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Abstract

For studying the micromechanical behaviour of UO2 and characterising the
intergranular interaction, polycrystals are implanted with helium ions, in-
ducing strains in a thin surface layer. Laue X-ray micro-diffraction is used to
measure the strain field in this implanted layer with a spatial resolution of
about 1 micrometer. It allows a 2D mapping of the strain field in a dozen of
grains. These measurements show that the induced strain depends mainly on
the crystal orientation, and can be evaluated by a semi-analytical mechan-
ical model. A mechanical interaction of the neighbouring grains has also
been evidenced near the grain boundaries, which has been well reproduced
by a finite element model. This interaction is shown to increase with the
implantation energy (i.e. the implantation depth): it can be neglected at
low implantation energy (60 keV), but not at higher energy (500 keV).

Keywords: Mechanical analysis, Polycrystal, Stress singularity, Light ion
implantation, X-ray micro-diffraction, 2D strain mapping

1. Introduction

Light-ion implantation techniques can be used for both fundamental stud-
ies and technological purposes. For instance, in the microelectronics industry,

∗Corresponding author
Email address: marcelle.ibrahim@cea.fr (M. Ibrahim)

Preprint submitted to Journal of Nuclear Materials October 19, 2016



these techniques are used to change the physical properties of the thin im-
planted layer [1]. For nuclear materials, they are used to study the effect of
radiations on different materials [2], while avoiding costly neutron irritations
that make the samples highly radioactive. The studied irradiation damages
include point and extended crystallographic defects [3], cavities [4], etc.

This paper will focus on another use of these techniques: ion implan-
tation induces a swelling, loading mechanically a surface layer. It is then
possible to access the material behaviour by analysing the resulting strain
field. The first studies of this kind dealt with single crystals [5], therefore
probing very few crystal orientations. In these cases, the strain measurement
was done by X-ray diffraction. An improvement has come from the X-ray
micro-diffraction, enabled by synchrotron radiation: the micro-focused X-ray
beam can reach a spatial resolution smaller than 1 micrometer [6, 7, 8]. It
is now possible to implant ions in a polycrystal, alloys [9] or ceramics [10],
and to measure accurately the resulting strain inside several grains (about
1000) with different orientations, or to map the strain field inside dozens of
grains [11].

In single crystals, the relationship between the implantation induced
swelling and the observed strain depends on the mechanical properties and
on the crystal orientation regardless of the geometry [10, 12], the measure-
ments are thus easy to interpret. In a polycrystal, the mechanical interactions
of all the neighbouring grains make the mechanical analysis more difficult:
how far will these interactions disturb the measurement? Can the grains be
considered as independent of each other? This paper wants to answer these
questions by characterising the strain field of the implanted layer, both by
accurate strain field measurements and by mechanical modelling.

The samples of this study are UO2 polycrystals implanted with helium
ions. Two implantation energies have been used, 60 and 500 keV, in order
to vary the implantation depth. For both cases, the implantation depth is
smaller than the X-rays penetration depth, producing double Laue diffraction
spots: one coming from the implanted deformed layer and another from the
non deformed substrate. A special Laue pattern analysis has been developed
for this case [10], allowing an absolute strain measurement in the implanted
layer. Some improvements have been added [11] for a better confidence, in
order to measure accurately the slight variations of the strain field inside the
grains and near the grain boundaries. The data coming from these methods
are now interpreted by a mechanical analysis consisting of a semi-analytical
model to describe the influence of the grain orientation and of finite element
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simulations to reproduce the strain measurements near the grain boundaries.

2. Ion implantation and µ-XRD

Ion implantation. The two UO2 polycrystalline samples used in this study are
disks of 8 mm diameter and 1 mm thickness, with a grain size of about 18µm.
They have been implanted with helium at a fluence of 1016 ions/cm2 with two
different energies: 60 and 500 keV. The implantation induces strains in a thin
surface layer. In-depth characterisation using monochromatic X-ray tech-
niques estimates the strained layer thickness to 0.4µm [13] and 1.3µm [14]
for 60 keV and 500 keV respectively. These values are in agreement with the
damage profiles estimated using SRIM software [15] for these conditions.

X-ray micro-diffraction. Strains in the implanted layer are measured using
X-ray diffraction, with a beam size of about 1µm, much smaller than the
grain size, in order to characterise the strain field variations inside the grains,
particularly at their boundaries. These measurements have been done with
the synchrotron radiation of the European Synchrotron Radiation Facility
(ESRF), at the BM32 beamline [6]. The incident beam was polychromatic
(5-22 keV), producing Laue patterns on a CCD camera, containing between
twenty and forty diffraction spots.

