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Application of quantitative X-ray photoelectron
spectroscopy (XPS) imaging: investigation of
Ni-Cr-Mo alloys exposed to crevice

corrosion solution
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Brad Kobe,**
Samantha Anderson,” Mark C. Biesinger®

This paper explores quantitative X-ray photoelectron spectroscopy imaging on three different Ni-Cr-Mo Hastelloy® alloys (BC-1, C-22
and G-30) with differing Cr and Mo contents. The alloys were subjected to a simulated critical crevice corrosion solution.
Ni-based alloys have been shown to exhibit excellent resistance to a range of corrosive media due to the formation of an inert
oxide layer, primarily containing Cr and Mo. However, these alloys may rapidly corrode in the crevice environment produced by
seams, gaskets or deposits of debris on the alloy surface. Understanding how the oxide film is influenced by the Cr and Mo
content is crucial in determining an optimal alloy composition that reduces or suppresses the possibility of crevice corrosion.
The protective oxide films are very thin in nature, generally several nanometers. XPS imaging was used to monitor changes in
oxide film composition and to correlate the distribution of Cr and Mo to the grain structure of the alloys. Copyright © 2017 John
Wiley & Sons, Ltd.
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Introduction

Routine XPS imaging has been around for approximately two
decades!" The initial approach involved collecting XPS images at
a specific energy and then subtracting and dividing by the back-
ground. Although this method compensates for differences in the
photoelectric background and sample topography, the resulting
images often have poor signal to noise, particularly with trace spe-
cies and elements with smaller photoelectron cross-sections. This
method also requires one to specify all the elements of interest dur-
ing collection, without the option of any post analytical identifica-
tion. The development of image-spectra data sets as a function of
binding energy allows for greater flexibility during instrument
setup and post processing of the data.”” Improvements in the de-
sign of electron analyzers and delay-line detectors have facilitated
fast collection times of these large image-spectra data sets and al-
low for true quantitative analyses.®>™® The application of multivari-
ate analysis on these large XPS data sets provides a method for
the extraction of spectral and image information not apparently
obvious.”” Over the years, principal component analysis (PCA)
methods have become more efficient at removing artifacts and
noise from XPS image data sets by sorting and reducing the num-
ber of factors to compute using singular value decomposition and
nonlinear iterative partial least squares routines.®® XPS imaging
has been successfully applied to a wide variety of applications from
adhesion issues of polymethyl methacrylate,'® 3D imaging of
nanocomposites,' evaluation of wear scars''? and the differentia-
tion of similar carbon chemical states.!"*

In this paper, quantitative XPS imaging was used to investigate
the role of Mo in the corrosion resistance of Ni-Cr-Mo alloys under
the conditions expected during crevice corrosion, a form of local-
ized corrosion. In general, Ni-based alloys have been shown to ex-
hibit excellent resistance to a range of corrosive media due to
formation of an inert oxide layer, primarily containing Cr and Mo.
Cr forms a Cr,O3 barrier layer at the alloy/oxide interface, while
Mo segregates to the outer regions of the film, ie. the
oxide/solution interface."™"! In the event of film breakdown, the
deposition of Mo-rich corrosion products is believed to help
repassivate the defect sites.'®! Despite the presence of this oxide
film, these alloys may rapidly corrode in the crevice environment
that could develop in occluded (crevice) locations. Such a situation
could be produced by the presence of seams, gaskets or deposits of
debris on the alloy surface. Within an active crevice, the solution
composition is anticipated to change according to the critical crev-
ice solution (CCS) theory outlined by Oldfield and Sutton.l"” This
theory describes the development of an anaerobic HCl solution
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within the creviced region. The development of such a solution
may challenge the integrity of the oxide film due to the high solu-
bility of Cr,03 at low pH. As a result, understanding how the oxide
film in this environment is influenced by the Mo content is crucial in
determining an optimal alloy composition that reduces or sup-
presses the possibility of crevice corrosion. The protective oxide
films are very thin, typically several nanometers. XPS imaging was
used to monitor changes in oxide film composition and to correlate
the distribution of Cr and Mo to the grain structure of the alloys.

