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Abstract

The analysis of the radiation damage associated with energetic neutrons is a key factor for the application of glass-ceramics as
joining materials in nuclear fusion plants. Triple ion beam irradiation is, currently, the only way to emulate the displacement
damage and the effects of transmutation products induced by high energy neutrons at elevated doses by producing a high level of
displacements per atom (dpa) and implanting high concentrations of low solubility gases on the glass-ceramic microstructure. In
this paper, we investigate calcia-alumina glass-ceramics in which the damage expected in the working conditions of a nuclear fusion
plant were reproduced by simultaneous irradiation with Si, He and H ions at different temperatures. TEM analysis of irradiated
calcia-alumina samples shows a complete amorphization of the irradiated portion and the formation of He bubbles/cavities. The
irradiation temperature plays a prominent role in determining the induced damage in terms of recrystallization, phase mixing and
bubble density and aggregation.
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1. Introduction ment of joining technology is one of the most critical [8| [9].
In fact, SiC based materials, as well CMCs in general, do not

Materials operating within a fusion reactor will be exposed ., elt and they cannot be welded by ordinary methods; further-

to severe conditions, including high temperature and long-term more, the mechanical joints produced using ceramic connec-
irradiation by high-energy (up to 14 MeV) neutrons [[1]. For this tion (mechanical fasteners, screws, bolts, etc.) are not always
reason, it is necessary to develop new materials with excellent tight. Preferably, CMCs should be joined by localized heating
performances in extreme radiation environments (12, 13]. of the joining area and no pressure should be applied to obtain
Ceramic-matrix composites (CMCs) are considered a key ., the joint, thus increasing the possibility of connecting complex
component to guarantee the performance and safety of nuclear  nq non-flat components. Glasses and glass-ceramics can fulfil

fusion (and also fission) reactors. The use of composite ma- most of the requirements to join CMCs to themselves and to
terials as cladding or structural materials in the nuclear plants  her materials [[10].

is based on strict requirements. In the case of fusion reactors, In this framework, in the last decade we focused on low-
CMCs are candidate materials for plasma-facing components, ,;  activation glass-ceramics based on calcia-alumina (CaO-Al, O3,
both as complete structures and components thereof [4], which CA), silica-alumina-yttria (SiO,-Al,03-Y,03, SAY) and silica-
will be exposed to both a high heat flux and a high energy neu- alumina-magnesia (SiO,-Al,03-MgO, SAMg), that show po-
tron flux. This proposal is based on a series of promising re-  (ential as SiC/SiC indirect joining materials [I1] [[2]. These
ports on the irradiation performances of SiC based CMCs that  ¢]a55-ceramics have been used to join SiC based materials (both
highlighted their low activation, high temperature endurance ,, monolithic SiC and SiC based composites) through the so-

capability, relatively low neutron activation, excellent chemi-  c4jjed “glass-ceramic method”, that yields “self-healing” joints
cal stability and radiation resistance [J]. However, as perfor-  that can heal cracks via heating above their softening temper-
mance data collects, the limitations of the current generation of e, First radiation hardness tests under fission neutron and
nuclear-grade SiC based materials are becoming more evident;  jon jrradiations gave promising results [13} 14} 15| [16], but the

this particularly applies for SiC composites [6]. A number of ; kpowledge of the effects of radiation damage associated with
options for improving the performance of the next generation  epergetic neutrons is still lacking, especially in the extreme con-
of SiC composites were reported in [7]], starting from the re-  {itions expected in fusion reactors.

sults on neutron irradiation resistance. Still, several technical The reference neutron energy for nuclear fusion plants is 14
challenges must be addressed for the realization of SiC-based  pjey (resulting from the reaction between deuterium and tri-
materials for use in fusion energy systems, and the develop- o (jum), and high doses are expected due to the intense flux and
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long exposition times. These extreme conditions represent an
issue in the possibility to investigate the response of materialsiio
to the working environment since no experimental facility al-
lows obtaining a high intensity flux of such energetic neutrons.
Therefore, the radiation hardness can be investigated either em-
ploying high doses of lower energy neutrons, or by a combina-
tion of ion irradiations that emulate the expected damage pro-
duced by 14 MeV neutrons. The problem with the former ap-
proach is that the yield of transmutation elements (mainly He
and H for our material) is much smaller at low neutron energies
and therefore such experiments neglect one important source
of properties modification. With the latter approach it is possi-
ble to emulate the expected ratio between displacement damage
(dpa) and transmutation elements yield by employing a simul-
taneous irradiation with heavy ions. These irradiations provide
the necessary dpa, and light ions, that can be implanted in the
expected amount and that could result in the formation of bub-
bles [17, [18].

