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a b s t r a c t

The release of tritium from Li2TiO3 and Li2ZrO3 pebbles, in batch experiments, is studied by means of tem-
perature programmed desorption. Data reduction focuses on the analysis of the non-oxidized and oxi-
dized tritium components in terms of release limited by diffusion from the bulk of ceramic grains, or
by first or second order surface desorption. By analytical and numerical methods the in-furnace tritium
release is deconvoluted from the ionization chamber transfer functions, for which a semi-empirical form
is established. The release from Li2TiO3 follows second order desorption kinetics, requiring a temperature
for a residence time of 1 day (T1dRes) of 620 K, and 603 K, of the non-oxidized, and the oxidized compo-
nents, respectively. The release from Li2ZrO3 appears as limited by either diffusion from the bulk of the
ceramic grains, or by first order surface desorption, the first possibility being the more probable. The
respective values of T1dRes for the non-oxidized component are 661 K, according to the first order surface
desorption model, and 735 K within the bulk diffusion limited model.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The release of tritium (T) from neutron irradiated lithium
ceramics is a major concern towards the operation of fusion reac-
tors, as it determines the tritium retention within the ceramic dur-
ing and after operation [1]. Current interest, as regards Li-ceramics
is focused [2] on Li2TiO3 and Li4SiO4 pebbles, and Li2ZrO3 was
strongly considered for some time.

This topic has been the object of various studies, mainly, by
means of in-core, continuous cycle irradiation-release experiments
[3,4], and by sealed capsule irradiation, followed by out-of-pile re-
lease under controlled temperature and purge gas conditions [5]
(batch experiments). The experiments in the present work have
been conducted in the second fashion.

The analysis of release experiments has focused on establishing
either surface desorption or bulk diffusion as the limiting release
process, and on identifying either first or second order as the sur-
face desorption kinetics. However, the processes by which T moves
from the bulk of the ceramic grains to the surface, and desorbs, are
certainly much more involved than those simple concepts, an elab-
orate modeling [6] approach being available for the purpose. In
ll rights reserved.
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particular, crystalline defects have been proposed [7] as T trapping
sites, the annihilation of which may control the T release. In that
perspective, the observation of first or second order release kinet-
ics would reveal that of the crystalline defect annihilation. Diffu-
sion controlled release could still follow if the kinetics of
detrapping are much faster than diffusion.

Nonetheless, the simple bulk diffusion or surface desorption
limited release models are instrumental to the overall description
of the release process, for the design of a T breeder first wall in a
fusion reactor, in particular. In that direction, a description of the
temperature dependence of the T residence time, defined as the
T inventory divided by the release rate, is critical. Thus, in this
work, the temperature of the T breeding blanket required for a res-
idence time of 1 day will be used as a benchmark value.

The present work contributes the contrast of the release rates
from Li2TiO3 vs. that from Li2ZrO3, and the application of analytical
and numerical analysis methods to temperature programmed
desorption (TPD) experiments. Careful attention is paid to recover-
ing the in-furnace release curve, from the signals spread to higher
temperature which result from the use of ionization chambers to
monitor the T activity within the carrier gas stream.
2. The experiments

Li2TiO3 pebbles (provided by collaborators [8] at our home
institution) were synthesized by solid state reaction of Li2CO3,
and TiO2 at 1173 K, followed by grinding, spheronization of the
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Fig. 2. Microstructure of (a) Li2TiO3 and (b) Li2ZrO3 pebbles.
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powder, and pebble sintering at 1473 K. Relevant morphological
characteristics of the Li2TiO3 pebbles are: density 90.7% of theoret-
ical density (td), grain size (2b) = 5 lm, pebble diameter: 0.5–
0.8 mm, ligand: Natrosol, of which 2% is retained in the pebbles.

Commercial Li2ZrO3 pebbles, proprietary Lot 54101-B-2, from
Cerac, Inc., Milwaukee, WI, USA, were kindly provided by Dr.
Masabumi Nishikawa of the Graduate School of Engineering Sci-
ence, Kyushu University, Japan. The Li2ZrO3 pebbles are 1 mm in
diameter, grain size (2b) = 13 lm, density 91.4% td. According
to Casadio et al. [9] the size difference between the Li2TiO3 and
Li2ZrO3 pebbles should not affect the release behavior, which is
determined mainly by the microstructure.

