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A B S T R A C T

Hydroxide formation at the surface of corroded alloys is critical for understanding early-stage oxidation of many
corrosion-resistant alloys. Many hydroxides are unstable in an ambient environment and are electron-beam
sensitive, limiting the use of conventionally-prepared specimens for transmission electron microscopy char-
acterization of these alloy-water interfaces. In order to avoid sample dehydration, NiCrMo alloys corroded in a
Cl−-containing electrolyte solution were cryo-immobilized by plunge freezing. A cryo-focused ion beam mi-
croscope was used to thin the sample to electron transparency, while preserving the alloy-water interface, and
the sample was then cryo-transferred to a transmission electron microscope for imaging and diffraction. The
presence of rocksalt Ni1-xCr2x/3O and β-Ni1-xCr2x/3(OH)2 phases and their orientational relationship to the un-
derlying alloy were observed with electron diffraction, confirming the preservation of the surface structure
through the fully-cryogenic sample preparation and analysis.

1. Introduction

Nanoscale processes at solid-liquid interfaces play a critical role in
many biological, chemical, and physical processes, ranging from fun-
damental phenomena such as crystal nucleation and growth in solution
and hydrogels to more complex ones such as electrochemical changes of
metal/alloy surfaces during aqueous corrosion or the formation of
solid-electrolyte interfaces (SEI) in batteries. The understanding of real-
time nanoscale processes at these interfaces remains largely limited
owing to the difficult nature of observing these phenomena operando.
While in situ investigations of aqueous corrosion have been conducted
with Raman spectroscopy [1–3], X-ray spectroscopy [4–7], atomic force
microscopy [8–10], scanning tunneling microscopy [11–14], and the
surface force apparatus [15], these studies do not simultaneously ac-
quire chemical and spatial information at sufficient resolutions to
identify surface oxides and hydroxides or minor chemical changes at
the metal-oxide interface. More recently, liquid cell transmission elec-
tron microscopy (TEM) has been used for in situ TEM characterizations
of electrochemical reactions such as lithiation [16–19], SEI formation
[20–22], and aqueous corrosion [23, 24]. However, the high current
density of the electron beam is extremely reducing [25] and can impact
electrochemical processes. In consequence, electron beam effects have
to be limited, resulting in a reduction of spatial resolution due to a

reduced beam current. A recent appraisal [26] concluded that sub-
nanometer spatial resolutions have not yet been achieved for in situ
electrochemical experiments in the TEM.

Cryo-TEM avoids many of the problems described above and allows
for the nanoscale characterization of the phases formed during early-
stage aqueous corrosion by probing frozen, hydrated samples. Plunge
freezing, a technique well-established for biological samples, is the
process of rapidly freezing specimens in liquid ethane to prevent the
transformation of water to the hexagonal ice phase and thereby pre-
serve the near-native structure [27–30]. However, the specimens frozen
with plunge freezing often will not be electron-transparent, as the
formed ice layer is far too thick. Blotting can be used to reduce the
thickness of the ice layer, but it is not reliable and often requires many
attempts to produce a thin ice layer, especially when the form factor of
a TEM sample changes. To overcome this, cryo-focused ion beam (FIB)
can be used to thin and polish away excess ice to expose the interface
between the corroded alloy and the electrolyte (see Methods and Ma-
terials), allowing the oxide and hydroxide phases at the interface to be
examined with cryo-TEM [31, 32].

