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Abstract

In this paper, experimental work is supported by multi-scale numerical modeling to investigate
nanomechanical response of pristine and ion irradiated with Fe2+ ions with energy 5 MeV high purity
iron specimens by nanoindentation and Electron Backscatter Diffraction. The appearance of a sudden
displacement burst that is observed during the loading process in the load—displacement curves is
connected with increased shear stress in a small subsurface volume due to dislocation slip activation
and mobilization of pre-existing dislocations by irradiation. The molecular dynamics (MD) and 3D-
discrete dislocation dynamics (3D-DDD) simulations are applied to model geometrically necessary
dislocations (GNDs) nucleation mechanisms at early stages of nanoindentation test; providing an
insight to the mechanical response of the material and its plastic instability and are in a qualitative
agreement with GNDs density mapping images. Finally, we noted that dislocations and defects
nucleated are responsible the material hardness increase, as observed in recorded load—displacement
curves and pop-ins analysis.

1. Introduction

In recent years, with the development of new experimental techniques such as nanoindentation [1, 2, 3]
and pillar compression[4, 5], tens and hundreds of nanometers have become possible to be
experimentally tested and analyzed. At the same time, one can observe increasing computational capacity
and power, which allows for large scale simulation by using molecular dynamics (MD) [6, 7, 8, 9, 10, 11, 12,
13] or discrete dislocation dynamics (DDD) [14, 15] of larger material volumes. Combining these two
routes enables us to assume that experimentally observed crystal plasticity instability can be visualized by
in-situ or post-morten transmission electron microscopy (TEM) [16, 17, 18] following dynamically the
interaction of dislocations with microstructural features of the samples numerically. This offers a valuable



opportunity to better understand the phenomena occur- ring in the tested material, their interaction, and the
impact of microstructural features such as grain boundaries, grain orientation or precipitates on the
mechanical properties such as hardness or yield strength [1, 8, 19, 20, 21]. Along this research line and
goal, the combination of experimental and numerical tools are essential for understanding the impact of
radiation damage and induced defect production [22].

The ferritic/martensitic (F/M) steels are planned to be used in Generation IV nuclear reactors. They
exhibit much lower swelling than austenitic steels, thus they can be utilized even up to 200 dpa [23].
Those materials also display desired properties: higher thermal conductivity, lower thermal expansion, and
a lower tendency to He embrittlement. However, F/M steels typically display significant hardening when
exposed to radiation at temperatures around 300°C, the operating temperature of most reactors. In
addition, temperature fluctuations shall be unavoidable due to transients and temperature gradients
(depending on reactor component particulars). Hardening is commonly caused by creation of defects that
pin and block dislocation movement, typically resulting in an increase of hardness and a decrease in fracture
toughness, that is caused by localization of plastic deformation, with subsequent dramatic loss of uniform
elongation.

To experimentally simulate radiation defects, one can either perform neutron irradiation in the
reactor core or use an ion accelerator facility and perform ion irradiation. The second option is very
tempting as an ion irradiation provides an opportunity to produce controlled amounts of displacement
damage under well-defined experimental conditions. It is well established that ion irradiation can
reproduce all standard microstructural features observed in neutron— irradiated materials (dislocation
loops, voids, and bubbles, radiation-induced solute segregation, or radiation-induced precipitates) [19, 20,
24]. Charged particle irradiation in re- cent years has become valuable complementary tool to bulk neutron
irradiation studies [25, 26]. However, the possible length scale of the irradiation damage region usually
does not exceed few um for few MeV energies [27]. Despite this limitation, the development of
experimental tools like high resolution scanning electron microscopy/focused ion beam (HR SEM/FIB) and
TEM in the case of structural investigations or nanoindentation allows for mechanically testing sufficiently
small volumes, which are relevant for ion irradiation conditions [20]. Finally, one must remember that the
ion—irradiation offers opportunities for improved experimental control that is impossible to perform during
reactor neutron irradiation such as separate effects testing. Therefore, the separation of different
environmental conditions is much easier, hence understanding individual phenomena becomes possible
One of these phenomena is the impact of radiation defects on the dislocation nucleation process and
evolution. It has been commonly agreed that the nanoindentation method is one of the key techniques
in understanding plasticity in small volumes [1, 3, 21, 28]. A common agreement has been achieved that
this technique can be used to study fundamental dislocation nucleation aspects. The advantage of this
technique is the ability to probe small volumes, limiting effect of different types of microstructural
defects. Suppose one is testing single crystals or individual, large grains. In that case, it can be assumed
that the onset of plasticity is marked by the characteristic discontinuity in the load-indentation depth
(L-D) curves, called a “pop—in” event. These events are generally explained by homogeneous dislocation
nucleation. It is also assumed that these effects occur when shear stress generated under the indenter
tip approaches the material’s theoretical shear strength. When the first pop-in effect is observed [18], which
means that the homogeneous dislocation nucleation in the defect-free (this is valid for single crystals or
grains probed sufficiently far from the grain boundary) volume occurred [20]. The evolution of the
dislocation can be better understood if an computational model is applied at different length-time
scales. This has been well documented for face centered cubic (FCC) systems. However, dislocation
motion and interaction in body centered cubic (BCC) are still poorly understood. Several features such as