The powder from pellets ground by hand, in an agate mortar,
were analyzed by X ray diffraction (Fig. 1) using a Siemens
D5000 diffractometer, in the h–h configuration, with Cu Ka radia-
tion, at 40 kV, 20 mA, and graphite monochromator. The diffracto-
gram of Li2TiO3 pellets shows this material is fully crystalline, in
the monoclinic base centered (S.G. C2/c) structure (PDF 0-33-
0831). The analysis of the commercial Li2ZrO3 pebbles shows an
amorphous component, as well as other phases than Li2ZrO3. Thus,
a quantitative analysis was made, by addition of NIST 676a alu-
mina standard, indicating that only 33% of the powder is crystal-
line. Within the crystalline fraction, 88% is monoclinic base
centered Li2ZrO3 (PDF 1-076-1150), 8.2% is lithium carbonate
(Li2CO3, PDF 01-087-0729), and 3.8% is best fit by zirconium oxide
(Zr0.932O2, PDF 1-081-1315).

The pebble microstructure of both materials was examined by
scanning electron microscopy (Jeol JSM 5410, with EDX capability),
as shown in Fig. 2, where the pebble interior is displayed by frac-
turing in an agate mortar. Both materials display a compact
arrangement, with grains 2–3 times larger in the Li2ZrO3 pebble
than in the Li2TiO3 pebble. However, the amorphous component
revealed by the XRD analysis suggests that the Li2ZrO3 grains con-
tain a considerable fraction of amorphous material. Micropores are
evident in both materials, as well as what appears as inner cavities
which have been split open by the pebble fracture.

The energy dispersive analysis of both materials confirmed the
absence of chemical contamination.

Before irradiation, the pebbles were prepared in quartz am-
poules, by drying in vacuum (2 Pa or better) at temperature of
700–750 K, for 4 h. Then, the ampoules were sealed and placed in
aluminum canisters, as it will be detailed at the beginning of Sec-
tion 4. The in-core irradiation was carried out at thermal neutron flux
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Fig. 1. X ray diffraction patterns of the Li2TiO3 and Li2ZrO3 pebbles, the latter
displaced, upwards, for clarity. In the top trace, the triangle, and the diamond signal
the main Li2CO3, and ZrO2 peaks, respectively.
between 2 and 3.4 � 1019/m2/s for time lapses in the 20–24 h range.
In a 24 h irradiation, the degree of 6Li burn-up is calculated at
0.24%. The ensuing damage, has been calculated considering the full
collision cascades [10] from 3H and 4He reaction products. Displace-
ment energies of 25 eV are assumed for Li and Ti, and 28 eV for O,
leading to �209 vacancies per n(6Li, 3H)4He reaction, which imply
�1.25 displacements per atom (dpa) during a 24 h irradiation. These
values of burn-up and damage imply that these experiments pertain
to the starting ceramic conditions, as compared to irradiation in high
flux fission reactors, or in a future fusion reactor.

The tritium (T) release experiments were conducted in a CRE-
ATE type of system built by AECL Research [11]. The procedure
starts by breaking the quartz ampoules and dropping its contents
into a furnace. The T released is swept at 100 sccm (standard
cm3/min) by a 0.1% H2/He mixture, which is pre-humidified by
bubbling, at 10 sccm, through distilled water, at room temperature.
The carrier gas flows through the furnace towards a 200 ml ioniza-
tion chamber (IC-1), followed by two ethylene glycol bubblers (to
trap water), a molecular sieve filter, and a second ionization cham-
ber (IC-2, same size as IC-1). Thus, the IC-1 signal represents the to-
tal T activity, while IC-2 represents the molecular hydrogen form.

Systems similar to the one described here have been used at
several laboratories. Differences may include the immediate reduc-
tion of any oxidized tritium, before analysis, to avoid trapping of
tritiated water at the ionization chamber. Also, the ionization
chambers may be substituted with proportional counters. With
slight modifications, the data analysis in the next section would
easily apply to those variations of the analytical instrumentation.
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The TPD experiments were carried out at heating rates from
one, to 10 K/min up to1003 K, followed by a 30 min isotherm, fol-
lowed by uncontrolled cooling. A microcomputer provides for the
continuous recording of the furnace temperature, using K-type
thermocouples, and the current signal (Keithley 617 electrome-
ters) from each ionization chamber.