Experimental

Sample preparation and treatment

Alloy samples were provided by Haynes International® (Kokomo, IN,
USA) and the nominal compositions are given in Table 1. Alloy cou-
pons were cut to 1 cm X 1 cm X 0.635 cm in size. They were then
ground using wet silicon carbide and sonicated to remove any de-
bris before being further polished to a final 1 um diamond finish.
Subsequently, some samples were etched to expose the underlying
microstructure and enhance the quality of diffraction patterns
obtained by electron backscattered diffraction. Different etching
procedures were used for the various alloys because of differences
in corrosion resistance. Hastelloy® G-30 was etched by manual
swabbing with a mixture (3 : 2 : 2) of HCl, CH;COOH and HNOs.
Hastelloy® C-22 and BC-1 were electrochemically etched in an oxalic
acid solution (10 wt.%) by the application of 0.2 A cm 2 for 1015 s.

Prior to subsequent analyses, three microhardness indents were
made on each coupon serving as reference points to align the XPS
images with the scanning electron microscopy images. The cou-
pons were then immersed for a total of 20 h in a simulated CCS
of 1 m HCl + 2 M NaCl at 75°C. During this 20-h period, coupons
were intermittently removed for electron imaging after 2, 8, 14
and 20 h (total). An additional set of coupons, not exposed to acidic
conditions following polishing, was stored under vacuum for a 24-h
period prior to analyses and are referred to as initial ‘as-polished’
samples.

Instrumentation

The XPS analyses of the three corroded alloys were carried out
using a Kratos AXIS Nova spectrometer (Kratos Analytical Ltd,
Manchester, UK) equipped with a spherical mirror analyzer
combined with a delay-line detector. A monochromatic Al Ka
source (15 mA and 14 kV) was used along with a charge neutralizer
system. The instrument work function was calibrated to give a
binding energy of 83.96 eV for the Au 4f;,, line of metallic gold,
and the spectrometer dispersion was adjusted to give a binding
energy of 932.62 eV for the Cu 2ps, line of metallic copper. Binding
energy accuracy is +0.025 eV. All image data sets were collected

Table 1. Alloy composition (wt%) as

International®

reported by Haynes

Alloys Ni Cr Mo W Fe Cu Nb Al V Co Mn Si C

BCG-1 62 15 22 — 2 — — 05 — 1 025 0.08 0.01
C22 56 22 13 3 305 — — 035 25 05 0.08 001
G30 4330 55 25152 08 — — 5 15 08 003

using a field of view of approximately 725 micron x 725 microns
and medium resolution imaging mode. The elemental survey
image scans were collected from 1100 eV - 0 eV at a step size of
1 eV and a pass energy of 160 eV. Each image was collected for
16 s for a total collection time of approximately 5 h. The high reso-
lution image datasets were collected for Cr and Mo using a step size
of 0.1 eV and a pass energy of 40 eV. Chemical state images were
collected for 300 s for a total time of approximately 5 h per element.

Image analysis methodology

All spectra and image data sets were analyzed using CasaXPS soft-
ware (Version 2.3.18dev1.1j)."® An outlier filter was first applied to
the image data sets with a 70% threshold value with five iterations.
The outlier filter was applied before PCA analysis to help discrimi-
nate between potentially weak XPS signals and noise by reducing
local anomalous pixel intensities.'”) The data were then sorted using
an Optimum Scaling (OpS) routine to determine the number of
significant factors. This approach separated the important informa-
tion from the noise while using a smaller number of images for
efficient computation. Once the number of abstract factors was de-
termined, PCA analysis (OpS) was applied to the entire image data
set (Predictive OpS). The resulting images were then converted to
spectra. The elements were identified, and a Shirley background
correction was applied. All the processed spectra were then con-
verted back to images and quantified.

