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Abstract

Boron carbide is widely used as a neutron absorber in most nuclear reactors, in particular in fast neutron
ones. The irradiation leads to a large helium production (up to 10**/cm?) together with a strong decrease of
the thermal conductivity. In this paper, we have performed thermal diffusivity measurements and X-ray
diffraction analyses on boron carbide samples coming from control rods of the French Phenix LMFBR
reactor. The burnups range from 10> to 8.10*'/cm>. We first confirm the strong decrease of the thermal
conductivity at the low burnup, together with high microstructural modifications: swelling, large micro-
strains, high defects density, and disordered-like material conductivity. We observe the microstructural
parameters are highly anisotropic, with high micro-strains and flattened coherent diffracting domains along
the (00I) direction of the hexagonal structure. Performing heat treatments up to high temperature (2200°C)
allows us to observe the material thermal conductivity and microstructure restoration. It then appears the
thermal conductivity healing is correlated to the micro-strain relaxation. We then assume the defects

responsible for most of the damage are the helium bubbles and the associated stress fields.
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Introduction

Boron carbide is widely used as a neutron absorber for the control, safety and protection of nuclear reactors.
This is due to the conjunction of a high temperature melting and abundance and a '°B high neutron
absorption cross section in the whole neutron energy spectrum. The main limitations arise from brittleness
and the production of large quantities of helium and heat during the (n,a) neutron absorption reactions. As
a matter, the (n,a) reaction is exothermal (about 2.6 MeV per capture). In a control rod, the burnup
(neutron capture density) can be as high as 10**/cm?® per year, this leading to a volume power about
150 W/cm?®. This generates high thermal gradients in the absorber material pellets leading to an extensive

pellet cracking (Figure 1).

It is then of primary importance to have a good knowledge of the thermal conductivity of the material and
its evolution during irradiation. It is now well known that the thermal conductivity degrades under neutron
irradiation [1, 2, 3, 4, 5]. We present here results we have obtained from materials irradiated in the French
LMFBR Phenix reactor. Some of those results, already published in [6, 7, 8, 9] are here re-examined. This

aims first at proposing complementary results on materials somewhat different from those in other studies.

Moreover, the thermal conductivity loss certainly arises from helium accumulation but also from structural
damage. In order to estimate this contribution, we have performed X-ray diffraction analyses of the
materials. The crystal structure of boron carbide is well known [10, 11]. It is built by a close packing of nearly
regular icosahedra (composition close to B4;C) located on the apex of a rhombohedral network. The main
diagonal of the rhombohedra is occupied by a linear chain (most frequent composition CBC), this leading to
the B,;C-CBC cell composition, i.e. B4,C. The rhombohedral structure is most often described in a hexagonal
frame. Most of observations have shown that during neutron irradiations, helium accumulate as flat bubbles

perpendicular to the (00.1) direction, generating strong and anisotropic internal stresses.

At last, thermal treatments have been performed up to high temperature in order to determine the

temperature ranges in which the thermal conductivity and the structure heal.

Experiment

The irradiations have been performed in the French Phenix Sodium cooled Fast Reactor in the frame of the

development of the absorber rods of the Superphenix reactor. Two experiments are here considered:



e The first one (Hyperbare-1) aimed at testing advanced control rods designs. In this case, the boron
carbide pellets are inserted in a metallic sheath aiming at reducing the fragments relocation and the
shroud carburization [12].

e The second one (Fracasse) aimed at analyzing the cracking of the material at the beginning of life as

a function of the material manufacturing process and the pellets geometry and density.
Their main characteristics are reported on Table 1.

The boron carbide has been elaborated with the magnesothermal process [10], the French reference process
of the time. After acid washing, this leads to a micronic powder. As compared to the carbothermal
elaboration process, the magnesothermal process then leads directly to a material with a small,
homogeneous grain size without crunching and sieving steps. Other differences stand in the specific surface
of the powder, the impurity composition and content (Mg vs Fe, oxygen, free carbon), this leading to
somewhat different hot pressing conditions (somewhat lower for the magnesothermal process).The powder
is then hot-pressed in a graphite die to obtain cylindrical pellets, the hot-pressing conditions (about 2000°C,
50 MPa, 1 hour) are adjusted to obtain a high density (circa 96 %) and keep as a small grain size as possible.

