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Three-dimensional strain imaging of irradiated chromium
using multi-reflection Bragg coherent diffraction
Ericmoore Jossou1✉, Tadesse A. Assefa2, Ana F. Suzana3, Longlong Wu 3, Colleen Campbell 4, Ross Harder5, Wonsuk Cha 5,
Kim Kisslinger6, Cheng Sun7, Jian Gan7, Lynne Ecker1, Ian K. Robinson3 and Simerjeet K. Gill1✉

Radiation-induced materials degradation is a key concern in limiting the performance of nuclear materials. The formation of
nanoscale void and gas bubble superlattices in metals and alloys under radiation environments can effectively mitigate radiation-
induced damage, such as swelling and aid the development of next generation radiation tolerant materials. To effectively manage
radiation-induced damage via superlattice formation, it is critical to understand the microstructural changes and strain induced by
such superlattices. We utilize multi-reflection Bragg coherent diffraction imaging to quantify the full strain tensor induced by void
superlattices in iron irradiated chromium substrate. Our approach provides a quantitative estimation of radiation-induced three-
dimensional (3D) strain generated at the microscopic level and predicts the number density of defects with a high degree of
sensitivity. Such quantitative evaluation of 3D strain in nuclear materials can have a major impact on predicting materials behavior
in radiation environments and can revolutionize design of radiation tolerant materials.
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INTRODUCTION
Understanding degradation of structural materials under extreme
environments is crucial for deployment of advanced nuclear
technologies1. Metallic alloys used as structural materials and fuels
in nuclear reactors face extreme conditions including high doses
of radiation, which significantly modify the residual stress and
strain field in the material, directly impacting the performance of
materials2. Large quantities of fission gases are introduced into the
metallic fuels and structural materials during reactor operation.
These fission gases are insoluble in metal alloys, and rapidly
precipitate to form bubbles, which nucleate and grow into voids,
eventually leading to blistering3. Such blistering significantly alters
the strain field and fatigue behavior of the structural materials,
which is critical to understand for assessing and accurately
predicting the materials’ performance during in-service conditions
as well as long-term performance for life extension. Elucidating
the strain-generated and strain-induced modification of structural
materials over the lifetime of nuclear materials remains an
unsolved challenge, as current techniques cannot offer 3D
imaging of the formation or interaction of defects, such as
bubbles, and voids during dynamic processes. A promising
approach is to infer the concentration of these radiation-
induced defects, including voids, by measuring the lattice strain
they cause in the crystal lattice of the structural materials. Lattice
strain measures the structural deviation of a crystal from the ideal
bulk state and is defined as the spatial derivative of the
displacement of the material from an ideal lattice4.
Chromium is an important alloying element for the develop-

ment of accident tolerant cladding tubes in light water reactors5,6,
which are subjected to extreme environments during reactor
operation. Typical operating temperatures are in the region of
588–628 K7, with a heat rate of 15–25 kW/m and a neutron flux

accumulation of several displacements per atom (dpa)/year8.
Chromium’s relatively high melting point (1833–1882 °C)9, high
thermal conductivity10, reasonable neutron capture cross-
section11, good hardness, wear resistance12, and excellent
corrosion resistance13,14 make it a suitable coating material for
improving the corrosion resistance of currently used ‘zircalloy’
cladding tubes15–17. Hence, understanding lattice-induced strain
and defect density in chromium is important and can be easily
adapted to understand radiation-induced strain in popular
bimetallic 80 wt% Ni–20 wt% Cr (Ni-20Cr) and structural materials,
such as Inconel and Hastelloy. A significant amount of damage
accumulates in structural materials during the lifetime of reactor
operation. Besides neutron-induced cascade damage, transmuta-
tion produces varying isotopes of various alloying elements
including chromium18. The high radiation doses coupled with the
high temperature during reactor operation leads to degradation
of structural material properties, resulting in hardening, embrit-
tlement, creep, and swelling19–21. Further, the radiation-induced
defects and associated strain can alter performance of structural
materials, such as offsetting the fatigue loading, thereby accel-
erating material deformation by reducing the fatigue deformation
cycle, limiting the service life of a nuclear reactor17,22–25. Hence,
fundamental understanding of radiation-induced defects and
associated strain is critical to addressing the long-term perfor-
mance of structural materials and life extension issues of nuclear
reactors.
Radiation-induced defects and the subsequent cascades within

chromium have been investigated using both computational
methods26 and experimental techniques27–29. For instance, Maier
et al. used in situ ion irradiation and TEM to study cold spray
deposited Cr coatings for use in accident tolerance fuel cladding.
The severely plastically deformed microstructure of the cold spray
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deposited Cr delayed the onset and growth of radiation-induced
defects when compared to an annealed coating simulating bulk
Cr, which could be explained by lower defect density and smaller
loop size in cold spray deposited Cr as compared to bulk Cr. For
example, the number of spot type defects in the bulk Cr sample at
0.1 displacements per atom (dpa) is similar to the number of the
defects in the cold spray deposited Cr sample at 0.7 dpa. Further,
the dislocation loop size in bulk Cr was 60% bigger. Both these
parameters demonstrate the superior radiation resistant ability of
cold spray Cr as compared to bulk Cr, emphasizing the strong
potential of cold spray Cr coatings to strengthen the performance
of accident tolerant claddings16.
Meanwhile, Jiang et al. investigated the cavity nucleation and

