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Abstract

For Generation IV reactors, and more particularly
the Gas Fast Reactor, aluminum nitride is an interesting
candidate for the application as a fuel coating; actually,
its great thermal conductivity should allow efficient
thermal transfer between the fuel pellets and the
coolant. Unfortunately, few data are available on its
behaviour under irradiation. In this study, we attempted
to understand the effect of irradiation parameters on the
defect creation thanks to thermally-stimulated
luminescence and optical absorption spectrophotometry.
Thus, we did not note any new defect created by the
irradiation and the fact that these techniques
complement each other allowed us to know the
influence of each irradiation parameter on the defects
concentration.
Keywords: AIN, irradiation, heavy ions, electronic
interactions, thermoluminescence, optical absorption
spectrophotometry

Introduction

In the Generation IV Forum framework, France
study the Gas Fast Reactor among others, this reactor
should work at high temperature (1100-1300K) and
under helium gas pressure, helium being the coolant.

In order to coat the fuel, several ceramics are
studied. They must meet certain specifications, such as
good thermo-mechanical properties or low swelling
under irradiation. Taking into account these
specifications, carbides and nitrides are sensed as fuel
coatings, and among these materials, aluminum nitride
has one of the highest thermal conductivity: about 200
W-m*-K™ for a polycrystal [1-4], up to 320 W-m K
for a single crystal [5].

However, aluminum nitride has the drawback to
produce radioactive long-lived isotope *C by
transmutation of **N [6]. This drawback may be reduced
by the use of isotope tailored material in which N
replaces “N [7].

If the behavior of aluminum nitride under irradiation
has already been studied by several authors [8-13], as
far as we know no study on the defect created by
irradiation has been carried out. Therefore, in this study
we attempt to identify the defect induced by irradiation
in  aluminum  nitride by thermally-stimulated
luminescence and optical absorption spectrophotometry.
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Experimental

Sample preparation

The studied material is a polycrystalline aluminum
nitride sintered at 2123K for 3h with 3 mol% of Y,03
(sintering aid). The thermal conductivity of this material
was measured between 198 and 214 W-m “K .
Preparation of the specimens was already described
elsewhere [14]. Briefly, they were polished with
diamond suspensions down to 1 um, and then
subsequently irradiated with swift heavy ions.

Simulation with swift heavy ions

Heavy ions that have a kinetic energy larger than
0.1 MeV amu™ are generally qualified as “swift”. This
kind of ion is used essentially to simulate the impact of
fission products. However, by studying the spoiling at
the end of the ion range, the behaviour may be
considered as similar to the impact of alpha particles,
and of recoils of alpha decays and of neutrons.

In this study, we irradiated our specimens with ions
of three different energies with GANIL facilities (Caen,
France); thus we may note an eventual effect of the
energy. In Table 1 we present the irradiations carried
out: thanks to stopping powers we know that the major
interactions at the beginning of the range are electronic,
viz. inelastic collisions with target electrons, and that
the nuclear collisions may be neglected.

Table 1 Spoiling of AIN by irradiations; R, is the average
projected range of the ions, Sg 4 and Sy, 4y are the average
electronic and nuclear stopping powers respectively along the

first 5 um.
lon RP Se, ave Sn, ave
irradiation (pm) (keV/nm) | (keV/nm)
74 MeV Kr 9.7 10.9 0.05
92 MeV Xe 9.4 13.5 0.14
930 MeV Xe 46.2 22.1 0.01

The specimens were irradiated with fluences of 10*,
10", 10", and 10% ions per cm?, at room temperature
(RT) and 773K for 74 MeV Kr, and only at RT for
92 MeV Xe, whereas with 930 MeV Xe they were
irradiated with fluences of 10™, 10", 10", and 4.5x10"
cm? at RT and 773K.
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Characterization techniques

In order to know the defects induced by irradiations,
thermally-stimulated luminescence (TSL) and optical
absorption spectrophotometry (OAS) were used.

For TSL measurements, the samples were excited
for five minutes with a deuterium lamp (50 W) of 200-
400 nm spectral range. Then, two minutes after
excitation, readout was performed during a linear
heating of the sample from RT to 673K at a rate of
1K-s? A photomultiplier (Philips 2018 B, 200-
600 nm) was utilised to record the TSL intensity as a
function of temperature, whereas spectral analysis was
achieved with an optical multi-channel analyzer
covering the 300-800 nm range.

OAS was performed at RT in the 250-800 nm range
thanks to Varian Carry 500 spectrophotometer equipped
with the diffuse reflection sphere (absorption reference:
Teflon). Absorption bands affected by irradiation, were
identified by subtracting the absorption spectrum of the
virgin sample from the spectrum of each specimen after
irradiation.