interstitial atoms, surface roughness, crystal orientation, or existing dislocation density and their interaction
are to be explained [13]. The situation is even more complicated for the irradiated system when radiation
defects are introduced to the material, and they evolve in time

and scale.

Considering all the above aspects, the present paper aims to better understand the effect of
incipient plasticity in BCC-type high purity Fe (model material). Our experimental and numerical studies
are performed on pristine and ion-irradiated materials. We consider one-grain orientation and analyze the
possible correlation between the crystallographic orientation, presence of radiation defects, and occurrence
of pop-in events. We extrapolate our atomistic simulation based on molecular dynamics (MD) method by
per- forming discrete dislocation dynamics (DDD) simulations to investigate the evolution of dislocation forest
at larger material volumes during nanoindentation testing. DDD and MD simulations are both useful
computational methods that can be used together to gain deeper understanding of materials behavior. DDD
simulations focus on mesoscopic features of materials by modeling the movement and interactions of
dislocations, where nucleation and multiplication of dislocations is captured on the level of dislocations,
but not on the atomistic scale. New dislocation segments are naturally introduced by multiplication of pre-
existing dislocations. Atomistic MD simulations can guide DDD approaches by describing initial
nucleation of dislocations at the onset of plasticity. Herein, the microstructure and mechanical proper- ties
of the Fe sample are studied. The results are supported by numerical modeling. The dislocation nucleation
mechanism is proposed viaa computational model. Itis compared to high resolution electron backscatter
diffraction (HR-EBSD) orientation image analysis, and shows information about the nanomechanical response
of the Fe sample under external loads.

2. Experimental and computational methods
2.1. Experimental nanoindentation technique

Nanomechanical investigations were carried out by using a NanoTest Vantage system provided
by Micro Materials Ltd. Measurements were performed at room temperature with a Berkovich-
shaped diamond indenter tip. It is known that tip place a major role during low load nanoindentation
[29]. Prior to the tests, the diamond area function (DAF) of the indenter was calibrated using fused
silica with known mechanical properties. Indentations were performed in single force mode with a
maximum load of 1.5 mN, which corresponds to 200 nm on pristine and 130 nm on irradiated
samples. According to generally accepted nanoindentation principles, the plastic deformation
regime induced during indentation, is 5-10 times greater than the penetration depth, depending on
the material being tested [30]. This effect is less drastic in harder materials, with high yield strength.
However in our studies, we adopted the most restrictive criterion to ensure that the material
response comes from the irradiated layer, whose peak damage is located at a depth of around 1.3
um. The distance between indents was set at 10 um. For clarity, occasional faulty trials were
manually excluded.

2.2. Electron backscatter diffraction (EBSD) analysis

A HR-EBSD analysis, in terms of local orientation gradients in grains deformed by
nanoindentation, was per- formed using a Helios 5 UX (ThermoFisher Scientific) field emission
scanning electron microscope operated at 25 kV and 6.4 nA current. A Kikuchi diffraction pattern
was col- lected for each point at a camera resolution of 640 x 480 pixels and a step size of 30 nm
using EDAX Velocity Pro EBSD system. The orientation maps were analysed using OIM Analysis



software with the application of a confidence index (Cl) standardization routine and the filtering of
the data with Cl below 0.1.

2.3. Preparation of the pristine and irradiated material

The studied model material of high purity iron used in this work was cast by OCAS (Gent, Belgium)
in an induction vacuum furnace by additive melting. The chemical composition is reported in Tab. 1.

Table 1. Chemical composition of iron samples.

Element C Cr Ni Si P Al Fe

Weight % <0.005 0.002 0.007 0.001 0.003 0.013 Bal.

