In situ Bragg coherent X-ray diffraction imaging of corrosion in a Co-Fe
alloy microcrystal®
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Corrosion is a major concern for many industries, as corrosive environments can induce structural and morphological changes that lead
to material dissolution and accelerate material failure. The progression of corrosion depends on nanoscale morphology, stress, and
defects present. Experimentally monitoring this complex interplay is challenging. Here we implement in situ Bragg coherent X-ray
diffraction imaging (BCDI) to probe the dissolution of a Co-Fe alloy microcrystal exposed to hydrochloric acid (HCl). By measuring
five Bragg reflections from a single isolated microcrystal at ambient conditions, we compare the full three-dimensional (3D) strain state
before corrosion and the strain along the [111] direction throughout the corrosion process. We find that the strained surface layer of
the crystal dissolves to leave a progressively less strained surface. Interestingly, the average strain closer to the centre of the crystal
increases during the corrosion process. We determine the localised corrosion rate from BCDI data, revealing the preferential dissolution
of facets more exposed to the acid stream, highlighting an experimental geometry effect. These results bring new perspectives to
understanding the interplay between crystal strain, morphology, and corrosion; a prerequisite for the design of more corrosion-resistant

materials.

1 Introduction

Corrosion processes are important in a wide variety fields such as
geologyL, renewable energy2, and catalysis®. There is a keen in-
terest in the investigation of reaction kinetics over different time
scales to better predict how a material transforms in a corrosive
environment. However, often the corrosion rates reported in the
laboratory setting and in the field are inconsistent, despite well-
controlled extrinsic conditions of the experiment®, Frequently,
the cause for the corrosion rate discrepancy is based on intrinsic
factors related to the properties of the sample, for example,
morphological features and lattice defects are not accounted for
in the bulk dissolution rate determined from mineral powders.
Crystals possess heterogeneous spatial reactivity on the crystal
surfacel> as reaction rates tend to differ along facets, edges,
and verticesZ8, In addition to these morphological features, dis-
solution rates can be influenced by internal features such as crys-
tal defects. For example, dislocation-induced etch pits?19 are
a commonly reported result of the interaction between defect-
induced strain fields and corrosion. This highlights the impor-
tance of studying defect-mediated corrosion and the effects of
lattice strain on local nanoscale corrosion. Consolidating our un-
derstanding of these processes will aid in the design of more cor-
rosion resistant materials.

Corrosion mechanisms start with the interaction of the crystal
surface with a corrosive medium. Techniques such as interfer-
ometry (VSI)Y atomic-force-microscopy (AFM)12, digital holo-
graphic microscopy2, and phase-shift interferometry# are used
to probe surface dissolution rates. However, these methods pri-
marily focus on measuring upwards-facing sample features at the

@ Department of Engineering Science, University of Oxford, Oxford, OX1 3PJ, United
Kingdom. E-mail: david.yang@eng.ox.ac.uk, felix.hofmann@eng.ox.ac.uk

b Department of Materials, University of Oxford, Oxford, OX1 3PH, United Kingdom.

¢ Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA.

T Electronic Supplementary Information (ESI) available. See DOI:
00.0000/00000000.

¥ Present address: Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

surface. Liquid cell transmission electron microscopy (LCTEM)
techniques have been used to study pitting corrosion!2, but these
studies focus on thin samples where surface effects are dominant,
and are prone to bubble formation due to radiolysis'®. Ab initio
molecular dynamics simulations (AIMD) have been used to pre-
dict the energy barriers of dissolution for crystal edges, corners,
and kinks®Z but we note that the direct determination of disso-
lution rate for spatially resolved surface sites remains uncommon
in the laboratory. Three-dimensional localised dissolution infor-
mation has only been recently reported using transmission X-ray
microscopy (TXM) 18/ and three-dimensional (3D) X-ray microto-
mography (XMT)©8, Although TXM and XMT provide a spatial
resolution on the order of 50 nm, they are limited to probing mor-
phological features.

Crystal lattice defects beneath the crystal surface must also
be considered when investigating corrosion. Defects can induce
strain in the crystal lattice, which changes the activation bar-
rier for dissolution near the defect!?. Areas having dislocations,
grain boundaries, and high surface roughness dissolve faster than
defect-free regions. Indeed, it was through the appearance of
etch pits that dislocations were first visualised?Y., Experiments
have shown that crystal lattice strain can noticeably increase the
dissolution rate for calcite1?2ll and sodium chlorate crystals’22
compared to theoretical values. A full picture of crystal corrosion
mechanisms can therefore only be obtained by also studying how
the evolution of defect networks, lattice strains within the crystal
and local morphology modify the local corrosion characteristics.

