exiting the specimen with a kinetic energy of ~1260 eV. The
calculated IMFP values for metallic Mo and MoO3; are 19.80 and
24.00 A, respectively. This is further complicated for multielement
systems (e.g., stainless steel) where the IMFP of individual elements
should be considered and weighted appropriately. In some previous
works, authors have reported utilizing an IMFP value in QUASES that
has been averaged between Cr and Fe oxides in the analyses of stain-
less steel. 213132 More recently, an effective IMFP (based on weighted
averaging) has been utilized in inelastic background signal
analysis.>°~>2 Risterucci et al. used a weighted average IMFP based on
the nominal thickness of each layer in the analysis of an Al/Ti bilayer
structure in an AlGaN/GaN power transistor device stack. Zborowski
et al. analyzed Al/Ta/AlGaN stacks on a GaN substrate, and as previ-
ously mentioned, they blended the cross-sections of Al and Ta to
varying degrees to create an effective cross-section.> Additionally, an
effective IMFP value with weighting factors corresponding to the
blending between Al and Ta (e.g., 50:50 and 60:40) was utilized in the
background signal analysis.>* Zborowski et al. also conducted a theo-
retical study of bilayer systems consisting of different combinations of
Al, Si, polymer, Ta, and Au.>? In this study, they used two different
IMFP determination methods. The first was a weighted average based
on the thickness of the surface and buried layer. For the second
method, they reasoned that in a bilayer system, the photoelectrons
that are emitted from the buried layer will not all be emitted from the
deepest point and that on average, the electrons will come from the
middle of the buried layer. Therefore, only half of the thickness of the
buried layer and the full thickness of the surface layer were consid-
ered in this effective IMFP calculation. They found the latter approach
gave them better fits for most bilayer combinations when compared
with an effective IMFP that considered both the surface and buried
layer equally.

These approaches often use knowledge of layer thicknesses in
their determination of the IMFP value; however, in many applications,
the layer thicknesses and order are unknown and are often the goal of
conducting inelastic background signal analysis. Moreover, the propo-
nents of such approaches did not consider the experimentally deter-
mined surface composition in formulating their IMFP values, leaving
room for improvement in QUASES analyses. The concept of a
weighted average IMFP value based on high-resolution analysis is not
novel. Biesinger et al. utilized a weighted average IMFP based on
experimentally determined surface compositions when calculating the

film thickness of Ni** and Cu®3 samples. The film thickness was
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obtained through calculations of the type used by Carlson®* and
Strohmeier®®; however, this type of analysis gives no information on
how these oxides/hydroxides are distributed throughout the film.
Although the IMFP is a source of inherent error, improvements to the
way the IMFP value is calculated can help reduce the magnitude of
this error by determining IMFP values that reflect the realities dis-
cussed above. Here, a method is presented for the determination of
IMFP values that more accurately represent the environment experi-
enced by the escaping photoelectron in the analysis of complex films
consisting of mixed oxidized species.

In this improved representation, two scenarios exist for escaping
photoelectrons: They originate from within the oxide layer and are
subject to its IMFP, which we denote as IMFP;, or they originate from
within the metal and pass through the oxide layer (IMFP,), initially
experiencing the IMFP of the metallic alloy, followed by IMFP; as
they escape the specimen through the oxide. We estimated the IMFP4
and IMFP, values as follows. In the first case, photoelectrons pro-
duced in the oxide layer should experience a weighted average IMFP
that could be calculated using the experimentally determined compo-
sition of only the oxide layer, that is, IMFP,. This weighted average
can be calculated according to Equation (1),

IMFPy = " (IMFP;)(X;) (1)

where IMFP; is the calculated IMFP value for each metal oxide or
hydroxide species, i, and X; indicates the mole fraction of that same
(hydr)oxide species among all the oxidized species present in the film.
A shortcoming of this approach, however, is that it treats the oxide as
if it is completely homogeneous.

In the second case, for photoelectrons produced from atoms
within the metallic layer buried beneath the surface oxide film, an

IMFP value that accounts for both metallic and oxidized species in the

escape path should be considered. This weighted average can be cal-

culated according to Equation (2),

IMFPy = " (IMFP;) (X;) 2)

J

where IMFP; is the calculated IMFP value for each species, j, for which
an XPS signal was measured (in both oxide film and underlying metal)
and X; indicates the relative abundance of each species based on the
deconvolution of the measured signal for all species detected (in both
oxide film and underlying metal, Figure 5C). The resulting model
obtained using a weighted average IMFP in QUASES is shown in
Figure 4B.