Figure 1 gives the principles of this measurement: with a penetration
depth of approximately 5µm in UO2, greater than the implantation depth,
the polychromatic incident beam is diffracted both by the implanted layer
and the strain free substrate, producing double spots on the Laue pattern.
The strain in the implanted layer can be deduced from the distance between
the two maxima of the diffraction spots, and is thus measured relatively to
the strain free substrate. Contrary to other measurement techniques, for
instance EBSD (Electron backscatter diffraction), where only the surface
layer is probed, our Laue patterns contain a reference to the strain free
material, thus providing absolute strain values that can be compared between
grains of different orientations.

Laue pattern automatic analysis. The displacement of the diffraction spots is
related to the displacement gradient tensor ∇ξ in the implanted layer, which
symmetric and antisymmetric parts correspond to the strain and rotation
tensors:

ε =
1

2
(∇ξ + ∇ξT ), ω =

1

2
(∇ξ −∇ξT ).
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In this paper, we prefer to deal with the displacement gradient ∇ξ rather
than the strain ε because it is directly measured on the Laue patterns and it
bears more information.

A special Laue pattern analysis has been developed [10] to measure the
displacement gradient from these typical Laue patterns. First, an automatic
image analysis procedure detects the two peaks of the diffraction spots, then,
the displacement gradient is estimated by least squares techniques. This
first analysis, applied on UO2 samples implanted with 60 keV helium ions,
has shown that the displacement gradient tensor ∇ξ mainly depends on
the grain orientation. However the measurement precision was not accurate
enough to measure the slight variations of the strain field inside the grains.

The proposed method has thus been improved [11]: new image analysis
procedures, combined with statistical tools were developed to reduce the
measurement error by a factor 2 and to correct detection errors. With the
increase of the implantation energy, the strain in the implanted layer varies
along the depth [14], changing the shape of the double Laue spot shown in
Figure 1. A specific work has been done [16] to face this problem: for high
energies (for example 500 keV), the strain measured on the Laue patterns
corresponds to a mean value over the implantation layer. It is now possible
to accurately measure the slight variations of the strain field inside each
grain, for several implantation energies.

2D strain mapping. The two implanted samples have been probed on a reg-
ular grid with a 1.5×2µm2 step along the sample surface, in order to map
the strain field at the grain scale. Figure 2 presents the maps of the ξz,z
component of the displacement gradient, which corresponds to the strain εzz
normal to the sample surface, for both implantation conditions. Each pixel of
these maps is the result of a Laue pattern analysis. The pixels in dark grey,
which represent a failed analysis, are mainly located at the grain boundaries,
where the mechanical interaction of neighbouring grains alters the simple
Laue spot shapes (see Figure 1), making the Laue patterns more difficult to
interpret. More details on the pattern analysis, and maps of other gradient
components ξi,j have already been presented elsewhere [11].

The maps show that the displacement gradient for 60 keV ion implanta-
tion is quite uniform inside the grains, depending mainly on their orienta-
tion. The strain field varies slightly inside the grains, particularly at their
boundaries. This variation seems however greater for a deeper implantation
(500 keV).
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3. Mechanical analysis

All the features revealed by the strain field measurements will now be in-
terpreted through a mechanical analysis: a semi-analytical mechanical model
to explain the grain orientation dependence, and finite element simulations
to model the mechanical interaction of neighbouring grains.

Mechanical model. The implantation of ions in a sample induces a stress free
swelling of the implanted layer. In a cubic material as UO2, this swelling does
not have a preferred orientation, and can thus be considered as isotropic:

εs =

s/3 0 0
0 s/3 0
0 0 s/3

 ,

where s/3 denotes the linear free swelling, which can vary with the implan-
tation depth z [13, 14].

This swelling loads mechanically the sample surface, producing stress and
strain fields. In the elastic domain, the stress σ, strain ε and stress free strain
εs are related by Hook’s Law:

σ = C.(ε− εs), with C = NT .C0.N (1)

where the stiffness tensor C depends on the stiffness tensor C0 in the refer-
ence frame, and the crystal orientation through the orientation matrixN . For
cubic materials, like UO2, the tensor C0 depends on three elastic constants:
C11, C12, C44 in Voigt notations.

This mechanical model must be completed by boundary conditions: the
sample is at rest, no forces acting at any external surfaces. Now, we can
calculate the strain of implanted samples, first using a simplified model, then
using finite elements.