The studied model material was fabricated as a rolled plate with a final thickness of 10 mm. This
was done by cutting a 50 mm x 125 mm x 250 mm piece from each lab cast. Then these pieces were
introduced to the pre—heated furnace at 12000C for 90 min. Following this step, hot rolling was
performed (in 7 passes) until 10 mm was achieved. The hot rolling lasted for about 60 s, and the
temperature of each element was approx. 9300C after the termination of the process. Afterward,
cooling to room temperature in air was performed. The final dimensions of the sheets (measured in
the rolling direction) were about 10 mm x 250 mm x 600 mm (height x width x length). The samples
surface were mechanical polish at step—wise decreasing grain size of the polishing agent. One can
observe in the EBSD IPF Zimage (Fig. 1) that the studied specimens have large globular in shape grains

with an average size of approximately 90 um with fully ferritic microstructure and randomly
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Figure 1. EBSD IPF Z image of the pristine Fe sample

lon irradiation was performed with the 3 MV tandetron accelerator located at the lon Beam
Center at HZDR Dresden. Fe2+ ions with 5 MeV energy were implanted at 3000C into the sample.
The temperature control was based on a thermos-couple placed on the backside of the sample,
while the specimen was mounted on the heating target. The samples were scanned by a properly
focused ion beam such that the irradiated area received a laterally uniform exposure corresponding
to the respective predetermined target values. The ion flux was monitored continuously utilizing
Faraday cups and integrated to obtain the ion fluence. The profiles of displacement damage in units
of displacements per atom (dpa) and injected interstitials per atom (ipa) were calculated using the
SRIM binary collision code. This was done ac- cording to the recommendations given by Stoller et



al.[31] using the quick Kinchin-Pease calculation and displacement energy of 40 eV. The respective
profiles are plotted in Fig. 2.
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Figure 2. Profiles of displacement damage (blue line) and concentration of injected interstitials (red line) for the 5
MeV F e?*-ion irradiations, obtained by SRIM calculations.

2.4. Computational modeling

2.4.1. Molecular dynamics simulations framework

MD simulations is a used to describe the physical processes during nanoindentation testing,
at an atomic level. For this, the Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS)
[32] and interatomic potentials based on EAM method [33] were performed to describe Fe-Fe
interaction. The modelling starts by the preparation of a single crystal [101] Fe sample with 11664000
Fe atoms in a (51.53, 54.66, 48.58) nm cell with density of 7.92 g/cm3, which agrees well with the
experimental data. The size of the sample was chosen to be large enough for the anticipated
propagation of dislocations along slip planes and dislocation dynamics throughout the BCC sample
during the indentation process. Naturally, this requirement results in larger dimensions along the z—
direction. Further, a process of energy optimization follows, and equilibration for 100 ps with a
Langevin thermostat at room temperature. In order to emu- late nanoindentation, the Fe sample is
prepared by following the process explained in our previous work [7, 8, 34]. We utilize a repulsive
imaginary (RI) rigid sphere as our indenter tip, with radius R = 10 nm and a speed v = 20 m/s, where
v is chosen as positive for loading, and negative for unloading processes. Each calculation was
performed for 125 ps with a time step of At = 0.5 fs. for a maximum indentation depth of 4.0 nm to
avoid the influence of boundary layers of the material. This methodology was used in our previous works
to model nanoindentation, in good agreement with experimental data [7, 8] Thus, the geometrically
necessary dislocations (GNDs) are computed by using DXA method [35] implemented in OVITO [36].

2.4.2. 3D-DDD approach

The DDD approach applied in this paper exploits a coupling between a Dislocation Dynamics
code [37] and a Finite Element (FE) solver [38] for consistently evaluating the dislocation stress field
near the free surfaces. The coupling is based on the eigenstrain formalism [39], and implemented
following the Discrete-Continuous Model (DCM) scheme [40, 14, 41, 15].

In the DCM, the stress field acting on dislocation segments is calculated by solving the Partial
Differential (PD) equation of mechanical equilibrium. In this approach the plastic deformation is
introduced in the constitutive equation by means of the eigenstrain formalism and a properly chosen
regularization function [42]. This allows for the coupling with a FE numerical solver. The equilibrium



equation to be solved thus become:

—V&(i) =0 on Q\ IQ
o(u) = C(e(u) — ) on Q\ 0Q

Ji=0 on dQy, (1)
G-ni=0 on dQy
E-ﬁ—klm<u—l>+—ﬁ on 0Q,

where u is the unknown displacement field, e* the eigentrain, representing the plastic deformation, Q
is the simulation volume and dQ its external boundary. The bottom boundary dQp is kept fixed by

applying Dirichlet boundary conditions (zero displacement), while dQ is the top free surface with

Neumann boundary conditions (zero normal stress). The last condition in Eq. (1), is applied to the contact
region dQc. The constant kpen is a penalization constant and the symbol <>; denotes the positive part of

the argument. The function Z is used to define the outer surface of the indenter, modeled as the
parabolic approximation of a sphere in this work.