Surface concentrations (i.e., X; and X;) were obtained experimen-
tally using the survey and high-resolution XPS spectra. An example of
this is shown for alloy BC-1 in Figure 5. First, the general surface com-
position was quantified from the survey spectrum and analyzed in the
conventional way (Figure 5A). To calculate the IMFP, only the ratios
of the major alloying elements were considered, that is, Ni, Cr, and
Mo. The adventitious carbon signal was omitted from the IMFP calcu-
lation because it was present in only small amounts and has a signifi-
cantly larger IMFP than do the other elements considered. For the
elements quantified in the survey spectrum, corresponding high-
resolution spectra were deconvoluted using fitting parameters readily
available in the literature, to obtain chemical state information.34~38
For example, consider the deconvoluted Cr 2p3,, band shown in
Figure 5B. Three species were present: metallic Cr, Cr,O3, and Cr
(OH)3. Combining the information from the survey and high-
resolution spectra, the chemical composition of the surface was deter-
mined and used to calculate a more realistic IMFP value. According to
Figure 5A,B, the surface of BC-1 contained 26 at.% Cr, and of that
amount, 36% was in the metallic state, 46% was present as Cr (OH)s,

and 18% was present as Cr,Oz. A representation showing the
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FIGURE 5 XPS fitting of Hastelloy BC-1. (A) Quantified survey and (B) deconvoluted high-resolution Cr 2p3/2 spectra are displayed. Atomic

and chemical information from analysis of the survey and high-resolution scans, respectively, were used to create the (C) normalized surface

composition representation.

normalized surface composition is given in Figure 5C. Here, the metal-
lic and oxidized components are grouped separately, because the lat-
ter are assumed to form on the outermost portion of this surface;
however, beyond this, no other structural information is assumed or
obtained from conventional analysis of the survey and high-resolution
spectra, and this representation is not intended to depict a specific
layer structure or any layers at all, save for the oxide layer and the
substrate metal (and note that knowledge of even these layers does
not come from conventional XPS). The normalized surface composi-
tions of all alloys analyzed in this study can be found in the Supporting
Information (Figure S13).

We also investigated the consequences of using electron EAL
values in place of IMFP values within the software. This approach
originates from Grosvenor's analysis of oxides on Fe specimens; in his
work, the model calculated by QUASES had a significantly larger oxide
thickness (~20%) than that determined by nuclear reaction analysis
(NRA).Y? Grosvenor attributed this to using the IMFP rather than the
electron EAL in QUASES modeling. The IMFP is a calculated value
that only considers the effect of inelastic collisions, whereas the EAL
considers both inelastic and elastic collisions on the transit of elec-
trons through a material.’®>” Therefore, an EAL value was determined
for all nine species that were considered in the weighted IMFP calcu-
lation, at each of the two peak energies (Cr 2p and Mo 3d), for a total
of 18 EAL values. The EAL values were calculated using the NIST
Electron Effective-Attenuation-Length Database.** This calculation
requires the IMFP and the transport mean free path (TMFP), both of
which are calculated by the NIST software. The database also requires
the photoionization asymmetry parameter; these data were provided
by Yeh et al.***¢ This produces an EAL for a given overlayer thick-
ness. The EAL was selected at an overlayer thickness of 3.0 nm, as
this was the average oxide thickness value determined by QUASES
analysis for these alloys. However, it is important to note that the EAL
values in the range of 2.5-3.6 nm for a given species did not differ by
more than 0.2 A. The EAL for Cr,O; at 912 eV was calculated to be
14.56 A, signifying a ~21% reduction from the determined IMFP
value of 18.33 A. Across all 18 IMFP and EAL values, the EAL was on

average 21% lower than the IMFP, indicating excellent agreement
with Grosvenor's empirically proposed 20% IMFP reduction. The EAL
value for each species was weighted according to the determined sur-
face compositions (i.e., IMFP is replaced with EAL in Equations 1 and
2) to produce a weighted average EAL. The model determined in this
fashion for alloy BC-1 is displayed in Figure 4C. When we used a
weighted average EAL value in the model, the film thickness
decreased compared with the result obtained using a weighted aver-
age IMFP value, whereas the overall oxide layer structure remained
consistent.

To determine whether the simple 20% IMFP reduction proposed
by Grosvenor is an accurate reflection of the difference between
using EAL and IMFP values (i.e., it quickly yields acceptable layer
thickness without requiring a calculation involving EAL, TMFP, and
photoionization asymmetry parameter values), we conducted a com-
parison that included all species in our system, using a weighted aver-
age IMFP with an applied 20% reduction. The resulting model
obtained from QUASES is shown in Figure 4D. The weighted IMFP
values for both metal and oxide layers were reduced by a factor of
20% (Equations 3 and 4).