In this study, we will examine the early-stage aqueous corrosion of a
NiCrMo alloy. It is well known that the addition of Mo to NiCr-based
alloys inhibits the breakdown of passive films during aqueous corro-
sion, improving corrosion resistance [33–37]. During aqueous
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corrosion, different oxides and hydroxides form at the alloy surface. For
instance, rocksalt NiO is commonly reported to form on corroded Ni
metal and Ni-based alloys with a cube-on-cube epitaxial relationship
[38–40]. With high-resolution electron microscopy (HREM), electron
energy-loss spectroscopy (EELS) and atom-probe tomography analyses
of corroded and oxidized NiCrMo alloys, the surface oxides were de-
termined as a combination of rocksalt and corundum crystal structures
with Ni, Cr, and traces of Mo in the rocksalt and Ni and Cr in the
corundum due to nonequilibrium solute capture [41]. As previous
studies have shown that corundum Cr2O3 has a larger thermodynamic
driving force than NiO in Ni-based alloys [42], these experimental
observations contradict the assumption that the most thermo-
dynamically stable oxide forms first. Instead the composition of the
oxide is determined by the growth rate at the metal-oxide interface, and
local thermodynamic equilibrium is not present. What is not known in
detail is to what extent stable hydroxides and oxyhydroxides [43–45]
form near the surface in aqueous conditions, and any crystallographic
relationships to the oxide or metal. Here, we present a workflow al-
lowing for the preservation of the metal-electrolyte interface of NiCrMo
alloy samples, and subsequent cryo-TEM characterization of the oxides
and hydroxides in the near-native hydrated state, observing the early-
stage aqueous corrosion in these corrosion-resistant alloys.

2. Methods and materials

2.1. Sample preparation

A Ni-22Cr-6Mo alloy was cut into discs with a diameter of 3mm and
a thickness of ∼0.5mm using a rotary disc cutter (South Bay
Technology Model 360), and were mechanically thinned to thicknesses
of ∼100 μm with silicon carbide lapping paper. The discs were me-
chanically dimpled (VCR Model D500i Dimpler) until their centers were
∼25 μm thick. Then, each disc was cut into two halves using a wire saw
(South Bay Technology Model 850) to make the thin edge of the sample
(which contains the alloy-hydroxide-water interface) accessible to the
Ga+ beam of the FIB. If the disc was not sectioned, the edge would be
obstructed by the top half of the disc during cryo-FIB milling. The
samples were washed with acetone and thinned to electron transpar-
ency using the Ar+ ion beam of a Fischione Model 1050 TEM Mill
operated at 5 kV with a 6° milling angle for 2 h, followed by a final
polish at 1 kV with a 2° milling angle for 1 h. Our choice of ion milling,
rather than electropolishing here was deliberate. As detailed in the next
section, the samples were deliberately corroded for a long time to ob-
tain a quasi steady-state, relatively thin oxide. For this it is advanta-
geous to have an initial, somewhat damaged surface which is removed
during the corrosion treatment, rather than a semi-passivated surface
after electropolishing which may have viscosity control agents at the
surface.

2.2. Aqueous corrosion and freezing

The NiCrMo half-discs were corroded in 200mL of a stock solution
containing 0.1M NaCl and 0.0001M HCl in H2O (pH ∼4.0), with 5 μL
of H2O2 (30% w/w) injected above the sample surface to increase the
oxidation rate. The condition was verified to produce an electro-
chemical potential near +0.2 V versus a saturated calomel reference
electrode (SCE), a potential within the passive region. In all cases, the
samples were corroded for 104 s at room temperature. Then, they were
removed from the aqueous solution, rapidly frozen via plunge freezing
in liquid ethane [46], and transferred to a cyrogenic grid box immersed
in liquid nitrogen.

2.3. Cryo-FIB milling

Due to the added ice layer formed during freezing, the pre-thinned
samples were too thick for direct TEM imaging, and FIB milling was

