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Abstract

This paper presents an in situ Transmission Electron Microscopy (TEM) study of the
damage formation process in ion-irradiated boron carbide used as neutron absorber
for fast nuclear reactors. We focused our experiment on the damage induced by
1 MeV gold ions irradiation performed on the JANNuS-Orsay in situ dual ion beam
TEM facility. The effects of the crystallographic orientation and the temperature (RT,
500 °C and 800 °C) on the ion-irradiated boron carbide structure were studied. The
different steps of damage formation leading to amorphization are described. At RT,
material amorphization is observed at a damage dose threshold around 7.5
displacements per atom (dpa). It is also shown that no amorphization occurred when
irradiation is performed at 500 °C or 800 °C up to the highest fluence studied (3x10*

ions.cm?, i.e. 7.6 dpa).
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1. Introduction

Because of its excellent physical properties, boron carbide (B4C) is a ceramic widely studied.
Its super-hardness [1], high Hugoniot elastic limit (HEL ~ 17 GPa) combined with a low
density make boron carbide a material of interest for military applications, like shields or
bullet proof vests for instance. Moreover, the high neutron absorption cross-section of '°B
makes the boron carbide of particular interest for nuclear reactors [2, 3]. Indeed, boron
carbide is one of the principal material used as neutron absorber in Light Water Reactors
(LWR) and the most promising material for neutron absorber in the future generation of
Sodium Fast Reactors (SFR) [4]. Especially, boron carbide was chosen to be the neutron
absorber material in the French prototype nuclear reactor ASTRID (Advanced Sodium
Technological Reactor for Industrial Demonstration) [5, 6]. This reactor is supposed to launch
the fourth generation of nuclear reactors in France by proving the feasibility of this
technology in the years to come. This choice results mainly from a low cost and a good
availability of the raw materials. Boron carbide is also known for its great resistance under
irradiation during reactor operation, attributed in most studies to its complex crystallographic
structure [7, 8]. In its idealized form, the boron carbide structure consists of one icosahedron
(12 atoms) and one linear 3-atoms chain. Icosahedra are linked together through six atoms
in “polar” sites and bonded to the chains through the other six atoms in “equatorial” sites.
Icosahedra are found at the vertices of a rhombohedral unit cell (space group R3m) while the
chain connects the icosahedra along the [111] rhombohedral axis [9]. The structure can also
be represented as a hexagonal lattice (non primitive cell) where the [0001] axis of the
hexagonal lattice corresponds to the [111] of the rhombohedral one. Exact sites of
occupancies are debated in the literature, but ab initio calculations found that the most
probable configuration for B,C is (B1;C?)CBC [10]. In this configuration, (B;,C") stands for an
icosahedron with a carbon atom on a “polar” (CP) site, whereas CBC stands for the 3-atoms
carbon-boron-carbon chain. However, B and C atoms can be interchangeable, constituting
the large range homogeneity of the B-C system, currently named B4,C, but with phases
existing from B,C to By,C [11, 12]. Figure 1 presents the (B;;C")CBC structure of boron

carbide (hexagonal representation).
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Figure 1 (1 column) - Scheme of the (B1;C")CBC boron carbide structure (hexagonal representation).

White spheres represent carbon atoms; black spheres represent boron atoms.

Structural modifications and amorphization of boron carbide has been widely studied under
different conditions. It is now well known that boron carbide undergoes an amorphization
transition under high-velocity impacts reducing its strength, which is a major problem in the
context of bullet proof vest. Therefore, most literature papers deal with the study of the
amorphization process of boron carbide under stress [13-17]. For instance, Zhao et al. [18]
have performed laser shock compression on boron carbide samples. They have highlighted
that shear stresses lead to large magnitude atomic displacements, which are dissipated by
competing mechanisms such as amorphization, cleavage and dislocation formation. Most
studies [19-21] have pointed out that amorphization in boron carbide can be described as the
inhomogeneous loss of crystalline order in small zones scattered within a volume influenced
by a high-pressure event. However, the mechanisms at an atomic scale are unclear and
some disagreements arise from the literature. Several studies have shown that icosahedra
retain their structural integrity after amorphization and that the primary mechanism
responsible for initiating amorphization is the bending of the linear chains (see for instance
[22]). However, Xie et al. [23], who have performed laser-assisted atom probe tomography,
have shown that the icosahedra in boron carbide are not as stable as previously anticipated
and that the chain—icosahedron bonds are stronger than expected. This suggests that chain—
icosahedra interactions can trigger shear amorphization.