IMFPy = " (IMFP;)(X;) x 0.8 3)

1

IMFP, = Z (IMFP)) (X;) x 0.8 (4)

J

Comparing Figure 4B and 4D, the 20% reduction in IMFP values
caused the amount of each oxide film component to decrease and the
total thickness of the oxide film to decrease from 3.2 nm (Figure 4B)
to 2.5 nm (Figure 4D). This approximate 20% reduction in film thick-
ness is expected when using a 20% IMFP reduction.

Figure 4 illustrates the influence of the IMFP parameter on
QUASES model results for each of the approaches to determining a
value to use for the IMFP, using Hastelloy BC-1 as a case for compari-

son. Summarizing the results, the overall layer structure and order
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remained constant, but slight changes to the layer thicknesses were
observed. Figure 4A shows the QUASES model produced when we
used the IMFP value of Cr,O3; for photoelectrons derived from all
oxide and hydroxide species and that of Ni for photoelectrons derived
from all metallic species. As discussed previously, an improvement to
the typical approach may be achieved by using a weighted average
IMFP, as presented in Figure 4B. Comparing Figure 4A and 4B, an
increase in the overall layer thickness was obtained when the
weighted average IMFP was used because the IMFP used for both
the metal and oxide components increased in the weighted model.
The IMFP for the “metal” layer increased because of the consider-
ation of both metal and oxide/hydroxide components, which typically
have higher IMFPs than do pure metals, in this combined parameter;
the IMFP for the oxide/hydroxide layer increased because of the con-
sideration of the multiple oxidized species that are present in addition
to Cr,QOg3, particularly the hydroxide species (i.e., Cr (OH); and Ni
(OH),), which have especially high IMFP values.

Further improvements can be made by using either a weighted
average EAL or a 20% reduced weighted average IMFP, both of which
produced nearly identical models. For BC-1, the only difference
between these two methods was a 0.1 nm shift in the metal-Cr,O3
interface (Figure 4C,D); similar observations were seen for the other

three alloys. It is possible to use the EAL in place of the IMFP in
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QUASES, however, that requires a pre-determined estimate for over-
layer thickness, which is often the main output parameter from the
QUASES analysis, rather than an available input figure. Additionally,
the use of a weighted average IMFP with a 20% reduction was shown
to produce results that were nearly identical to those derived using a
weighted average EAL. Therefore, the use of a weighted average
IMFP value with a 20% reduction is a simple but valid way to provide
increased agreement with oxide thickness measurements determined
by other techniques. For example, the Auger depth profiles, shown in
Figure 6, indicated that the oxide thickness for the four alloys ranged
from ~1 to 2 nm. Additionally, Henderson et al. found that the air-
formed oxide on BC-1 is 1-2 nm thick, using XPS and time-of-flight
secondary ion mass spectrometry (ToF-SIMS),’ whereas Lloyd et al.
found that the air-formed oxide on alloy C-22 is 1.8 nm using ToF-
SIMS profiles.8 For these reasons, this was the IMFP determination
method used for the remaining three Ni-Cr-Mo alloys (Figure 7).
Despite using a 20% reduction to the IMFP value, we found that the
oxide thickness values for Ni-Cr-Mo alloys that we determined using
QUASES (2.5-3.6 nm), shown in Figure 7, were consistently larger
than oxide thickness values determined by other techniques. This
leaves room for future investigations on determining an IMFP value
that will give more accurate values for film thickness in a complex

system.
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FIGURE 6 Auger depth profiles obtained for the Hastelloy alloys (A) BC-1, (B) C-22, (C) G-35, and (D) G-30.
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3.2 | Ni-Cr-Mo alloys: air-formed oxide