required to thin the samples and expose the oxide and hydroxide phases
at the alloy-water interface. A Quorum PP3010T Cryo-FIB/SEM
Preparation System, attached to a FEI Strata 235 dual-beam FIB, was
used to image and mill the frozen alloy samples at low temperatures (≤
−140 °C). Firstly, the frozen samples were mounted into a Quorum
12406 sample shuttle such that the Ga+ beam inside the FIB hits the
sample at a glancing angle. Using a transfer rod keeping the sample in a
nitrogen atmosphere, the shuttle was then transferred into a cryo-pre-
paration chamber, which was operated at a pressure of 10−7 mbar and
kept at −160 °C to prevent a phase change to the hexagonal ice phase.
Then, the shuttle was transferred into the FIB chamber through a
connecting valve between the cryo-preparation chamber and the FIB
and secured onto the stage kept at−160 °C. We imaged the frozen alloy
samples with a 5 kV electron beam prior to cryo-FIB milling. In contrast
to the traditional TEM sample preparation using the FIB, where a series
of cleaning cross-sections are completed on a single lamella, we selected
regions along the thin ion-milled portion of the 3mm half-disc and
milled it from one side with a 30 kV Ga+ion beam. An illustration of the
workflow inside the FIB is shown in Fig. 1. This milling method reduced
the excess ice and the thickness of the alloy at the very edge of the
sample and added notched markers for easier identification during
cryo-TEM imaging. An ion beam current of 100 pA was initially used to
line mill toward the sample with stage tilt angles of 5–10°, then the
current was decreased stepwise down to 20 pA for the final cleaning
step. The beam current values used have been shown to produce suf-
ficiently thin lamellae of hydrogels and liquid-solid interfaces in oxide
particles [47], demonstrating that the areas of interest at the alloy-
water interface can be preserved with cryo-FIB milling.

2.4. Cryo-TEM characterization

The FIB milled sample was transferred to a cooled Gatan 915 double
tilt cryo-transfer holder, which has a shutter to prevent the sample from
being exposed to air during the transfer. Cryo-TEM characterization
was performed on a FEI Titan TEM operated at 300 kV with a Gatan
Orius 830 (2k × 2k) CCD camera for diffraction pattern and image
collection. Selected-area electron diffraction (SAED) patterns and cor-
responding dark field (DF) images from various regions of a poly-
crystalline diffraction ring were taken near the thin sample edge.

2.5. TEM characterization of conventionally-prepared specimens

For TEM characterization of conventionally-prepared specimens,
the NiCrMo half-discs are dried in air after aqueous corrosion instead of
plunge freezing the hydrated sample. Electron diffraction and high-

Fig. 1. Schematic showing the cryo-FIB milling process of a frozen, corroded
NiCrMo alloy sample, which is mounted to the cooled stage in the FIB.
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resolution imaging of the dehydrated samples were performed on a
JEOL 2100F TEM operated at 200 kV.

3. Results

When milling the sample, the ice layer resulted in the formation of a
smooth surface, whereas the alloy showed significant curtaining. This
allowed for easy identification of the two different materials during
milling such that we could observe a 10–20 μm thick ice layer was
preserved by plunge freezing. Such a thick layer would not be electron-
beam transparent in the TEM, requiring it to be thinned. The cryo-FIB
milling approach provided locally thin regions with smooth surfaces at
the alloy-water interface. With SEM and FIB imaging of the NiCrMo
half-disc, we observed minor ice contamination on the alloy surface
(Fig. 2) that grew during the cryo-transfer processes. The FIB milling
not only reduced the overall thickness of the vitreous ice layer, but also
removed most of the small ice crystals in the regions of interest (Fig. 3).
This allowed for characterization of the phases at the alloy-water in-
terface during semi steady-state aqueous corrosion without extraneous
scattering signals in images and diffraction patterns. As mentioned in
the Methods and Materials section, several regions along the edge of the
half-disc were thinned with the ion beam. In cryo-TEM images, the
differences between FIB-milled and unmilled regions become more
apparent (Fig. 4a). The FIB milled regions are electron-transparent and
local diffraction contrast can be discerned, whereas adjacent regions are
almost completely covered by ice which blocks the electron beam.