The pellets are then machined to remove the reaction surface and to obtain the required dimensions.

The boron carbide pellets are stacked in stainless steel shrouds. The lower and upper plugs are porous to
allow sodium circulation inside the rod, between the B,C pellets stacking and the clad. This allows first
cooling the absorber and second evacuating the released helium arising from the (n,a) absorption reactions.
This then allows rather large B,C pellets diameter, since the surface temperature remains low, and short
control rods, since no expansion chambers for released helium are required. The main drawback is an

accelerated chemical interaction with the cladding (boronation and/or carburization).

After irradiation, the control rod is sodium drained, then submitted to non-destructive examinations
(metrology, neutron and X-ray scanning). The rod is then cut to perform the destructive examinations:
burnup, metallography, density, and so on. Before the analyses, selected sections are heated to 500°C under

a vacuum in order to remove residual sodium.

In the case of the Hyperbare-1 experiment, 2 control elements have been analyzed. The burnup and boron
carbide swelling distribution along the rod height are reported in Figure 2. The exponential-like variation of
the burnup results from the neutron distribution in the reactor (flux and energy spectrum) and the moving
of the control rod in the core during its life. The similar distribution of the swelling confirms a quasi-linear

variation as a function of burnup at least up to 10%/cm?, about 0.15 vol. % per 102°capt./cm3 [2,4,12].

In the case of the Fracasse experiment, short (40 cm) elements have been irradiated in fixed position,
located at the mid-plane of the Phenix core, this leading to a nearly flat neutron flux then boron burnup

distribution.



Analyses

Thermal conductivity

The thermal conductivity is obtained from the classical indirect method:
k=dDCp
Where d is the density of the material, D the thermal diffusivity and Cp the heat capacity.

The density has been determined by weighting and mercury pycnometry of fragments before they are cut
for the thermal diffusivity measurements. An estimation of swelling is then determined from the difference
between the initial and the post-irradiation densities. This then does not take into account helium or lithium

partial release, this leading to an overestimation of swelling.
The heat capacity has not been determined. It is assumed to be equal to the non-irradiated material one.

The thermal diffusivity has been determined using the Flash method. This requires flat samples with parallel
faces. For this, we have selected fragments from the irradiated pellets. The fragments are then sliced with a
diamond-wire saw in order to obtain platelets with a thickness about 2 mm and a size as large as possible.
For the Fracasse experiment, the small diameter pellets are not cracked, and then discs are rather easily
obtained. For the Hyperbare experiment, at low burnups, irregular polygons about 1 cm large have been
obtained. For the highest burnups, the fragments are smaller and most often cracked: the samples were

about 6 to 8 mm large.

The Flash method consists in illuminating one face of the sample (here with a YAG-laser) and recording then
analyzing the thermal transient (thermogram) on the other face. The samples are arranged on an alumina
sample holder. The thermograms are recorded with a K-thermocouple slightly pressed on the center of the
rear sample surface. The analysis of the thermograms uses a two-dimensional resolution of the heat
equation [13] then assumes the sample is a thin disc. Due to the irregular shape of the sliced fragments, an
uncertainty is introduced, the value is not really known: simulations show the thermal diffusivity values
obtained with the model differ by about 1 percent between a disc and a square of the same surface. This has

also been checked analyzing square or disc samples of standard materials.

The measurements are performed in a furnace under helium. The possible temperature range is from room
temperature (RT) to 1000°C. But for the samples irradiated at low temperature, the measurements are first
restricted from RT to the estimated irradiation temperature, in order to avoid annealing of the material, and

then the range is progressively increased as the successive heat treatments are made.



X-ray diffraction

The X-ray analyses have been performed with a INEL-CPS120 diffractometer (presently Thermo Fisher
Scientific) on the same samples used for the thermal diffusivity analyses. The detector is a multichannel
analyzer, with about 4000 channels 0.03° wide on 120° (28). This allows fast recording of the diagrams. The
incident beam (Cu ka1l line, Ge (111) monochromator) is parallel (size 100 um x 5 mm) and reaches the

sample under a fixed incidence (10°).