Simulated models for the air-formed oxides grown on all four Hastel-
loy alloys are displayed in Figure 7 using a 20% reduced weighted
average IMFP. Comparing the models to each other, we see that the
air-formed oxide present on each alloy was dominated by an oxidized
Cr layer and that these layers are on the scale of a few nanometers.
Additionally, the oxide thickness was found to increase with an
increasing amount of alloyed Cr, though slight disagreement in this
trend was exhibited between G-35 (33 wt.% Cr) and G-30 (30 wt.%
Cr), which had 3.3- and 3.6-nm-thick oxide films, respectively. Though
this difference between G-35 and G-30 is very likely to be within the
range of experimental error, Auger depth profiles, found in Figure 6,
exhibited the same trend as the QUASES models. Also, the effect of
differing amounts of alloyed Fe (G-35 [2 wt.% Fe] and G-30 [15 wt.%
Fe]) on oxide thickness is a likely cause, but we have not yet con-
firmed this. Furthermore, for all alloys, the Cr oxide layer was found to
have a Cr (OH)z;-dominated outer portion, a Cr,Os-dominated inner
portion, and a region containing both Cr species. Auger depth profiles
were conducted with the purpose of confirming our QUASES results
and are displayed in Figure 6. Many challenges are present when using
sputtering techniques for the analysis of nanometer scale oxide films,
such as the difference in sputter rates between the calibration mate-
rial and the metal oxide of the sample. Therefore, the depth profiles
were analyzed only for general trends rather than absolute values.
From the Auger depth profiles, a trend of increasing oxide thickness
as a function of increasing Cr content was observed. Additionally, the
same trends were observed when we compared the oxide depth pro-
files obtained by Auger electron spectroscopy with the QUASES simu-
lated models: The oxide thickness trends were identical (G-30 > G-
35> C-22 >BC-1), and the thickness generally increased with
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increasing amounts of alloyed Cr; they are on the scale of a few nano-
meters, and minimal amounts of Mo are present in the oxide.

We compared the results obtained from QUASES with those
from previous analyses of the native oxides on Ni-Cr-Mo alloys, found
in the literature. The overall thickness of the air-formed oxide was on
the scale of a few nm, which is expected for Ni-Cr-Mo alloys.>*%? It
is known that the oxide on Ni-Cr-Mo alloys is dominated by Cr spe-
cies and that the film thickness increases with the amount of alloyed
Cr.2® Zhang et al. showed the same oxide profile for the Ni-Cr-Mo
alloy C-2000: Cr (OH)5 concentrated in the outer portion, Cr,O3 con-
centrated in the inner portion, and a region with both species pre-
sent.'®%® The presence of hydroxide on the outer portion was
expected, as the hydroxide layer originates from the hydrolysis of cat-
jons that have been ejected from the inner Cr,0O3 layer.1° Unsurpris-
ingly, on all the alloys investigated, the amount of Mo in the oxide
was minimal, but it was found to be higher for the high-Mo alloys,
BC-1 (22 wt.% Mo), and C-22 (13 wt.% Mo). Overall, the results of
the models in QUASES would be expected to change under different
exposure conditions and may represent a direction of future work.
For example, it has been shown that Cr and Mo have dynamic behav-
jor during transpassive dissolution.>’

The QUASES models shown in Figure 7 provide important infor-
mation on the nanoscale; however, they are not an entirely realistic
model of the passive film structure. Figure 8 displays the QUASES
model for BC-1 (Figure 8A) with an added illustration to consider
some of these realities (Figure 8B). For example, there will be some
effect of roughness at the metal-film, film-carbon, and carbon-
atmosphere interfaces. The portion of the QUASES model where
there is an overlap between Cr (OH); and Cr,O3; (purple and blue
stripes) will likely comprise a concentration gradient of these two oxi-
dized species. In the outer portion of the overlap region, there will
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FIGURE 7 Air-formed oxide models for the Hastelloy alloys (A) BC-1, (B) C-22, (C) G-35, and (D) G-30 obtained using the QUASES software.
Experimental spectra were simulated using reference spectra from pure standards to produce each model. A 20% reduced weighted average

IMFP was utilized in the modeling.
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FIGURE 8 (A) Air-formed oxide 0
model of BC-1 determined by QUASES 1]
using 20% reduced weighted average
IMFPs and (B) a realistic illustration of the 21
surface structure of alloy BC-1. 3
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likely be a higher amount of Cr (OH); relative to Cr,Og, rather than
the 50:50 split that the QUASES model suggests. The same can be
said for the inner portion of the overlap region, where there is likely a
higher amount of Cr,O5 relative to Cr (OH)s. The presence of a con-
centration gradient between Cr (OH); and Cr,Os3 is supported by
ToF-SIMS cross-sectional images of Ni-Cr-Mo alloy C-2000.1%°8 For
molybdenum, the QUASES models show that the oxides are present
as extremely thin and discrete layers, which is not an accurate repre-
sentation of Mo within the film. Typical Mo-O bond distances are