growth in bcc α-Cr under single, dual, and triple ion beam
irradiations using combined experimental and computational
methods. The implantation of hydrogen and helium leads to a
large amount of volume swelling and further worsens chromium
hardening and embrittlement. This is because the co-implantation
of helium with iron enhances cavity nucleation, while the co-
implantation of hydrogen with iron leads to significant cavity
growth. Hydrogen also serves to accelerate cavity nucleation in
the presence of helium implantation. Under triple beam irradiation
using Fe++, H+, He++, both the size and density characteristics of
the cavities appear to be controlled primarily by the helium
component23. These studies reveal the synergistic effect of triple
beam irradiation, where the presence of helium increases the
maximum number of hydrogen atoms that can be captured by a
vacancy from 6 to 9, demonstrating that degradation due to
radiation in Cr can be controlled and mitigated by controlling
irradiation conditions.
More recently, Ryabikovskaya et al. studied the radiation

response of pure Cr where Cr was irradiated with 5 MeV Fe ion
to investigate void swelling behavior over the temperature range
of 450–650 °C using TEM analysis. The void swelling peaks at
550 °C, reaching ~2% swelling after 50 peak dpa irradiation. The
void alignment along the 111h i axial direction was observed,
which implies the formation of void superlattice29. Also, it was
observed that pure chromium swells at a much lower rate of
~0.03–0.04%/dpa (up to 120 local dpa) as compared to pure iron
with a post-transient swelling rate of ~0.2%/dpa. Such low
swelling rate for Cr is encouraging for potential use of Cr coatings
for improving accident tolerance; however, additional studies
need to be conducted over a wider range of dpa rates for
recommending Cr coating with confidence for reactor applica-
tions. Also, most of these studies are limited to thin foils for TEM
studies, which means defects may be lost to nearby surfaces that
act as strong defect sinks, thereby reducing the apparent defect
density and making the sample under study not representative of
the bulk sample30,31. Furthermore, 3D strain imaging using TEM
samples becomes difficult for higher damage levels due to defect-
defect interactions.
BCDI is a very powerful method for 3D characterization of

radiation-induced lattice strain, as it has the combination of
10–20 nm spatial resolution in 3D, high strain sensitivity, and
allows us to probe thicker materials because of the large
penetration depth offered by hard X-rays during measurement32.
In BCDI, data is collected by illuminating the microcrystal sample
with a coherent, monochromatic X-ray beam while satisfying the
Bragg condition for a given crystallographic reflection. The sample
is then rocked through the Bragg condition, and a series of 2D
diffraction patterns are collected in the far-field limit. After
stacking all the recorded 2D diffraction patterns into the 3D, the
collected diffraction pattern can be inverted using phase retrieval
algorithms33 to give the 3D real-space information of the
measured sample image with complex values. The sample size
is restricted to sub-micron crystals, owing to the sub-micron
longitudinal coherence lengths in the hard X-ray regime at current
synchrotron sources. One BCDI measurement gives one

component of the displacement field. Obtaining all three
Cartesian components of the displacement vector requires at
least three measurements at non-planar Bragg reflections, such
that the full lattice strain tensor can be determined34–36. The use
of focused ion beam (FIB) milling has allowed for the fabrication of
BCDI strain microscopy samples, which makes it possible to
investigate radiation-induced strain field at a length scale that is
not traditionally accessible with electron microscopic techniques,
such as transmission electron microscopy (TEM)35.
In this work, we utilize multi-reflection BCDI to elucidate

radiation-induced strain in 5 MeV Fe ion irradiated chromium.
We systematically study void-induced strain where instead of
being distributed randomly, the voids are observed to self-
organize periodically in space with a body centered cubic lattice
symmetry under the carefully chosen irradiation conditions for
our study. The voids replicate the symmetry and crystallographic
orientation of the host matrix and form a lattice called ‘the void
lattice’. The presence of the void lattice not only has a dramatic
impact on the toughness, ductility, dimensional stability, and
thermal performance but also accounts for the improved
swelling behavior, resulting in superior longevity of structural
materials in nuclear reactors37. Unlike previous TEM analysis, our
approach of using BCDI allows us to directly probe the full strain
field associated with the sub-micron implantation-induced voids
layer and makes it possible to resolve the spatial heterogeneity
of the implantation-induced strain, which provides fundamental
understanding of radiation-induced defects and associated
microstructure in 3D. Such detailed understanding of
radiation-induced strain in 3D and quantitative prediction of
number density of defects enables precise prediction of
degradation inventory directly informing models predicting
materials performance.

RESULTS
Data collection
Chromium sheets of 99.7% were purchased from American
Elements Inc. The sample was irradiated with 5 MeV Fe ions that
modified a ~2 μm thick surface layer (see Methods) and generated
neutron-like collision cascade damage. This is relevant because
during fission reactor operation, fast neutrons are generated by
the fission process. Fast neutron irradiation under the right
temperature conditions can lead to void formation and growth,
which then leads to swelling over the lifetime of the reactor. Our
use of Fe ion irradiation therefore effectively mimics neutron
bombardment. The stopping and range of ions in matter (SRIM)
code38 was used to predict the damage profile as shown in Fig. 1a.
Finally, using Focused Ion Beam (FIB) milling, a cross-section
sample was extracted from the bulk, and a region of 3 × 2 × 2 µm3

was thinned to 1.5 × 1.5 × 1.5 µm3 and mounted on a silicon wafer
as shown in Fig. 1b, c.
The experiment was performed at 34-ID-C at Advanced Photon

