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Xenon migration behaviour in titanium nitride
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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 operate at high temperature and necessitate refractory materials presenting a high chemical stability and
good mechanical properties. A total retention of the most volatile fission products, such as Xe, I or Cs, by the inert matrix
is needed during the in pile process. The thermal migration of xenon in TiN was studied by implanting 800 keV Xe++ ions
in sintered samples at an ion fluence of 5 · 1015 cm�2. Annealing was performed at temperatures ranging from 1673 to
1923 K for 1 and 3 h. Xenon concentration profiles were studied by Rutherford backscattering spectrometry (RBS) using
2.5 MeV a-particles. The migration behaviour of xenon corresponds to a gas migration model. It is dominated by a surface
directed transport with a slight diffusion component. The mean activation energy corresponding to the diffusion compo-
nent was found to be 2.2 ± 0.3 eV and corresponds to the Brownian motion of xenon bubbles. The directed Xe migration
can be interpreted in term of bubble transport using Evans model. This last process is mostly responsible for xenon release
from TiN.
� 2007 Elsevier B.V. All rights reserved.

PACS: 66.30.�h; 66.30.�Xj; 51.20.+d; 6182.Bg; 85.40.Ry
1. Introduction

Within the frame 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
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cases, the fuel may operate at about 1273–1473 K in
normal conditions and may reach 1873–1973 K in
case of accident. Concerning the GFR concept,
the fuel cycle has to be optimised to recycle actinides
and to minimise the waste production. (Pu,U)C
carbides and (Pu,U)N nitrides are candidates for
the fuel kernel because of their high actinide density,
and their elevated decomposition temperature and
thermal conductivity [5,6]. Several geometries for
the fuel assembly have been proposed for GFR,
prismatic block or pebble bed for example, in which
the fuel is surrounded by several coating layers and
an inert matrix [7,8]. The principal criteria for the
.
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Fig. 1. Cross sectional scheme of the induction heating system.
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choice of the inert matrix are: chemical compati-
bility with the fuel, mechanical and irradiation
resistance, thermal properties allowing high gas
temperatures and total retention of fission products
during the in pile process. The following ceramics,
SiC, TiC, ZrC, TiN, ZrN [5–13], have been pro-
posed for core structures in GFR reactor.

Titanium nitride is known as a material of choice
for the coating of cutting and grinding tools as pro-
tection against wear, erosion and chemical attack
[14–17]. It is also widely used in microelectronic
instrumentation as diffusion barrier and adhesion
promoter between metallic layers such as Al, Si,
Cu, Ag or Pt [18–21]. The ability of titanium nitride
to act as a diffusion barrier combined to its mechan-
ical and thermal properties make it relevant for the
previously described nuclear applications.

Few studies have been carried out on the reten-
tion properties of TiN for fission products and no
diffusion coefficients have been reported in litera-
ture to our knowledge. Xenon is one of the most
volatile fission products and is known to segregate
in many materials because of its very low solubility
[22–24]. In the case of UO2, for example, Nicoll
et al. [25] showed that the maximum solubility of
xenon was about 10�5 at.%. Weber et al. [26] also
observed a precipitation of gas bubbles at the
TiN/Ti interface after irradiation with 250 keV
Xe+ ions at ion fluences of 1015–1017 cm�2. These
last authors estimated the critical concentration
for precipitation of xenon in titanium nitride to
be less than 0.5 at.%. Different views still exist con-
cerning the particular behaviour of precipitated gas
bubbles in solids during annealing. For example,
some authors consider gas bubble coarsening in
UO2 as a consequence of bubble migration and
coalescence [27] whereas others invoke Ostwald
ripening (thermal resolution) [28,29]. Concerning
metals, Evans [30] explained the directed He-bub-
ble diffusion observed by Marochov et al. [31] in
nickel with a model based on thermal vacancy flow
from free surfaces to bubble population. According
to Evans, the directed motion of the gas bubbles
toward the surface is also responsible for the dra-
matic acceleration of xenon release from UO2

[30,32,33]. The aim of the present work is to study
the thermally activated migration of xenon
implanted into sintered titanium nitride. The evolu-
tion of the xenon concentration profile was charac-
terized by RBS as a function of the temperature
and the results are discussed in term of gas bubble
behaviour.
2. Experimental

2.1. Sample preparation and annealing

Samples are sintered pellets of TiN 15 · 15 ·
2 mm3 in size. They are polished to micron using
diamond powders. Sample density was found to
be 5.18 (theoretical density = 5.39) g cm�3 and
major impurities are oxygen, about 2 at.%, and met-
als such as Fe and Ni, lower than 1 at.%.

