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Abstract

Titanium nitride is one of the inert matrixes proposed to surround the fuel in gas cooled fast reactor (GFR) systems. These reactors
will operate at high temperature and refractory materials with a high chemical stability and good mechanical properties are required.
Furthermore, a total retention of the most volatile fission products, such as I, Xe or Cs, by the inert matrix is needed during the in-pile
process. The isothermal migration of iodine in TiN was studied by implanting 800 keV I ions in sintered samples at an ion fluence of
5x 10" cm ™2 Thermal treatments were performed under secondary vacuum at temperatures ranging from 1200 to 1700 °C. Iodine con-
centration profiles were determined by 2.5 MeV a-particle elastic backscattering. The migration of iodine seems to be correlated with
point defects created by implanted ions near the surface. The Arrhenius plot corresponding to iodine detrapping is curved with possibly
two straight-line regions which could indicate either the presence of two types of traps, or a strong dependence of trap’s concentration on
temperature above 1500 °C. The activation energies associated with each linear region of the Arrhenius plot were found to be:
E,=2440.2¢V below 1500 °C and E, = 11.4 + 0.2 eV above 1500 °C. Nitrogen evaporation from TiN surface under secondary vac-

uum was proposed as a contributing factor to the enhanced mobility of iodine at high temperature.

© 2007 Elsevier B.V. All rights reserved.

PACS: 66.30.—h; 66.30.—Xj; 51.20.+d; 61.82.Bg; 85.40.Ry

1. Introduction

Within the framework of the Generation IV project, two
concepts of gas cooled reactors have been selected: the
Very High Temperature Reactor (VHTR) and the Gas
cooled Fast Reactor (GFR) [1-4]. In both cases, the fuel
will operate at about 1000-1200 °C in normal conditions
and may reach 1600-1700 °C in accidental situations. The
GFR fuel cycle has to be optimised to recycle actinides
and to minimise the waste production. (U, Pu)C carbides
and (U, Pu)N nitrides are candidate fuels because of their
high densities, decomposition temperatures and thermal
conductivities [5,6]. Several geometries for the fuel assem-
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bly have been proposed for GFR, prismatic block or peb-
ble bed for example. In each case, the fuel is surrounded by
several coating layers and an inert matrix [7,8]. The princi-
pal criteria for the choice of the inert matrix are: chemical
compatibility with the fuel, mechanical and irradiation
resistance, thermal properties allowing high gas tempera-
tures and total retention of fission products (FP) during
the in-pile process. The following ceramics have been pro-
posed for core structures in GFR: TiN, ZrN, ZrC, TiC and
SiC [5-13].

Titanium nitride is known as a suitable material for the
coating of cutting and grinding tools as protection against
wear, erosion and chemical attack [14-17]. It is also widely
used in microelectronic instrumentation as a diffusion bar-
rier and adhesion promoter between metallic layers [18-21].
The ability of titanium nitride to act as a diffusion barrier
combined with its mechanical and thermal properties
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make it relevant for the previously described nuclear
applications.

Most of the existing studies have been focused on the
behaviour of FP, especially rare gases Xe and Kr [22-24],
in oxide nuclear fuel in the past four decades and, unfortu-
nately, very few in nitride compounds [25,26]. Xenon ther-
mal migration behaviour in TiN was studied in a previous
work and segregation into gas bubbles was shown as a
result of xenon low solubility [25]. For iodine, the forma-
tion of bubbles several nanometers in size has been demon-
strated within UO, single crystals that had been implanted
with 40keV '?’I ions at a fluence of 10'®cm™2 and
annealed at 1500 °C [27]. Hocking et al. [28] also showed
that iodine ions, implanted at the same fluence into poly-
crystalline UQO,, are associated after thermal treatment
with lattice vacancies created by collision cascades during
the initial implantation. A concentration threshold of
about 10'®at cm ™ has been determined for iodine trap-
ping in the UO, matrix. The aim of the present work is
to study the thermally activated migration of iodine
implanted into sintered titanium nitride samples at an ion
fluence of 5x 10'> cm™2. The evolution of the concentra-
tion profiles will be characterized by Rutherford Backscat-
tering Spectrometry (RBS) as a function of the temperature
and the results will be discussed.