Such experiments need to be carefully guided by Monte
Carlo simulations to: (i) calculate the expected damage from
high energy neutron exposure, and (ii) decide the best combi-
nation of ion irradiation conditions to reproduce the calculated
damage.

In this paper, we study by transmission electron microscopy
(TEM) analysis the effects of triple ion beam irradiation on
calcia-alumina. The irradiation conditions were chosen to emu-
late the expected neutron damage after 0.75 years of exposition
to 14 MeV neutrons delivering a power density of 3 MW/m? as
expected in the working conditions of the first wall of DEMO
[19]. To the best of our knowledge, this is the first report of
high temperature multi-beam irradiation experiments on glass-
ceramics.

2. Monte Carlo simulations

Monte Carlo simulations with pre-compiled codes are an''®
extremely useful tool to investigate radiation damage and guide
experimental investigations. In this paper, we employed the
PHITS code [20] to compute the expected damage in CA ex-
posed to 14 MeV neutrons in terms of dpa, He and H yield and
their ratios. The SRIM code [21]] (unable to simulate neutron-'2°
matter interaction but the most commonly used code for ion-
matter interaction) was then employed to decide the combina-
tion of the three ion beams that would best reproduce the ratios
calculated with PHITS.

The details of the target material were the same in both'®
codes: the density was 3.04 g/cm® (experimentally determined)
and the atomic percentage composition 20.9% Ca, 23.2% Al
and 55.8% O. A threshold displacement energy of 25 eV was
assumed for all the elements.

130

2.1. Neutron damage - PHITS

The PHITS code (version 3.02) was employed with the
event-generator mode to compute the damage produced by 14
MeV neutrons on CA in terms of dpa and H and He transmu-
tation products. All results are normalized on the number of *

impinging neutrons, so that they can be rescaled to achieve the
expected values for a specific dose (operation time). What is
most relevant for the experiments is then the ratio between dpa
and transmutation products. The obtained results are summa-
rized in Table [Tl

Quantity Value
dpa/n 2.19x107% + 0.04x107%
He/(cm® n) | 1.30x10™* + 0.07x10~*
H/(cm’ n) 7.6x107° + 1.8x107°

Table 1: Neutron damage parameters for 14 MeV neutrons on CA obtained by
PHITS simulations.
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Figure 1: Displacement damage calculated in CA for 8 MeV Si irradiation

(orange histogram) and He- and H-ion distributions calculated for 2 MeV He-
ions (green line) without (not shown, positioned at 5.5 um) and with 5 different
energy degraders and 0.33 MeV H-ions (black line), respectively.

Starting from the data reported in Table I and from the pre-
dicted flux of 14 MeV neutron in correspondence to the first
wall [19], we tried reproducing in a slice of the sample a simi-
lar displacement and transmutation damage by a suitable choice
of ions, energy and fluence. Considering the working capacities
of the triple beam irradiation facility, the best possible combi-
nation turned out to be 8 MeV Si, 2 MeV He, and 0.333 MeV
H ions, at fluences corresponding to 0.75 year-long working
period in the first wall location. In addition, we took advan-
tage of the opportunity of using Al energy degraders along the
path of the He beam to obtain a more homogeneous implan-
tation profile of these ions, which are expected to be the most
abundant species produced by transmutation (all the experimen-
tal details are given in the next section). The above-mentioned
permanence at the first wall location induces 4.4 dpa, 76 appm
He/dpa and 4.5 appm H/dpa, as predicted by PHITS. The com-
putation was carried out by the SRIM-2013 code [21]] using the
Kinchin-Pease approach [22].

Si and H ions were assumed to directly impact on the glass
ceramic materials under the angle of 15°, as from the JANNuS-
Saclay facility design. On the contrary, the profile of the im-
planted He ions was evaluated in two steps. First, for each Al
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foil thickness we evaluated the He scattering on Al degraders
and information of the consequent divergence of the emerg-
ing beam were computed. Then, these results were used as
input to simulate the impact of the He scattered beam on the
glass-ceramic target (with 15° angle) and calculate the implan-1ss
tation profile. We estimated the effective fraction of He ions
that reaches the target considering the target diameter and its
position with respect to the degraders. The percentage of He-
ion implanting in the rotating wheel on which the degraders are
mounted were taken into account as well. 200

Figure |1| shows the depth profile of the displacement dam-
age and of the He and H concentration obtained for a Si, He and
H fluence of 2.6x10'° cm™2, 9.8x10" cm~2 and 9.0x 103 cm™2
respectively. The dpa contribution from He and H beams were
found to be negligible, therefore the dpa values are given fromaos
Si ion irradiation only.