TSL and OAS allow us to identify defects in some
microns near the surface, but the depth analysed is not
easy to determine. That is why in Table 1 we calculated
the average electronic and nuclear stopping powers on
the first 5 um, considering that the defects created at
higher depth do not affect the TSL (because specimens
are excited with UV radiations) and OAS signal.

Results and Discussion

Thermally-stimulated luminescence

TSL glow curves (Fig. 1.a) show one broad peak
centered around 400 K, which attests the presence of
trapping centers (TC), certainly oxygen in substitution
of nitrogen Oy and/or bivalent 20y centers [15-17]. On
the other hand, TSL spectra (Fig. 1.b) allow us to note 5
recombination centers (RC); the identification of the RC
is shown in Table 2. The presence of chromium and
manganese was confirmed by ICP: 1.9 and 2.0 = 0.1
ppm, respectively.

Table 2 Identification of recombination centers in aluminum
nitride [18, 19].

E (eV) Recombination Center
1.79 £ 0.03 Cra
2.04 +0.05 Mnpy
2.67+0.17 V-20n-2N
3.17+0.01 Va-On-3N
3.60 +£0.04 Transition from V4 to Oy

The main result is that whatever the irradiation is, no
new TC nor RC is created. Nevertheless, the higher the
fluence, the lower the TSL intensity.

According to the evolution of the TSL area as the
function of fluence and temperature, a threshold
electronic stopping power S,  may be defined, the
value of this threshold is between 14 and 22 keV nm?,
the electronic stopping powers of 92 MeV Xe and
930 MeV Xe, respectively (Tablel1). Thus, two
behaviours are notable as the function of electronic
stopping power. If S, <S, , the TSL area is similar
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whatever the electronic stopping power is. Moreover, an
annealing effect may be noticed for irradiation
performed at 733K, inducing a less intense signal for the
same fluences. On the other hand, if S, > S, «, the TSL
area decreases when Se increases and no evident
annealing effect can be noticed for 930 MeV Xe
irradiation carried out at 773K.
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Fig. 1 TSL glow curves (a) and spectra at 400K (b) of
aluminum nitride irradiated at room temperature with several
fluences of 92 MeV Xe ions.

The decrease of the TSL area can be explained by
three hypotheses. First, it can be the consequence of a
decrease of the concentration of TC and/or RC.
However, as irradiations create defects, this hypothesis
seems not to be relevant. Second, there may be a
creation of defects that absorb the TSL radiations. But,
as the relative concentrations of RC seem to vary, this
hypothesis seems not to be relevant either. Eventually,
the third hypothesis would be a combination of both,
with a variation of the concentration of TC and/or RC
(decrease or increase) and an increase of the
concentration of absorbing defects.

Optical absorption spectrophotometry

OAS was used in such a way to confirm the third
hypothesis and to know the real effect of irradiations on
TSL area.

OAS spectra allowed us to identify various
absorption bands in UV range (Fig.2.a) and in the
visible range (Fig. 2.b), with certainly one band between
both domains. The first important result is that no new
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absorbing defect was detected after irradiations.
However, some bands are affected, they are listed in
Table 3.
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Fig. 2 Optical absorption of aluminum nitride in visible (a)
and UV (b) domains as a function of fluence for irradiations
carried out at room temperature with 92 MeV Xe ions.

Table 3 Identification of absorption bands affected by
irradiations [20-24].

E (eV) A (nm) Absorbing defect
1.83 £0.02 678 =7 cr*?
1.97 +£0.02 630+ 6 ?
2.43+0.03 511+6 ?
2.73 £ 0.05 455+9 Vy or Al
3.06 + 0.06 406 + 8 Vacancy aggregates?
3.35+0.05 370 £ 6 Vacancy aggregates?
428 +0.12 290 + 8 O related

As the estimation of the concentration of each AD is
complicated, we decided to follow the average
absorption as a function of fluence for each irradiation.
Thus, we noted two behaviours as a function of
irradiation temperature. For irradiations carried out at
RT, no effect of electronic stopping power was noted
and the average absorption is the same for the three
irradiations whatever the fluence is. On the other hand,
if irradiation temperature is of 773K, electronic stopping
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power has an effect: if S;<S, , we can observe an
annealing effect; actually, absorption becomes less
important than for the virgin sample, except for the
highest studied fluence (10" cm™). But if S; > Se, ¢, NO
annealing effect is noted except for the fluence higher
than a critical fluence, which is in the 10**-4.5-10" cm™
range.