EBSD characterization

Prior to corrosion in the CCS, the alloy coupons were analyzed by
electron backscatter diffraction (EBSD) to provide information on
the grain orientation and the relative energies of the grain
boundaries. The EBSD was conducted on the Hitachi SU6600 field
emission scanning electron microscope located in the ZAPLab
(Department of Earth Sciences, UWO). The field emission scanning
electron microscope was outfitted with a HKL Nordly EBSD detector
to collect Kikuchi patterns. Data analysis was carried out using the
HKL Channel 5 software suite (Oxford Instruments). All crystal
orientation information was indexed according to the fcc crystal
structure.

Results

Survey data collected from the three alloys in the as-polished
condition prior to any corrosion are presented in Table 2. All
three alloys show a significant amount of carbon contamination.
However, the relative amounts of Ni, Cr and Mo follow the general
trend expected for each alloy. G-30 shows the highest Cr content

Table 2. Summary of elemental concentration (atomic %) of the image
area for each alloy

Alloy C O N C Mo W Nb Cu d
BC-1 (as-polished) 426 247 162 48 64 — — — —
BC-1 (after Corrosion) 51.8 296 59 48 7 — — — 0.9
C-22 (as-polished) 474 235 14 92 59 — — — —
C-22 (after Corrosion) 48.6 314 6 45 71 — — — 24
G-30 (as-polished) 524 266 7 13 12 — — — —
G-30 (after Corrosion) 43.2 385 4.1 91 34 09 05 03 —
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and lowest Mo content compared with alloys C-22 and BC-1.
Approximately 25% oxygen is also present on the surface of the
alloys.

The grain orientations and grain boundary energies of the three
Ni-Cr-Mo alloys were measured using EBSD before corrosion in the
CCS. The EBSD images, presented in Fig. 1, show that the grain size
for G-30 is significantly larger than for C-22 and BC-1 that have sim-
ilar grain sizes. The green and red lines overlaid on the grain struc-
ture represent >3 boundaries and random (3 > 29) boundaries,
respectively. The X notation denotes the reciprocal of coincident
points between adjacent grains. £3 boundaries would have one
third of their lattice points coincident if the grains were overlapped
and are considered low energy boundaries. By contrast, random
grain boundaries that exhibit very little overlap are considered high
energy. As a result, the Y3 boundaries are expected to be more
corrosion resistant than the random grain boundaries.!'>?% All
three alloys contain a large number of >3 sites, approximately
70% compared with the random high energy sites, Fig. 1. The >3
sites are mostly associated with twinning locations, while the grain
boundaries are random sites. Of particular interest are the triple
points where three random grain boundaries meet: A number of
these sites are visible for all three alloys. It has been reported that
localized breakdown of the oxide film can occur at these
locations.?" The goal of this study is to correlate the initial micro-
structure to the oxide film structure after CCS exposure.

After exposure to the CCS for a total of 20 h, BSE images (Fig. 2)
were taken of the same region. The grain structure is clearly visible
on all three alloys. Alloy G-30 shows preferential etching of the ran-
dom grain boundaries and localized pitting on the grain surfaces,
while alloys C-22 and BC-1 did not show the same general surface

(A) (B) (C)

250 um

pitting and grain boundary attack. For these alloys, minor damage
was observed only on random grain boundaries.

Using the reference microhardness indents, the same area on
each alloy coupon examined by EBSD was then analyzed using
XPS imaging to correlate the distribution of Cr and Mo with poten-
tial breakdown sites. For each data set, the spectra at each pixel
were added together and quantified to provide an average concen-
tration on the surface. A summary of the elements (atomic %) de-
tected for each imaged area after corrosion is presented in
Table 2. A high amount of carbon contamination remains on the
surface of all three alloys after corrosion. All three alloys show a
small increase in oxygen concentration after corrosion, suggesting
an increase in oxide film thickness relative to the initial ‘as-polished’
coupons. The Niand Cr levels decreased after corrosion for all three
alloys compared with the initial as-polished surface. In contrast, the
Mo content increased after corrosion. Ni and Cr are both highly sol-
uble in CCS, while Mo has a solubility that decreases as the pH
decreases.*?!