To elucidate how both crystal strain and morphology influ-
ence localised corrosion, we use Bragg coherent X-ray diffraction
imaging (BCDI) to study the evolution of a Co-Fe alloy microcrys-
tal. A binary alloy was chosen for this study to identify how strain
distributions can be affected by the presence of another element
during corrosion324, BCDI allows 3D-resolved, nanoscale strain
measurements with a 3D spatial resolution of 10 - 30 nm and
a strain resolution on the order of ~2x107*22 making it well
suited to probing crystal defects and morphology. Currently, at
third generation synchrotron light sources, several minutes are
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required to collect a BCDI dataset. At these timescales, BCDI
allows the in situ probing of slow dynamic changes during the
corrosion process. Several in situ BCDI experiments have been re-
ported, for example, Pt nanocrystals during methane oxidation26,
silver—gold alloys undergoing nitric acid-induced dealloying232%,
and magnetite reacting with hydrochloric acid (HCI)2Z.

BCDI involves illuminating a single crystal sample with a co-
herent X-ray beam. The sample must be sufficiently small to fit
within the coherence volume of the beam, which typically re-
stricts the sample dimensions to less than Imm at third genera-
tion synchrotron sources. Once the Bragg condition is met for
a specific hkl reflection, the diffraction pattern is collected on a
pixelated area detector positioned perpendicular to the outgoing
wave vector in the Fraunhofer diffraction regime. By rotating the
sample through the Bragg condition, a 3D coherent X-ray diffrac-
tion pattern (CXDP) is collected as different parts of the 3D Bragg
peak sequentially intersect the Ewald sphere in reciprocal space,
which is projected onto the detector.

The intensity of the diffraction data is proportional to the
magnitude of the Fourier transform, .%, of the complex electron
density, r(r), where r is the position vector, of the crystalline vol-
ume for a particular crystal reflection. The phase, y(r), corre-
sponds to the projection of the lattice displacement field, u(r),
onto the Bragg vector, Qyyy, of the crystal reflection under consid-
eration:

Yk (r) = Qpig - u(r): M

However, the phase is lost because we only record the square

of the amplitude in the intensity, /;;; of the CXDP, as I, |- (r (r)eYm ('Q

In order to facilitate recovery of the phase, the CXDP must be
oversampled by at least twice the Nyquist frequency28, at least
4 pixels per fringe period. Iterative phase retrieval algorithms
that apply constraints in real and reciprocal space are then used
to recover the phase?. The result is transformed from detector
conjugated space to orthogonal lab or sample space.

Here, we image the spatial and temporal evolution of a Co-
Fe alloy microcrystal submerged in an aqueous HCI solution (pH
= 0.65) using in situ BCDI. Prior to corrosion, we measured five
crystal reflections to determine the full lattice strain and rotation
tensor, providing a clearer understanding of the defects initially
present inside the crystal. During the corrosion, we measure the
(111) reflection at 2.6, 4 and 6 hours after the start of acid ex-
posure to examine how the 3D strain, crystal morphology, and
local variations in dissolution rate evolve as a function of corro-
sion. The experiment provides a new perspective for the analysis
of corrosion, by probing how both strain and morphology affect
the localised dissolution of the crystal.

2 Methods

2.1 Sample manufacture

Samples were produced by sputter deposition of a thin film onto
a single crystal sapphire wafer (C-plane orientation). The thick-
ness of the film was 100 nm. The thin film was dewetted in a
vacuum furnace purged with a 5% hydrogen, balance Argon, gas
mixture at 1250°C for 16 hours. The resulting crystals exhibit a

face-centred cubic structure, range from 100 nm to 1 mm in size,
(Fig. a)) and adhere to the substrate surface.
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|&| "1 (a) Dewetted Co-Fe alloy microcrystals on sapphire substrate. (b)
A schematic of the fluid flow cell at beamline 34-ID-C (Advanced Photon
Source) used forin situ corrosion. The blue arrows show the direction of
fluid flow. (c) The Co-Fe microcrystal measured during the experiment
before corrosion. The dotted yellow line represents the region measured
using energy-dispersive X-ray spectroscopy (EDX). (d) EDX data for the
FIB-isolated sample. Only the L-lines for the most pronounced elements
in the crystal are shown above. All elements are homogeneous throughout
the crystal (see Appendi)@). The spectrum composition excludes the Al
and O substrate peaks. (e) Central slices of the CXDP for each reflection
measured before corrosion.

The samples were coated with 10 nm of amorphous carbon
to assist with scanning electron microscope (SEM) imaging. The
coating was applied through thermal evaporation using a Leica
ACE600 Coater. SEM images were taken on a ZEISS Auriga fo-
cused ion beam (FIB)-SEM equipped with an in-lens detector with
an acceleration voltage of 7 kV. To facilitate reliable measurement
of multiple reflections from a specific microcrystal, Ga ion FIB was
used to remove the surrounding crystals within a 20 mm radius
using a current of 150 pA - 6 nA. The isolated crystal is shown in
Fig. [I|(c). Only SEM imaging was used to position the FIB milling
scan, as our previous results indicate that even a single low dose
FIB image can induce large lattice strains2, Energy-dispersive
X-ray spectroscopy (EDX) analysis was used to determine the el-
emental composition of the crystal (Fig. c)). All elements are
homogeneous throughout the crystal (see Appendix D). EDX was
performed on a ZEISS EVO equipped with an X-act detector (Ox-
ford Instruments). The EDX spectrum in Fig [I{(d) was acquired
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on an elliptical region encapsulating the crystal for 104 seconds
using an acceleration voltage of 10 kV.