The displacement damage is not homogeneous and reaches
the wanted value of 4.4 dpa in correspondence of the H
implantation peak. Five different peaks are visible in the
He implantation profile corresponding to the five energyano
degradation levels used in the experiment. Since a position on
the degrader wheel is empty there is a sixth peak due to He
ions not slowed down, but it is located at a depth greater than
5 pm, namely outside the frame of the figure. The simulated
irradiation configuration provides a appm He/dpa and appmais
H/dpa ratios of ~ 72 and ~ 10, respectively, in correspon-
dence to the H implantation peak. If the He concentration
corresponds to that predicted by the PHITS simulation, the H
concentration is about double. However, account should be
taken of the possible migration of the gas in high temperature
irradiation experiment with the consequent homogeneization
and reduction of the H abundance.

3. Experiments

3.1. CA glass-ceramic preparation

The CA glass was synthesised by melting/quenching: the
powdered raw products (CaCO3; and Al,O3) were melted in azo
platinum-rhodium crucible in air at 1650°C for 1h (in batches
of 50 g), then the glass was poured on a brass plate and sub-
sequently powdered and sieved as explained in details else-
where [23, 24} [12| 25]. Three pellets with an average diam-
eter of 8.10 mm and a thickness of 2.90 mm were then pre-,,;s
pared by a devitrification process; more in details, the pel-
lets were prepared by uniaxially pressing a mixture of glass
powders (grain size 38-75 um) and isopropyl alcohol; the ob-
tained pellet was subsequently sintered at 1480°C for 10 min
in an oven in Ar atmosphere. As a final process, the par-,
allel surfaces of the pellet were polished using SiC papers
(grits 600/800/1000/1200/2500/4000). The density of the glass-
ceramic was calculated using Archimede’s method.

3.2. Irradiation 235
Irradiation experiments were performed at the JANNuS-

Saclay facility, making simultaneously use of the three elec-

trostatic accelerators available, respectively named Epiméthée,

Japet and Pandore, connected to a triple beam chamber [26,27]).
Epiméthée is a 3 MV, single-ended Pelletron equipped with an
electron cyclotron resonance source that, for the present exper-
iment, delivered 2 MeV He™ ions. The He* particles were par-
tially slowed by means of energy-degraders (Al foils) of differ-
ent thicknesses (3, 3.4, 3.8, 4.4 and 5 ym) mounted on a rotat-
ing stage, in order to achieve a homogeneous distribution over
a quite large depth. Japet is a 2 MV Tandem equipped with an
external Cs sputtering source, which provided 8 MeV Si** ions.
Pandore is a 2.5 MV, single-ended equipped with a RF source
which delivered 0.333 MeV protons. The triple beam chamber
receives one beamline coming from each accelerator with an in-
cidence angle of 15°, allowing triple beam irradiations. During
irradiation experiment, current intensity was monitored using
a mobile multi-pin Faraday cups device, yielding an accurate
quantification of implanted species. Pumping groups and cold
traps allowed reaching a vacuum better than 10~ Torr, while
a heating stage provided precise temperature control at 400°C,
615°C and 710°C, respectively. The temperature was measured
by thermocouples positioned in contact with the sample, while
its uniformity was continuously checked by a 2D infrared ther-
mal imaging camera. The temperatures chosen were the closest,
experimentally accessible, to the expected operation conditions
[2]. During irradiation experiments, the three ion beams were
continuously synchronized to maintain the fluence ratios. Ex-
periments were performed for about 6 hours.

The irradiation conditions for the three CA samples are sum-
marized in Table 2l A circular area with a diameter of 7.0 mm
was homogeneously irradiated on each sample.

Irradiation T Si fluence He fluence H fluence
O] (cm™) (cm™) (cm™)
400 (2.6+0.3)x10™ | (9.9+1.5)x10" | (8.8+0.9)x10™
615 (2.6+0.3)x10™ | (9.9+1.5)x10" | (10.0+1.0)x10"
710 (2.6£0.3)x10™ | (9.9+1.5)x10" | (7.3+£0.7)x10"

Table 2: Summary of the irradiation conditions for the three CA samples.