3. Analysis of TPD curves

3.1. System response deconvolution

The tritium activity signal, a1(t), and a2(t), measured by the ion-
ization chambers IC-1 and IC-2, respectively, represents the total,
A1(t), and non-oxidized, A2(t), T activities released from the fur-
nace, delayed and smoothed by the transport of the gas mixture
through the gas lines, IC’s, bubblers, and molecular sieve filter.
These distortions may be backtracked by recognizing a1(t) and
a2(t) as the convolution of the corresponding initial activity with
the unit step response functions, ri(t), of the furnace-to-IC-i system,

aiðtÞ ¼ ri � Ai ¼
Z t

0
riðt � t0ÞAiðt0Þdt0 ð1Þ

The system response functions have been modeled by assuming
immediate mixing within the IC’s, and bubblers, and simple time
delays (without mixing) along the gas lines and molecular sieve
filter.

The convolution expression (1) can be inverted by means of dis-
crete fast Fourier transforms, relying on the property that
Fff � gg ¼ FffgFfgg, F denoting the Fourier transform operation.
Thus,

a ¼ F�1 Ffaig=Ffrigf g: ð2Þ

Mixing within the ionization chambers leads to

rðtÞ ¼ s�1 expð�t=sÞ ð3Þ

where the time constant, s, is the input flux divided by the chamber
volume. More complex response functions are easily built using the
commutativity and associativity properties of the convolution oper-
ation. Thus, if only the gas mixing at the two IC’s is considered, and
if the IC’s have the same volume, (s1 = s2 = sm), the signal from IC-2
is the double convolution:

a2ðtÞ ¼ rðtÞ � ½rðtÞ � aðtÞ� ¼ ½rðtÞ � rðtÞ� � aðtÞ; ð4Þ

namely,

r2ðtÞ ¼ ðt=s2
mÞ expð�t=smÞ ð5Þ

Considering additional convolutions at the gas bubblers, with
time constants sm, and sb at the two IC’s and two bubblers, respec-
tively, the furnace to IC-2 response function is

r2ðtÞ ¼ ðB2=A3Þ exp �ð1=sm þ 1=sbÞtð Þ ðAt þ 2BÞ expðt=smÞ½
þðAt � 2BÞ expðt=sbÞ�

ð6Þ

where A = sm � sb, B = smsb, sm – sb. If s = sm = sb, the simpler
expression r2ðtÞ ¼ ðt3=6Þ expð�t=sÞ results.

In practice, for the following section, Eq. (3) has been used for
the response of the first ionization chamber. Next, an experimental
form, r1�2(t), has been determined for the system response from
IC-1 to IC-2. For this purpose, an activity pulse, from a T in He stan-
dard has been fed through the analysis system, and the signals
a1(t), a2(t) have been recorded. Then, Eq. (2) has been inverted
for r1�2, with a2 in place of ai, and a1 in place of a. This two stage
approach to the deconvolution of the IC-2 signal allows for a more
stable numerical procedure, than the use of Eq. (6).
The deconvolution operation, yielding Ai(t), i = 1, 2, is known
[12] to greatly ‘‘enhance noise”; meaning that the deconvoluted
signals are much noisier than the experimental signals. This
numerical artifact has been controlled by means of a finite impulse
response filter, implemented via the Parks-McClellan algorithm
[13], with optimal low-pass band inspired in the Wiener approach
(Ref. [14], Section 13.3). Namely, by setting its width to a few times
(1–5) that frequency at which the power spectrum of the input sig-
nal drops by three orders of magnitude from the zero frequency le-
vel. The interval to the stop band is set to 0.05–0.2 times the
sampling frequency, and the number of taps is set around 105. This
smoothing is applied to the raw input data, and after each decon-
volution operation.

Recognizing the danger of loosing peak sharpness with these
smoothing operations, the specific parameters for each operation
are set by monitoring the ratio of peak height to full width at half
maximum (FWHM), after deconvolution, to its value in the input
data. This ratio is raised by deconvolution, and it drops slightly
with the degree of smoothing. By inspection, a limit of 1% drop,
from the least smoothed, workable, curve, has been imposed to
the smoothing parameters, a criterion which leads to a negligible
effect on the ensuing fit parameters.