In the context of nuclear power plants, post-irradiation examinations have shown some
structural modifications of boron carbide but without amorphization [24, 25]. To separate the
different parameters occuring during reactor operation, irradiation experiments can be

performed with charged patrticles of different kinds. Ballistic damage, which is predominant in
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B4C due to neutron irradiation that creates elastic collisions, can be simulated by heavy ions
at low energy. To a much lower extent, there can also be electronic damage mainly due to
the fission products and the energetic recoiling atoms. This effect can be simulated by light
ions, swift ions or electrons irradiations. Kushita et al. [26] have observed by in situ EELS
(Electron Energy Loss Spectroscopy) and TEM, the amorphization of boron carbide
irradiated with H," ions (16 keV) and/or He" ions (12 keV). They have shown that boron
carbide became amorphous from a threshold fluence of 2.5x10'7 (H").cm? or 4x10%
ions.cm™ when performing irradiation with both ions simultaneously. Maruyama et al. [27]
have studied the amorphization of boron carbide irradiated by He ions at two different
energies: 15 MeV and 100 keV for fluences up to 2x10*" ions.cm™. The authors observed an
amorphization for the 15 MeV He irradiation but never for the 100 keV He irradiation. Victor
et al. [28] have made a preliminary study involving irradiation of boron carbide by iodine ions
at 100 MeV. They have shown by positron annihilation spectroscopy (PAS) and by Raman
spectroscopy that irradiation at room temperature (RT) creates damage in the structure but
that the same irradiation at 800 °C anneals the structure to the point that there was no
measurable damage. Very few experiments have been performed with heavy ions. Gosset et
al. [29, 30] have examined, by TEM and Raman spectroscopy, boron carbide samples which
were previously irradiated with 4 MeV Au’ ions at room temperature (RT) and at different
fluences. The samples were amorphized above a threshold fluence of 2x10* ions.cm™. For
irradiations with mainly ballistic collisions, the amorphization threshold should be therefore
defined in function of the mean displacements per atom (dpa) value, which mainly depends
(for a same target) on the nature of the incident ion, its energy and the irradiation fluence.
Some irradiations on boron carbide samples have also been performed with electrons [31,
32]. Even if amorphization has been observed with 2 MeV electron irradiation (with a very
high fluence of 1.3x10* e.cm™ and at 106 K), the literature puts forward a good resistance of
the material due to the really stable icosahedron “cage” structure able to self-anneal under
electron irradiation [33].

In this study, we will focus specifically on the formation of damage induced by ballistic
collisions. In order to investigate in more details the mechanisms of boron carbide
amorphization created by ballistic damage, an in situ TEM irradiation experiment with 1 MeV
Au’ ions was carried out at the JANNuS-Orsay facility [34]. In situ TEM is a very powerful
technique to observe the dynamic defect formation as it allows in real-time the analysis of
radiation induced microstructural changes. In this paper, we will describe the steps of defect
formation leading to the material amorphization process and discuss the possible effects due

to crystallographic orientations and temperature.

2. Material and methods
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This section provides information on the preparation of the boron carbide samples from the

powder to the thin foils and on the irradiation conditions.

2.1 Boron carbide sample preparation

HD20 boron carbide powder bought from H.C. Starck was shaped and sintered using the
non-conventional Spark Plasma Sintering (SPS) method [35, 36] at IRCER Limoges
(France). The pellets were shaped in the form of cylinders (@ = 10 mm and 5 mm thick). The
sintering conditions are fully described in a previous paper [28]. The mean grain size of the
boron carbide samples was measured at 660 + 250 nm.

From the pellets, four thin foils were prepared by the Focused lon Beam (FIB) technique at
the “Centre Lyonnais de Microscopie” (CLYM) at INSA Lyon (France). Afterwards, they were
positioned on four different molybdenum grids. Molybdenum was chosen for its good
resistance at high temperature. The surfaces of the thin foils are around 10x3 pm? (Figure
2a), and their thicknesses differ from 80 to 210 nm, as detailed in the next paragraph. The

thin foils will be named Fy, F,, F; and F, depending on their thickness.

2.2 Thin foil characterization

The characteristics of each thin foil were controlled by TEM after fabrication in order to verify
their quality and their crystallinity. The TEM images did not display any defects introduced by
the FIB preparation. The principal observation is the presence of some twinned crystals in
the thin foils (showed by red arrows in Figure 2a) due to the sintering process.