The XPS images, Fig. 3, show the distribution of Ni, Cr, Mo and O
on the surface of each alloy following 20-h exposure to CCS. The
thermal scale, to the right of each image, corresponds to the mini-
mum (black areas) and maximum (white) concentration for that el-
ement (atomic %). For alloy G-30, the images for O and Cr are clearly
correlated, along with Ni to a lesser extent. The Ni, Cr and Mo show
some correlation for C-22, and BC-1 shows Ni and O are closely cor-
related. However, understanding the distributions of Cr and Mo is of
particular interest because they represent the major components of
the oxide and is considered responsible for protecting the alloys
from corrosion. Thus, for G-30, the Cr and Mo are anticorrelated,
but for C-22 and BC-1, there is overlap between Cr and Mo.

Figure 1. Electron backscatter diffraction band contrast images for alloys before corrosion in critical crevice solution (a) G-30, (b) C-22 and (c) BC-1. The 3

boundaries are green, while the random boundaries are red.

(A) (B)
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Figure 2. SEM images of the three alloys after critical crevice solution immersion (a) G-30, (b) C-22 and (c) BC-1.
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Figure 3. Elemental XPS survey images showing Ni, Cr, Mo and O for each alloy after critical crevice solution (a) G-30, (b) C-22 and (c) BC-1.

To visualize the data, the images for Cr (green) and Mo (red) were
overlaid, Fig. 4. The yellow areas indicate that both Cr and Mo are
present at the same location. The overlaid image for G-30 shows
large distinct areas of Crand Mo with very little overlap. The red areas
suggest that corrosion is occurring over large areas of the sample
surface with Mo being relocated to areas experiencing corrosion.'®!
The overlaid image for alloy C-22 shows distinct Cr and Mo sites, but
the overall coverage is less extensive than observed for G-30. There
are also some areas where Cr and Mo overlap (yellow areas). The in-
creased number of smaller Mo sites suggests that corrosion is local-
ized and does not spread across the surface. For BC-1, the surface
shows significant overlap of Cr and Mo (yellow areas), with only very
small Mo sites, suggesting a more even distribution of the two ele-
ments as expected on a passive surface. Zhang et al. found that
the thin passive film on Ni-Cr-Mo alloys consists of a layered struc-
ture with an inner Cr,05 layer and an outer surface with MoO3."!

To determine whether there is a correlation between the grain
boundary structure and the accumulation of Mo due to corrosion,
the Mo-Cr XPS images from Fig. 4 were overlaid on the EBSD
images from Fig. 1, the resulting overlaid images are presented in
Figure 5. No clear correlation between the locations of the Mo
(corrosion sites) and the 3 and random grain boundaries was
observed on G309, This result is not unexpected because corrosion
damage is extensive both on the grains and grain boundaries.

Corrosion on alloy C-22 was much less extensive compared with
that on alloy G-30. The damage was more localized with some over-
lap of Mo and Cr. Although difficult to align properly with the finer
grain structure of C-22, the distribution of Mo suggests that corro-
sion damage is more localized to the random grain boundaries.
Thin Mo regions appear to run along grain boundaries and in some
cases, encircle grains. This morphology supports the claim that
preferential passive film breakdown occurs at the random grain

(€)

Figure 4. Overlaid XPS survey images of molybdenum (red), chromium (green) and mixture (yellow) for alloys (a) G-30, (b) C-22 and (c) BC-1.
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Figure 5. Overlaid XPS survey images of molybdenum (red), chromium (green) and mixed (yellow) with the electron backscatter diffraction images for

(@) G-30, (b) C-22, (c) BC-1 showing X3 and random grain boundaries.

boundaries, typically observed between individual grains. There are
also some areas were individual grains appear to be Mo-rich.

The least amount of damage was observed on BC-1, where Mo
and Cr coexist more evenly across the surface of the alloy. This co-
existence suggests a stable passive film is maintained on the alloy
surface during exposure to CCS. There does not appear to be any
correlation between Mo enrichment and the location of either 3
or random grain boundaries. These results demonstrate the influ-
ence of a high Mo content in maintaining passivity possibly by
preventing significant local film breakdown events.