3.2. Modeling the tritium release

The T generated during neutron irradiation is approximately
uniformly distributed throughout the bulk of the pebbles. Thus,
its release is controlled mostly by the slower of either the surface
desorption or diffusion processes. Considering the partially porous
materials used in this study, the ceramic grains will be considered
as the relevant ‘‘bulk” structures, for the diffusion control model.

The tests of surface desorption (SD) have assumed the Redhead
[15] model, as described in Section 2 of Avila [16] This model pro-
poses the evolution of the coverage (fraction of surface desorption
sites occupied) remaining by time t, as:

df
dt
¼ �ksðtÞf n; ð7Þ

where n is the desorption order, and ks(t) is the temperature-acti-
vated release coefficient, of the form

ksðtÞ ¼ kos expð�Eas=kBTÞ; ð8Þ

where, kos is the pre-exponential factor, Eas is the activation energy,
kB is the Boltzmann constant, and T is the absolute temperature.

Similarly, if the T release is controlled by diffusion, the relevant
magnitude is the diffusion coefficient, D(t). Assuming that D(t) is
concentration independent, and given as in the expression (8),
with kob and Eab in place of kos and Eas, it has been shown [17] that
an Arrhenius analysis is possible, from which kob and Eab are
obtained.

The Arrhenius analysis, of either the SD or BLR models, assumes
the whole release curve is the result of a single release mechanism,
an assumption rarely met, in practice. For more complex processes
a Marquardt–Levenberg non-linear least-squares (NLLS) procedure
is applied.

Both, the Arrhenius and NLLS analyses will disregard the possible
surface coverage (or bulk density), and temperature dependences of
the activation energy and pre-exponential factors of the surface
desorption and bulk diffusion coefficients. This choice is acknowl-
edged as unavoidable, considering the lack of any reasonable esti-
mate of the tritium surface coverage, or bulk density of trapping
sites. In so doing, any dependence on those parameters will appear
as an artificial correlation between Log(ko) and Ea of the model being
analyzed, a behavior known as the compensation effect [18].

A measure of the goodness of fit is necessary for comparison of
the various BLR or SD model sets which may result in similar error



0
100
200
300
400
500
600
700
800
900

0 50 100 150
Time / min

R
el

ea
se

 R
at

e 
/ a

.u
.

400

500

600

700

800

900

1000

1100

Te
m

pe
ra

tu
re

 / 
K

Exp.
Deconv.

Fig. 4. Effect of deconvolution of the non-oxidized T signal from Li2ZrO3, taken at
5 K/min.

R.E. Avila et al. / Journal of Nuclear Materials 405 (2010) 244–251 247
curves (values of the fit minus values of the deconvoluted release
curve). This measure should be rather independent of the level of
smoothing applied after the deconvolution operation, which is
not the case of the customary standard error of the estimate
(SEE) (square root o the (sum of squares of the errors, divided by
(the number of points, minus the number of variables, minus
1))). An illustration in this regard is given with Fig. 9, below.

To avoid that dependency, and for comparing the fits of one re-
lease experiment to another, the number of points over the rele-
vant temperature range (1–99% of the total release) will be set to
1000, by down-sampling interpolation within the measured trace,
and each experimental trace will be normalized (and rendered adi-
mentional), by dividing by the release maximum. Then, the low
frequency error power (LFEP) will be used as a measure of the er-
ror, by averaging the power spectrum of the error from the lowest
frequency of 10�3 to 8�10�3. This measure includes oscillations of
the error with up to eight cycles over that relevant temperature
range, a number that is expected to weigh the error incurred by
missing release peaks.
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4. Results and analysis