Transmission Kikuchi Diffraction (TKD) analyses were carried out on each thin foil. TKD, is
an electron diffraction method used in Scanning Electron Microscope (SEM) that provides
quantitative microstructural information about the crystallographic features (grain size, grain
boundary, grain orientations, texture...) of most inorganic materials [37, 38]. In our study, the
principal interest of TKD was to map the crystallographic orientation of each grain and to
further consider the possibility of orienting a crystallographic axis parallel to the ion beam.
Figure 2b shows the result of the TKD analysis on the thin foil F,. Each color corresponds to
a different orientation, as it is shown in the standard stereographic projection in hexagonal
axis.

Each thin foil contains more than a hundred grains with different grain orientations. To study
the role of the crystallographic orientation on the damage formation, we chose several
adjacent grains in each thin foil where the in situ TEM observations have been focused. For
instance, different zone axis (always parallel to the ion beam) have been identified from a

stereographic projection work. Two of them are shown in Figure 3. The micrograph in Figure
3a is oriented along the [5 1 4 0] axis where the structural elements, chains and icosahedra,
are superimposed. In Figure 3b, the boron carbide structure is oriented along the [12 1 0]

axis where the 3-atom chains are well exposed. As explained in the previous part, the boron
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carbide resistance under irradiation is in general correlated with the resistance of the
icosahedral structure. In our experiment, one objective was to determine if the chains were
more likely to break under irradiation rather than the icosahedron and which one is
responsible for the principal damage created in the material.

01-10

10-10

Figure 2 (1 column) - SEM micrography of the F, thin foil (a) and the respective TKD map (b) displayed
in inverse pole figure (IPF) coloring and acquired at the CLYM (INSA).

(a) [5140] (b) [1210]

Figure 3 (1 column) - Projected views for two orientations (a) and (b) of the boron carbide structure. In
green: first 18h Wyckoff position — blue: second 18h Wyckoff position — yellow: 3a — black: 6c¢.

The thickness of each thin foil is assessed with the commonly used log-ratio method using
EELS [39] and the compute thickness routine implemented in Digital Micrograph software
(Gatan, Pleasanton, United States), with a collection semi-angle of 11.8 mrad at 200 keV.
The measured average thicknesses are respectively 80 nm, 150 nm, 180 nm and 210 nm

from F; to F, and are named tg; to te, in this paper, with a standard deviation of 5 nm.

2.3 Irradiation conditions
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The in situ TEM ion irradiation experiment was done at the JANNuS-Orsay facility at SCALP
/ CSNSM, Orsay, France, part of the French EMIR accelerator network [40]. The JANNuUS-
Orsay facility holds a 200 kV FEI Tecnai G 20 TEM linked to two home-made accelerators, a
2 MV Van de Graaff/Tandem (ARAMIS) and a 190 kV implantor (IRMA), giving the possibility
of a double ion beam irradiation of materials simultaneously with TEM observation and
analysis. In our experiment, only a single ion beam coming from ARAMIS accelerator was
used. During the experiment, a double tilt sample holder enables us to position the thin foil in
front of the electron beam for the TEM observations, or in front of the ion beam coming from
the accelerator during the irradiation, or in front of both (depending on the chosen grain size
orientation, see details later). Moreover, based on a stereographic projection work from TKD
data, some zone axis of crystals were aligned with the ion direction, especially for the thin foil
called F2 (see table 1).

The irradiations were performed with 1 MeV Au® ions, in order to maximize the created
ballistic damage (dpa) in the material. The mean flux of the ion beam was kept below
2.5x10™ ions.cm™.s™ in order to prevent any excessive heating of the sample. The thin foils
were tilted off the optical axis of the microscope, using the alpha and beta angles of the TEM
specimen holder, so that the Au ion beam makes an angle of 52° with respect to the surface
normal direction of the F;, F, and F; thin foils, and an angle of 63° with respect to the surface
normal direction of the F, thin foil. The SRIM 2013 software [41] was used in the full cascade
mode in order to calculate the dpa profile and the gold concentration profile in boron carbide
samples (bulk density of 2.5g.cm?®). The displacement energy thresholds used for the
calculations are respectively of 28 eV and 25 eV for C and B. Figure 4 presents the results
obtained with SRIM for an irradiation with 1 MeV Au® ions at a fluence of 10" ions.cm™ and
an incident angle of 52°. Figure 4a presents the damage profile and the Au concentration
profiles and Figure 4b presents the evolution of the electronic and nuclear stopping power of

boron carbide irradiated with 1 MeV Au® ions as a function of depth.