Semi-Analytical model. A simple solution of the mechanical Equation (1) has
already been presented in details [10]: the displacement ξ varies only accord-
ing to the depth z, which leads to the following form of the displacement
gradient, with only three non zero components:

∇ξ =

0 0 ξx,z
0 0 ξy,z
0 0 ξz,z

 .
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This solution does not verify rigorously the boundary conditions, because it
involves forces at the circumference of the implanted layer. To counterbalance
these forces, a slight bending of the sample must be added, which is actually
due to the swelling of the upper implanted layer. However, this additional
bending can be neglected: its relative contribution to the strain corresponds
to the ratio of the implanted layer thickness (< 1.3µm in our conditions)
over the sample thickness (1 mm), i.e. about 10−3.

Far from the circumference, the proposed approximation is thus very
precise, provided the sample is made of a unique material, i.e. a single
crystal. For polycrystalline materials, it can be used on the different grains
as if they were independent from each other. We call this approximation
the independent grains model. It has been successfully applied [10] to
model the strain of about 800 grains of different orientation in a polycrystal
sample implanted with 60 keV ions, and to estimate the stress free swelling
s in the implanted layer. It is about 0.48 % for an implantation fluence of
1016 ions/cm2.

In the experimental maps in Figure 2, the quasi uniformity of the strain
field inside the grains indicates that this approximation is adapted for both
samples. However, the grains have a mechanical interaction, and the strain
field is actually more complex, specially near the grain boundaries. These
variations increase with the implantation energies, from 60 to 500 keV. Me-
chanical simulations based on finite elements will help to interpret these
mechanical interactions.

Finite element modelling. In order to study the mechanical grains interac-
tion, we focus only on two neighbouring grains. The finite element calcula-
tions are therefore done on the geometry represented in Figure 3. It is pos-
sible to vary separately several parameters: the implantation layer thickness
dh, the boundary inclination α, or the grains orientations. The modelling is
characterised by the following features:

• The stress free swelling s induced by the implantation varies with the
implantation depth z. This point has already been examined else-
where [16, 13]. In our modelling, for simplification sake, we will sup-
pose a uniform free swelling inside a thin surface layer of thickness dh.
Its value is estimated from the strain measurements of about thousand
grains of different orientations, using the independent grains model de-
scribed above.
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• For a polycrystal, the boundary conditions are applied very far from the
grains considered in our simulation. For reporting these far conditions,
we choose periodical boundary conditions. Doing so, we know that we
neglect the slight bending of the sample mentioned above, induced by
the swelling of its upper layer. With the periodicity, the two grains of
length d alternate along the x direction. They are infinitely wide along
the y direction.

• The upper and lower surfaces (for z = 0 and z = −h) are stress free.
The size h is chosen large enough to eliminate the influence of the lower
surface: 30 times greater than the layer thickness dh.

• The two grains have different orientations. The elastic constants of
UO2 (C11, C12, C44) are retrieved from literature [17].

Stress singularities. In this model, stress singularities appear at the intersec-
tion of the grain boundaries and the upper surface, highlighted in green on
Figure 3. A stress singularity [18] is characterised by the stress field reaching
infinite values near a point, according to:

σ(r) =
K

rn
, (2)

where K represents the stress intensity factor, r the distance toward the
singular point, and n the singularity order. To illustrate this point, a finite
element calculation has been done using the loading and boundary condi-
tions described in the previous paragraph (Figure 3). Figure 4 shows the
resulting stress profile (in red) along the x direction at the sample surface.
A stress singularity can be seen at each grain boundary, characterised by a
discontinuity and very high values.

Singularities in this kind of configurations have been extensively studied
in literature [19, 18, 20]. For elastic isotropic materials, the singularity can
be studied with analytic formulae: the singularity order n depends on the
Young’s modulus ratio of the two materials, and the angles between the free
surface and the materials interface; the stress intensity factor K depends
on the overall geometry and loading conditions. We choose to study these
singularities in our cubic material using finite element calculations. In this
case, a singularity can be evidenced by observing the stress increase at a
singular point when the grid mesh is refined. It is also possible to fit a
function (2) characterised by a stress intensity K and a singular order n on
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the stress profiles. The singularity order is found to be very low: 0.01 and
0.04 on both sides of the interface, indicating a weak singularity.

It should be noted that µ-XRD technique measures a mean value of the
strain along the depth of the implanted layer. In order to compare mea-
surements with simulations, the finite element results are averaged along
the implanted layer thickness dh. Since the singularity order is low, this
operation constitutes a mathematical regularisation of the stress field, and
eliminates therefore the singularities. This is shown in figure 4 on two stress
profiles taken along the x direction: the stress values on the free surface in
red, and the averaged values in blue.