4.1. Effect of pebble support during irradiation

Early practice within the present research was to irradiate the
ceramic pebbles in evacuated quartz ampoules, which were sup-
ported in loosely fit aluminum foil into the aluminum canisters
which go into the moderating-cooling water of the RECH-1 reactor.
Then, it was noticed that, in some T release experiments, a T spike
would be revealed by the ionization chambers, immediately upon
breaking the ampoules, at room temperature. Suspecting that
some T had been released from the ceramic into the ampoule dur-
ing irradiation, tests have been made with Li2TiO3 pebbles, either
maximizing or minimizing their heat release during that stage.
Thus, in one set of samples, cooling was minimized by holding
the evacuated ampoules in loosely fit alumina, into the canisters.
In another set, cooling was maximized by back-filling the evacu-
ated ampoules with He, at atmospheric pressure, before sealing,
and supporting the ampoules in tightly fit graphite, which fits
tightly to the aluminum canisters. The two sets of samples will
be called non-temperature moderated, and temperature moderated,
respectively.

Fig. 3 shows the T released from a non-temperature moderated
capsule (these data have not been deconvoluted, as the procedure
is unstable at the extremes of the time range, especially for sharply
varying data). Immediately upon breaking the ampoule, a sharp re-
lease peak is reported by both ionization chambers. The signal
from IC-1 (I1) is slightly larger than that from IC-2 (I2), indicating
a mixture of oxidized and non-oxidized T. During the temperature
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Fig. 3. Tritium release, at 2.5 K/min, from Li2TiO3 pebbles irradiated in an evacuated
ampoule, which was supported in alumina.
ramp, started 50 min after breaking the ampoule, T is released in
oxidized form up to �550 K, as revealed by the structure of I1 while
I2 is negligible. At higher temperature, a shift occurs towards re-
lease in the non-oxidized form, reaching a peak near 980 K, where
I1 is only a few percent higher than I2.

In comparison, T release from the temperature moderated am-
poules appears as shown in Fig. 5, below, with a minimal release
immediately upon breaking the ampoule, at room temperature,
and a broad release peak during the temperature ramp. The sug-
gestion is that in the non-temperature moderated capsules the
temperature may have reached well above 700 K, during irradia-
tion. Thus, the gradual rise of I1 and I2 from �600 to 980 K is due
to residual T not released to the interior of the capsule during irra-
diation, or reabsorbed into the ceramic upon extraction from the
reactor core.
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Thus, back-filling the quartz ampoules with He and a graphite
capsule-to-canister support appear as an effective heat transport
path out of the Li-ceramic pebbles during in-core irradiation. The
experiments reported next were conducted using the temperature
moderated assemblage.

4.2. Effect of tritium signal deconvolution

The release of T from several ampoules filled with either lithium
titanate or lithium zirconate, prepared and irradiated as described
above, was carried out at heating rates from 1 to 10 K/min. T re-
lease from Li2TiO3 at temperature ramp rates of 1 (two experi-
ments), 2.5, 5 (two experiments), and 10 K/min will be analyzed
first, in the Arrhenius representation, considering the whole re-
lease data. Then, parameter fitting will be applied over the most
relevant range by the NLLS procedure.

The effect of deconvoluting the T release signal from the re-
sponse of the analysis system is shown in Fig. 4. As compared to
the original experimental signal, the deconvoluted curve moves
to lower temperature, in this case, by 4.3 K, and the peak sharpness
(ratio of maximum to FWHM) increases by 8.6%.

Typical T signals are shown, after deconvolution, in Fig. 5. The
relation of the non-oxidized to the oxidized signals varies signifi-
cantly, an effect thought to derive from incomplete drying of the
pellets before sealing the quartz ampoules for irradiation.

4.3. Surface desorption analysis of tritium from Li2TiO3

4.3.1. Analysis of the non-oxidized signal
The analysis of the non-oxidized (IC-2) signal is presented, next,

to be followed by the analysis the oxidized T signal, given by the
difference from the IC-2 to the IC-1 signals.

4.3.2. Arrhenius analysis
The IC-2 traces have been analyzed according to bulk limited re-

lease (BLR), and first order (SD1) and second order (SD2) surface
desorption models, as shown in Fig. 6. In the comparison of the
three release models, the SD2 traces are closest to straight lines,
pointing to this mechanism as the main hindrance in the release
of non-oxidized T. Thus, this model is applied, also, to other release
experiments, resulting in the traces shown in Fig. 7.