5 T
5.0 . . . 0.20
tey tey tes te ~ tq te tes tea
Y= damage profile (fluence of 10'® ions.cm?) [ g . Electronic stopping power (Se)
4.0 4|/—— Au implantation profile (fluence of 10'% ions.cm)|4 0.16 3 > 1 Nuclear stopping power (Sn)
N [0)
. 354 {014 =
g = S 3
T 3.0 40.12 S s
© ® <
& 25 1010 & 5,
g _
£ 201 1008 & g
© 151 J006 3 =
> g 14
1.04 40.04 < S
0.5 d0.02 2
0 T T T T
0.0 y T T 7 0.00 0 50 100 150 200 250
0 50 100 150 200 250
Depth (nm) Depth (nm)
Figure 4a— Damage and implantation profiles of 1 MeV Figure 4b — Electronic and nuclear stopping power QB
Au' ions in BC calculated with SRIM software; to t-, irradiated by 1 MeV Alions, as extracted from SRIM
indicate the thickness value of each thin.foil software tr; t0 4 indicate the thickness value of each thin
foil.
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For an irradiation fluence of 10" ions.cm?, the damage profile varies from 1.8 dpa at the
surface to a maximum of 3.7 dpa at a depth of 95 nm from the surface. The implantation
profile of Au® ions displays a quasi-Gaussian curve with a maximum concentration of 0.15
at. % at 120 nm (which is called R, for projected Range). For F, thin foil (t-,= 80 nm), all the
Au’ ions passed through the thin foil whereas for F; and F3 thin foils (thicknesses of 150 nm
and 180 nm, respectively), most Au® ions remained implanted in the thin foils. For the F, thin
foil (t,4 = 210 nm), the gold concentration profile displays a quasi-Gaussian curve centered at
90 nm (not shown here) and all the Au® ions are implanted in the thin foil. We can see from
figure 4b that the main drawback when using heavy ions, as gold ions, is that the electronic
stopping power is never negligible. In our experiment, the electronic stopping power has a
value of 4.7 keV.nm™ at the surface. Its possible impact will be discussed later.

The irradiations were made at RT (F; and F, thin foils), 500 °C (F; thin foil) and 800 °C (F,
thin foil). These temperatures were chosen to simulate the temperature of the boron carbide
(500°C to 800°C approximately) in a SFR nuclear reactor [42]. The heating rate was of 20 °C
per min until 500 °C and of 40 °C per min from 500 °C to 800 °C. No modification of the
crystallographic structure was observed during the rise of temperature until 800 °C. During
the ion irradiation experiment, a wide angle camera was used to record the thin foil's
microstructure evolution. It was possible to stop the ion irradiation at any time to characterize
in more details the observed structural modifications.

All the experimental conditions are summarized in Table 1. Each dpa value indicated in the
table is an averaged value integrated on the dpa profiles from the surface up to the tg, value
for F, or up to tg; for Fy, F3 and Fy4. It must be noted that the dpa values given for F; and F,

are only indicative, as temperature is known to anneal defects.

Thickness Irradiation Average value
Fluences ] ]
Sample | «t» (nm) | temperature an e of dpa at each Orientation
(10™Au”.cm™)
+5nm (°C) fluence step
F, ~ 150 10-13 2.46 —3.20 Random
0.03 — 0.33 — 0.58
0l -13-23- 0.84 — 2.54
RT 33-10-13- ' ' [5140]
F, ~ 80 15_18 _ 25 3.30 — 3.80 — 4.57 _
T g3~ 7 - 1210
30 -40
10.15
Fs ~ 180 500 1.3-10-30 0.32 - 2.46 — 7.38 Random
F,4 ~ 210 800 1.3-10-30 0.32-2.48-7.43 Random

Table 1 - Summary of the experimental conditions of the in situ TEM ion irradiations at JANNuUS

Orsay. The mean flux of the ion beam was 2.5x10"" ions.cm?.s™.