Source, Argonne National Laboratory, USA. A double crystal
monochromator was used to select the energy to 9.0 keV and
Kirkpatrick–Baez mirrors were used to focus the beam to
600 × 600 nm2 as shown in Fig. 2a (see Methods section for full
details). A multi-reflection BCDI dataset consisting of four Bragg
reflections, (101), (011), (011), and (101), was measured as the
sample was rocked through the Bragg condition to collect over-
sampled 3D data in reciprocal space. Plots of the coherent
diffraction patterns collected near the (101), (011), (011), and (101)
Bragg reflections from the same sample are shown in Fig. 2(b)–(e).
The diffraction peaks are strongly speckled on the detector
because of the high coherence of the beam and high stability of
the setup used at the 34-ID-C beamline. While the overall shape of
each peak is the same, the distribution of speckles within it is
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different due to the heterogeneity of the radiation-induced defect
distribution.
Details regarding the recovery of the real-space images using

phase retrieval algorithms can be found in supplementary
methods and the computation of the strain field can be found
in the supplementary discussion. The strain fields were calculated
by differentiating the displacement field with respect to the
sample-frame directions x, y, and z. The full strain and rotation
tensors are presented in a 3 × 3 format as shown in Table 1.

Three-dimensional imaging of the defects
The 3D morphology of the sample, recovered from each crystal
reflection, is shown in Fig. 3a, rendered as a semi-transparent
isosurface of the Bragg electron density (BED) (see supplementary
discussion for movie 1 showing an animated version of Fig. 3a).
The spatial resolution of the reconstruction was estimated using
the spherically averaged phase retrieval transfer function (PRTF)39

and ranges from 29 nm to 32 nm. The procedure for the PRTF is
available in supplementary Fig. 1.

Fig. 1 The ion implantation profile and the focused ion beam assisted sample liftout. a Plot of the expected dpa and injected ion
concentration as a function of depth after 5 MeV Fe ion implantation. b SEM micrograph of the multi-reflection BCDI strain microscopy lift-out.
Here, the initial rectangular-shaped platinum cap marks the lift-out region, and the approximate position of the BCDI sample is shown. The
scale bar shown corresponds to 5 μm. c SEM image of the finished sample with the location of the implanted layer mounted on a silicon wafer.
The scale bar shown corresponds to 40 μm.

Fig. 2 Schematic of the BCDI experiment and 2D diffraction patterns. a Diagram of the experimental setup used the BCDI measurements in
this work. Coherent X-rays from a synchrotron source are directed to the sample using a Kirkpatrick–Baez mirror (not shown) and are
diffracted by the Fe ion irradiated chromium crystal. The constructive interference patterns of the diffracted X-rays are recorded while rocking
the sample in theta in steps of about 0.001° about the Bragg condition for four non-coplanar Bragg’s peaks, effectively measuring the three-
dimensional Bragg peak. When the Bragg peak is sufficiently over-sampled, it is possible to apply established phase retrieval algorithms to
solve for the complex wave function of the scattered X-rays. b–e Central slices of the 3D coherent X-ray diffraction pattern for each reflection
measured on the ion-implanted sample. The scale bar was calculated using the relationship 2πp=λd, where λ ¼ 0:138 nm is the wavelength,
p ¼ 55 μm is the detector pixel size, and d ¼ 2:0m is the sample to detector distance. The scale bar shown corresponds to 0.1 nm−1.
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The morphology of the sample, recovered from different
reflections, is consistent with the sample dimension from the
Scanning Electron Microscopy (SEM) image in Fig. 1(b)–(c). Careful
inspection of the reconstructed images shows a network of voids
and possible dislocation loops due to the ion implantation. It is
important to note that there is no distinct unimplanted region in
the sample, which is consistent with SRIM simulation that suggests
a peak damage of 100 dpa at a depth of ~1.3 µm while the
damage accumulation within the 1.4–1.5 µm depth reduces. It is
important to note that the reconstructed morphology consists of
the BED, which shows the crystal morphology, and the phase,
which represents the projection of the lattice distortions within
the crystal onto the direction of the measured Bragg peak33,40. The
BED is the amplitude of the image measured at a specific Bragg
peak. Its value tells us how strongly that part of the sample
contributes to the Bragg peak.
To completely characterize the strain associated with defects in

a small crystal structure, three or more independent Bragg peaks
must be measured34. This also ensures that most defects
presented are discovered, as defects in certain orientations do
not affect certain Bragg reflections. For example, the different
Bragg’s reflections in Fig. 3a show a different distribution of voids
and dislocations in the Fe-irradiated chromium. A careful
inspection of (011) and (101) reflections shows a layer of denuded
zone as highlighted by the black broken lines. A superimposition
of the different reflections gives a complete distribution of the
defects as shown in Fig. 3b. Microstructural evolution in irradiated
Cr is a complex process that covers large time and length scales,
ranging from individual atomic events, such as point defect
generation during radiation cascades on the scale of

femtoseconds and nanometers, to diffusion and accumulation of
vacancies into voids at nanometer to micron scale as observed in
ion irradiated chromium. Previous defects in BCDI measurements
showed that dislocations appear as pipes of missing electron
density41 while vacancies and voids are denoted by clusters of
flake-like features42. The reason is that large lattice strains near the
defects (in our case voids) lead to a scattered intensity that cannot
be captured by the numerical aperture of the detector, causing an
apparent loss of electron density at the region where the defects
occur. Hence, by superimposing the electron density recovered
from all four measured crystal reflections, voids, which appear as
clusters of vacancies, can be observed throughout the sample as
shown in Fig. 3.
To visualize the distribution of the defect features more clearly,

