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Lattice strain in irradiated materials unveils a prevalent defect evolution mechanism
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Modification of materials using ion beams has become a widespread route to improve or design materials for
advanced applications, from ion doping for microelectronic devices to emulation of nuclear reactor environments.
Yet, despite decades of studies, major issues regarding ion/solid interactions are not solved, one of them being the
lattice-strain development process in irradiated crystals. In this work, we address this question using a consistent
approach that combines x-ray diffraction (XRD) measurements with both molecular dynamics (MD) and rate
equation cluster dynamics (RECD) simulations. We investigate four distinct materials that differ notably in terms
of crystalline structure and nature of the atomic bonding. We demonstrate that these materials exhibit a common
behavior with respect to the strain development process. In fact, a strain build-up followed by a strain relaxation
is observed in the four investigated cases. The strain variation is unambiguously ascribed to a change in the defect
configuration, as revealed by MD simulations. Strain development is due to the clustering of interstitial defects
into dislocation loops, while the strain release is associated with the disappearance of these loops through their
integration into a network of dislocation lines. RECD calculations of strain depth profiles, which are in agreement
with experimental data, indicate that the driving force for the change in the defect nature is the defect clustering
process. This study paves the way for quantitative predictions of the microstructure changes in irradiated materials.
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I. INTRODUCTION

The use of ion beams over a broad range of energies
is well established as being a powerful tool to synthesize
[1,2], shape [2-5], test [6—8] (and references therein), and
modify the properties [1,9,10] of materials. Research and
applications of ion beams encompass advanced electro-optical
devices [9,11,12], engineered nanostructures [2,3,13], strain
engineering [14-16], nuclear materials [17-19], and space
exploration [20,21]. In most cases, the desired goals are
enabled by the energy transfer from the energetic particles
to atomic nuclei and/or electrons of the target [22]. Usually,
deposited energy leads to defect generation and damage accu-
mulation. These phenomena are sometimes desired, e.g., when
the material resistance is tested or to improve the materials
physical properties which includes mechanical [1] and optical
[9] properties; they may also be a drawback, for instance in ion
doping processes. In any case, understanding the mechanisms
of damage formation and accumulation in materials as a result
of energy deposition clearly appears as a crucial task to tackle.

Damage accumulation in irradiated materials is commonly
studied through the analysis of phenomenological parameters
such as the damage fraction in Rutherford backscattering
spectrometry in channeling mode, the intensity variation of
Raman spectroscopy lines, or the Doppler broadening of
positron-electron annihilation peaks [8]. These parameters
convey information regarding random lattice displacements
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in the materials but establishing a connection with the actual
defect structure and density is not straightforward, neither
is the quantitative comparison with computational modeling.
Besides random lattice displacements, defects also produce
correlated displacements, i.e., lattice elastic strain, the analysis
of which can provide essential information regarding the nature
and the concentration of the defects [23—-26]. Moreover, direct
and quantitative comparisons can be made with the information
derived from computational data [26,27]. X-ray diffraction
(XRD) is highly sensitive to the atomic displacement field
within the crystal, and hence is a dedicated tool to measure
the strain consecutive to ion irradiation.