3.3. TEM analysis

Cross-sectional specimens were extracted as lamellae (per-
pendicular to the sample surface, including both irradiated and
pristine regions) for TEM analysis using focused ion beam
(FIB) milling in a FEI HeliosNanolab FIB/SEM. Prior to
milling a protective layer of platinum was deposited on the top
surface, over the irradiated region. STEM-EDX was carried out
in a FEI Osiris (200 kV acceleration voltage) equipped with a
high-brightness X-FEG gun and a Bruker Super-X EDX detec-
tor. EDX maps were acquired with sampling every 50 nm and a
dwell time of 50 ms per pixel, using a beam current of 600 pA.
Resistance to beam damage was verified by repeated scanning
over the same areas, which did not show differences in elemen-
tal distribution. EDX spectrum images were denoised using
the PCA routines implemented in Hyperspy, and the elemental
maps were extracted using the same software suite.
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Figure 2: TEM image of the interface between pristine (left side, deeper in
the pellet) and irradiated (right side, closer to the surface) portions of the CA
sample irradiated at 400°C.

4. Results and discussion

The TEM analysis allows us to discuss the radiation dam-
age and the nature of induced defects. In particular, we focus on
the amorphization and phase mixing of the glass-ceramic due
to dpa and heating, and on the formation of bubbles/cavities
due to the presence of He and H. Moreover, their trends
as a function of irradiation temperature are discussed. For
clarity and brevity, the shown images refer to the two extremal
temperatures, the analysis of the intermediate temperature case
confirms the displayed trends.

4.1. Amorphization

The high dpa level introduced in the pellets results in an
amorphization of the glass-ceramic material. The effect is
clearly visible in the cross-sectional lamellae (as shown in fig.
[2). Due to the fact that deep in the pellets (after the implanta-
tion depth of the ions) the material is still in the pristine state, it
is possible to compare the same sample in the two conditions.
The interface between the amorphized and the pristine areas
appears well defined and sharp (less than a few tens of nm) in
all samples. While in most cases this interface is parallel to the
surface of the sample (i.e. at a fixed depth), in the sample irradi-
ated at the highest temperature the amorphous front follows the
profile of underlying grains. This could possibly be determined,,,
by a partial re-crystallization of some grains resulting from the
enhanced mobility of displaced atoms at high temperature and
during irradiation. In fact it was reported that the diffusion co-
efficient is enhanced during beam exposure [28] 29]. To locally
assess the crystallinity, electron diffraction patterns were taken
at increasing depth in STEM microprobe configuration. This™
setup results in an electron probe a few nm in size, allowing
the acquisition of diffraction patterns from a small region. The
results (see Fig. [3) clearly show a sharp loss of crystallinity:

0

Vacuum

6

Figure 3: a) STEM image of the CA sample irradiated at 400°C with num-
bered positions where the diffraction patterns were taken. b) Diffraction pat-
terns showing the amorphization of the glass-ceramic in the irradiated area.
Note the abrupt transition between positions 8 and 9.

Sample and phase Alat% | Caat% | O at%
Pristine - phase 1 24.5 11.1 64.3
400°C - phase 1 27.0 13.1 59.9
710°C - phase 1 25.0 13.9 61.1
Theoretical CaAl,Oy4 28.6 14.3 57.1
Pristine - phase 2 19.6 23.7 56.7
400°C - phase 2 19.1 24.6 56.3
710°C - phase 2 19.0 234 57.6
Theoretical CazAl,Og 18.2 27.3 54.5

Table 3: Elemental composition from STEM-EDX for both phases in all sam-
ples, including reference values for expected phases.

specifically, the patterns are predominantly amorphous until the
pristine area is reached, where clear single-crystal spot patterns
can be seen.

Noticeably, the same effect was observed in CA irradiated with
Si alone (without He and H implantation) and does not alter the
jointing properties of the material [16].

4.2. Phase mapping via STEM-EDX and identification using
diffraction

Compositional analysis using STEM-EDX revealed the
presence of two distinct phases in the pristine material, with dif-
ferences in the Al and Ca contents. The two phases correspond
to the Al-rich and Ca-rich areas shown in STEM-HAADF im-
age ( Fig. [) ; the composition of the two phases, shown in
table@ are compatible with CazAl,O¢ and CaAl,O,4 within the
expected accuracy of a few percent for EDX quantification.
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Figure 4: Comparison of TEM cross-sectional views of samples: a) pristine, b) 400°C, ¢) 710°C. The amorphized area is visible as a homogeneous layer under the
surface. The original top surface of the sample is the interface with the Pt layer at the top of each image. Panels d-e-f report STEM-HAADF images and elemental
maps for Al, Ca and O; the interface between the amorphous and crystalline areas is highlighted by red arrows. The scale bars apply to all panels on each row.