6061 \whereas the thickness of the molybdenum

approximately 0.2 nm,
oxide layers determined from QUASES can be as low as 0.04 nm for
some alloys (i.e., G-30 and G-35). Therefore, the MoO, and MoO3
layers in the QUASES models should be viewed in the context of their
average position within the film. In reality, the Mo oxides likely do not
form a discrete layer but rather are localized in small clusters (shown
as small red and orange circles in Figure 8) and are mixed with other
film components. Various studies are in agreement with this hypothe-
sis.92%% Yu et al. conducted atom probe tomography on a thermally
grown film on a Ni-22Cr-6Mo alloy and found that oxidized molybde-
num species appear in small clusters rather than forming a discrete
layer within the film.%? Using a nonequilibrium solute capture frame-
work, it was theorized that individual Mo cations are incorporated
into the growing Ni (Il) and Cr (lll) oxide films.®? In a separate
study, Massoud et al. used electrochemical scanning tunneling micros-
copy and found that oxides grown on Fe-18Cr-13Ni alloys exhibited
nanoscale depressions in the passive film.®* However, Maurice et al.
later determined using scanning tunneling microscopy that these
depressions were partially or completely filled for the film on a Fe-
17Cr-14.5Ni-2.3Mo alloy, indicating a localized and healing role for
Mo within the passive film.®® Finally, the consideration of Ni oxides

and hydroxides would need to be included to provide a more

Realistic lllustration Legend

|:| Carbon - Metal E] MoO, - MoO,
. Cr(OH), + Ni(OH), . Cr,0, + NiO

- Cr(OH), + Cr,0, + Ni(OH), + NiO

complete model for the oxide film of a Ni-Cr-Mo alloy. Therefore, the
probable location of NiO and Ni (OH), was included in this illustration
to provide the most realistic interpretation of the QUASES model. In
this graphic, Ni hydroxide and oxide are found at depths similar to
those at which we find Cr hydroxide and Cr oxide, respectively. There
is substantial evidence in the literature that suggest Ni (OH), will
coexist with Cr (OH); and that NiO will coexist with Cr,O5. Zhang
et al. used angle-resolved XPS to investigate the film on Alloy C-2000
and found that signals from Ni and Cr hydroxides increased, whereas
those from Ni and Cr oxides decreased when a smaller take-off angle
was used.® Additionally, ToF-SIMS cross-sectional images showed a
correlation between Ni and Cr oxides and hydroxides.’®>® Further-
more, Yu et al. observed using APT that oxidized Cr and Ni species
coexist throughout the depth of the film while Mo was found in small
clusters.

4 | CONCLUSIONS

Here, a method for the analysis of specimens with complex surface
compositions using QUASES has been presented. The QUASES soft-
ware enabled us to measure overlayer thickness while deconvoluting
the contributions of individual oxidation states of atoms in a specimen
with a mixed oxide. Within the software, various methods of IMFP
determination were tested and discussed. These included the com-
mon procedure that uses the IMFP of the dominant oxide and metal,
a weighted average IMFP, a weighted average EAL, and a 20%
reduced weighted average IMFP. The use of each of these four tech-
niques produced models with identical layer ordering/structure. This
indicates that the software is fairly robust to changes in IMFP value;

however, we showed that small tweaks to the IMFP value can
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produce varying film thickness values. Using a weighted average IMFP
minimizes the error associated with the IMFP value by considering all
species present in a complex oxide mixture. Grosvenor's 20% reduc-
tion in the IMFP value was also tested.?” It was found that this reduc-
tion causes film thickness values determined by QUASES to decrease,
leading to better agreement between the QUASES model and other
methods of film thickness determination. It gave results that were
very similar to those obtained by using EAL values in place of IMFP
values, but without requiring extra calculations based on IMFP, TMFP,
and photoionization asymmetry parameter values, so, although not a
rigorous treatment, it was much easier to implement. Therefore, a
20% reduced weighted average IMFP value was utilized for modeling
the air-formed oxides of alloys BC-1, C-22, G35, and G-30.

Additionally, the investigation of complex surface structures in
QUASES can be easily simplified by this IMFP determination method.
The analysis of air-formed oxides present on Hastelloy alloys deter-
mined that the oxide thickness was within the range of 2.5-3.6 nm,
and the film was composed of an inner Cr,O3 layer and an outer Cr
(OH)3 layer. There was also a transition zone where the two coexisted
that likely represents a concentration gradient of the two species.
Oxidized Mo species, MoO, and MoQs3, were found in trace amounts
within the Cr-rich oxide layer. It is probable that the Mo layers in the
QUASES model represent the average position of Mo oxide clusters
within the film, rather than a discrete layer. A trend of increasing
oxide thickness with increasing Cr content was found in both the
QUASES and Auger depth profile analysis.
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