we show the 2D iso-surfaces of the BED generated in the
laboratory cartesian coordinate frame such that z is along the
beam direction while x and y are transverse and vertical to the
beam, respectively. The BED shows the crystal morphology and
the phase and corresponds to the projection of the lattice
distortions within the crystal onto the direction of the measured
Bragg peak. Its value can drop if the sample region becomes
disordered or if it changes orientation to no longer satisfy the
Bragg condition. In Fig. 4, voids in the ion irradiated specimens
appear as missing electron density in the images. It has been
previously reported that injected interstitials almost always
suppress void formation in both pure metals and alloys in injected
region43–45. As for the near-surface region, a high density of voids
exists immediately beneath the surface with no denuded zone.
Note that some erosion of the BCDI microscopy sample surface
during thinning is observed. This may have removed the void
denuded zone at the surface, if indeed originally there was one
present. However, such a removal does not cause a noticeable
change in the swelling profile.
Previous TEM analysis shows void alignment in chromium

samples with similar irradiation conditions as used in this work.
The voids are aligned along the vertical direction of the image.
Void superlattice are clearly visualized in an enlarged scanning
TEM image under optimized tilting at the dose level29 used for
current study. However, the void distribution shown in Fig. 4 does
not show clear periodicity due to the limited spatial resolution of

Fig. 3 3D visualization of defects structures. The particle shape is shown as a semi-transparent isosurface, and the defects clusters are shown
in brown color while defects free region are highlighted in red circles and lines. a Semi-transparent 3D rendering of the electron density
amplitude recovered from BCDI measurements of four different reflections. The (011) and (101) reflections show a layer of a denuded zone as
shown by the red broken lines. The Bragg vector direction for each reflection is indicated by the black arrows. The scale bar is 1.0 µm long in
each case. b The defects distribution across the sample is well visualized by the superimposition of each Bragg’s reflection on the recovered
sample morphology.

Table 1. Lattice strain tensor components and lattice rotations. The
representation of lattice strain and rotation in Fig. 5 follow this layout.
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~30 nm of the BCDI measurement. While it is counterintuitive that
an imaging experiment with ~30 nm spatial resolution is sensitive
to atomic-scale defects such as dislocations and voids. In our case,
BCDI is sensitive to defects such as voids and dislocations through
its strain field sensitivity46. This is illustrated by the relationship
between the continuum representation of the crystal, φðrÞ, and
the diffraction intensity, I(q) in the far-field under a perfectly
coherent illumination and in the kinematical scattering approx-
imation given by IðqÞ � F φðrÞð eiQ:uðrÞ

�� ��2. Here, r and q are the real
and reciprocal space coordinates, respectively, F is the Fourier
transform, Q is the measured Bragg peak, and u(r) is the vector
displacement field that is a continuum description of how the
atoms are displaced from their equilibrium positions47.
Although the FIB sample preparation between the TEM and

BCDI are comparable, BCDI is more sensitive to damage layers as
compared to TEM as shown by Hofmann et al.47. Hence, such a
microstructural disparity between TEM and BCDI can be attributed
to FIB-induced damage48,49 in BCDI study. A recent study showed
that even at a low dose of Ga+ milling, large lattice strain due to
microstructural changes can be introduced into the sample33. In
the current work, low energy milling (acceleration voltage below
2 kV) was utilized during the chromium lift-out to remove the
shallow surface damage introduced by previous high-energy
milling steps35. Careful sample preparation was done to minimize
FIB-induced damage, which was further factored into the strain
analysis in the implanted layer of the chromium sample.

Correlating strain distribution with void density
The formation of radiation-induced defects and defects associated
with gas implantation gives rise to the volumetric expansion
(swelling) of materials50. The magnitude of the lattice strain
exhibits a complex pattern of strain variation as a function of dose
and temperature51. The strain values were transformed to an
orthogonal sample space, x, y, z, where the x-axis is along the y–z
direction, the y-axis along x–z, and z-axis along x–y, as shown in

Fig. 5(a). The reconstructed strain tensor of the Fe-irradiated
chromium sample is shown in Fig. 5(b)–(d). The in-plane strain
components are generally small compared to the out-of-plane
strain, which is consistent with ion irradiation in tungsten42 and
Fe–Cr alloys52. Regions of swelling and contraction are observed
throughout the Cr substrate, which suggests the absence of
unimplanted region. This is consistent with the SRIM profile where
the damage is ~38 dpa even at a depth of 1.5 µm. In specific
terms, the average value of the strain field is ~3.0 × 10–4 while the
minimum and maximum strain are −3.0 × 10–3 and 5.5 × 10–3,
respectively. This is indicative of strain heterogeneity within the Fe
implanted chromium substrate. Such observation of strain
heterogeneity can be attributed to point defects, such as vacancy
clustering53, which lead to void formation and further void-
induced strain in the chromium substrate.
The heterogeneous nature of the strain is supported by the long

stripes of tensile regions that run through the εxx, εyy and εzz
components of Fig. 5(b)–(d). Alongside the tensile regions, an
existence of compressive type strains is observed, such that
dislocation features occur at the junction where tensile and
compressive strains meet. The strain variation observed here is
supported by previously reported atomic-scale simulations where
the defects microstructure is attributed to the spatially changing
strain and stress field induced after heavy ion irradiation54. The
strain sensitivity and accuracy of BCDI for a 5 MeV Fe ion irradiated
chromium are supported by recent work by Phillips et al. where
they showed remarkable agreement in strain in two tungsten
samples irradiated with implantation energies differing by an
order of magnitude. The 2 MeV sample was measured with BCDI
while the 20MeV strain was mapped with differential aperture
X-ray microscopy. The strain sensitivity of BCDI measurements is
on the order of ~2 × 10–4 from previous measurements32,36,
demonstrating high accuracy of BCDI-based strain mapping.
Since the average lattice strain values for each depth are

positive implies that some interstitial defects are present in the
sample. We therefore assumed that all dislocation loops are of
interstitial and vacancy types with 1