Due to the low-Z elements constituting boron carbide, the absorption coefficient is very low (u ~ 6 cm™). This
leads to very long penetration depths (1/pu ~ 150 pum), this generating very asymmetric diffraction lines and a
strong apparent decentering. Those distortions have to be corrected in order to determine the actual
position and intrinsic width of the lines. In previous papers [6, 7], we used an explicit formulation of the line
profile taking into account this absorption effect, this requiring a quite tedious line-to-line analysis on a set
of non-overlapping lines on the diagrams. Here, we have used a Rietveld program (XND) which has been
modified to take into account the asymmetric configuration of the facility [14, 15]. In that case, the
asymmetry is simulated by special functions in the experimental description of the experiment [16] the
parameters values of which are determined on a non-irradiated sample. In the XND program, the line
profiles are Voigt functions. The material component to the lines profile is supposed to have two
contributions, one depending on 1/cos(B), the second one on tan(B). These are the two well-known
contributions arising first from a size effect (dimension of the coherent diffracting domains, Scherrer
approximation) and second from microdistortions. This then intrinsically corresponds to the classical
Williamson-Hall approach [17]. Anisotropic linewidths can be introduced depending on the crystallographic

directions.

Heat treatments

We have first analyzed samples with different burnups. For the low burnups, for which large samples are
available, we have then performed heat treatments in order to analyze the restoration of the damage on the
thermal conductivity and the structure. Thus, 30 minutes heat treatments were performed under vacuum in
a graphite furnace from the estimated irradiation temperature up to 2200 °C by 100 °C steps. A Pyrox
(presently AET-technologies) VI80-25 furnace was used, allowing fast heating (30°C/min) and cooling of the
sample. After each step, thermal diffusivity and XRD analyses were performed. Different samples have been
tentatively studied, only a few of them withstand the heat treatments and subsequent handlings up to the

highest temperatures. Only the latter are here exploited.



Results

Thermal conductivity

The thermal conductivity as a function of burnup is reported on Figure 3. As already observed by other
authors, it appears the thermal conductivity sharply decreases at the beginning of the irradiation: it is
divided by approximately a factor 3 for a burnup of 12.10%°/cm?, i.e. about 1% of total boron. Comparing the
Hyperbare and Fracasse results at similar burnups (~25.10%°/cm?), it appears that the thermal conductivity in
the Fracasse sample is about 10 percent lower. This could correspond to a lower irradiation temperature
(Table 2: the inversed axial temperature evolution at the periphery of the pellets at the end of the irradiation
arises from the conjunction of the lowering of the volume power by '°B depletion, the reduction of the pellet
— clad gap by swelling and compaction and the partial filling of the cracks by sodium): in this temperature
range, an irradiation temperature difference about 50 — 100°C then leads to a significant thermal

conductivity difference.

As mentioned above, annealings have been performed only on the less consumed samples. The results are
reported hereunder (Figure 4 to Figure 7) for 2 Hyperbare samples (heights 730 and 480 mm, respectively

burnup 12.10%°/cm? and 29.10%°/cm?) and one Fracasse sample.

Structure and microstructure

Selected areas of the X-ray diffraction diagrams of a non-irradiated reference material and a highly irradiated
sample (burnup = 82.10%°/cm?) are reported on Figure 8. It first appears that the irradiated material is still
well crystallized (the baseline shows low and wide bumps in the small angles range meaning some kind of
disorder). The diagram of the irradiated sample shows widely broadened lines. This broadening partially
hides the absorption dissymmetry effect. The lines positions are not significantly shifted this meaning low

unit cell parameters variation.

The Rietveld refinements have been performed in two steps. First, refining the diffraction diagram of the
reference, non-irradiated sample allows determining its structure parameters (cell parameters, atomic
positions, site occupations) but more importantly the experimental parameters (apparent X-ray beam
linewidth, absorption-induced asymmetry). The latter have then been re-used for refining the diagrams
obtained with the irradiated samples. For the analyses of the diagrams of the annealed samples, the first
analysis has been performed on the last diagram, assuming a 2200°C heat treatment allows full annealing

the structure, then going back to the lower annealing temperatures: this allows having a better reference.