Conclusions

In this study, we attempted to identify, with
thermally-stimulated  luminescence  and  optical
absorption spectrophotometry, the defects created by
irradiation with swift heavy ions, simulating the impact
of fission products. The first result is that whatever the
irradiation is, no new defect detectable with both
techniques was observed after irradiations.

Then, as both techniques complement each other, we
were able to understand the effect of irradiation
parameters on the overall concentration of TC and RC,
and of AD. Thus, when the fluence increases, the
concentration of TC and RC decreases, and the
concentration of AD increases. Electronic stopping
power has no effect on the AD concentration at RT; on
the other hand, if S¢>S; ¢, the TC and RC
concentration decreases when Se increases. Eventually,
the temperature does not change the concentration in TC
and RC, but induce a decrease of AD concentration if
Se > Se, . But if S¢> S, 1, AD concentration increases
up to a critical fluence then stabilizes.

Acknowledgements

The authors would like to gratefully thank Isabelle
Monnet (GANIL) for her great help during the
irradiation of the samples, and Yves Jorand (INSA,
Lyon, France) for providing the virgin materials. This
study was partly funded by the French research group
MATINEX.

References

R. Couturier, D. Ducret, P. Merle, J.P. Disson,
P. Joubert, J. Eur. Ceram. Soc. 17 (1997) 1861-
1866.

F. Roulet, P. Tristant, J. Desmaison,
R. Rezakhanlou, M. Ferrato, J. Eur. Ceram. Soc.
17 (1997) 1877-1883.

J. Jarrige, J. Lecompte, J. Mullot, G. Miiller, J. Eur.
Ceram. Soc. 17 (1997) 1891-1895.

A. Virkar, T. Jackson, R. Cutler, J. Am. Ceram. Soc.
72 (1989) 2031-2042.

G. Slack, S. Bartram, J. Appl. Phys. 46 (1975) 89-
98.

L. Rover, G. Hopkins, Nucl. Technol. 29 (1976) 274.

7. T. Yano, K. Inokuchi, M. Shikama, J. Ukai,
S. Onose, T. Maruyama, J. Nucl. Mater. 329-333
(2004) 1471-1475.

. T. Yano, T. Iseki, Philos. Mag. Lett. 62 (1990) 83-
87.

. T. Yano, T. Iseki, Philos. Mag. A 62 (1990) 421-
430.



Proceedings of the 11™ ECERS Conference, Krakow, 2009

10.T. Yano, M. Tezuka, H. Miyazaki, T. Iseki, J. Nucl.
Mater. 191 (1992) 635-639.

11.C. Kim, T. Iseki, T. Yano, M. Tezuka, J. At. Energy
Soc. Jpn. 34 (1992) 335-341.

12.T. Yano, T. Iseki, J. Nucl. Mater. 203 (1993) 249-
254,

13.M. Akiyoshi, I. Takagi, T. Yano, N. Akasaka,
Y. Tachi, Fusion Eng. Des. 81 (2006) 321-325.

14.J. Nappé, P. Grosseau, F. Audubert, B. Guilhot,
M. Beauvy, M. Benabdesselam, I. Monnet, J. Nucl.
Mater. 385 (2009) 304-307.

15.F. Porte, J. Lecompte, J. Jarrige, A. Collange,
P. Grosseau, B. Guilhot, J. Eur. Ceram. Soc., 17
(1997) 1797-1802.

16.J. Rosa, |. Tale, Czech. J. Phys. 29 (1979) 810-824.

17.L. Trinkler, P. Christensen, N. Larsen, B. Berzina,
Radiat. Meas. 29 (1998) 341-348.
18.M. Benabdesselam, P. lacconi, D. Lapraz,

P. Grosseau, B. Guilhot, J. Phys. Chem. 99 (1995)
10319-10323.

1108

19. A. Martin, C. Spalding, V. Dimitrova, P. Van Patten,
M. Caldwell, M. Kordesch, H. Richardson, J. Vac.
Sci. Technol. A 19 (2001) 1894-1897.

20.J. Pasternak, L. Roskovcova, Phys. Status Solidi 26
(1968) 591.

21.G. Slack, L. Schowalter, D. Morelli, J. Freitas,
J. Cryst. Growth 246 (2002) 287-298.

22.K. Kawabe, R. Tredgold, Y. Inuishi, Electr. Eng.
Jpn. 87 (1967) 62-70.

23.G. Cox, D. Cummins, K. Kawabe, R. Tredgold,
J. Phys. Chem. Solids 28 (1967) 543-548.

24.M. Bickermann, B. Epelbaum, A. Winnacker,
J. Cryst. Growth 269 (2004) 432-442.

“Corresponding author:
J.C. Nappé

+33(0)4 77 4202 13
nappe@emse.fr


mailto:nappe@emse.fr