In a first stage, pre- and post-implantation
annealing of the samples was achieved, in a resis-
tance tubular furnace, at 1273 K – 10 h and 1173 K
– 10 h respectively, to relax the constraints and dam-
ages induced by polishing and ion implantation near
the surface [34].

The second stage consists in annealing at higher
temperatures, ranged from 1473 to 1923 K for 1 h
(series 1: T = 1673 and 1773 K) and 3 h (series 2:
T = 1823, 1873 and 1923 K), using a 12 kW EFD�

induction heating system. In this system, the sample
is supported by a tungsten susceptor disposed in a
silica tube under a vacuum of about 10�7 mbar.
The tube is then placed within the induction coil
as represented in Fig. 1. The temperature is moni-
tored using an Impac� bichromatic pyrometer.
The infrared wavelengths used to determine the
temperature are 0.9 and 1.1 lm. The emissivity ratio
between both wavelengths was chosen to be 1.0 in
the considered temperature range. The time needed
to reach the annealing temperature was about
20 min in each case. During the heating ramp, the
pressure never exceeded 5 · 10�6 mbar. At the end
of the annealing, the power of the induction system
was switched-off and the temperature of the sample
decreased to the ambient in a few minutes.

2.2. Xenon implantation and RBS analysis

The xenon implantation was performed using the
400 kV accelerator of the Nuclear Physics Institute



Fig. 2. Blisters and/or holes observed on sample surface after
xenon implantation and annealing at 1923 K for 1 h: (a) optical
microscope image, and (b) SEM micrograph.
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of Lyon (IPNL) [35]. The implantation energy was
800 keV (129Xe++ ions) and the targeted implanta-
tion ion fluence was 5 · 1015 cm�2. The ions were
implanted under normal incidence and the implan-
tation was performed at room temperature. An area
of 25 cm2 corresponding to the surface of about 10
samples was raster scanned at a beam current of
10 lA.

The as-implanted Xe depth profile distribution
and the modified profiles after annealing were mea-
sured by RBS at the 4 MV Van de Graaff accelera-
tor of the IPNL. The RBS spectra were collected
using an 4He+ incident ion beam with an energy
of 2.5 MeV and a detection angle of 172�. The min-
imal intensity of the ion beam was used (i.e.
I � 10 nA), in order to avoid any diffusion of xenon
under a-irradiation.

3. Migration model and basic mechanisms

The model used to determine diffusion behaviour
of xenon was based on the general transport equa-
tion [36,37]:

oC
ot
¼ D

o
2C

ox2
þ hvi o

ox
ðCÞ þ k � C; ð1Þ

where C represents the elemental concentration, D
the diffusion coefficient (cm2 s�1), hvi the average
velocity (cm s�1) of the elemental transport and k

(s�1) the loss coefficient. D, k and hvi are considered
independent on the elemental concentration. To
solve this equation the NAG Fortran library
D03PCF/D03PCA subroutine was used [38].

The initial conditions given by C(x, 0) are repre-
sented by the as-implanted profile.

Eq. (1) is integrated within the space interval
[0,1] and within the time interval [0, tmax].