II. CURRENT STATE OF KNOWLEDGE AND ISSUES
ADDRESSED IN THIS WORK

Since the early 1980s, research works dealing with the
study, by XRD, of the strain induced by ion (or even neutron
and electron) energy deposition have covered a wide range of
materials, including mainly semiconductors [24,28-32] and
insulators [16,33-36] but also, though more recently, metals
[15,37-39]. In all these works, two steps in the development
of strain are observed. In the first step, particle irradiation
leads to elastic strain build-up. The nature of the second
step depends on the material. On the one hand, some mate-
rials (such as pyrochlores) undergo a crystalline-to-crystalline
phase change [32,40,41]; in most semiconductors, long-range
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atomic order is progressively lost, eventually leading to a
complete amorphization [24,28]. In both cases, strain mea-
surement is no longer possible in the initial structure which
has disappeared. It is yet worth mentioning that the study of
the strain evolution in irradiated silicon allowed to point out
radiation-enhanced plastic flow in this material [42]. On the
other hand, in materials that retain their original crystalline
structure, the microstructure is nonetheless severely affected,
and two situations, which at first might seem conflicting, are
observed as far as the strain evolution is concerned. In the
first situation, a strain saturation phenomenon is noticed at
high ion fluence (number of ions per unit surface) [30-32],
and it is ascribed to a balance between the strain induced by
interstitial and vacancy defects [30] or to the trapping of point
defects at stacking faults [31]. However, it is worth mentioning
that in most cases, the difficulty of analyzing the complex
XRD data at high ion fluence is likely one of the reasons
why saturation was assumed. In the second situation, which
is the most widely observed [15,25,33-36,38,39], a strain
relaxation is measured. The most common explanation for this
strain relief is the formation of extended defects. Note that
when irradiated at intermediate temperatures, amorphization
is delayed or even prevented in semiconductors like Si or
SiC, and strain relaxation also takes place by dislocation
formation [43—45]. But this conclusion on the origin of the
strain relaxation is based on additional observations with other
techniques such as transmission electron microscopy (TEM)
for instance [32-34,36,38]. Besides, owing to the different
sensitivity of experimental techniques (e.g., XRD vs TEM) on
the nature, size, and concentration of defects, demonstrating
an indubitable link between a given defect structure and the
measured strain level is a real challenge.
Strikingly, although crucial for the understanding of the
behavior of materials upon irradiation, it appears that the
description of the strain development process in irradiated
materials is not precisely documented and understood. Fur-
thermore, while numerous materials were already studied, they
were all tackled separately and with different approaches; no
work until now has dealt with several materials in a unique
study using a consistent approach. Besides, it must be noted
that the XRD analysis of irradiated materials at high fluence
is not straightforward, owing in particular to the associated
high disorder level that suppresses the specific features of
XRD signals and prevents a reliable determination of the
strain (see, e.g., [24,25,31]). In the present paper, we specif-
ically address all these issues by implementing an approach
based on the use of a single experimental technique, namely
XRD associated with a numerical simulation procedure [46],
combined with two complementary computational methods,
namely molecular dynamics (MD) and rate equation cluster
dynamics (RECD). We focus on four materials: uranium
dioxide (UOy), cubic zirconium dioxide (c-ZrO;), magnesium
oxide (MgO), and zirconium carbide (ZrC); these materi-
als exhibit various crystalline structures, bonding characters,
and defect properties (see the Supplemental Material [47]).
Monocrystalline samples have been irradiated in the 80 to
573 K temperature range to demonstrate the generality of the
obtained results, but in the same energy-loss regime. Owing
to the ion-energy range used (500 keV to 4 MeV), in the
four cases, the energy deposition to the target-atom electrons,
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FIG. 1. Elastic strainlevel as determined from XRD data obtained
for four different systems: (i) UO, irradiated with 500 keV Ce at RT
(stars), (ii) c-ZrO, irradiated with 4 MeV Au at 80 K (squares), (iii)
MgO irradiated with 1.2 MeV Au at 573 K (circles), and (iv) ZrC
irradiated with 1.2 MeV Au at RT (triangles). Data were taken at
the initial strain peak (see Figs. 3 and 4 and the corresponding XRD
curves presented in Fig. 1 of the Supplemental Material [47]). Lines
are drawn for visualization purposes.

although it can be of the same magnitude as the energy
transferred to the target (screened) nuclei, may be considered
as having a weak influence on the defect generation process.
Therefore, defects are predominantly produced during elastic
collisions with the target atoms, and an estimation of the
so-called ballistic damage is provided by the displacement
per atom (dpa) parameter. The dpa parameter is directly
related to the elastic energy loss and to the number of ions
impinging on the material (the fluence) and allows comparing
a characterization parameter (such as the strain, as illustrated
in the present work) determined under different irradiation
conditions. It has been calculated with a dedicated code named
SRIM (stopping and range of ions in matter) [48] that allows
simulating ion/solid interactions (in amorphous structures)
using a universal interaction potential.

We hereafter investigate the irradiation-induced strain
development process in these four systems (i.e., different
materials and irradiation conditions). Some differences are
observed between experimental and computational results
(these differences are addressed in the Supplemental Material
[47]). Nevertheless, we shed light on the complete strain
variation process by connecting the strain state to atomic defect
structures, and furthermore, we unambiguously demonstrate
that a wide range of materials exhibit the same characteristic
behavior, irrespective of the irradiation conditions and material
properties. This statement is illustrated in Fig. 1 that displays
the variation with dpa of the strain level [49,50] as determined
from XRD measurements. It clearly appears that in all cases,
a two-step process is observed, with first a strain build-up
followed by a strain relaxation (the difference in the strain
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FIG. 2. Variation with dpU of the elastic strain level in UO, as
determined from XRD patterns obtained by MD-FPA simulations
(black line) and experiments (circles for He irradiation and triangles
for Ce irradiation); dashed and dash-dotted lines are drawn for
visualization purposes.

magnitude and dpa level at which the relaxation takes place is
related to the intrinsic characteristics of the materials, such as,
e.g., the point defect mobility and the type of bonding). This
strain development process is investigated in detail hereafter.