From the latter figure, the average value of Ea = 241 ± 19 kJ/mol,
and the logarithmic average of fokos = 4.7�1014/s (with uncertainty
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lower values at higher temperature. Both BLR analyses deviate similarly to the SD1
analyses from a linear relation. (k0 is foks(T)�s for the SD models, and D(T)/(cm2/s) for
BLR).
of a factor of 50). These values imply a temperature for a resi-
dence time of 1 day (T1dRres = (Ea/kB)/ln(skofn�1), at s = 1 day) of
630 K; the latter, assuming fo = 1, i.e. total coverage of the T adsorp-
tion sites. Lacking knowledge of fo, the pre-exponential factor, kos,
usually interpreted as the attempt-to-escape frequency, cannot be
inferred.

4.3.3. Non-linear least-squares analysis
The NLLS procedure has been applied to fit the non-oxidized T

release from Li2TiO3. As expected from the Arrhenius analysis, a
single SD2 model fits the release curves at ramp rates of 1–5 K/
min, over most of the peak range. However, in addition to that
main signal, a stretching is observed towards the end of the tem-
perature scan, well beyond the trailing edge of the SD2 peak. The
possibility of tritium being retained by the ionization chambers,
for slow later release (memory effect), has been ruled out by the
sharp drop of the respective signals upon cooling of the furnace.
Attempts at fitting a second SD model in that stretching region lead
mostly to unconvincing values of the kinetic parameters, suggest-
ing that the stretching is not caused by a single release mechanism.
In only one case, at the faster ramp rate, of 10 K/min, a rather rea-
sonable second SD2 process does fit the high temperature stretch-
ing, as shown in Fig. 9, below.
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To stay away from the high temperature stretching, the kinetic
parameters of the single SD2 process have been fit, with the NLLS
procedure, to the peak range starting at �1% of the total release,
and up to half of the maximum release rate, past the peak, thus
encompassing �77% of the total release. Lacking information on
the degree of initial coverage, fo, of the T adsorption sites, this value
has been set to one, while the overall scale of the SD2 trace is fixed
to match its integral value to that of the experimental trace over
the temperature range under analysis. Thus, only Eas, and Log(kos)
are adjusted by the NLLS procedure. A summary of the resulting ki-
netic parameters is shown in Fig. 8.

In the figure, the diamonds represent the fit with just one SD2
process for each of the six release curves. In addition, the fit shown
in Fig. 9, to be described, below, is represented by squares, and
identified by the label at the bottom of the figure.

The average values of Eas, 241 ± 29 kJ/mol, and Log(kos), 15.1 ± 2,
are essentially the same as those from the Arrhenius analysis. The
more robust parameter, T1dRres, which is rather independent of the
shape of the release peak, has the average value of 620 ± 15 K,
where the standard deviation is 27% of the typical FWHM in a ramp
at 1 K/min (of which the maximum occurs at 687 K). This rather
narrow spread of T1dRres suggests that, irrespective of the temper-
ature ramp rate, the data relate to the same desorption process.

A strong compensation effect, i.e. the close to linear relation (cor-
relation factor R2 = 0.97, among the values represented by dia-
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Fig. 10. Arrhenius analysis for testing surface desorption and BLR models of the
non-oxidized trace of tritium release from Li2ZrO3, at ramp rate of 1.6 K/min (k0 , as
in Fig. 6).
monds) of Log(kos) to Eas, is evident in Fig. 8, over the Eas range
of �190 to 260 kJ/mole. A measure of the agreement between
the various results in that figure can be had by fixing Log(kos) at
its average value (from the data represented by diamonds in that
figure), and fitting the release curves by adjusting Eas, only. The
spread of the resulting Eas values, represented by the triangles in
Fig. 8 is much narrower. A certain additional correlation (at factor
R2 = 0.64) is observed, of Log(kos), or Eas, vs. the TPD ramp rate, for
which no mechanism has been identified.

In SD1 or SD2 processes, for a given value of Tmax, the higher
values of Eas, with concomitant higher values of Log(kos), result in
sharper release peaks. Then, considering that the originally mea-
sured curve is stretched by the convolution of the TPD release at
the furnace with the measurement system response, the error in-
curred in by analyzing the data without deconvolution has been
tested, again within the SD2 model. The result is lower values of
Log(kos) and Eas, and a doubling of the compensation effect, as com-
pared to the results in Fig. 8. For example, the compounded effect
on the two parameters, with the data from the two experiments at
5 K/min, is a shift of T1dRres from 604 K (using deconvoluted data),
up to 622 K (without deconvolution). This shift is close to linear in
the TPD ramp rate, so, it may be considered negligible for ramp
rates of 1 K/min or lower, such that the deconvolution operation
may not be necessary.