2<111> Burger’s vector, which
is consistent with the most recent work on irradiated chromium55.
The magnitude of the phase jumps (Δψhkl) due to a dislocation
with Burger’s vector b observed in a given hkl reflection is b. qhkl
where qhkl is the scattering vector associated with the ð011Þ,
011
� �

, ð101Þ, and ð101Þ crystal reflections respectively. As a
demonstration, q011 is given by ð2π=aÞ 011½ �, where a is the lattice
constant. The computation of the dislocations with Burger’s vector
b in crystal reflections with scattering vector qhkl suggest a visible
dislocation network denoted by phase jumps in the range of −2π
to 2π as shown in Table 2.
We excluded the formation of a

3<112> loops in our work since
Cui et al. suggest that their formation is energetically unfavorable
in bcc Cr at temperature of 550 °C55. However, Bryk et al. reported
a
3<112> loops on {111} planes and a

3<111> loops on {110} planes
at 650 °C using TEM. The formation of a

3<112> loops at higher
temperatures is due to the interaction of two Shockley partial
dislocations according to the reaction a

2 [111] + a
6 [−1–11] →

a
3<112>, the so-called ‘111 mechanism’56.
The formation of radiation-induced planar defect agglomer-

ates, such as voids and loops, and their evolution into 3D defect
agglomerates, such as voids and potential void ordering in
irradiated chromium, accounts for the swelling observed in
chromium substrate. In addition, swelling has been attributed to
the preferential absorption of self interstitial atoms (SIAs) to
dislocation loops in metals, based on the dissociation of
vacancies from clusters and their diffusion in the matrix25,29,57.
Lattice strain is the direct response of the net contributions of
the positive relaxation volume from interstitial defects and
negative relaxation volume from vacancies. Therefore, it is
sensitive to the population of different defect types, including
extended defect structures rather than the total defect

Fig. 4 Slices showing the electron density of irradiated chromium
sample with the (011), (011), (101), and (101) Bragg’s reflections.
Representative voids and dislocations are highlighted by white
arrows featuring a low-amplitude core denoted as missing electron
density. The scale bar is 1 µm.
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population52. Therefore, we can accurately estimate the
population of the dominant defects, which are voids and
Frenkel pairs from the measured lattice strain tensor. The
measured lattice swelling suggests that not all SIAs are lost to
sinks, such as sample surfaces or dislocations, but rather that a
population of SIAs is retained within the damaged substrate
layer. The ratio of retained vacancies to SIAs cannot be
determined. However, we can estimate the defect density,
assuming retention of a population of Frenkel pairs along with a
condition that there is equal number of vacancies and SIAs.

The average value of the lattice strains measured from the Fe-
irradiated Cr sample in this study are positive, which explain the
swelling of Cr substrate, suggesting that interstitial defects have
been retained in chromium substrate after Fe irradiation. We can
use the measured lattice strain to estimate the equivalent Frenkel
pair density in the materials. By considering the relative relaxation
volumes (ΩrðVÞ) of defects in pure Cr, the measured strain can be
used to calculate the defect density in the material, by using Eq.
158:

εzz ¼ 1þ vð Þ
3 1þ vð Þ

X
A
n Vð ÞΩrðVÞ; (1)

where εzz is the measured out-of-plane strain, ν is the Poisson ratio
and is 0.21 for pure Cr59 while n Vð Þ and ΩrðVÞ are, respectively, the
defects number density and relative relaxation volume for defect
type V. Furthermore, since the dominant defects are voids, we
have estimated the average number of vacancies per void (a),
assuming a spherical shape of the voids, which is consistent with
the microstructural features of chromium irradiated with Fe at the
same temperature used in this study29. The value of a is related to
the void radius using Eq. 260:

a ¼ 4πR3v
3Ωr

; (2)

where Rv denotes the average void radius and Ωr the atomic
relaxation volume.
The 100h i, 110h i and 111h i are the predominant dislocation

defects configurations observed in Cr59,61. Hence, for one SIA, the
relative relaxation volume (Ωr ) is 1.61, 1.43, and 1.34 for the 100h i,

Fig. 5 Reconstructed strain in irradiated chromium crystal. a Rendering of the reconstructed lattice displacement with magnitude |u(r)| in
the [101] direction. The superimposed arrows indicate the directions of x, y, and z-axes with the corresponding crystallographic directions.
Also shown are three sections through the crystal for which strains are shown in (green, red, and purple). Six strain tensors and three rotation
tensors components are plotted on the b x–y plane c y–z plane d x–z plane of the crystal. Representative tensile stripes are shown with black
arrows while dislocation loops are shown using white circles. All scale bars correspond to 1.0 µm.