2. Experimental
2.1. Sample preparation and thermal treatments

TiN is difficult to densify as a monolithic ceramic due to
its high melting point (2950 °C) arising from its strong
covalent bonding, nevertheless, few papers report its sinter-
ing by conventional sintering [29], hot isostatic pressing
(HIP) [30] or hot pressing (HP) [31,32]. Hot pressing
(HP) was chosen as sintering process because of the good
results reported in literature for TiN samples of simple
geometries. A uniaxial pressure of 50 MPa and a progres-
sive increase of the temperature up to 1600 °C were applied
to create an initial pellet of 37 mm in diameter and 5 mm in
thickness. After cutting, smaller pellets of size
15 x 15 x 2 mm? and mean density 5.18 & 0.01 g cm > (the-
oretical density = 5.39 gecm >, densification about 96%)
were obtained. The mean diameter of the grains after sin-
tering was found to be about 18 um. Samples were polished
to micron scale using diamond powders. An open porosity
was observed between the grains by Scanning Electron
Microscopy (SEM) detecting secondary electrons
(Fig. 1(a)), together with some matter wrenching, but no
pores were clearly identified in the grains themselves. Impu-
rities were determined by backscattered electrons on pol-
ished pellets and were found to be mainly oxygen
(homogeneous distribution) with a quantity estimated to
about 2at.% by nuclear resonance ('°O(o, o)'°O near
3.05 MeV), and elements such as Fe, Ni and Si in the form
of inhomogeneously distributed micrometric inclusions
(initially present in the powder at a total concentration of

a

Fig. 1. Secondary electron micrograph of TiN surface: (a) before and
(b) after thermal treatment at 1500 °C for 3 h.

a few hundreds of ppm). The annealing procedure was
described extensively in a previous work [25], and consists
first in pre- and post-implantation thermal treatment at
1000 °C for 10 h in order to anneal most of the damages
induced by polishing and ion implantation [33]. In a second
stage, higher temperatures are achieved using a 12 kW
induction heating system (EFD®). The aim of this second
treatment is to induce iodine migration, with temperatures
ranging from 1200 to 1700 °C for a few minutes to several
hours. For each thermal treatment, the sample is mounted
in a silica tube under a vacuum of about 10~° mbar and the
temperature is monitored using a bichromatic pyrometer
(Impac®). Secondary vacuum was used as external atmo-
sphere to avoid oxidation, however it is worth noting that
it could have consequences on the surface stoichiometry of
TiN at high temperature through the preferential evapora-
tion of nitrogen [34]. The possible influence of this last pro-
cess on the implanted species mobility will be discussed
further, especially for the highest temperatures performed
in this study.

2.2. Iodine implantation and RBS analysis

The iodine implantation was performed using a 400 kV
accelerator [35] and the implantation energy was 800 keV
(**'1" ions). The targeted implantation ion fluence was
5x 10" cm™? and the ions were implanted under normal
incidence at room temperature. The as implanted and
post-annealing iodine depth profile distributions were mea-
sured by RBS using 2.5 MeV “He" incident ions, a detec-
tion angle of 172° and a beam intensity of about 10 nA.
A typical RBS spectrum of the as-implanted TiN is repre-
sented in Fig. 2(a). The iodine peak is located at the high
energy side due to its high mass. The experimental
range (Rp,) and the full width half maximum (FWHM)
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Fig. 2. (a) RBS spectrum of the as implanted TiN sample (o incident
particles, 2.5 MeV) and, (b) the corresponding iodine depth profile
obtained using SIMNRA® software [36].

are respectively 154 + 1 nm and 130 4+ 1 nm as represented
on the depth profile obtained using SIMNRA® software
[36] (Fig. 2(b)). The corresponding maximum iodine con-
centration was found to be about 0.3 at.% at a depth of
154 nm.

3. Results

The surface morphology was observed by SEM, before
(Fig. 1(a)) and after thermal treatment (Fig. 1(b)). It
remained almost unchanged during thermal treatment with
only a slight increase in roughness and in grain boundaries
visibility. On the other hand, Fig. 3 represents the modifi-
cations of the iodine depth profiles after each thermal treat-
ment. After 27 h at 1200 °C (Fig 3(a)) the signal is shifted
to the surface with a slight increase of the full width half
maximum of the peak which indicates a weak normal dif-
fusion component. On the contrary, at higher temperature,
a slight narrowing of the signal is observed together with
an increase of the maximum intensity as shown after 18 h
at 1300 °C in Fig. 3(b). This characteristic modification
of the profile becomes more evident after 9 h at 1400 °C
(Fig. 3(c)) and is associated with a slight shift of the peak
maximum position together with a global decrease of the
integrated signal. The shift in position indicates a tendency

of iodine to diffuse towards the surface and to accumulate
particularly at a depth ranging between 140 nm and the ini-
tial projected range (R,~ 154 nm). This accumulation
could be the sign of iodine trapping in the near surface
region where a high concentration of point defects is likely
to remain after initial implantation. The subsequent
decrease in the intensity of the peak after 6 h at 1500 °C
(Fig. 3(d)) and at higher temperatures (Figs. 3(e)—(g)) indi-
cates a massive release of iodine. The corresponding loss
values deduced from the integration of the different signals
are summarized in Table 1. The released fraction of iodine
varies from 4% at 1200 °C — 27 h to about 10% at 1500 °C —
3 h. For higher temperatures (Figs. 3(e)—(g)), the removal
of iodine from the sample varies from 34% at 1600 °C —
30 min to 82% at 1700 °C — ~1 min.