SAED patterns taken from the thinned region show that the alloy-
oxide-hydroxide region was successfully preserved (Fig. 4b). In cryo-
TEM images of milled regions, we only observe the presence of the
native ice layer from the initial plunge freezing as opposed to hexagonal
ice crystals. From SAED patterns of two different sites in the region
shown in Fig. 4, we can conclude the presence of oxides, hydroxides,

and in some cases, vitreous ice. Specifically, polycrystalline diffraction
rings indicate that the rocksalt Ni1-xCr2x/3O phase forms on the NiCrMo
alloy surface, as expected from previous TEM characterizations of
conventionally-prepared samples from the same alloy system [41] and
similar oxidation experiments for Ni metal and other NiCr-based alloy
systems [12, 13, 39, 48].

In addition to the rocksalt phase, polycrystalline β-Ni1-xCr2x/3(OH)2
is identified in the SAED patterns. While we can be definitive that the
crystal structure matches that of β-Ni(OH)2 we cannot exclude the
strong possibility that Cr has been solute captured in the hydroxide, i.e.
it is β-Ni1-xCr2x/3(OH)2 [49, 50]. With DF imaging on the β-Ni1-xCr2x/
3(OH)2 polycrystalline diffraction rings, the location of β-Ni1-xCr2x/
3(OH)2 at the surface of the NiCrMo was confirmed (Fig. 5), suggesting
that the hydrated alloy with the oxide and hydroxide phases is suc-
cessfully preserved by the plunge freezing and cryo-FIB preparation
process. The β-Ni1-xCr2x/3(OH)2 phase was not observed in previous
TEM characterizations of aqueous corrosion in conventionally-prepared
Ni and NiCr specimens when the samples were dehydrated after cor-
rosion. The DF images also indicate that the β-Ni1-xCr2x/3(OH)2 crys-
tallites, which are about 5–10 nm in diameter, form a layer at the edge
of the alloy sample. Furthermore, some of the β-Ni1-xCr2x/3(OH)2
crystallites are also distributed on the top surface of the alloy that lies
parallel to the projection plane. As shown in Fig. 5c, many small β-Ni1-
xCr2x/3(OH)2 crystallites oriented in the (101) direction formed on the
surface of the alloy bulk. This kind of crystallite distribution was not
observed in the DF image of the β-Ni1-xCr2x/3(OH)2 oriented in the
(110) direction.

The β-Ni(OH)2 phase is a well-ordered phase which shows sharp
diffraction peaks [51, 52]. For completeness, we should mention that
there is one other hydroxide phase reported in the literature, α-Ni(OH)2
[51, 52]. The α-Ni(OH)2 phase is significantly more disordered, and
shows broad diffraction features in the literature. As there is significant

Fig. 2. (a) Cryo-SEM secondary electron image of the
frozen corroded NiCrMo half-disc. The irregular top
edge is the region that was pre-thinned to electron
transparency with Ar+ ion milling and the bright
particles are ice crystals, which charge in the electron
beam. (b) A top-down FIB secondary electron image of
(a) shows that ice contamination (dark particles) is
more significant in the lower part of the half-disc,
away from the thin alloy edge.

Fig. 3. Secondary electron image of (a) the cryo-FIB milled regions that also served as notched markers to identify regions of interest for cryo-TEM imaging. (b)
Higher magnification image showing that the regions that were thinned have significantly less contamination in comparison with unthinned regions.
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overlap of the diffraction features with those of vitreous ice [28] and to
some extent, β-Ni(OH)2 [45, 52], we cannot exclude the possible pre-
sence of some α-Ni1-xCr2x/3(OH)2 along with β-Ni1-xCr2x/3(OH)2 in the
samples. Since it is probable that hydroxides exist in the form of hy-
drogels prior to freezing, the Ni(OH)2 is probably trapped in a me-
tastable state.

We can further conclude orientational relationships between β-Ni1-
xCr2x/3(OH)2, rocksalt, and the bulk alloy from the SAED patterns. The
polycrystalline rings have an inhomogeneous intensity distribution,
indicating preferential orientation of the β-Ni1-xCr2x/3(OH)2 crystallites.
The (110) diffraction ring of β-Ni1-xCr2x/3(OH)2 in particular has in-
tensity maxima near the (220) diffraction spots of Ni. In addition, we
observe evidence of other orientational relationships from the weaker
diffraction spots; for instance, the (101) β-Ni1-xCr2x/3(OH)2 ring is more
intense near the (111) rocksalt spots (Fig. 4b). This observation differs
from previous diffraction studies of the cube-on-cube epitaxy between
rocksalt and Ni [39] or NiCr alloys [41] in conventionally-prepared
samples.