Influential parameters. Many parameters influence the grains interaction:
the implanted layer thickness dh, the direction of the grain boundary (angle
α in Figure 3), and the grains orientations.

The implanted layer thickness dh increases with the ion implantation en-
ergy, between 0.4 and 1.3µm for energies of respectively 60 and 500 keV. Two
simulations are done for these two thicknesses, plus one for a much thinner
layer (0.05µm). In all these cases the size in the x direction is fixed at
d = 15µm. The crystal orientation of Grain 1 (figure 3) is [001], it is rotated
by 20◦ around y axis for Grain 2. The resulting strain profiles are presented
in Figure 5. Here we show the component ξzz of the displacement gradi-
ent which corresponds to the strain εzz normal to sample surface. For the
smallest thickness (red curve), the displacement gradient values are close to
the values predicted by the semi-analytical independent grain model (dashed
lines). Near the boundaries, the grains interact, and the result differs from
the semi-analytical model. For a 0.4µm layer thickness, the grains interac-
tion propagates toward the grain centre. For higher thickness, 1.3µm, the
difference between the finite element results and the semi-analytical model
(dashed lines) is higher. These simulations show that increasing the implan-
tation energy, i.e. the implantation depth, increases the grains interaction
near the grain boundaries and that the interaction propagates toward the
grain centre. Another feature is noticeable: the mechanical interaction en-
larges the strain difference in two neighbouring grains.

To avoid the combination of the grains interaction from both sides of each
grain in the next simulations, the grain size d is now set to 300µm for an
implanted depth dh of 1µm, so that the displacement gradient in the grain
centre reaches the values predicted by the independent grain model.

To study the effect of the grains orientation, the orientation of Grain 1
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in Figure 3 is fixed to [001], while the orientation of Grain 2 is rotated by
an angle φ around the axis y. The grain boundary inclination is fixed to
α = 90◦. The resulting strain profiles for three values of the rotation angle φ
(10◦, 20◦ and 45◦) are shown in Figure 6. The grains misorientation increases
the displacement gradient gap between the two grains. This can create a
maximum at a distance of 1 or 2µm from the grain boundary. The simulated
strain maximum difference (blue curve) can reach twice the difference given
by the independent grains model (dashed lines).

The misorientation is now fixed to φ = 20◦, and the grain boundary
direction, i.e. the parameter α in Figure 3, can now vary between 70◦ down
to 10◦. At the observed boundary, Grains 1 and 2 make respectively obtuse
and acute angles with the free surface. The resulting strain profiles are
presented in Figure 7. The effect of the boundary inclination only affects
Grain 2 with the acute angle. The mechanical fields in Grain 2 are indeed
sensitive to a quantity of Grain 1 material progressing under Grain 2 with
the angle α. The maximum strain in Grain 2 disappears for an angle α less
than 30◦.

These simulations confirm the observations of the strain field maps of
Figure 2: for the considered implantation energies of 60 and 500 keV, i.e. for
the corresponding strained layer thickness of 0.4 and 1.3µm, the strain field
is mainly determined by the grain orientation as predicted by the indepen-
dent grains model. However, the mechanical interaction of the neighbouring
grains affect the results. The interaction increases the strain differences be-
tween the grains, with a maximum located at distance of 1 or 2 times the
implantation depth dh, and it propagates over a distance exceeding 50 times
the implantation depth dh toward the grain centre. For the considered im-
plantation energies of 60 and 500 keV, with a grain size of about 18µm, the
interaction affects strain field even at the grain centre. Hence, in a polycrys-
tal, the mechanical strain field of each grain results from its interaction with
all the surrounding grains.

4. Comparison to experimental results

The strain field, measured by µ-XRD on the two implanted samples,
can now be compared with the finite element simulations. This comparison
will focus on a profile, crossing two neighbouring grains, marked by a white
arrow on the maps in Figure 2. The simulations will be done using the finite
element model, described in Figure 3. The orientations of Grains 1 and 2 are
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determined from the Laue pattern. Before the comparison we must be aware
of the following calculation simplifications, and their consequences:

• In the model, the swelling s is supposed uniform, located in a subsurface
layer of thickness dh. Previous studies [13, 14, 16], show that this
hypothesis can hold for a 60 keV implantation, but with less precision
for a 500 keV implantation. The mechanical loading imposed in the
finite element simulations does not represent completely the real case.

• The geometry described by the model presented in Figure 3 is very
simple and consists of a slice of two grains, periodically repeated. All
the other surrounding grains are thus neglected. However, we know
from the above simulations that the influence distance of a neighbouring
grain is greater than the grain size.