Boundary conditions are given by C(0, t) that is
experimentally defined and constant, and by

oC
ox

� �
x¼1 ¼0. D, k and hvi were adjusted to fit the

model curves to the experimental profiles.
Eq. (1) is generally applied for single atom diffu-

sion. The transport velocity (‘hvi’ term) needs a driv-
ing force to occur, such as stress or thermal gradient
for example. In the absence of any driving force, the
only active components are the diffusion (‘D’ term)
and eventually the loss component (‘k’ term).
Concerning the particular case of gas bubbles, it is
generally admitted that their motion requires the
transfer of atoms around the bubble either by direct
surface diffusion or by mass transfer trough the vol-
ume of the solid near the bubble [39–41]. In the
absence of any driving forces, all these processes
are random and thereby impose a Brownian motion
on the bubble, depending on its radius and charac-
terized by a global diffusion coefficient Db. Conven-
tional diffusion theory can then be applied to
describe this Brownian motion considering a con-
stant radius for the gas bubbles. The dependence
on temperature of diffusion coefficients is then
expressed in the form of an Arrhenius law:

Db ¼ D0 � expð�Ea=kBT Þ; ð2Þ

where D0 is a pre-exponential term, kB is the Boltz-
mann’s constant, T the temperature and Ea the
activation energy.

4. Results

4.1. Surface morphology

Fig. 2 shows the optical images and the scanning
electron micrographs of the implanted surface after



Table 1
Particle range and lateral straggle values for 800 keV 129Xe++

implanted in TiN: (a) mean experimental value from RBS
analysis, and (b) SRIM code calculation [34]

Range (nm) Straggle (nm)

Experiment 145 ± 4 66 ± 3
SRIM code 159 ± 1 45 ± 1
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annealing at the highest temperature, T = 1923 K,
for 1 h. Micrometric blisters or holes were observed
in the implanted area indicating the probable for-
mation of gas bubbles during annealing. Note that
blistering was also observed by Iseki and Kabeya
[42] at the surface of TiC as a result of an increase
of the internal pressure caused by the implantation
of helium ions. From the near-square shapes on
the surface it can be deduced that facetted bubbles
were formed and migrated toward the surface dur-
ing thermal treatment through the fcc structure of
TiN.
4.2. RBS analysis

A typical RBS spectrum of the as-implanted TiN
is represented in Fig. 3. The xenon peak is located at
the high energy side due to its mass. The range and
the straggle corresponding to the as-implanted
xenon profile are slightly different from SRIM2003
code [43,44] simulation as shown in Table 1, proba-
bly because of unavoidable matter sputtering during
implantation process. The implantation conditions
lead to a maximum xenon concentration of about
0.3 at.%. A simulation of the experimental spec-
trum using SIMNRA software [45] indicated an-
implanted ion dose of (4.3 ± 0.3) · 1015 cm�2,
which is slightly lower than the expected ion dose
5 · 1015 cm�2, but remains comparable. In the fol-
lowing, the experimental dose has been taken into
Fig. 3. RBS spectrum corresponding t
account, and all the comparisons after thermal
treatments were done with respect to the ‘as-
implanted’ experimental spectrum.

Fig. 4(a) and (b) presents the modifications of the
xenon peak after each thermal treatment: Fig. 4(a)
for series 1 and Fig. 4(b) for Series 2. For each series
corresponding to a given duration of annealing, the
xenon peak has moved to the high energies com-
pared to the as-implanted signal and this displace-
ment increases with temperature. Qualitatively, the
shape of the xenon peak is also slightly modified
after each annealing. The full width half maximum
(FWHM) increases slightly with temperature in
each series, which may indicate a slight diffusion
of the implanted species. However the transport
component remains clearly dominant, especially
for high temperature annealing. The high energy
side of the peak seems to be truncated after anneal-
ing at 1823 and 1873 K. It indicates a direct release
of the transported xenon as it reaches the surface.
After 1 h at 1923 K, a complete removal of the
xenon from the sample is observed (dotted line in
Fig. 4(b)).
o the as-implanted TiN sample.