In this way, boundary conditions for free surfaces of arbitrary geometry are fully taken into account
when solving the PD system of Egs. (1). Finally, the stress field resulting from the FE solution is used to
compute forces that move dislocations at the Nth + 1 time step, following an iterative process. It is
important to highlight that, while the FE solver is in charge of computing the mechanical equilibrium, the
DD code not only handles the movement of dislocation segments but it also manages potential reactions
between them, modeling local interactions and recombinations. When two dislocation segments fall inside
the regularized region their interaction is evaluated by means of the analytical expression derived in Ref.
[42], consistently exploiting the same regularization function W. Thus, the dynamics described by the

DCM model is independent on the choice of the regularization thickness A [14].

For the purpose of this paper, simulation boxes of 1 um lateral sizes with lateral periodic boundary
conditions were considered. The bottom boundary of the simulation cell is kept fixed while the top one
is a free surface, as defined in Eq. (1). A distribution of pre-existing prismatic dislocation loops were
placed undertheindenter location to act as a trigger for the plastic deformation during nanoindentation.
These loops were randomly selected between all possible glide systems for BCC Fe and with random
positions in a small volume box (around 100 nm of lateral size) under the desired indenter location.
Multiple simulations have been performed in order to confirm that details of the dislocation network at late
indentation stages did not depend on the details of the initial prismatic loops distribution.

3. Results and discussion

The dislocation nucleation process plays a dominant role in the yield and subsequent plastic
deformation of the material. To better understand the onset of plasticity by dislocation nucleation
for the pristine case, the nanoindentation array was observed from the point of a specific grain.
Figure 3a) show an array of indents made on a grain with a preferential orientation of [101]. The
test was performed on the pristine specimen. We analyzed the recorded HR-EBSD image and
calculated the density of geometrically necessary dislocations (GNDs) on the surface near the
indent. More GNDs are visible near the indenter tip and on one side, on the direction {110} slip
plane. To better understand the mechanism of the loop formation, MD was carried out to simulate
the indentation process. Fig. 3c) shows the developed dislocation types created in the [101] grain at



the maximum indentation depth provide information of the dislocation forest underneath the tip.
As expected, 1/2(111) loops are most common. In addition, the presence of (110) and (100)
dislocation segments can be noticed. A very similar behavior has also been reproduced by means of
DDD simulations, as reported in Fig. 3d). Here, the simulation box is much larger due to the
computational advantages of DDD simulations and the maximum indentation depth simulated is
much closer to the experimental one, around 55 nm. The dislocation network represents the same
features observed in the MD simulation and in the experiments (Fig 3(b) and (c)) with the main
network being formed by 1/2(111) dislocation loops. Some dislocation-dislocation reactions occur
mainly forming (100) dislocation segments and maintain their evolution as reported by DDD
simulations (Fig. 3d).
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Figure 3. a) EBSD map of the indentation array made within one grain with [101] orientation, b) GND
density of map of the indentation array, and c) calculated dislocation network at the maximum indentation
depth calculated for the spherical indentation up to 4 nm depth; and d) 3D-DDD results for dislocation
network following the coordinate tripo and dislocation color palette shown for the MD results.

The temporal evolution of the dislocation microstructure can be better observed in Fig. 4 where
selected snapshots from the loading process are extracted from a DDD simulation. As discussed in
Section 2, the starting conditions of the DDD simulations performed here is a random distribution
of prismatic loops placed under the indenter location. From this starting configuration the
simulations evolve as shown for examples in Fig 4 (a)-(d). The dislocation loops rearrange under the
influence of the indenter stress fields and start extending on their glide planes, multiplicating and
reacting in order to form the dislocation microstructure already described in Fig. 3. The maximum
indentation depth achieved in this simulation is approximately 55 nm and the corresponding
dislocation microstructures have already been reported in the top view of Fig. 3 (d).
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Figure 4. Selected snapshots from a DDD simulation of nanoindentation of pure Fe in [101] directions. The initial
configuration consists of randomly placed prismatic dislocation loops under the indenter as described in the
text. The simulation times are 2 ns (a), 4 ns (b) 6 ns (c) and 8 ns (d). The maximum indentation depth shown in
(d) corresponds to approximately 55 nm.

Figure 5a) shows, recorded during indentation, load- indentation depth curves on pristine
(black curves) and ion irradiated (blue curves) specimens. Indentations were per- formed with a
constant load up to max 1.5 mN, resulting in deforming approx. 200 nm in the case of pristine and
130 nm in the case of ion irradiated material. This load was chosen to assure the probing volume of
the material, which does not extend below the irradiated region (even assuming a very constrained
1/10 criterion). Figure 5a) presents all recorded 200 indentation curves, hence, at first glance, the
observed pop-in effect may be hidden.