As visible in Fig. [ the irradiated area in the sample treated
at 400°C appears as a not homogeneous (a preservation of two
chemical phases is clearly visible) amorphous phase, indicating
the persistence of phase separation, despite the amorphization.
However, a clear distortion occurs. The preferential directionas
of smearing in the horizontal plane might be due to the slab-
like geometry of the irradiated portion of the sample, where
mobility is enhanced (as discussed above). It can be suggested
that the rate of dissolution and the precipitation reaction at the
irradiated-pristine interface (determined by the irradiation) pro-
duces a change in the shape of the grains, which are elongated in
the direction along the interface [30]. In the case of irradiation
at higher temperature the two phases are no longer distinct; this
could be once again determined by the increased mobility of
species at higher temperature; it can be speculated that the not
homogeneous amorphous phase observed at lower temperature
evolves to a homogeneous glassy phase at higher T because an
irradiation promoted solubility process of the two amorphous
phase begins to occur.

Moreover, at high temperature (Fig. [ ¢) the interface be-
tween the irradiated area and pristine area is not sharp, contrast-,,
ing to what observed in CA sample irradiated at lower temper-
ature (Fig. []b). This supports the speculation that mobility
is increased by both irradiation and high temperature, leading
to a recrystallization phenomenon (in Figure [ ¢, crystals are
formed in the glassy matrix, across the separation line between
the irradiated and not-irradiated area). The fact that the pristine

320

325

regions of the irradiated samples do not show any of these phe-
nomena clearly indicates that they are necessarily due to the ir-
radiation rather than to the thermal history of the glass-ceramic.
Using selected area electron diffraction the phases were con-
firmed to be Ca3Al,O¢ and CaAl,O4 (Fig. |§]) No other phases
were observed among the crystalline areas.

4.3. Bubbles

Transmutation induced presence of He and H was emulated
by controlled gas implantation. The presence of these elements
can result in the formation of bubbles and cavities in the target
material that in principle might be detrimental for the mechan-
ical properties. Indeed, as shown in Fig. |6] we find that irradia-
tion induced the formation of structures appearing lighter than
the surrounding region in TEM images, which might be either
cavities or gas-filled bubbles. Their presence is more marked in
the areas irradiated at the higher temperatures, where these fea-
tures are about 10 nm in size and aggregate in clusters. These
structures are absent in the pristine portions of the material and
were not observed in CA irradiated with Si alone [16], indicat-
ing the importance of multibeam experiments.

4.4. Trendsin T

The irradiation temperature is found to play an important
role in the determination of the structural effects on glass-
ceramic samples, possibly due to the higher mobility of both



Figure 5: Selected area diffraction patterns acquired from single crystals of the
two phases on the CA sample irradiated at 400°C: a) Ca3Al,Og, b) CaAlOy4 .
The zone axis pattern of the crystal is superimposed on the image.

100 nm

Figure 6: TEM image of bubbles/cavities in the irradiated portion of the CA
sample irradiated at 710°C.

ions and aggregates. We observed that, while some amorphiza-
tion is always present in the irradiated area, at 710° C partial
recrystallization of some grains seems to take place at the in-
terface with the pristine region. In addition, the phase mixing
increases with the irradiation temperature, up to the point that in
the sample irradiated at 710° C no separate phases are visible
in the irradiated area. Finally, the number of bubbles/cavities
increases with the irradiation temperature, and for the highest
temperature results even in micrometer-scale clusters. This re-
sult agrees with the output of atomistic simulations investigat-
ing the formation and aggregation of He bubbles in materials
for fusion technology. Indeed, such calculations have shown
that these processes are temperature dependent: the higher the
temperature, the faster He atoms and clusters diffuse, promot-
ing coalescence [31]].

5. Conclusions

In summary, we investigated the effects of high flux and
high energy neutron irradiations (conditions relevant for future
nuclear fusion reactors) on a glass-ceramic material through the
introduction of the expected defects distribution via triple ion
irradiation. The calcia-alumina samples were irradiated at tem-
peratures ranging from 400° C to 710° C, with 8 MeV Si, 2
MeV He, and 0.333 MeV H ions, at fluences corresponding to
0.75 year-long working period in the DEMO first wall location.
This combination of ions and energies was chosen to reproduce
as closely as possible the damage expected by 14 MeV neutrons
in terms of dpa and transmutation products (He and H) as eval-
uated by Monte Carlo simulations. The TEM analysis, imaging
accompanied by EDX and diffraction, highlighted that the irra-
diation temperature plays a prominent role in determining the
induced damage in terms of recrystallization, phase mixing and
bubble formation. This study identified the type of defects to
be expected in glass-ceramic materials at the working condi-
tions for fusion technology. Each of these defects should be
investigated in terms of their impact on mechanical properties
on large samples of joined SiC pieces.
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