The first RT ion-irradiation of the F; thin foil was recorded all along with the camera. A TEM

micrograph was taken at a fluence of 1x10" ions.cm™ (~1.7 dpa at 100 nm), to characterize
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in more details the modifications of the material. For the F, thin foil, we performed TEM
images at more fluence steps, from 10 ions.cm™ (0.03 dpa) to 4x10™ ions.cm™ (10.15 dpa)
as indicated in Table 1.

The irradiations of F; (500 °C) and F4 (800 °C) were observed at three fluences indicated in
Table 1. The observed behavior at both temperatures being similar, they are described at the
same time in the following part.

3. Results
3.1lrradiation at RT

We start describing Figure 5 that presents the bright field images and the corresponding
diffraction patterns of F; before irradiation (Figure 5a) and at two different irradiation
fluences: 10™ ions.cm? (Figure 5b) and 1.3x10" ions.cm™ (Figure 5c¢). The important
deformation of the thin foil during the ion irradiation (see Figure 7) makes difficult the
indexation of the diffraction patterns. However the diffraction orientation g selected in (Figure
5b) and (Figure 5c) seems to be {-1101} type.

g={-1101) 1.3x10% at.ecm?  (

Figure 5 — Bright field images showing the evolution of F; thin foil before 1 MeV Au ion irradiation at
RT and at 2 fluences: (a) non irradiated, (b) 1x10" ions.cm-2, (c) 1.3x10" ions.cm™. The

corresponding diffraction patterns are shown in top-left insets.

In between the beginning of irradiation and the fluence of 10" ions.cm™ (around 2.5 dpa), the
bright field (BF) images show an evolution of the crystalline contrast. The evolution of
contrasts inside grains (bend contours) can be attributed to: i) a global tilt of the sample — ii)
a local bending of lattice planes due to dilatation of superior or inferior part of the thin foil — iii)
the superposition of i) and ii) effects. In our experiment, the crystal curvature causes a
change of the aspect of the bend contours that appear narrower with parallel fringes around
the principal contour. Moreover, when bend contours inside a grain disappeared, a slight tilt
of the sample is enough to make the re-appearance of the bend contours. We can therefore
conclude that even if a small global tilt exists, the major phenomenon is a local bending of
the crystal attributed to an irradiation effect such as point defect production and
accumulation. At the end of the irradiation of F; thin foil at a fluence of 1.3x10"° ions.cm™

(3.2 dpa), the crystalline contrasts are almost invisible in Figure 5¢ and the SAED pattern
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shows the emergence of diffuse diffraction rings superimposed to the crystal diffraction
spots, revealing the beginning of the material’'s amorphization.

In order to identify those defects, a dark field (DF) image was taken on the F; thin foil with a g
equal to {-1 1 0 1}. It highlights that those defects seem to correspond to dislocation loops
contrasts(red-arrows) of 20 nm approximately, as suggested by the observed coffee-bean

like contrast (red arrows).

. g={-1101}

Figure 6 (1 column) — Dark field image of F, thin foil after 1 MeV Au’ ion irradiation at RT at a fluence of
1x10" ions.cm™. The image on the right shows an enlargement of the left image. The red arrows point

to coffee-bean like contrasts, attributed to dislocation loops eentrasts.

After completing the irradiation, a detailed observation of the entire F; thin foil showed us
differences between the in situ TEM observed area, undergoing the effect of ions and
electrons, and the rest of the thin foil, undergoing only the effect of ions. The TEM image in
Figure 7 shows the upper-half of the F; thin foil after ion irradiation. Two different areas
(marked by red rectangles) and their corresponding SAED patterns (a and b), show the effect
of the electron beam on the microstructural behavior of the thin foil. The material is
completely amorphous except in the part observed with the electron beam in situ during the
ion irradiation. This electron-induced artifact can be responsible for a self-healing of the
material structure during ion irradiation, as it was observed in silicon for instance [43-44].
Another evidence of induced stresses is observed in Figure 7. In the circled zone (white
circle), the thickness is smaller, due to local excess of FIB thinning. Therefore, stresses are
more easily relaxed in this region, with as consequence a large deformation of the thin foil

showed by a folding of the thin foil.
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Figure 7 (1 column) — SAED patterns taken in two different areas of thin foil F, after irradiation (1.3)(1015
ions.cm™). (a) Area observed in situ with the electron beam during irradiation; (b) Area observed only
after the end of the ion irradiation. The white circle shows the thinner part of the lamella responsible of

a folding of the thin foil during ion irradiation.