Fig. 4. Xenon RBS peak evolution during annealing at: (a) 1673 and 1773 K for 3 h (1st series), and (b) 1823, 1873 and 1923 K for 1 h
(2nd series).
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RBS spectra were processed using SIMNRA
software to determine Xe depth distributions: Xe
concentration (at.%) as a function of depth (nm),
as presented in Fig. 5. These profiles were simulated
using a FORTRAN routine (based on Eq. (1)) to
obtain a quantitative information on the migration
behaviour of xenon (dashed lines in Fig. 5). The
resulting apparent diffusion coefficients D, average
velocities of the elemental transport hvi and percent-
ages of released xenon are summarized in Table 2.
As it was observed qualitatively on RBS spectra dis-
played in Fig. 4, the transport velocity increases
with the temperature (from hvi = 7.7 ± 3.0 ·
10�11 cm s�1 at 1673 K to hvi > 7.7 · 10�9 cm s�1

for T > 1873 K), and the loss of matter starts to
become significant after 1 h at 1823 K (loss ranged
from 25% to 100% between 1823 and 1923 K).
The apparent diffusion coefficient values are dis-
played in Fig. 6 as a function of temperature. The
points are highly dispersed around the linear fit



Fig. 5. Xenon experimental (solid line) and simulated (dashed line) depth distributions in TiN after thermal treatment at: (a) 1673 K,
(b) 1773 K, (c) 1823 K and (d) 1873 K, together with the ‘as-implanted’ spectrum (dotted line).
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(correlation coefficient: r2 = 0.703) corresponding to
the following equation D = 7 · 10�13 Æ exp(�2.2/
kBT), with kB the Boltzmann’s constant taken as
kB = 8.65 · 10�5 eV K�1. According to this last
equation the mean activation energy associated with
the diffusion is Ea = 2.2 ± 0.3 eV.
5. Discussion

SEM and optical microscope photographs dis-
played in Fig. 2 confirm that gas bubbles were
formed as a consequence of the very low solubility
of xenon. These bubbles have reached the surface



Fig. 5 (continued )
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during thermal treatments at 1923 K, resulting in
blistering or holes at the surface. The dimensions
of the bubbles vary from a hundreds of nanometers
to a few micrometers. Their dispersion in size is
probably a consequence of the complex bubble
coarsening taking place during annealing. The
Evans model was applied to better understand the
mechanisms involved in xenon bubbles migration
[30,32,33]. According to this model, a vacancy con-
centration gradient exists between the main source
of thermal vacancies (i.e. the surface in our case)
and the nearby concentration of over-pressurized
bubbles. This gradient induces an accelerated trans-
port of the bubbles toward the surface relative to
the normal random walk of the bubbles (Brownian
motion). The Brownian motion of the bubbles could
explain the observed diffusion component in our
case. As indicated previously, diffusion of a bubble
is usually described in term of surface diffusion or
mass transfer through the volume [39–41]. Both



Table 2
Results of the migration modeling for xenon in TiN as a function of temperature: diffusion coefficient (cm2 s�1), average velocity of the
elemental transport (cm s�1) and percentage of released xenon (%)

Temperature
(K)

Duration
(h)

Diffusion coefficient
(cm2 s�1)

Transport velocity
(cm s�1)

Fraction of released
xenon (%)

Calculated transport velocity
‘Evans model’ (cm s�1)

1673 3 (1.7 ± 0.2) · 10�19 (7.7 ± 3) · 10�11 <LODa 1.8 · 10�10

1773 3 (1.8 ± 0.2) · 10�19 (2.0 ± 0.3) · 10�10 <LOD 9.2 · 10�10

1823 1 (3.5 ± 0.4) · 10�19 (1.9 ± 0.3) · 10�9 25 ± 5 1.9 · 10�9

1873 1 (1.05 ± 0.2) · 10�18 (3.4 ± 0.3) · 10�9 85 ± 5 3.9 · 10�9

1923 1 >(1.05 ± 0.2) · 10�18 >7.7 · 10�9 �100 7.8 · 10�9

a LOD: limit of detection = 5%.