III. STRAIN DEVELOPMENT PROCESS AT THE ATOMIC
SCALE: A COMBINED MD AND XRD INVESTIGATION

In order to catch the atomic details of the strain develop-
ment in irradiated materials, we first focus on UO,. In this
compound, it has been shown by MD simulations of collision
cascades [51] that the primary defects formed during ion
irradiation are point defects [52]. Therefore, in order to mimic
the ballistic damage without having to compute overlap of col-
lision cascades, the Frenkel pair accumulation (FPA) technique
was used, since it has already been proven very efficient to

emulate irradiation damage in several materials [27,53-56].
At different steps of the FPA process, XRD patterns were
generated from the MD cells using the Debyer program [57],
as already implemented in SiC [27] and pyrochlores [55].
The black curve in Fig. 2 represents the corresponding strain
variation as a function of the displacement per uranium atom
(dpU), which is equivalent to dpa except that oxygen atoms are
disregarded in the estimation of this parameter, because only
cation Frenkel pairs (FPs) were created (more details can be
found in [56]). Note that the observed oscillations are simply
due to bursts of FPs that have not yet been relaxed. We first
observe an overall increase in the strain, and at a threshold
dpU level, strain relaxation takes place. The analysis, using the
DXA modifier of the Ovito code [58], of the defects present in
the MD cells at different irradiation levels reveals that their
structure and density dramatically evolve during the whole
irradiation sequence. It is not in the scope of this paper to
provide a detailed mechanism of these defect changes, but it
must be mentioned that such a mechanism, which involves
the transformation of partial into perfect dislocation loops,
has been described for fcc materials [59]. More importantly,
the defect evolution is at the origin of the strain variation, as
qualitatively described hereafter and quantitatively confirmed
in the next section. At the beginning of the process, obviously,
FPs are generated and these point defects are thus clearly at
the origin of the strain build-up. Rapidly, different types of
interstitial dislocation loops [shown in Fig. 3(a)] are formed
due to interstitial defect clustering; these defects still strongly
contribute to lattice strain. With increasing the dpU level, the
dislocation loop size and density increase, as illustrated in
Fig. 3(b). Loop interactions eventually lead to the formation
of a network of tangled dislocation lines, and to a considerable
reduction in the loop density [Fig. 3(c)]. This last defect
transformation of dislocation loops into dislocation lines is
at the origin of the release of the elastic strain, since the
dislocation lines induce only a very weak elastic strain (but
they generate heterogeneous strains that are usually referred to
as microstrains); the effect of the different types of defects on
the lattice parameter change is discussed in the next section.
Our MD simulations therefore provide an explanation for both
the strain build-up and strain relaxation processes in irradiated
UO;. In Fig. 2 we have also plotted the experimental XRD
data from UQO, single crystals irradiated with 20 keV He

A B

0 L
>
/

(@)

: o

5. N .

LR el g 17
| N IR

S Aal

=

&

\ -
/\\_)\\ (c)

(b)

FIG. 3. Snapshots obtained by using the DXA modifier of the OVITO code [58] with the molecular dynamics simulations of Frenkel pair
accumulation (FPA) in UO,, and showing the change of the defect nature with ion fluence: (a) at 0.12 dpU, in addition to FP (not shown here),
various types—as materialized by different colors—of dislocations loops are formed; (b) at 0.21 dpU, strain is at its maximum (see Fig. 2),
and the snapshot shows a high density of dislocation loops that are on the verge of transforming into dislocation lines; and (c) at 0.95 dpU, the
transformation of loops into lines is almost complete, and a network of dislocation lines has developed.
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FIG. 4. Elastic-strain depth profiles obtained from the fitting of experimental XRD data recorded on irradiated (a) UO,, (b) c-ZrO,, and
(c) MgO single crystals; the third axis (on the right side of the figures) indicates the dpa level. The XRD curves along with the corresponding

fits are presented in Fig. 1 of the Supplemental Material [47].

[60] and 500 keV Ce at room temperature (RT). For both
cases, the expected two-step strain development process is
found (as partly shown in Fig. 1), and it is precisely what we
observed with the MD-FPA technique. In addition, both the
strain level and the dpU value at which the strain relaxation
takes place exhibit a good agreement between experimental
and computational data (a complete comparison is given in the
Supplemental Material [47]). It is worth mentioning that the
MD calculations were performed to be as general as possible
and were not specifically designed to reproduce these two sets
of experiments. Therefore, these results show the validity and
the relevance of the MD calculations and of the corresponding
data analysis.