For the second RT irradiation (F, thin foil), in situ Au” ion irradiations were performed without
exposing the thin foil to the electron beam, except during short image acquisition at different
fluence steps. Figure 8 presents the bright field images and the corresponding diffraction
patterns of F, before irradiation (Figure 8a) and at five chosen irradiation steps (Figure 8b to
Figure 8f).

1x10"® at.cm™2

Non-irradiated (a) 1.2x10% at. .em’ 2“

ZA <1-210>

500 nm

1x1015at cm? (d
500 nm 500 ni nm

Figure 8 - Bright field images showing the evolution of F, thin foil irradiated with 1 MeV Au” ions at RT
at several fluences as indicated, from (a) non-irradiated to (f) 4x10™ at.cm™. The dark grain labelled 1
in (a) has the zone axis [1 2 1 0], up to the 1.2x10™ at.cm™ fluence. After the fluence of 1x10™ at.cm™
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(d), the selected diffraction orientation is g = {20-2-1}. At 4x10™ at.cm™, the g orientation is different
because of the bending of the thin foil.

In Figure 8b, the appearance and the displacement of the diffraction fringes (Bragg contours)
inside the dark grain displayed in (8a), are due to an important material stress and a local
curvature of the thin foils. This phenomenon, already observed on F;, occurred as soon as
the irradiation started.

The central grain (with the number “one” indicated in Figure 8a) is placed in exact Bragg
position and the bend contour fills the whole grain area showing that the crystal is completely
relaxed (bending or stress absences). Just after the irradiation started, bend contours appear
inside the grain originated by several diffraction waves. Progressively, as the irradiation
fluence increases, they shift until only one bend contour of one wave subsists for an
irradiation fluence around 2x10™ ions.cm™ (around 0.5 dpa). The appearance of these bend
contours is unambiguously due to a local distortion (dilatation) of crystal originated by the
irradiation. Then, no significant modifications are observed until an irradiation fluence of
3x10™ ions.cm™? (around 7.6 dpa). At this fluence, the SAED pattern shows a light halo in
addition to the crystal diffraction spots, announcing the beginning of the amorphization
process. At the end of the irradiation (4x10" ions.cm?, around 10 dpa), the bend contour has
almost disappeared (poor contrast on the BF image) while the SAED pattern shows several
diffuse diffraction rings that are characteristic of a nearly amorphous material.

Again, a special attention has been devoted to the observation and the identification of the
defects created during irradiation. As displayed in Figure 9, around 1.2x10' ions.cm™
(0.3 dpa), TEM images show the appearance of black dots on the BF micrograph, more
visible as white dots on the DF image. Although the resolution of the microscope is not
sufficient to observe point defects, the observed contrasts indicate the nucleation of strain
defect clusters that can be interpreted as nano-loops, nano-voids or nano-accumulation of
interstitials. With the increasing fluence, those black dot defects tend to multiply and to grow
until the observation of larger stress fields, like dislocation loops at a fluence of 1x10%

ions.cm™ (around 2.5 dpa) as it was observed in the previous F; thin foil.
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Figure 9 (1 column) — (a): DF image of F, thin foil irradiated with 1 MeV Au at RT at a fluence of
1.2x10* ions.cm™ and (&): corresponding BF image. White and black dots are visible on the DF and

BF images respectively (transversal band is a twin imaging).

Another point is that no evidence of any crystallographic orientation effect was observed
during the in situ TEM ion irradiation. Indeed, for the F; and F, thin foils for which the ion
beam has been deliberately chosen to be randomly (F;) or aligned (F;) along a
crystallographic axis of a given grain, the TEM images obtained at different irradiation
fluences never show any significant differences between the various grains. With the
increasing fluence, the defects created in the grains remain similar whatever the ion beam
direction with respect to the grain orientation. This point was especially challenging because
during irradiation, due to small distortions, the zone axis slightly changes but the deviation
did not exceed the Bragg angle value (i.e. 0.4 degree), which is small enough not to lose the
alignment. Therefore, we cannot conclude on a preferential stability under irradiation
between the icosahedra and the linear chain that composed the structure of boron carbide.