The characterization of conventionally-prepared samples was in-
dependently verified for this paper using the same aqueous corrosion
treatment. Rocksalt Ni1-xCr2x/3O islands were observed with HREM on a
corroded NiCrMo (Fig. 6a). Consistent with literature [39–41], electron
diffraction of the islands showed that the rocksalt phase grew on the
bulk Ni metal with a cube-on-cube epitaxy (Fig. 6b). In contrast to the
cryo-TEM results of the frozen-hydrated sample as discussed earlier, the
polycrystalline β-Ni1-xCr2x/3(OH)2 phase was not observed in this non-
cryogenic TEM sample preparation and characterization, indicating the
need for a cryogenic approach to reveal the complex orientational re-
lationships between the oxides and hydroxides with the bulk metal.

4. Discussion

The results presented indicate that it is possible to examine aqueous

corroded samples by a cryogenic approach, and obtain local structural
information that is not accessible by other means. As observed in other
studies, these samples are complex polycrystalline and non-conformal
oxides/hydroxides, not the simple series of layers, all of equal thick-
ness, commonly hypothesized in the literature [53-57]. While elements
of the epitaxial arrangements are consistent with prior work in furnace
oxidation [39] and aqueous corrosion [11–13], we have also identified
a different type of epitaxy. In both cases, parallel cube-on-cube Ni1-
xCr2x/3O on Ni epitaxy was observed in the passive oxide layer. Ad-
ditionally, Ni(OH)2 was identified on Ni(111) single crystal surfaces in
both alkaline and acidic solutions via in situ electrochemical STM, and
the thickness and morphology of the hydroxide layer were determined
to vary with the passivation potential [11]; in some cases there was
probably an underlying oxide between the metal and the hydroxide
which STM would not detect. While preferred orientations of the Ni
(OH)2 were not found for the electrochemical conditions of the study by
Zuili et al. [11], we have identified two separate cases of preferred
orientation for β-Ni1-xCr2x/3(OH)2. In contrast to previous observations,
where only amorphous granular Ni(OH)2 or a partial monolayer of the
Ni(OH)2 (0001) basal plane were identified, we observed a poly-
crystalline β-Ni1-xCr2x/3(OH)2 layer with β-Ni1-xCr2x/3(OH)2 (101)
crystallites preferentially oriented in the six-fold Ni (111) and rocksalt
(111) direction, as well as β-Ni1-xCr2x/3(OH)2 (110) crystallites that
were preferentially oriented along the two-fold Ni (220). Electron dif-
fraction of the hydroxide and the passive oxide layer has shown that the
hydroxide conforms to the structure of the underlying passive layer. In
agreement with previous studies of the lattice mismatch between NiO
and Ni(OH)2 (7.5%) [11, 38, 44], the lattice mismatches for the two
orientational relationships observed in this study were both between
5–7%. The crystallite sizes for β-Ni1-xCr2x/3(OH)2, which range from
5–10 nm, are also in good agreement with previous studies of granular
Ni(OH)2 structures, where grain sizes between 2 and 8 nm were mea-
sured [11].

Fig. 4. (a) Bright-field cryo-TEM ima-
ging demonstrates the advantages of
cryo-FIB milling to prepare electron-
transparent regions in the alloy sam-
ples. In contrast, the adjacent regions
to the left that were not FIB milled are
covered with a thick ice layer. SAED
patterns from corresponding alloy re-
gions show (b) polycrystalline β-Ni1-
xCr2x/3(OH)2 with rocksalt Ni1-xCr2x/3O
and (c) rocksalt and corundum oxide
phases. (b) Orientational relationships
between (1) the (110) β-Ni1-xCr2x/
3(OH)2 ring and the (220) Ni diffrac-

tion spots and (2) the (101) Ni1-xCr2x/3O ring and the (111) rocksalt diffraction spots are observed. (c) In the thicker part of the sample, the main diffraction spots that
were observed in (b) are still visible but slightly shifted and distorted. The inner diffraction rings are more diffuse and correspond to vitreous ice and the major
diffraction vectors of polycrystalline corundum.