Fig. 6. Apparent diffusion coefficient values obtained from Eq. (1) (filled squares) together with a linear fit corresponding to the following
equation D = 7 · 10�13 Æ exp(�2.2/kBT), where D is the mean diffusion coefficient in cm2 s�1, kB the Boltzmann’s constant taken as
8.65 · 10�5 eV K�1 and T the temperature in K.
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mechanisms depend on bubble size which is varying
in a complex way during annealing because of
bubble coarsening. Moreover, the migration of the
bubbles toward the surface induces changes in the
boundary conditions (see Eq. (1)) and affects
the homogeneity of the medium. Consequently, the
calculated diffusion coefficients have to be consid-
ered as rough values. These facts could explain the
non linear dependence on temperature of the appar-
ent diffusion coefficients as represented in Fig. 6. As
a matter of fact, the diffusion of xenon bubbles can
hardly be described rigorously in our case from the
simple laws displayed in Eqs. (1) and (2). However
the use of these equations may provide interesting
orders of magnitude for the diffusion coefficients
and a mean value of the activation energy.
A directed motion of the xenon toward the sur-
face was also clearly observed on experimental con-
centration profiles, superimposed with Brownian
diffusion. This directed motion increases with tem-
perature and could be linked to gas bubbles lying
in the vacancy concentration gradient between the
surface and the implanted zone as suggested by
Evans [30,32,33]. As a consequence, bubbles acquire
a velocity relative to the matrix. According to
Evans, the formulation of Nichols [39] for the case
of bubble motion in a temperature gradient can be
used to treat the case of a vacancy gradient. Consid-
ering volume diffusion of the bubble to be the dom-
inant process as in the case of UO2 [30], this last
formulation lead to the following expression for
bubble velocity:
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vb ¼ �2Dv

Cs

x
; ð3Þ

where Dv is the volume self-diffusion coefficient of
the vacancies, Cs the vacancy concentration at the
surface, and x the depth of the considered bubble
layer. Note that this expression is independent of
the bubble size in contrast to the previous case.
However, Van Siclen [46] indicated that some devi-
ations from Eq. (3) may occur for bubble configura-
tions with distances to the surface, or to each other,
smaller than the bubble diameter. To simplify the
model this last assumption was not considered and
bubble velocity vb was calculated in a first approxi-
mation on the basis of Eq. (3). Known values of
nitrogen diffusion coefficients in d-phase of titanium
nitride (Dv) and associated migration energy of
vacancies (Ev) were used as displayed in the follow-
ing references [34,47,48]: Dv = 5.4 · 10�3 Æ exp(�Ev/
kBT) cm2 s�1 and Ev = 2.1 eV (mean value from
literature data). The experimental range of the
implanted xenon ions (see Table 1) was taken as
the mean depth of the implanted layer: x =
145 nm, and the nitrogen vacancy concentration at
the surface for a given temperature T was taken
as: CT

s ¼ expð�Ev=kBT Þ. The resulting calculated
velocities, displayed in Table 2, are close to the
experimental values for each temperature. As a con-
sequence, it may appear reasonable to interpret xe-
non migration mechanism as an upward flow of gas
bubbles toward the surface together with a down-
ward flow of thermal vacancies. This mechanism is
clearly and mainly responsible for the removal of
xenon from the sample at high temperature. Even
if the accelerated release of fission gases at high con-
centration has to be taken into account for many
materials, it is worth to note that in the case of
low concentrations, single atom diffusion is expected
and may result in a lower elemental release. To con-
firm this last point, complementary implantations
with radioactive 133Xe will be carried out at a low
ion fluence of about 1010 cm�2.
6. Conclusion

Thermal migration of xenon implanted in sin-
tered titanium nitride was studied up to 1923 K.
An oriented transport toward the surface was
observed superimposed with the Brownian motion
of xenon bubbles. The activation energy associated
with the Brownian motion was found to be
2.2 ± 0.3 eV whereas the directed transport velocity
hvi was found to range from (7.7 ± 3.0) · 10�11 to
7.7 · 10�9 cm s�1 for temperatures in the range
1673–1873 K. The migration behaviour of xenon
can be satisfactorily interpreted in term of bubble
transport using Evans model. According to this
model, the vacancy concentration gradient existing
between the main source of thermal vacancies (i.e.
the surface in our case) and the nearby concentra-
tion of over-pressurized bubbles is responsible for
the accelerated transport of the bubbles towards
the surface and it results in a complete removal of
xenon from the matrix after 1 h at 1923 K.
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