The cell parameters of the samples of the Hyperbare-1 experiment as a function of burnup are reported on

Figure 9. No clear evolution can be seen. This results from high correlations during the Rietveld refinement



between the cell parameters, the decentering of the sample and the asymmetry of the lines: such effects
could not be identified on a classical line-to-line analysis. Regarding the last effect, the asymmetry of the
lines depends on the (hkl) diffraction indexes, leading for some lines to an inverse asymmetry and requiring
introducing extra terms to the experiment ones. It then flows that the line width, then the line broadening,
depends on the (hkl) indexes. More precisely, it appears that the more the diffracting planes are close to the
basal plane of the hexagonal structure, the more the lines are broadened. We had already identified this
effect in our previous studies [7]. To take this effect into account, we introduced extra terms to the
linewidths directly correlated to the (00I) direction. In the XND software, this is straightforward since the
dependency of the linewidth on the crystallographic directions is explicitly described with Legendre
polynomials. The results we then obtain are reported on Figure 10. Here, systematic evolutions can be seen.
First, the components along the (00Il) direction are much higher than along the basal plane, both for the
coherent diffracting domains size and the microstrains. Second, a clear evolution appears as a function of

burnup, with a sharp increase up to about 4.10%/cm?® then a slow increase up to the highest burnup.

The analyses of the diagrams obtained after the annealing sequences for the 12.10%°/cm? burnup sample of
the Hyperbare experiment and for the Fracasse experiment are reported on Figure 11. Complex evolutions

are evidenced they will be tentatively discussed hereunder.

Discussion

The results we present here aim at a better description of the behavior of boron carbide when irradiated in a
FNR. This is required first to estimate the actual working conditions of the material and the absorber
component. This is also necessary for safety evaluations, e.g. to evaluate the margins in case of incident. In
this frame, the thermal conductivity is of primary importance, but the structural parameters evolution could

help understanding the damage processes of the material, and then the limits of the damage.

Thermal conductivity

Influence of burnup

The evolution of the thermal conductivity as a function of burnup we observe (Figure 3) is coherent with the
results available in literature. Comparing with the most recent and comprehensive results [4], we observe
similar evolutions, with a sharp decrease at the very beginning of the irradiation, and a modification of the

shape of the k(T) curves from hyperbolic to nearly flat. However, we obtain a somewhat lower damage of



the thermal conductivity: the k(T) curve we obtain at a 82.10%°/cm?® burnup is similar to the one at
47.10%°/cm? as obtained by Maruyama et al. This could be attributed to different irradiation conditions, e.g.
neutron fluence then actual irradiation temperature: this can be seen on Figure 3. The Fracasse sample has
been irradiated at a lower temperature than the corresponding Hyperbare ones at the same fluence and the
thermal conductivity appears somewhat lower. This could also be attributed to the material characteristics,
e.g. magnesothermic versus carbothermic. This effect was observed on the same Fracasse experiment [6],
where carbothermal samples showed a significantly lower thermal conductivity than the magnesothermal
one. The differences between the sets of data can be as high as about 20 percent, the consequence being

thermal gradient modifications in the same order.

Figure 3 and Figure 12 both show a modification of the shape of the k(T) curves. As burnup increases, the
shape of the k(T) curve changes from the hyperbolic-like one corresponding to a semiconducting or insulator
material to a nearly flat one corresponding to a high disorder. This means a high density of diffusion centers
in the materials and the disappearance of the long wavelength phonons. This could be identified to the high
density of helium bubbles, leading to a characteristic distance between the bubbles about a few tens of

nanometers [18].