3.2Irradiations at 500°C and 800°C
Figure 10 shows the evolution of the F3 thin foil before and after ion irradiation at 800°C. As it
was already observed at the beginning of the RT irradiations, a local curvature of the thin
foils related to a material stress occurred, but stabilized more rapidly than at RT
(1x10" ions.cm™). From 1.3x10 ions.cm™? until the end of the irradiation (Figure 10b), the
inserted SAED patterns clearly show the appearance of a non-diffuse diffraction ring related
to an interplanar distance which does not correspond to any boron carbide crystallographic
structure. The same evolution is observed at 500°C (not shown here). Figure 11la shows a
SAED pattern of the F; thin foil after an irradiation at 500°C at 3x10" ions.cm™ and Figure
11b was taken from a selected part of the diffraction ring (circled zone on the diffraction
pattern). The well-defined white dots in the DF image correspond to nanocrystals of another
phase. Their size is close of 10 nm. The main modifications observed on the BF images
during irradiation correspond principally to the appearance of this new phase. This one is

considered as an artifact that prevents the observations of small defects (black dot defects
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and even dislocation loops) in the material and makes difficult the comparison of the detailed

damage evolution between the thin foils irradiated at 500°C/800°C and at RT.

Non-irradiated ()

Figure 10 (1 column) — Bright field images showing the evolution of F3 thin foil irradiated at 800°C at

two fluences: (a) non irradiated ; (b) 3x10™ ions.cm™.

Figure 11 (1 column)— (a) SAED pattern of the Fj3 thin foil after irradiation at 500°C at a fluence of
3x10" ions.cm™. (b) DF image showing the apparition of a new phase, obtained when selecting the
ring seen on the SAED pattern at 500°C.

Comment : the discussion has been divided in several smaller

) ) paragraphs, as suggested by the referee, to facilitate easy reading.
4. Discussion

It is interesting to compare the results obtained on the F; thin foil containing gold ions
with those obtained on the F, thin foil which is free of gold ions. Similar defects and
amorphization process are observed but with different kinetics. The F; thin foil displays a
lower amorphization threshold than the F, one. This role played by gold ions implanted in
boron carbide was already outlined by Gosset et al. [30]. They performed TEM examination
on boron carbide samples previously irradiated with 4 MeV gold ions. They observed two

disctinct amorphization processes depending on the zone of the thin foil without or with gold
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atoms. For the latter case, the amorphization process was governed by the concentration of
gold atoms inserted in the structure. They observed a full amorphization for a concentration
of 0.06 at. % which is much lower than in our experiment (0.15 at. % at the gold profile
maximum for a fluence of 10 ions.cm? - see figure 4). If we consider that amorphization
lowers the bulk density, it might be possible that the SRIM calculations would not be accurate
and that the concentration profile could be shifted towards the bulk. However, even if we
consider a 50 % shift, the concentration would still be higher than 0.06 at. %. To explain this
difference, we can assume that the effect of electrons during irradiation prevents or, at least,
slows down the amorphization process of boron carbide. This is consistent with previous
observations [33] and can be explained by a synergistic effect of electronic stopping power
and nuclear stopping power and/or a localized extra heating brought by the electron beam
during irradiation that increases the local temperature.

Now we can assume that the results obtained on the F, thin foil, which does not
contain gold ions and was not irradiated simultaneously by the electron beam and by the
gold ions beam, can be used to discuss the damaging and amorphization processes. The
successive damaging steps that lead to amorphization can be described as follow.

The first step would be comprised between 0 and 0.5 dpa. In this first step, we have
seen the immediate appearance of several bend countours, which progressively disappear
until one last countour subsides at around 0.5 dpa. This is linked with the observation of
« black dots » apparition at around 0.3 dpa which must be interpreted as the accumulation of
point defects which tend to form defects such as nano-loops, nano-voids... This first step
clearly corresponds to the creation of point defects by irradiation. There is an accumulation of
these defects which begin to nucleate into complex defects. It is still unclear which kinds of
point defects are created. However, to the contrary of SiC [45], the nucleation of these small
clusters (of a few nanometers in diameter) do not amorphize B,C.

The second step should be comprised between 0.5 dpa and 7.6 dpa. During this step,
we see more and more « black dot defects » together with the appearance of dislocation
loops at around 2.5 dpa.

The third and last step corresponds to the amorphization process which begins at 7.6
dpa and is still not total at 10 dpa which corresponds to the maximum irradiation fluence
(4x10% ions.cm™) that we performed. The amorphization threshold found in this work can be
compared to other irradiation conditions with charged particles. From literature data of [26],
we can calculate, by using the SRIM software, an amorphization threshold of 1.5 dpa for the
H* ion-irradiation (fluence of 2.5x10" ions.cm™). From their double irradiation (H," ions with
He" ions), we can calculate an amorphization threshold of 1.7 dpa (0.3 dpa due to H ions and
1.4 dpa due to He ions). Those values are lower than the one calculated by Gosset et al.