Fig. 5. (a) Bright-field and (b-c) corre-
sponding dark-field TEM images of the
edge of a frozen-hydrated NiCrMo
sample. The DF images are formed
using (b) the (101) β-Ni1-xCr2x/3(OH)2
diffraction ring and (c) the (110) β-Ni1-
xCr2x/3(OH)2 diffraction ring. As in-
dicated in both images, the β-Ni1-xCr2x/
3(OH)2 nanocrystals contributing to the
diffraction lie on the edges of the Ni-
alloy bulk, although some crystallites
in the (101) direction are distributed
on the surface of the bulk alloy, in ad-
dition to the sample edge. The arrow
indicates the same location of the
sample across each image.
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Despite the successful preservation of the surface structure through
cryogenic preparation and analysis, many unanswered questions re-
main about these complex systems. The literature suggests that chloride
ions could be trapped in the hydroxide (substituting for OH−) during
aqueous corrosion [53, 58], which motivates further study. There are
also many open issues as to whether the hydroxide phase is purely
nickel hydroxide or whether it incorporates chromium and/or mo-
lybdenum. The valence states are also important to understand the
electrochemical reactions, for instance whether one has Mo4+ or Ni3+

in the hydroxide. This merits further attention. Minor chemical and
electronic fluctuations in the hydroxide have little effect on its structure
and morphology, causing these details to be overlooked in diffraction-
based studies such as this one. These effects will be studied in more
detail and with more advanced methods in future work.

The approach is not without its limitations. For instance, specimen
drift and charging remain a challenge in cryo-TEM [59]. Minor che-
mical fluctuations, such as the capture of chromium and molybdenum
in the oxide and hydroxide, are often localized and would require high-
resolution high-angle annular dark field imaging and energy dispersive
X-ray spectroscopy (EDS). Identification of the valence states would
require EELS. While EDS and EELS are standard chemical character-
ization techniques for TEM, considerable experimental design is re-
quired to ensure the collected spectra are representative of the hydrated
alloy sample during cryo-TEM characterization. These challenges are
being addressed with promising results [60]. The results presented in
this paper are just the first steps in establishing a cryo-TEM based
technique to understand early-stage oxidation processes.

5. Conclusions

With a combined cryo-FIB and cryo-TEM approach, a corroded
NiCrMo alloy was investigated in a frozen-hydrated state during aqu-
eous corrosion. NiCrMo half-discs were mechanically polished and ion
milled prior to aqueous corrosion, and the resulting corroded specimens
were immediately plunge-frozen using liquid nitrogen. Cryo-FIB milling
thinned down the ice layer to electron transparency. Cryo-TEM imaging
and electron diffraction then revealed the presence of rocksalt and
polycrystalline β-Ni1-xCr2x/3(OH)2 on the surface of the corroded
NiCrMo, supporting that these phases were formed onto the alloy
during aqueous corrosion in a Cl−-containing electrolyte solution. The
β-Ni1-xCr2x/3(OH)2 phase, which has not been observed in previous
TEM characterizations of corroded NiCrMo alloys, have multiple or-
ientational relationships in the hydrated alloy sample. These complex
orientational relationships between the oxides and hydroxides with the
bulk metal were studied with SAED and DF imaging. We thereby es-
tablished an efficient work flow which will allow detailed studies of
orientational relationships in several materials systems undergoing
aqueous corrosion.
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salt Ni1-xCr2x/3O – metal that shows cube-on-cube
epitaxy.
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