Annealing

When looking at Figure 6-right, a sharp slope discontinuity appears on the evolution of the thickness of the
sample (after soft polishing to remove possible oxidation) at about 1600°C. This temperature corresponds to
the admitted brittle to ductile temperature threshold (BDTT) of boron carbide [19]. Here, crossing this
transition could allow a relaxation of the helium pressure in the bubbles, this leading to a significant swelling
of the sample: such a consideration should be taken into account when looking at safety issues. However,
the resulting swelling is much lower than could be achieved if the pressure was fully relaxed. On the other
hand, the thermal conductivity after the last annealing at 2200°C is by about 25% lower than the non-
irradiated one. This difference could then be explained by considering the bubbles volume behaves like
porosity on the thermal conductivity: classical laws lead to a variation of the thermal conductivity about
twice faster than porosity variation. But it is also worth considering the actual microstructure of the
material. Studies in progress [20] have shown that annealing at 1500°C a helium implanted boron carbide
sample leads to coalescence of the helium bubbles located into the grain boundaries, then a possible full
opening of the latter: the resulting thermal barriers will certainly have strong effect on thermal conductivity
despite a small volume change. This also means that the helium bubbles remain in the material up to the

highest temperatures here attained: analyzing helium retention rate requires melting the material.

Looking at Figure 4 to Figure 7, it appears most of healing of the thermal conductivity arises from about

1000°C up to 1500°C. This certainly is important on a safety point of view: the restauration of the thermal



conductivity induces that the temperature increase of the control elements, in case of loss of coolant, will be
limited. In both cases (Hyperbare and Fracasse), this temperature range is higher than the estimated
irradiation temperatures. This means the defects originating in the conductivity decrease cannot be healed
just above the irradiation temperature: this parameter (thermal conductivity annealing) could then not be
used to evaluate the irradiation temperature, as can be done for example in the case of silicon carbide [21,

22]. The influence of structural damage is tentatively discussed hereunder.

In the case of the low burnup sample (Hyperbare, 12.10%°/cm?), a full healing of the thermal conductivity is
obtained after annealing at high temperature. For the higher burnups (Hyperbare, 29.10°°/cm?® and Fracasse,
25.10%°/cm?), healing is at best about 75%, with a low dependence on the irradiation temperature. As
discussed here above, this residual damage can be attributed to the helium bubbles, either in the grain
boundaries or intragranular. The difference between 12.10%°/cm® and about 25.10*°/cm® could then be
related to the helium retention rate. Hollenberg [23] has shown a high helium release rate up to burnups
about 10*/cm? then a nearly full retention up to about 4.10%/cm?®. The first value is interpreted as the
nucleation threshold of helium bubbles, the second one as the setup of intragranular cracking. Then,
resulting from both higher helium production and higher retention rate, a higher density of helium bubbles

is expected as burnup increases, then a lower thermal conductivity after high temperature annealing.

The k(T) thermal conductivity curves after irradiation at burnups above 10%*/cm? appear nearly flat (Figure
3). The k(T) evolution of the material has then moved from a classical semiconductor, hyperbolic-like, curve
to a typical disordered material shape. Disorder can here arise from irradiation defects or from a high
density of phonon diffusion centers. Regarding the structural irradiation defects, we have shown [24,25] that
they were not stable for irradiation temperatures above 500°C. Then, only diffusion centers can be
considered. Here again, it can be assumed they are the helium bubbles and the high induced strain X-ray
analyses evidence. Then, annealing the material leads to relaxation of the micro-strains (Figure 11). This
explain why the restauration of hyperbolic k(T) curves (Figure 4 and Figure 5 clearly show the modification of
the curvature of the k(T) curves) arise in the same temperature range the micro-strains anneal (1100 -

1500 °C).

Evolution of the structure

Influence of burnup
As mentioned above, it was not possible to derive an accurate evolution of the cell parameters as a function
of burnup. Only the highest burnup data show a significant decrease of the ‘c’ parameter: this however is

coherent with the results we previously published [8], showing a contraction of the rhombohedra along its



main diagonal. The microstructural parameters (microstrains and coherent diffraction terms of the

linewidths) show a complex evolution (Figure 10):

e First, the anisotropy of the microstructural parameters (microstrains and coherent diffracting
domains size) we had previously identified [7] can be correlated to the well-known distribution of
the helium bubbles in the material. The bubbles are flattened discs [26], all parallel, with high
internal gas pressure [27], located in the base-plane of the hexagonal structure, this generating high
and anisotropic stresses. The micro-strains associated to those stresses could induce such high
atomic network deformation that they destroy the coherent diffraction between the domains
delimited by the bubbles; this leading to coherent diffracting domains (CDD) which shape and
volume would then be directly correlated to the distribution of the bubbles.