(2 dpa) which is well below our value of 7.6 dpa. All these irradiations were made at RT, so
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the temperature cannot explain these discrepancies. The « low » amorphization thresholds of
1.5 dpa and 1.7 dpa are certainly due to the high concentration of ions in the structure or by
the high flux used in this experiment (2x10™ ions.cm®?.s®). The difference between the
amorphization threshold of our work and those of Gosset et al. are more difficult to explain
because the irradiation conditions are very close. The only significant difference is that
Gosset et al. observed by TEM a thin foil containing gold atoms. The observed zone, free of
gold atoms, is near the surface which can impact the creation rate of defects enhancing the
amorphization process. Moreover, it has already been shown that amorphization can be
stimulated near a crystalline/amorphous interface [46]. The last hypothesis is that the grain
size distribution is really different and that grain boundaries play a role in the amorphization
process. If we refer to the work of Weber who has reviewed the different irradiation-induced
amorphization processes in [47], we can identify a heteregenous mechanism, which is
probably driven by local accumulation of high defect concentrations due to the overlap of
collision cascades. B4C is clearly very resistant to ballistic irradiation as the amorphization
still does not occur at 10 dpa. This should also indicate that there is a competitive effect
between the damage accumulation and the self-healing of the structure even at RT. It could
be possible that as the electronic stopping power is not negliglible (4.7 keV.nm™) in our
irradiation conditions, it can slow down the kinetic rate of amorphization. However Gosset et
al. have almost the same value and they observed a lower value of amorphization threshold

which shows that the electronic stopping power impact should not be significant.

At least, we have performed some irradiations at different temperatures. It is well
known that the increase of temperature allows defect annealing and so prevent, or at least
delays, the amorphization process [34]. In our experiment, at both temperatures, 500 °C and
800 °C, no amorphization of the material occurred until a damage rate of 7.5 dpa, despite a
concentration of implanted Au atoms in the thin foils, the TEM lamella thickness being larger
than 180 nm (see Table 1). The irradiation at 500 °C and 800 °C led to the formation of a
new phase, not observed at RT. This phase grew with the increasing fluence preventing a
complete analysis of the defect formation. A measure of the two diffraction ring diameters in
both thin foils gave us the following values: the more intense diffraction ring corresponds to
an interplanar distance of 2.1 A. The other ring corresponds to a distance of 2.7 A. The
examination of the powder diffraction file (JCPDS) shows the better agreement for the AuB,
compound with two intense diffraction lines at 2.15 A and 2.72 A. Concerning the hex-B,0;
compound, two diffraction lines could match (respectively 2.09 A and 2.79 A) but an
intermediate line should also be visible at 2.24 A. Furthermore, as described before, the
thicknesses of F; and F, thin foils are larger than the projected range of the Au® ions (see
Table 1) so that the presence of Au atoms is expected and the assumption of the formation

of an AuB, phase is the most probable.
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5. Conclusions

The ballistic damage created in boron carbide pellets irradiated with 1 MeV Au® ions were
studied in situ by TEM at three different temperatures (RT, 500°C, 800°C).
First, no particular effect of the crystallographic orientation of the grains with respect to the
ion beam was highlighted in this experiment.
Differences are seen between the two thin foils irradiated at RT. We observed that the
presence of Au atoms inside the matrix accelerates the amorphization process but that the
damage is similar in both cases. For the thin foil free of gold atoms, several steps of damage
formation, leading to an heteregeneous amorphization are observed:
- Step 1 (0 to 0.5 dpa): Production of point defects by irradiation which nucleate into
strained nano-clusters (typical size of a few nanometers).
- Step 2 (0.5 to 7.6 dpa): Multiplication and growing of these small clusters.
Dislocation loops (typical size of 20 nm) are observed at 2.5 dpa.
- Step 3 (from 7.6 dpa): Amorphization starts. The amorphization process is not
total at 10 dpa corresponding to our maximum irradiation fluence of 4x10™

ions.cm™.

At 500°C and 800°C, the appearance of an extra artifact phase on the thin foils prevented the
defect formation. However, we can still assume that no amorphization of the material
occurred for a damage rate of 7.5 dpa. The temperature allows a self-healing of the defects

and prevents the amorphization process.
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