• The whole geometry of the grains, and in particular their shape under
the surface, is unknown. Hence, the boundary inclination between
Grains 1 and 2 is to be estimated by varying the angle α, and looking
for the simulation estimating at best the experimental profile.

The first application is done on the polycrystal implanted at low energy
(60 keV). We choose to simulate a profile crossing the two largest grains,
indicated by the white arrow in Figure 2(a). The normal component ξz,z and
one of the shear components ξy,z are shown in figure 8. Both experimental
and simulated profiles behave similarly, but the match cannot be perfect
because of the above remarks.

The second application is done on the 500 keV implanted sample, with a
larger implanted layer thickness, therefore with a stronger grain interaction.
Again, the chosen profile, indicated by the white arrow in Figure 2(b), crosses
the two largest grains. The corresponding curves for components ξz,z and
ξy,z are presented in Figure 9. Despite the greater interaction, the simulation
reproduces well the experimental results.

The finite element model, with its simplifications, can reproduce the main
features of the mechanical interaction of neighbouring grains, observed on
the experimental measurement. This encouraging result validates both the
measurement methodology and the proposed mechanical model.
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5. Conclusion

Ion implantation is used to load mechanically a thin surface layer in a
ceramic polycrystal. The resulting strain in the implanted layer is then mea-
sured by X-ray micro-diffraction in Laue mode with a spatial resolution of
about 1 micrometer, enabling to map accurately the strain field inside a dozen
of grains. The resulting displacement gradient has three main components
ξx,z, ξy,z and ξz,z, which depend mainly on the grain orientation and can be
modelled by a semi-analytical mechanical model.

Mechanical grain interactions are observed in the 2D experimental strain
maps near the grains boundaries, which can be reproduced adequately with a
simplified finite element model. The simulations show that these interactions
depend on the grain boundary inclination and on the relative grain orienta-
tion. They increase with the implantation depth, and propagate from the
boundaries to the grain centre. Even at the centre of the grains, the actual
strain differs from the prediction of the semi-analytical model.

A stress singularity appears at the intersection of the grain boundary
with the free surface, but cannot be measured, because it disappears due
to its low order and the averaging process along the depth probed by the
X-ray diffraction. In these areas, high stress levels can be reached, that can
explain some phenomena occurring near the grain boundaries, for instance,
accelerated release of helium [21].

The combination of ion implantation and X-ray micro-diffraction in Laue
mode is thus a way to access at a microscopic scale the mechanical behaviour
of the grains, and their mutual mechanical interactions. The results obtained
in UO2 also apply for other ion implanted ceramic polycrystals if the follow-
ing implantation conditions are verified: the implanted layer must be much
smaller than the grain size, and negligible compared to the sample thickness;
the mechanical strain model applies far from the sample edges.
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Grain 1

Grain 2

(a) 60 keV - 1016 ions/cm2 He-implantation

Grain 1

Grain 2

(b) 500 keV - 1016 ions/cm2 He-implantation

Figure 2: Mapping of the displacement gradients normal component ξz,z measured by
µ-XRD technique [11]. Two UO2 polycrystals are implanted with helium ions at 60 keV
- 1016 ions/cm2 (a) and 500 keV - 1016 ions/cm2 (b).
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Figure 3: Geometry, boundary conditions, and loading condition used in a simulation of
two grains implanted in a thin surface layer.
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Figure 4: Profiles of the simulated stress component σxx along the free surface (red curve),
and its mean value along the strained layer thickness (blue curve).
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Figure 5: (a) Schematic representation, (b) and simulated displacement gradient compo-
nent ξz,z profiles (solid lines) for three implantation depths dh. The dashed lines represent
the semi-analytical grain independent model.
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Figure 6: (a) Schematic representation, (b) and simulated displacement gradient compo-
nent ξz,z profiles (solid lines) for three different misorientations φ of Grain 2. The dashed
lines represent the semi-analytical grain independent model.
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Figure 7: (a) Schematic representation, (b) and simulated displacement gradient compo-
nent ξz,z profiles (solid lines) for four different grain boundary orientations α. The dashed
lines represent the semi-analytical grain independent model.
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Figure 8: Profiles of components ξz,z and ξy,z taken in the 60 keV implanted sample along
the white arrow of figure 2(a). Comparison between µ-XRD measured values (blue) and
finite element simulations (red). The dashed lines represent the semi-analytical model.
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Figure 9: Profiles of components ξz,z and ξy,z taken in the 500 keV implanted sample along
the white arrow of figure 2(b). Comparison between µ-XRD measured values (blue) and
finite element simulations (red). The dashed lines represent the semi-analytical model.
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