In the 10 K/min experiment (Fig. 9), the stretching of the peak
towards higher temperature, mentioned, above, begins early dur-
ing the trailing edge of the peak. In this case, the fit with two re-
lease processes is shown in the figure, with components SD2a
and SD2b which peak at 753 and 809 K, and amount to 66% and
33%, respectively, of the total release. For this analysis, the initial
coverage, fo, of each process has been relaxed from unity, letting
it represent the proportion of the respective contribution to the to-
tal release. The smoothing after deconvolution has been restrained,
for this figure, to illustrate the shape of the error curve, and the dif-
ferent behavior of the standard error of the estimate (SEE), and the
low frequency (up to a frequency of 8�10�3) error power average
(LFEP). These values are 2.6�10�2, and 2.2�10�6, respectively. A
more aggressive smoothing (no noticeable wiggles in the deconvo-
luted curve) leads to essentially identical SD2 components, with
values of SEE of 5.8�10�3 and LFEP of 2.1�10�6, showing the advan-
tage of the LFEP as a rather smoothing-independent measure of the
error.

4.3.4. Analysis of the oxidized T signal
The oxidized T signal is calculated as the difference from the

IC-2 to the IC-1 signals. Being the difference between two signals,
which are close in several experiments, the oxidized T release
curves are more irregular than those of the non-oxidized signal.
Thus, consistent fits have been possible only to experiments at
ramp rates of 1, 5 (2 experiments), and 10 K/min. Again, the SD2
model provides the best fits, leading to, on average, a main release
peak, involving �62% of the total release, at Eas = 172 kJ/mole,
kos = 5.5�109/s (T1dRes = 611 K), and a higher temperature process,
which releases �25% of the total at Eas = 192 kJ/mole, kos = 9�109/s
(T1dRes = 674 K).

4.4. Surface desorption vs. bulk diffusion limited release of tritium from
Li2ZrO3

The TPD release of T from Li2ZrO3 shares its major features with
that from Li2TiO3. However, in this case, the Arrhenius analysis
shows that the SD2 model does not apply; rather, the SD1 and
BLR models achieve closer fits. A typical comparison of these mod-
els is shown in Fig. 10.

In the comparison of the three release models shown in Fig. 10,
the BLR and SD1 traces are closer to straight lines than the SD2
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trace, even though systematic deviations are apparent in both the
BLR and SD1 analyses. This nonconformity to either release model
may be caused by a superposition of models which may invalidate
the Arrhenius analysis.

To reduce the effect of those possible superpositions, the more
flexible NLLS procedure has been applied, with the BLR and SD1
models, as in the case of Li2TiO3, over the peak range from �1%
of the total release, and up to a release rate of half past the maxi-
mum. In this case, this range covers �88% of the total release.

The NLLS procedure fits the non-oxidized T data with better
LFEP using the BLR model, than it does with the SD1 model, by
an average factor of 4. Admitting that this error difference is small,
these experiments alone are insufficient to ascribe the control of T
release from Li2ZrO3 to either bulk diffusion or surface desorption.
As an example of the quality of the data fits, the best BLR fit
(LFEP = 8.7�10�6), and corresponding SD1 fit (LFEP = 1.25�10�4),
are shown in Fig. 11. In only one case (at ramp rate of 2.5 K/
min), is the SD1 fit slightly better than that of the BLR model,
and in that case, both at higher LFEP values of 3.8�10�5, and
6.9�10�5, respectively.

The kinetic parameters of SD1 and BRL fits to data from TPD
experiments performed at 1, 1.6 (two experiments), 2.5 (two
experiments), 5, 7, and 10 K/min are summarized in Fig. 12.