Table 2. Visibility of dislocations with Burger’s vector b in crystal
reflections with scattering vector qhkl .

b

qhkl ð011Þ ð011Þ ð101Þ ð101Þ
a
2 ½111� 2π 0 2π 0
a
2 ½111� 2π 0 0 2π
a
2 ½111� 0 2π 2π 0
a
2 ½111� 0 −2π 0 −2π
a
2 ½111� 0 2π 0 2π
a
2 ½111� 0 −2π −2π 0
a
2 ½111� −2π 0 0 −2π
a
2 ½111� −2π 0 −2π 0
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110h i, and 111h i configurations, respectively, while the Ωr of an
isolated vacancy defect is −0.4159. It is assumed that there is no
loss of interstitials atoms in the sample and the number of
vacancies is equivalent to the number of interstitial atoms. This
allows us to estimate the number density of the Frenkel pairs. It
has been shown that interstitial clustering will result in decrease in
relaxation volume per defect which in turn accounts for equivalent
decrease in the Frenkel pair density58. However, the void
formation observed in the chromium substrate is evidence of
vacancies clustering at 550 °C used for irradiation of Cr substrate.
Therefore, to account for the clustering effects, we calculated the
average number of vacancies per void (a) using Eq. 2. Using an
average void diameter of 8.1 ± 2.1 nm at 550 °C29, the a is ~25,000
vacancies per void. This is then used to scale the volumetric
number density of equivalent vacancies to arrive at the void
number density.
Previous studies suggest that void and irradiation ion concen-

tration is depth dependent62–64. The void density follows the same
trend as suggested by the work of Ryabikovskaya et al.29.
However, the estimation using X-ray diffraction-based strain data
is 3 orders of magnitude higher than the TEM-based results as
shown in Fig. 6a. While the void densities at ~1.4 μm are locally
reduced to almost zero from TEM, strain data shows the
corresponding densities to be ~102 number/m3. The reduced void
density occurs at the Fe ion irradiated region. It has been
established that a strong void suppression occurs at relatively high
damage level. Meanwhile, the volumetric number density of
equivalent Frenkel pairs is 0.1–1.34 × 1026 number/m3 assuming all
interstitial defects are of 100h i in nature; while in the case where
all interstitial defects are assumed to be 111h i in nature, the
corresponding number density of equivalent Frenkel pairs is
between 0.1–1.61 × 1026 number/m3. It is important to note that
these estimates provide a lower and upper bound of the number
density of the Frenkel pairs present in the Fe-irradiated Cr
substrate since the minimum and maximum strain values are used
in the calculations.
To further demonstrate the strain sensitivity of BCDI and

account for the disparity in the void density reported here, we
show a comparison between the depth dependent strain data
(swelling) from TEM and BCDI in Fig. 6a. The swelling profiles from
TEM and BCDI show a similar trend as function of depth where
swelling first increases and more importantly decreases

significantly in the highlighted region. It should be noted that
scale of axis was adjusted to clearly demonstrate this trend.
Further, the swelling observed by BCDI is about 2 orders of
magnitude lower across the depth with respect to the TEM
measurement up until a depth of ~1.5 µm. The Fe distribution
from SRIM prediction as a function of depth is superimposed on
the swelling profile. Swelling is greatly suppressed in the
highlighted region, which coincides with the maximum Fe
concentration. Such decrease in swelling of chromium substrate
is likely due to the presence of injected interstitials, which have
been reported24,25,65 to suppress swelling of metallic substrates in
previous studies. The overall swelling profiles suggest that the
distribution of Fe from SRIM is reasonably accurate and in
agreement with radiation-induced swelling predicted by both TEM
and BCDI strain analysis.
In Fig. 6b, we see that defect number density for TEM is 3 orders

of magnitude lower than BCDI-based defect density. This
difference in defect number densities between TEM and X-ray
diffraction-based strain measurements may be due to the loss of
defect loops to the surface sinks in TEM samples. Furthermore,
contributions from defects below the detection limit of TEM are
not accounted for while X-ray diffraction-based measurements are
sensitive to the contribution from all defects in the sample42. The
observed discrepancies are consistent with a recent study by
Phillips et al., which showed that the number density of Frenkel
pairs in implanted tungsten can be estimated as ~450 appm and
~640 appm for 20 MeV and 2MeV preparations, respectively,
while TEM analysis has shown number of defect density is typically
in the range of 10–250 appm42. Another study on irradiated Fe–Cr
alloys shows that defects density increases with increase in dpa
level when using TEM data whereas the defect density calculated
from X-ray diffraction-based strain data is proportional to the
natural logarithm of damage52. Our studies demonstrate that BCDI
offers a more accurate estimation of strain in Fe-irradiated
chromium, which is consistent with a previous report42, which
clearly shows that TEM measurements underestimate the defect
density particularly at lower damage levels where the defects are
smaller.
The disparity in defect densities between TEM and lattice strain

measurements is mainly due to contributions from defects below
the sensitivity limit of TEM66,67. This assertion is supported by
atomic-scale simulations that showed that small clusters of 3D