e The structural parameters values however show a large dispersion as a function of burnup. This flow
first from the low sensitivity of the Rietveld method (strong correlations between the structural
parameters) on diagrams with a poor resolution and complex anisotropic line profiles. But this also
could arise from the selection of the samples. First, in a given pellet, there is a large radial thermal
gradient, possibly leading to significantly different structural parameters then line broadening.
Second, there is a systematic temperature gradient at the center of the pellets along the absorber
rod axis, the lower the position the higher the temperature, to which fluctuations superpose due to

possible modifications of the sodium inner flow or the formation of helium bubbles in the B,C cracks.

The structural parameters show a sharp increase up to a burnup about 4.10**/cm?, especially along the ‘c’
axis. However, an incubation burnup about 10%*/cm® cannot be excluded: this would correspond to the
burnup required for the nucleation of the intragranular helium bubbles. The parameters then smoothly
increase. This 4.10*'/cm® threshold could correspond to the onset of the intragranular microcracking induced

by the propagation and coalescence of microcracks originating from the helium bubbles [18, 26].

Annealing

Annealing the materials lead to quite different restauration curves for the cell parameters and the structural
parameters. These show different sharp stages. In all cases, it appears most of the damage anneal below
1500 °C. As mentioned above, this temperature range is lower than the BDTT transition. But different
mechanisms have to be identified in order to account for the different stages we observe: cell parameters

restauration, micro-strain relaxation, growth of coherent diffracting domains.

In both samples, the cell parameters annealing show a sharp stage at about 1000 - 1200 °C. This
temperature range is neither the irradiation temperature, estimated lower, nor the BDTT of the material,
about 1600°C (cf. Figure 6, clearly showing the discrepancy between the thermal conductivity healing and

the onset of the BDTT transition). This stage could however be related to lithium diffusion leading to unit cell



reorganization [28]: in this temperature range, X-ray diffraction performed on a non-polished sample has
shown extra-lines that could be attributed to lithium borates. But recent results [20] show that this
temperature corresponds to a change in the intragranular helium bubbles from flat to more tridimensional.
More striking are the evolutions of the cell parameter during annealing. Some authors have observed such
evolution [29, 30]. In all cases (including our observations), similar evolutions are observed: an ‘a’ decrease
together with a ‘c’ increase at nearly constant cell volume at the beginning of heat treatments (500 —
1000 °C), a sharp peak in the 1000 - 1200 °C range, then reverse variations followed by a quasi-plateau up to
the highest annealing temperatures. But the initial values of the cell parameters and the amplitude of the
evolution are very different. Different parameters can be considered to explain such differences: irradiation

temperature, burnup, leading to different cell configurations, they cannot here be discussed.

Regarding the microstructural parameters, micro-strains and coherent diffracting domains (CDD), Figure 11
shows they all anneal in the 1000 - 1500 °C range. It is however difficult to analyze those results for those
parameters have a poor sensitivity and are generally correlated in the Rietveld refinement. Only tendencies
can then be drawn. Here again, we assume the micro-strains and the CDD dimensions are correlated to the
distribution of the helium bubbles and internal helium pressure. As a consequence, as the micro-strains
relax, coherent diffraction can again occur (even if helium bubbles are still present: such porosity only lowers
the diffracted intensity). The micro-strain relaxation and the CDD growth should then be correlated. Now,
the mechanisms leading to strain relaxation are still not identified. They could be associated to cell
reorganization or the onset of helium diffusion: as noticed above, this temperature range corresponds to a
modification of the shape of the helium bubbles, from very flat to more tridimensional. This would also

require atomic or vacancies diffusion at the surface of the bubbles.