The elastic-strain experimental data were derived from the
simulation of the XRD curves (see the Supplemental Material
[47]) of irradiated UO, crystals using a dedicated computer
code [46] that allows obtaining accurate strain depth-profiles.
The 500 keV Ce irradiation is presented as an illustrative case
[Fig. 4(a)]. To simulate the curves at high irradiation fluence,
input from the MD calculations was needed: the strain was thus
allowed to decrease and to potentially reach zero in the initial
region of maximum damage as a consequence of dislocation
line formation (at the expense of dislocation loops). In Fig. 4(a),
at low dpa level, the maximum strain is located close to the
surface, and the strain plotted in Fig. 2 (and also in Fig. 1) is
associated with this region. At high dpa, the strain is indeed
relieved in this region. This strain relaxation observed in the
strain profiles has not been shown before due to the lack of
tangible evidences of such a process to occur, which is now
filled by the present MD-FPA results that provide a clear picture
of the complete strain behavior and catch the detailed atomic
scenario of the associated defect-structure changes.

Under ion irradiation, cubic ZrO, and MgO exhibit a
very similar overall behavior as UO, [36,61-63]. It has been
proposed, using TEM, that irradiation defects follow the same
sequence of transformation in c¢-ZrO; [64] as that occurring in
UO; (and molecular dynamics simulations showed an identical
process in cerium dioxide [65]). A comparable defect transfor-
mation sequence was observed in MgO [62]. Therefore, in the
light of the strain development mechanism derived from the
MD-FPA calculations in UQO,, we provide an interpretation
of our experimental XRD data on c-ZrO, (irradiated with
4 MeV Au) and MgO (irradiated with 1.2 MeV Au). We
deliberately chose two different irradiation temperatures, low

(i.e., 80 K) and intermediate (i.e., 573 K) for c-ZrO, [36]
and MgO [62,63], respectively, in order to show the common
character of the proposed scenario of strain variation. Note
however that, at RT, XRD curves in both materials exhibit
a similar evolution with ion fluence as the one shown in
the present work for the two selected temperatures [36,62].
Similarly to the UO, case, in the region of maximum damage
we allowed the strain to decrease due to the disappearance of
dislocation loops. The strain depth-profiles are presented in
Figs. 4(b) and 4(c) for c-ZrO, and MgO, respectively. It is
observed that the strain increases in the surface region at the
beginning of the irradiation process. Then, the strain is relaxed
at the initial strain peak with increasing dpa. Meanwhile, the
maximum strain is shifted towards greater depth after this
relaxation. These results are in agreement with those found
in UO,. Consequently, the processes of strain build-up and
strain relaxation presented for UO; hold for c-ZrO, (and most
likely for all materials with the fluorite structure such as the
binary transuranium dioxides) but also for MgO which has a
different crystalline structure and ionic character.

IV. STRAIN DEPTH PROFILES AND STRAIN
RELAXATION: A COMBINED XRD
AND RECD APPROACH

In order to determine the strain depth profiles (due to the
nonconstant energy-loss deposition) with the twofold aim of
supporting the proposed mechanism for the strain build-up and
relaxation processes and demonstrating that these latter can be
generalized to a great variety of materials, we investigated ZrC
(see the Supplemental Material [47] for a comparison of the
four materials characteristics). First, the XRD measurements
were carried out on ZrC single crystals irradiated with 1.2 MeV
Au at RT at different ion fluences. The corresponding strain
depth-profiles are plotted in Fig. 5(a) (experimental XRD data
and associated simulations are presented in the Supplemental
Material [47]). Results are analogous to those observed for
the previously studied materials. In addition to the XRD
experiments, we implemented RECD simulations (performed
here in a mean field approach with the 1D version of the
CRESCENDO code [66,67]) to obtain, first, quantitative depth
profiles of the defect populations (which is not possible with
the MD-FPA technique). Then we developed a methodology
to derive the strain depth profiles from the RECD calculations
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FIG. 5. Elastic-strain depth profiles in irradiated ZrC irradiated
obtained from (a) XRD experimental data and (b) RECD simulations
(note that data for RECD, were interpolated and the number of slices
was doubled in order to smoothen the curves); the third axis (on the
right side of the figures) indicates the dpa level. The XRD curves along
with the corresponding fits are presented in Fig. 1 of the Supplemental
Material [47].