4. Discussion

Fig. 4 shows the distribution of nitrogen vacancy-like
defects created by the initial implantation (calculated from
SRIM® code [37]) together with the experimental iodine
depth profiles before and after thermal treatment at
1500 °C for 3 h. The vacancy concentration is theoretically
high in the region between the surface and a depth of about
125 nm corresponding to the maximum defect concentra-
tion. It has been shown in many materials that vacancy-like
defects created during implantation near the surface consti-
tute potential traps for the implanted species [28,38]. In the
case of titanium nitride, the presence of remaining point
defects could explain the accumulation of iodine near the
surface. In this hypothesis, the driving force associated
with the corresponding transport towards the surface dur-
ing thermal treatment is the energy gain due to the trapping
of iodine as it passes from its ‘as implanted’ position to a
more stable trap. The narrowing of the profiles, as it is
observed for 77> 1200 °C, is more enigmatic but the same
observation was made by Corni et al. [38] in the case of
helium implanted into silicon. Helium is known to be easily
trapped in the form of bubbles associated with vacancy-like
defects and this last author explained the narrowing and
also the delayed release of helium in term of a preferential
evacuation of the deeper traps (less energetic) compared to
the traps located near the surface. Naturally, this last
assumption needs to be confirmed in the case of iodine
implanted into titanium nitride because it is still not clear
whether iodine is trapped as single atoms or as bubbles/
precipitates. The SEM photographs of the surface do not
show any visible sign of iodine bubbles after thermal treat-
ment as it was shown for xenon in a previous work [25].
However, the formation and coalescence of nanometric
iodine bubbles at depth into defect sites cannot be
excluded. This would be the case if a threshold concentra-
tion was reached, as observed in UO, [28] for which surface
trapping of iodine in bubbles was evidenced above a given
jon concentration of about 10'® cm™2, whereas at lower
fluences normal diffusion of atomic species is dominant.
In our case, only a slight normal diffusion is observed at
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Fig. 3. lIodine depth profile evolution during thermal treatment at: (a) 1200 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C, (e) 1550 °C, (f) 1600 °C and

(g) 1700 °C.

1200 °C (Fig. 3(a)), superimposed with a global motion of
iodine towards the surface which is consistent with a dom-
inant trapping process near the surface at higher tempera-
ture. The equilibrium between the free and the trapped
iodine can be written as follow:

IT > IU7 (1)

where It and Iy represent respectively trapped and un-
trapped species. The effect of trapping and detrapping is
usually described considering a first order kinetics [39,40]
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Table 1
Elemental loss fractions of iodine and calculated values of detrapping time
constant k' as a function of temperature

Temperature  Duration  Elemental loss Detrapping time constant
(K) (h) (%) k(s
1473 27 4+1 42+ 1x1077
1573 18 7+1 1.1+02x107°
1673 2 1+1 /

9 12+1 3.94+04x107°
1773 3 10+ 1 /

6 23+1 1.2+0.1x107°
1823 0.5 34+1 /

1 54+ 1 214+0.1%x1074
1873 0.25 49 +1 74+0.1x107*
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Fig. 4. Nitrogen vacancy distribution after 800 keV iodine implantation at
an ion fluence of 5 x 10'* cm~2 calculated using SRIM® code [37], together
with iodine depth profiles before and after thermal treatment at 1500 °C
for 3 h.

dc

d—; = kCy — K Cr, (2)
where Cr is the concentration of trapped species, Cy the
concentration of untrapped species, k the time constant
for trapping process (s ') and k' the time constant for
detrapping process (s~ '). In our case, the released fraction
of iodine was considered, in a first approximation, as the
untrapped fraction (Iy) and the remaining iodine fraction
was taken as the trapped fraction (It). This assumption is
supported by the fact that thermal diffusion of iodine into
the bulk has not been clearly observed for 7> 1200 °C,
confirming the preponderance of a trapping process. Thus,
Eq. (1) cannot be considered as reversible because, in our
case, the untrapped species is released very fast and then
no more available for trapping process. As a consequence,
only the second part of Eq. (2) was considered, resulting in
the simplified equation

dc ,

d—tT = —KCr, (3)
from which

Cr = Coefk’xAt, (4)

where, Crt corresponds to the concentration of trapped spe-
cies trapped after a time Ar at temperature 7, and Cy a
pre-exponential factor which can be taken as the initial
concentration of trapped species at ¢ =0. Finally, using
Eq. (4), the detrapping time constant k' can be expressed as

v _ln (%Z)