Fig. 6 Swelling and defects density profile estimated from lattice strain. a SRIM-predicted Fe implant distribution for 100 peak dpa
irradiation superimposed on the swelling profile as a function of depth in pure chromium irradiated at 550 °C to 100 peak dpa. The box
indicates the region of maximum compositional alteration by Fe implantation. b void densities as a function of depth. The inset shows the
depth at which the strain data are averaged for each irradiation depth. Note—The scale bar for swelling from BCDI and TEM are different and
are adjusted for best visualization of the trends.
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self-interstitial atoms with C15-type structure in bcc iron68 is the
most stable configuration but due to their small size of <1.5 nm
diameter makes them invisible to TEM66. However, the presence of
these small clusters would still impart measurable strain to the
material69, contributing to the discrepancy between the measured
strain and the defect density measured in TEM. Recent
microdiffraction-based strain analysis reported ~2 order of
magnitude disparity in the defect density in comparison to
TEM52 while Hirst et al. used differential scanning calorimetry to
measure defect densities which is 5 times greater than those
determined using TEM in neutron irradiated titanium70. It is
important to note that the correlation between lattice strain and
defect contrast in TEM offers a promising approach to fully
describe the irradiation-induced defect population at low damage
levels. Furthermore, underestimating the defect density prevents
TEM from accurately determining the corresponding change in
properties. For instance, Weiß et al. show a factor of 2 between
measured and calculated change in hardness for neutron
irradiated EUROFER9771. Meanwhile, Reza et al. report the same
discrepancy between Transient Grating Spectroscopy (TGS)-
measured and TEM-determined thermal diffusivity for self-ion
irradiated tungsten72. It is important to note that when Reza et al.
included small defects from molecular dynamics (MD) simulations,
the combination of the TEM and MD data matches TGS
measurements. This result confirms the theory that point defects
play a significant role in the thermal diffusivity of a material and
further reinforces the need to accurately characterize small defects
in order to evaluate irradiation-induced changes in properties.
Hence, the difference in the magnitude of swelling between TEM
and BCDI estimates is justified.

DISCUSSION
BCDI-based strain mapping provides valuable insights into the
mechanism of formation and growth of irradiation-induced
defects, such as voids, and their self-organization as void lattices
in metallic substrates, such as chromium. We observe that
following 5 MeV Fe irradiation, point defects (such as vacancies
and interstitials) are generated, which cluster to form voids such
as those shown in Fig. 4, characterized by the absence of electron
density. This agrees with previously reported studies where the
degraded structure of Fe-irradiated Cr is characterized by a
relatively large fraction of single or unclustered lattice defects,
both vacancies and SIAs, together with several small mobile SIAs
clusters73. Further, the evolution of these lattice defects, such as
voids in our case, is followed by the presence and growth of
interstitial dislocation loops due to the fast diffusion and
clustering of SIAs. As explained above, the presence of these
dislocation loops is clearly demonstrated by areas of phase shift
elucidated by BCDI-based strain mapping. We observe these loops
especially in the interfacial region of tensile and compressive
strains, as shown by white spheres in strain maps of Fig. 5. It is
important to note that an incubation period is necessary for the
formation of interstitial dislocation loops or voids74. However, in
our study, the use of focused beam for ion implantation
accelerates such dislocation loop or void formation, thereby
shortening the incubation time compared to raster beam
approach reported previously75.
Once the voids are formed, they act as effective sinks for

vacancies, and each void is expected to have a sphere of influence
around it that contains a vacancy gradient, since inside that
sphere of influence the vacancies tend to become trapped by the
void. Once such void growth starts, voids are the dominant
defects and evolution of voids continue, leading to the formation
of void superlattices74. It has been shown that the formation of
void lattices tends to mitigate the sphere of influence, thereby
retarding further growth of existing voids so that new voids can
still nucleate by vacancy clustering. Such enhancement of new

void growth leads to formation of void lattices, which consist of
regularly spaced voids.
Such evolution of the void lattice and damaged structure of

chromium manifests itself in the form of heterogeneity in the
strain distribution in the sample as shown in Fig. 5. Further, such
retardment of void growth and its replacement by a self-
organized void lattice demonstrates an effective management of
radiation-induced defects, which can potentially mitigate
radiation-induced damage and lead to improvement in materials
performance. For example, it has been demonstrated that self-
organized He precipitates form elongated channels in metallic
substrates, which ultimately interconnect into percolating ‘vascu-
lar’ networks. These vascular networks offer a transformative
solution to He-induced damage by enabling in operando
outgassing of He and other impurities while maintaining material
integrity76. Using the BCDI-based strain mapping approach, we
can provide a comprehensive understanding of 3D strain and
associated defect density as a function of the conditions needed
for the formation of superlattices, which results in nanoscale
confinement of radiation-induced defects, thus offering a solution
where we can drastically reduce and mitigate radiation-induced
swelling. However, extensive additional studies are needed to
optimize irradiation conditions, minimize radiation-induced
defects to determine the minimization of radiation-induced
swelling, leading to optimized radiation tolerance in materials.
In summary, we successfully mapped the 3D strain fields using

coupled multi-Bragg’s reflections phase retrieval in Fe implanted
chromium substrate utilizing BCDI measurements. By considering
multiple Bragg reflections, all the voids were mapped, and their
3D morphology and strain were reconstructed. We successfully
elucidate the depth dependent heterogeneity in the irradiation-
induced strain field of Fe-irradiated chromium. Strain data was
utilized to estimate the number density of defects in the irradiated
Cr. Findings from BCDI-based 3D mapping were compared with
previously reported strain using the TEM technique, demonstrat-
ing higher sensitivity of BCDI-based approach. Our results
demonstrate that quantitative estimation of 3D strain in irradiated
materials using BDCI is a powerful tool to understand fundamental
mechanisms of radiation-induced materials degradation in metal-
lic substrates. Further, we demonstrate an approach to correlate
radiation-induced defects and associated defect density with
microstructural changes induced in metals, such as swelling and
embrittlement. Such understanding of degradation of materials in
radiation environments via quantification of radiation-induced
defects and associated strain is critical for both the design of
radiation resistant materials and for the development of predictive
models for performance of materials in radiation environments.