2.2 Experimental measurements
Synchrotron X-ray diffraction measurements were performed at
the Advanced Photon Source (APS), Argonne National Lab, USA.

Prior to BCDI measurements, micro-beam Laue diffraction at beam-

line 34-ID-E was used to determine the lattice orientation of the
crystal. This served to pre-align the crystal for BCDI measure-
ments at beamline 34-1D-C, as previously describedl.

The substrate was attached to the uid ow cell (Fig. 1(p))
provided at beamline 34-ID-C using dental wax. Diffraction mea-
surements used an X-ray energy of 9 keVI( = 0.138 nm), with a
bandwidth of dl =/ 1:3 10 “from a Si(111) monochromator.
The X-ray beam was focused to a size of 740 nm x 680 nm (h x
v, full width at half-maximum) using Kirkpatrick-Baez (KB) mir-
rors. Beam de ning slits were used to select the coherent portion
of the beam at the entrance to the KB mirrors. For beamline 34-
ID-C, the transverse coherence ixy > 10 nm and the longitudinal
coherence isxy  0:7 nm at an energy of 9 keV32,

CXDPs were collected on a 256 x 256 pixel Timepix area de-
tector (Amsterdam Scienti ¢ Instruments) with a GaAs sensor and
pixel size, p, of 55 nm 55 mm positioned at 0.75 m from the sam-
ple to ensure oversampling. CXDPs were recorded by rotating the
crystal through an angular range of 0.7° and recording an image
every 0.005° with 0.1 s exposure time and 35 accumulations at
each angle. The lower bound for the detector distance was deter-
mined by 2dp=I = 0:50 m where d is the sample size.

To optimise the signal to noise ratio and increase the dynamic
range of the CXDPs, multiple repeated scans of each re ection
were performed at ambient conditions and aligned to maximise
their cross-correlation. Once aligned, the minimum acceptable
Pearson cross-correlation for summation of CXDPs from a speci ¢
Bragg re ection was chosen to be 0.981, similar to other BCDI
studies3334. CXDPs were corrected for dead-time, dark eld, and
white eld prior to cross-correlation alignment. CXDPs from the
following re ections were collected (the nhumber of repeat scans
that were averaged is noted in [] brackets): (111) [10], (Hl) [9],
(11_1) [9], (200 [10], (002 [10]. Details regarding the recovery
of the real space images using phase retrieval algorithms can be
found in Appendix A and the computation of the strain can be
found in Appendix B.

2.3 Corrosion

The uid ow cell was covered with a 0.0508 mm thick mylar
Im. HCI solution (0.22 mol/L, pH=0.65) was injected at a ow
rate of 40 mL/min during the full 6 hours. Single scans for the
(111) re ection for the crystal were measured at 2.6, 4 and 6
hours after the start of acid injection. CXDPs were recorded and
processed using the same procedure as before corrosion.

3 Results

Fig. 2 shows the strain and rotation tensors reconstructed from
ve measured Bragg re ections. The average amplitude taken
over all ve re ections is based on an amplitude threshold of

0.25.

Fig. 2 Average morphology of the(111), (11_1), (El), (200, (002 re ec-

tions at ambient conditions. The slices through the strain and rotation

tensor components are shown for the planes indicated atx= 87:5 nm
(red), y= 67,5 nm(green), and z= 7:5 nm (blue) from the centre

of mass of the microcrystal. The outlines in the strain and rotation

tensor gure panels corresponds to the(111) reconstruction after 2.6 h

(magenta), 4 h (cyan) and 6 h (grey) after corrosion. The amplitude

threshold is 0.25 and the magnitude of the coordinate axes is 100 nm.
Supplementary video (SV) 1-3 show the strain and rotation tensor com-
ponents throughout the volume along the x, y, and z axis respectively.

The strain and rotation tensor components are fairly homo-
geneous, similar to other crystals fabricated by dewetting meth-
0ds2>29:33 Numerous small surface defects are visible in the
cross sectional edges of the crystal. At the base of each cross
section there are regions of strain that are likely due to lattice
mismatch with the sapphire substrate3®.

The evolution of crystal morphology as the corrosion progresses
is shown in Fig. 3(a) with the displayed colour corresponding to
the local lattice strain along [111]. Prior to corrosion, there is
more tensile strain on the surface, observable in the cross sec-
tional panels of the 3D strain tensor in Fig.2. As expected, the
crystal decreases in size and surface features such as the facets
and edges become rougher. There is a trend where the average
surface strain decreases as corrosion proceeds (Fig. 3 (b)), along
with a subtle overall reduction in surface strain variation (Fig. 3
(c)). Dissolution mainly occurs at the top of the crystal, which is
more exposed to the HCI solution relative to the bottom. Inter-
estingly, in Fig. 3(a), the strain at the base of the crystal does not
change signi cantly. We attribute this to there being negligible
corrosion at the base of the crystal due to the contact with the
substrate and subsequent protection of this surface. Alignment of
the crystal for subsequent time points was performed using the
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