Conclusion

We have performed thermal diffusivity and X-ray diffraction analyses of boron carbide samples irradiated in
the French Phenix LMFBR. Samples with a burnup up to 84.10°°/cm® have been analyzed. Moreover,
isochronal annealing has been performed on some samples up to 2200 °C. The thermal conductivity shows a
quick damage as a function of burnup, this is in good agreement with other studies. The damage heals when
heating to about 1500°C, a residual damage remains that we attribute to the retained helium bubbles.
Healing is mainly attributed to the relaxation of the stresses due to helium pressure in the bubbles. This has

two consequences in case of accident such as loss of coolant inducing high temperature increase: first, the



thermal conductivity enhances, this leading to a limitation of the temperature increase in the material, but

second, the material swells, this leading to potential mechanical issues with the shroud.

Further examinations should be performed in order to validate the hypothesis here performed, such as
Raman spectroscopy, Transmission Electron Microscopy observations, helium diffusion and release, both on
as-irradiated and on annealed materials. Minor elements but with high waste management consequences,
such as tritium, should also be considered. Such a program would find a large benefit in examining the

available control rods coming from the French Phenix reactor dismantling frame.
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Table captions

Table 1. Main characteristics of the Hyperbare-1 and Fracasse experiments (min-max burnups and volume

power: from top of absorber column to reactor mid-plane)

Table 2. Estimated temperatures in the Hyperbare samples, assuming sodium partial filling of the cracks.

Figure captions

Figure 1. Cracking in an experimental Phenix control rods. Left: burnup = 1.2.10%/cm?. Right: burnup =

8.5.10%'/cm?. Scale: outer cladding diameter = 21 mm.

Figure 2. '°B burnup and geometric swelling along the Hyperbare-1 control rod height. 30A, 44C: reference

of the pins.

Figure 3. Left: thermal conductivity of the Hyperbare-1 samples as a function of burnup (from 12.10%° to

82.10%°/cm?). Right: thermal conductivity of the Fracasse sample.

Figure 4. Thermal conductivity (1/T2 polynomials) of the 730 mm height sample (B.U. 12.10%°/cm?) in the

Hyperbare experiment as a function of annealing temperature (°C).

Figure 5. Annealing the thermal conductivity of the 730 mm height sample (B.U. 12.10*°/cm?) in the
Hyperbare experiment at different measurement temperatures (°C). Left: thermal conductivity at different
measurement temperatures, as compared to the initial values (full lines). Right: relative thermal

conductivity.

Figure 6. Annealing the thermal conductivity of the 480 mm height sample (B.U. 29.10%°/cm’) in the
Hyperbare experiment. Left: relative thermal conductivity at different measurement temperatures (°C).

Right: thickness of the sample (solid line: linear fits with a transition at 1580°C).



Figure 7. Annealing the thermal conductivity in the Fracasse experiment (B.U. 25.10°/cm?). Left: thermal

conductivity at different measurement temperatures. Right: relative thermal conductivity.

Figure 8. XRD diagrams for the non-irradiated reference material and a highly irradiated one (82.e20: burnup

82.10%°/cm?, shifted for clarity).

Figure 9. Cell parameters variations (hexagonal frame) as a function of burnup (10°°/cm?®) for the Hyperbare-

1 samples. Error bars ~ + 0.003.

Figure 10. Material components to the XRD linewidths (full widths at half maximum) as a function of burnup.
WgT: tan (8) component, corresponding to microstrains (4€). WIC: 1/cos (8) components, corresponding to
the reverse of the size of the coherent domains (A/d, Scherrer approximation). ‘0’: isotropic component.

:componentaong irection. Error bars about * 0. D0II Ines: eyes guiaes.
(001) long (00I) direction. Error bars about * 20 %. Solid |i id

Figure 11. Evolution of the cell parameters (left, error bars ~ + 0.0005) and linewidth components (right,
error bars ~ + 20%) for the 12.10%°/cm?® Hyperbare sample (top) and 21.10%°/cm? Fracasse sample (bottom).
Error bars have been omitted for clarity (about + 0.0005 for cell parameters and + 0.1 for linewidths). Full

lines: eyes guides.

Figure 12. Thermal conductivity of B,C irradiated in Joyo as a function of burnup, from [4].