(see [68] for details in ZrC) using the theory of linear elasticity,
in order to compare them with those obtained experimentally.
It has been shown that in ZrC, vacancies are immobile at
RT, and they remain as monovacancies. On the contrary,
interstitials are highly mobile and immediately tend to cluster
to form dislocation loops [69,70]. In the framework of linear
elasticity, the strain induced by isolated vacancy point defects
is proportional to their density (N,) and to their relaxation
volume (V{,el) [70], which is —0.1 atomic volume (£2) in ZrC
as determined by density functional theory [68]; therefore,
vacancies induce a weak lattice contraction. For isotropically
distributed interstitial-type dislocation loops, the strain is pro-
portional to the self-interstitial density inside the loops (Ny),
each interstitial increasing the lattice by one €2 [70], which
leads to a significant lattice expansion (that is however less than
that induced by N; single interstitials having each a relaxation
volume of a few €2 [70]). Finally, the total strain ¢ reads as

e= Ny Ve + N, Q. (D

Subsequently, in order to reproduce the strain relaxation
process, we introduced a mechanism of dislocation loop
interaction that leads to the formation of entangled dislocation
lines; note that we also introduced a reasonable density of
intrinsic dislocation lines, i.e., 10° cm—3. This mechanism of
dislocation line formation begins when dislocation loops start
to come into contact, i.e., when their size distribution and
density allow these interactions. At that point, the density of
the dislocation lines increases, at the expense of loops, thereby
strongly decreasing the strain rate and eventually leading to
strain relaxation because the lattice parameter change induced
by a dislocation line reduces to the dislocation core volume
that is approximately that of a row of self-interstitials (hence
much less than N;2). This phenomenon is marginal for small
dislocation loops but becomes significant for loops of radius
~1/./7 p;, where p; is the total dislocation density accounting
for loops and network dislocations [71]. Furthermore, as the
size of the dislocation lines reaches the primary extinction
length of x rays (i.e., in the micrometer range), x-ray coherent
scattering can no longer correlate atomic positions and elastic

strain cannot be measured anymore (XRD peak shiftis replaced
by peak broadening). Therefore, for the RECD calculations,
the volume change induced by the dislocation lines was set
to zero. This approach mimics the mechanism evidenced
by our MD simulations in UO, and further confirmed in
¢c-ZrO, and MgO, and it allows a comparison with the XRD
experiments.

Using Eq. (1) and the distributions of the defect populations,
we computed the elastic-strain depth profiles at different dpa
levels in ZrC [see Fig. 5(b)]. At low dpa, the strain is maximum
close to the surface and it increases with irradiation fluence
until it starts to decrease, leading to an apparent peak shift to
greater depth. This result indicates that the strain is primarily
relaxed at the initial strain peak, i.e., where the interstitial
production rate is the highest, thus ensuring a faster clustering
and transformation into dislocation lines. With increasing the
dpalevel, the strain relaxation is more pronounced; meanwhile,
the apparent maximum strain, which keeps on shifting to
greater depth, also starts diminishing. These results match
the findings obtained experimentally [Fig. 4(a)]. There exists
a difference in the depth scales that is discussed in the
Supplemental Material [47]. On the contrary, notably, the strain
levels are very close to those determined by XRD. Similarly,
the dpa level at which the strain relaxation takes place is on the
same order of magnitude as the one determined experimentally.
Therefore, a good overall agreement between experiments and
RECD simulations demonstrates that the proposed mechanism
for the strain build-up and subsequent strain relaxation also
holds for ZrC (and our methodology to compute the strain
depth-profiles with the RECD technique is validated).

V. CONCLUSION

We first exemplified through experimental XRD data (see
Fig. 1) the prevalent development process of strain in irradiated
materials that is defined by a strain build-up followed by a
strain relaxation. This prevalent process is then rationalized
thanks to modeling by two computational techniques, namely
molecular dynamics Frenkel pair accumulation and rate equa-
tion cluster dynamics. These calculations allowed proposing
a general mechanism for this two-step process. Owing to
their large clustering tendency, irradiation-induced interstitial
point defects rapidly form extended defects (mainly dislocation
loops). These defects, which induce a significant elastic strain
(i.e., a lattice volume change), are progressively incorporated
into a network of tangled dislocation lines, thereby inducing
a substantial decrease in the strain rate and thus a strain
relaxation. These results provide a description that reconciles
previous studies on this topic. Moreover, the strain depth
profiles associated with the nonconstant energy deposition of
ions are quantitatively determined by experiments and com-
putations and both sets of data show a reasonable agreement.
To finish, we provide a methodology combining experimental
and computational work that can be used by the researchers
involved in the field of ion-beam-induced effects in materials.
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