METHODS
Sample preparation, ion implantation, and lift-out procedure
Chromium sheets of 99.7% were purchased from American
Elements Inc. The cut sample with dimension of 5 × 5 × 1mm3

was twin-jet electropolished with a solution of 5 vol.% perchloric
acid in methanol at ~−20 °C with an external liquid nitrogen bath.
After polishing, samples were repeatedly rinsed in methanol. The
sample was implanted with 5 MeV Fe ions at 550 °C at the ion
implantation laboratory at Texas A & M University. The implanta-
tion was performed using a static defocused beam to avoid
suppression of void nucleation, which is commonly observed with
rastered beams60. The SRIM code38 was used to predict the profile
of Fe ion concentration and damage levels in Mo. The Kinchin-
Pease method was used for the calculation with a Cr displacement
energy of 40 eV. As shown in Fig. 1a, the peak damage occurs at
depth of ∼1.20 µm, while the peak Fe concentration is located at a
depth of ∼1.36 µm.

E. Jossou et al.

8

npj Materials Degradation (2022)    99 Published in partnership with CSCP and USTB



To produce a sufficiently small sample for multi-reflection BCDI,
a sub-micron volume (1.5 × 1.5 × 1.5 µm3) was lifted out of the
5 MeV Fe ion-implanted Cr sample using FIB milling (Fig. 1(b)–(c)).
We adopted the FIB lift-out protocol used by Assefa et al.33

whereby a single grain was carved out and a 300 nm thick
sacrificial platinum cap was deposited over the implanted surface
by electron beam assisted deposition. The thickness of the cap
was further increased using FIB assisted deposition of platinum
(shown in Fig. 1b). This ensures that the Fe ion-implanted surface
is not exposed to the energetic gallium ions, which have been
shown to result in strain extending over hundreds of nanometers
into the substrate material32,36. Afterwards a platinum deposition
lift-out sample similar to a TEM or atom probe tomography
sample77,78 was prepared using a FEI Helios 600 dual-beam (FIB/
SEM). A 3 × 2 × 2 µm3 sized sample was extracted, which was
attached to a 3 × 3mm2 silicon wafer using platinum deposition
(Fig. 1c). The sample was then polished (at lower current and
energy of Ga ions to avoid extra damage to the sample) to a size
of approximately 1.5 µm in each direction. Finally, low energy
milling was used to clean off the damage from previous FIB
milling, removing 100 nm of material from each side of the
sample. Such preparation eliminates most of the damage from
previous FIB milling steps.

Data collection and analysis
Micro-Laue diffraction was used to determine the crystal-
lographic orientation of the prepared BCDI sample prior to the
collection of multi-reflection BCDI data. This was performed
following a recently developed workflow, at 34-ID-C of the
Advanced Photon Source using a custom developed code for
the analysis of the Laue diffraction data79–81. The UB matrix,
which provides the direction and radial position of specific
Bragg’s peaks82, was used to determine the accurate description
of the sample orientation on the kinematic mount, which in turn
was used to mount and pre-align the sample for multi-reflection
BCDI measurements. Multi-reflection BCDI data were collected
using a 9.0 keV monochromatic X-ray beam, focused by
Kirkpatrick–Baez mirrors as shown in Fig. 2a. To collect suitable
coherent X-ray diffraction patterns for reconstruction, the size of
X-ray beam should exceed the size of the illuminated crystal. For
the chromium crystal of dimension 1.5 × 1.5 × 1.5 μm3, which
exceeds the focused beam size of 600 × 600 nm2 (v × h); there-
fore, an unfocused beam size of 30 × 40 μm2 (v × h) was used by
opening the slits. Multi-reflection BCDI dataset consisting of four
Bragg reflections: (101), (011), (011), and (101), was measured as
the sample was rocked through the Bragg condition to collect
over-sampled 3D data in reciprocal space. For each reflection,
the crystal was rocked from −0.5° to +0.5° relative to the
reflection center in 200 steps with a 1.0 s exposure. The
diffraction patterns were collected using a Timepix detector
with 256 × 256 pixels and a pixel size of 55 × 55 µm2 positioned
at 2.0 m from the sample. Each scan was repeated six times,
aligning the sample to the X-ray beam center before each scan
to compensate for any long timescale drift on the quality of data
collected the during measurements.
Phase retrieval of the BCDI data was carried out using the

well-established iterative algorithm implemented in a MATLAB
code4,83. The phasing was done in four successive stages
following the approach by Hofmann et al.35, whereby the result
from a previous cycle was used as a starting seed in the next
phasing cycle. Meanwhile, the first cycle was initialized using a
random phase guess. The full details of the phase reconstruction
are provided in the supplementary methods. Because of the
problem of multiple solutions in the phasing of such highly
speckled diffraction patterns, we cannot guarantee to have
reached a unique solution for each image. Past experience
has shown that despite global differences, the number of

density features and their local spacing is qualitatively repro-
ducible, so the counting of defects such as voids should be
accurate84.
The 3D strain fields tensor (ε) and rotation tensor (ω) were

calculated by differentiating the displacement field with respect to
the sample-frame directions x, y, and z, given as:

Elastic normal strain is expressed as ϵii ¼ ∂ui
∂ri

i ¼ x; y; zð Þ (3)

Elastic shear strains are expressed as ϵij ¼ 1
2

∂ui
∂rj

þ ∂uj
∂ri

� �
i; j ¼ x; y; zð Þ

(4)

Lattice rotations are expressed asωij ¼ 1
2

∂ui
∂rj

� ∂uj
∂ri

� �
i; j ¼ x; y; zð Þ (5)

The normal strain with positive values corresponds to tensile
strain (swelling) and negatives values correspond to compressive
strain (contraction). For the rotation term, ωz is the in-plane
rotation or twist about the surface normal z and ωy and ωx are the
two out-of-plane rotations or tilts about y and x, respectively.
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