A (5)

Considering Ct as the remaining concentration of iodine
after thermal treatment in the sample and making the
assumption that the initially implanted iodine (Cp) is
entirely trapped in the host matrix after the post-implanta-
tion thermal treatment at 1000 °C — 10 h, the k&’ values can
be calculated using data displayed in Table 1 as a function
of the temperature (see Table 1). Using these values, the
activation energy associated with iodine detrapping may
be estimated assuming a thermally activated time constant
[38,39], as expressed in the following equation:

K = koe o, (6)

where ky is a pre-exponential constant, E, the activation
energy (eV) and kp Boltzmann’s constant taken as
8.65x 107> eV K™'. The corresponding Arrhenius plot is
represented in Fig. 5 and is curved possibly with two
straight-line portions. The slopes associated with each re-
gion of the graph were determined and the following acti-
vation energy values were calculated: E, =24 4+02¢V
below 1500°C and E, =11.44+0.2 eV above 1500 °C.
The existence of two distinct regions in the Arrhenius plot
could have several origins. It is worth noting at this stage
that the influence of grain boundaries on the global behav-
iour of the implanted species is neglected here because of
the very small implantation range (R, ~ 154 nm) compared
to the mean grain size (about 18 pm), which justify the sur-
face to be considered as the main free surface to be seen by
the implanted species. Thus, the first hypothesis to explain
the previous non-linearity is the presence of two or more
trapping sites, the one with the higher activation energy
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Fig. 5. Representation of the calculated time constant associated with
iodine detrapping as a function of temperature together with the
corresponding mean Arrhenius laws.
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being dominant at high temperature. Another possibility is
the existence of a single type of point defects which concen-
tration varies with temperature at high temperature (above
1500 °C) whereas it is constant, or varies much less, at low
temperature (below 1500 °C). Even if a combination of
both previous processes is possible, the second assumption
could be supported by the fact that titanium nitride usually
undergoes nitrogen evaporation from the surface at high
temperature under vacuum. This last evaporation was
extensively described by Gusev et al. [34,41] using the fol-
lowing equation:

TiN,(s) = TiN,,(5) + 52| Na(g), (E vy >0)s (7)

where y and y, are respectively the relative concentration of
nitrogen in the initial nitride and in the nitride evaporating
congruently at a given temperature. According to Gusev
et al., the value of y. near the surface varies from 0.99 at
1200 °C to about 0.95 at 1600 °C under vacuum. The
sub-stoichiometric surface layer reaches its equilibrium
after about 1 h and, subsequently, the nitride TiN, begins
evaporating congruently by the following reaction:

TiN,(s) — Ti(g) + (ne/2)Na(g) (8)

Once the balance is reached, the high concentration of free
octahedral sites near the surface, initially occupied by
nitrogen atoms in the fcc structure of TiN, is likely to play
a role on iodine mobility and its rapid removal from the
sample. It could also contribute to the observed curving
of the Arrhenius plot around 1500 °C as nitrogen evapora-
tion starts to be significant above this temperature accord-
ing to Gusev et al. [34,41]. As an opening to this study,
complementary experiments under various pressures of
nitrogen in order to control surface stoichiometry could
be useful, as Electron—Positron Annihilation (EPA) or
Electronic Paramagnetic Resonance (EPR) [42] character-
izations for example, to determine the nature of the traps.
A more systematic observation of the surface by SEM and
TEM will be also carried out to highlight the potential for-
mation of iodine bubbles or precipitates at each stage of the
thermal treatments.

5. Conclusion

The thermal migration of iodine implanted into sintered
titanium nitride was studied up to 1700 °C under secondary
vacuum. A directed diffusion towards the surface was
observed followed by an accumulation of iodine at a given
depth probably due to trapping in defects created during
the initial implantation. Subsequent iodine desorption
from traps at high temperature results in a significant
release which becomes complete after a few minutes at
1700 °C. The mean activation energies associated with
iodine detrapping were found to be 2.4 +0.2 eV below
1500 °C and 11.4+0.2eV above 1500 °C. The existence
of two distinct regions in the Arrhenius plot corresponding
to iodine detrapping could result from the presence of two

types of trapping sites or to a strongly temperature depen-
dant concentration of traps in the high temperature range.
This last assumption could be correlated with nitrogen
evaporation from the surface under secondary vacuum.
These findings may confirm the crucial role played by some
structural defect on fission products redistribution within
the materials proposed to surround the fuel in present
and future nuclear reactors.
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