Figure 13. Annealing hexagonal cell parameters in irradiated boron carbide, from [29] and [30].



Tables

Table 1. Main characteristics of the Hyperbare-1 and Fracasse experiments (min-max burnups and volume
power: from top of absorber column to reactor mid-plane)

Experiment Hyperbare-1 Fracasse
Absorber Magnesothermal B,C
Relative density 0.96

198 enrichment 0.48

Pellets diameter (mm) 23.5 6.6
Grain size (um) 2-5 2-5
Irradiation duration (efpd*) 399 43
Min-max burnup (10°°/cm?) 12 -140 ~25
Volumic power (n,a) reactions (W/cm®) 15-165 ~160

B,C temperature, min — max (°C) 500 - 1100 500- 600

* efpd: equivalent full power days (equivalent irradiation duration reported to a full power

operation of the reactor)

Table 2. Estimated temperatures in the Hyperbare samples, assuming sodium partial filling of the cracks.

Height Burnup Beginning of life (°C) End of life (°C)

(mm) (10%*°/cm?) center periphery center periphery
730 12 560 530 600 530
480 29 590 525 660 500
340 49 625 525 710 490
190 67 700 540 800 480

80 82 800 560 890 470
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Figure 1. Cracking in an experimental Phenix control rods. Left: burnup = 1.2.10?/cm®. Right: burnup =
8.5.10%'/cm’. Scale: outer cladding diameter = 21 mm.
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Figure 2. '°B burnup and geometric swelling along the Hyperbare-1 control rod height. 30A, 44C: reference
of the pins.
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Figure 3. Left: thermal conductivity of the Hyperbare-1 samples as a function of burnup (from 12.10% to
82.10%°/cm?). Right: thermal conductivity of the Fracasse sample.
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Figure 4. Thermal conductivity (1/T2 polynomials) of the 730 mm height sample (B.U. 12.10%°/cm?) in the
Hyperbare experiment as a function of annealing temperature (°C).
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Figure 5. Annealing the thermal conductivity of the 730 mm height sample (B.U. 12.10?°/cm?) in the
Hyperbare experiment at different measurement temperatures (°C). Left: thermal conductivity at
different measurement temperatures, as compared to the initial values (full lines). Right: relative
thermal conductivity.
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Figure 6. Annealing the thermal conductivity of the 480 mm height sample (B.U. 29.10°°/cm®) in the
Hyperbare experiment. Left: relative thermal conductivity at different measurement temperatures
(°C). Right: thickness of the sample (solid line: linear fits with a transition at 1580°C).
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Figure 7. Annealing the thermal conductivity in the Fracasse experiment (B.U. 25.10*°/cm’). Left: thermal
conductivity at different measurement temperatures. Right: relative thermal conductivity.
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Figure 8. XRD diagrams for the non-irradiated reference material and a highly irradiated one (82.e20:
burnup 82.10%°/cm?, shifted for clarity).
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Figure 9. Cell parameters variations (hexagonal frame) as a function of burnup (10*°/cm?®) for the
Hyperbare-1 samples. Error bars ~ £ 0.003.
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Figure 10. Material components to the XRD linewidths (full widths at half maximum) as a function of
burnup. WgT: tan (8) component, corresponding to microstrains (4€). WIC: 1/cos () components,
corresponding to the reverse of the size of the coherent domains (A/d, Scherrer approximation).

‘0’: isotropic component. (00l): component along (00l) direction. Error bars about + 20 %. Solid lines:
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Figure 11. Evolution of the cell parameters (left, error bars ~ £ 0.0005) and linewidth components (right,
error bars ~ + 20%) for the 12.10*°/cm® Hyperbare sample (top) and 21.10%°/cm?® Fracasse sample
(bottom). Error bars have been omitted for clarity (about + 0.0005 for cell parameters and £ 0.1 for
linewidths). Full lines: eyes guides.
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Figure 12. Thermal conductivity of B,C irradiated in Joyo as a function of burnup, from [4].
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Figure 13. Annealing hexagonal cell parameters in irradiated boron carbide, from [29] and [30].