High resolution chemical state images were collected to show
the distribution of Mo oxidation states on the surface of alloy G-
30. G-30 was chosen because it shows the greatest correlation with

et

the large grain structure. The Mo 3D high resolution spectrum from
the imaged area is presented in Fig. 6a. The spectrum was fit using
three sets of Mo 3ds/,-3ds, spin-orbit doublets with a peak
separation of 3.13 eV and 3 : 2 area ratios. The metallic peaks were
fit with an asymmetric peak-shape based on a standard sputter
cleaned Mo metal sample. The results show that three species are
present Mo — metal, Mo(IV) and Mo(VI). Approximately half of the
Mo is attributed to Mo(VI), the oxidized form anticipated at passive
film breakdown sites.""® Smaller amounts of Mo(IV) and some metal
Mo are also present. The overlaid XPS image, Fig. 6b, shows distinct
regions for Mo (metal), Mo(IV) and Mo(VI). To help show if there is
any correlation between the three Mo states and potentially active
grain boundaries, the XPS images of Mo, Mo(IV) and Mo(VI) are

(A)

) Mame Pos FWHM LSh  %drea
Mo meal s 108 LAILIRY 16
MoDL Ma(IV) 22719 280 oL{M)} 3145
Mold, MalVI) 2853 L&} GL{3)} 5185

Nbo metal 2672 105 Lafl1233 000 \

M1 o0, M(IV) 13037 100 oLy 000 [~ Y

000 | )
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P '

. ' 362 um

T
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Figure 6. (a) High resolution Mo 3D spectrum and (b) overlaid XPS images for Mo metal (red), Mo(IV) (blue) and Mo(VI) (green) for G-30.
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Figure 7. Overlaid XPS images of Mo metal (red), Mo IV (blue) and Mo VI
(green) for sample G-30 superimposed with the electron backscatter
diffraction image showing the £3 and random grain boundaries.

overlaid with the EBSD image (Fig. 7). In general, Mo(VI) covered
large areas of the surface and did not appear to be selectively asso-
ciated with specific grain boundaries. This is likely a consequence of
the widespread corrosion damage on this alloy that Fig. 2 shows
was not confined to local sites.

Conclusion

XPS imaging was carried out on three corrosion resistant alloys, G-
30, C-22 and BC-1. Quantitative elemental and chemical state infor-
mation from the XPS images were correlated with SEM imaging
and EBSD data to ascertain the role of Mo in the corrosion resis-
tance of the three Ni-Cr-Mo alloys.

The EBSD data showed that all three alloys contained a large
number of >3 grain boundaries, approximately 70% compared
with the random high energy boundaries. XPS imaging made it
possible to compare the random grain boundaries with the distri-
bution of Mo. Alloy G-30 showed Mo present over large areas with
little correlation to grain boundaries. Corrosion on alloy C-22 was
much less extensive compared with that on alloy G-30. The distribu-
tion of Mo suggests that corrosion damage was more localized to
the random grain boundaries. The least amount of damage was ob-
served on BC-1, where Mo and Cr coexist more evenly across the
surface of the alloy. This coexistence suggests a stable passive film
was maintained during exposure to the CCS. There does not appear
to be any correlation between Mo enrichment and the location of
either 3 or random grain boundaries.

High resolution chemical state XPS imaging conducted on G-30
showed the distribution of three species Mo — metal, Mo(IV) and
Mo(VI). Approximately half of the Mo was attributed to Mo(VI), the
oxidized form anticipated at passive film breakdown sites. How-
ever, Mo(VI) covered large areas of the surface and did not appear
to be selectively associated with specific grain boundaries. This
was likely a consequence of the widespread corrosion damage on
this alloy. However, further investigation is needed under less ag-
gressive conditions on images collected at higher magnification
to detect differences on the smaller grains for C-22 and BC-1.
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