Figure 5b) shows representative loading parts recorded during the indentation test. One can
identify the occurrence of two clearly isolated pop-ins (with different magnitudes) in both cases. As
described in the introduction section, the occurrence of a first pop—in can be attributed to the
transition from purely elastic behavior to the onset of additional plastic deformation. All recorded
curves show at least one pop—in event. This proves that the dislocation activation process fol- lowed
by dislocation nucleation. This is a classical behavior for BCC metallic materials, and the recorded
results are in full agreement with the experimental work of Ahn et al. [43] and numerical data
provided by Biener et al. [44].
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Figure 5: (Color online) a) Experimentally recorded L—D curves of pristine (black line) and ion irradiated
(blue line) pure Fe- specimen. Indentations were performed up to the maximal load of 1.5 mN, which
assured probing only radiation damage zone, b) representative loading part of the L-D curves marked with
arrows, sudden displacement bursts represent the first and secondary pop-in effect recorded for both
samples, and c) correlation between pop-in initiation load and length recorded for the first and secondary
pop-in effect.

To quantify the occurring pop-in event, we calculated the number of pop-ins, length of the
displacement, and critical load upon which this event commenced. This was done for both pristine
and ion irradiated samples. Regardless of the state of the sample, a similar trend between the 1st

0.5



and 2nd pop-ins has been observed. The first pop-in always occurs at a lower critical load and is
statistically more significant than the second event. When considering only the first pop- in event,
one can see that no difference between pristine and ion-irradiated material exists. In both cases, it
requires approximately 10 uN load to activate the event [20]. This proves that both samples have
the same dislocation density and number of pre-existing mobile dislocations in the shear zone and
have the same residual stress level at the surface after polishing. As demonstrated by P6hl [45],
polishing to high roughness level results in the development of isolated small pop-ins. This proved
that local stress concentrations caused by surface discontinuity favor nucleation or activation of the
pre-existing dislocations, which leads to the disappearance of the pop-in. We did not observe such
phenomena in our case. Therefore, one can conclude that the roughness of the samples (and stress)
are at the same level. However, one can see that a significant difference exists when comparing
second pop-ins. Blue points represent the magnitude of the pop-in in the pristine sample, while
purple points show the behavior of the ion irradiated sample. Statistically speaking, it is clearly seen
that ion-irradiated samples shows a more consistent response. In addition, one can see that the first
and second pop-ins recorded for pristine samples (see black and blue points on Fig. 5c) are slightly
larger both in terms of the critical load necessary to active the event and in pop-in length. It is known
that in pure iron and BCC alloys generally, the mobility of pre-existing dislocations can be influenced
by interstitial atoms such as carbon. One must remember that C is often introduced into the system
during irradiation. In addition, the ion irradiation campaign was performed at 300°C, which is
sufficient for C atoms to migrate and redistribute. Dissolved carbon atoms may diffuse into the
stress fields of pre-existing dislocation, where they form the so-called Cottrel atmosphere, which
results in dislocation pinning [46]. This impedes their mobility and can be observed as a much
smaller amount of pop-ins and their lesser magnitude in ion irradiated material. Therefore, we
believe that a significant reduction in pop-in magnitude is related partially to this effect. This is
consistent with the work of Barnoush [47]. The second phenomenon responsible for lowering the
magnitude of the pop-in is the presence of dislocation loops generated due to the development of
radiation defects.

4. Concluding remarks

In this work, we carried out a joint experimental, and multi—scale computational study of plastic
deformation mechanisms of pristine and ion irradiated polycrystalline BCC iron through
nanoindentation. For the pristine case, we characterized and described defect nucleation during
nanomechanical testing and the evolution of geometrically necessary dislocations densities (GNDs)
in [101] grain indentation. To better understand the evolution during dis- location nucleation, we
performed MD and 3D-DDD sim- ulations, that showed the formation of GNDs, mainly with a Burgers
vectors b= 1/2(111), in agreement with exper- iments. Furthermore, we investigated the pop-in
behavior during nanoindentation. The analysis of L-D curves showed the occurrence of two sequential
pop—ins in both cases studied (pristine, irradiated). The first pop—in is observed on both virgin and ion
irradiated surfaces. In the case of the second pop-in, however, the irradiated sample required
significantly higher stress for its activation, a phenomenon that may suggest that carbon was introduced into
the material during ion irradiation at 300°C. At this temperature, carbon atoms may diffuse and form
Cottrell atmospheres, resulting in dislocation pinning.
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