As in the case of the SD2 analysis of release from Li2TiO3, a pro-
nounced compensation effect is evident in both types of analysis of
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Fig. 12. Kinetic parameters of BLR and SD1 NLLS analysis of non-oxidized tritium
release from Li2ZrO3 at ramp rate of 5 K/min (k0o is kos�s, in the SD1 model, and kob/
(cm2/s) in the BLR model).
the Li2ZrO3 data. Concentrating on average values, the activation
energy averages are 154 ± 19 kJ/mole in the SD1 model, and
260 ± 27 kJ/mole, in the BLR model. The corresponding logarithmic
averages of the pre-exponential factors are 2.7�106/s, with uncer-
tainty of a factor of 11, and 4.1�106 cm2/s, with uncertainty of a fac-
tor of 50.

The calculated kinetic parameters imply the temperatures for a
residence time (given by b2/(15D(T)) within the BLR model) of
1 day (T1dRes) of 661 ± 17 K, according to the SD1 model, and
T1dRes-BLR = 735 ± 17 K within the BLR model (cf. �580 to 682 K
within the diffusion model, in Fig. 31 of the 1993 ITER Solid Breeder
Blanket Materials Database [19]). If the BLR model is applicable to
the data, the value calculated for T1dRes-BLR, which is substantially
higher than the reference values in the Database, may be an indica-
tion that the release is hindered by other processes, such as surface
desorption, in addition to diffusion within the ceramic grains. (In
this regard, the uncertainty in the assumed grain size does not af-
fect the value of T1dRes-BLR, since, given an experimental release
curve, the fitted diffusion coefficient, D(T), is proportional to b2).
On the contrary, within the usual interpretation of the pre-expo-
nential factor, kos, of the SD1 model as an attempt-to-escape fre-
quency, the values displayed in Fig. 12 are unexpectedly low; an
indication that the SD1 model may not apply to the data.

The oxidized T release from Li2ZrO3 has been analyzed, also,
with the NLLS procedure. Noting a peak or early rise shoulder in
the main peak, around 600 K, a bold multy peak fit has been at-
tempted for the data from a ramp at 5 K/min, as shown in
Fig. 13. For this case, again, the initial coverage, fo, of each process
has been relaxed from unity. The major features of the fit are a
main release peak preceded by one or more shallow structures,
and going into a not resolved process at the high temperature
end. Here, similarly as with the non-oxidized signal, the main
peak is fit mostly by an SD1 model, with Eas = 130 kJ/mole, and
Log(kos) = 5.7, leading to T1dRes = 646 K. The low and high tempera-
ture shoulders can be accounted for with, mostly, SD1 or SD2 mod-
els. In addition, major model changes, like an SD2 main peak, are
possible, with concurrent reshaping of the adjacent components,
leading to little degradation of the fit quality (factors of two higher
LFEP). With similar degradation, a BLR processes (which would re-
quire some clear justification) may replace the lower temperature
SD1, but not the other structures. These variations on the data fit-
ting theme are indicative of the large uncertainty associated to
these procedures. Still, the bold suggestion is made that the low
temperature SD2 process would correspond to surface desorption
of T which was at, or very near the surface, before initiating the
temperature ramp, in the form of water, carrying a surface oxygen
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with it. The higher temperature processes would correspond to T
being released from deeper in the ceramic grains, or the pebbles.

5. Discussion

A first word of caution is in order, as regards the comparison of
the present batch release experiments to in-core, continuous irra-
diation and release experiments (especially so if the latter are car-
ried out in a high flux reactor), or to its relevance to the behavior of
these ceramics in a future fusion reactor first wall. The main con-
trast is the concomitant high level of gamma and neutron irradia-
tion, which, most certainly, will raise the diffusion rate, and
facilitate the release of T from trapping sites. In addition, the calcu-
lated values of 6Li burn-up, and dpa (Section 2), are well below the
values expected within a fusion reactor first wall, or recently
achieved within high flux fusion reactor in-core experiments.

As stated in the Section 1, the detailed processes leading to the
release of T may be much more complex than just the formation of
tritiated H2 or H2O. In this regard, Oyaidzu et al. [7] have proposed
that T release from Li2ZrO3 is related to the annihilation of the E0,
oxygen vacancy centers, which appear to conform to first order
kinetics. However, the corresponding activation energies, of
77 kJ/mole for E0 annihilation, is far from the value of 154 kJ/mole,
calculated in this work for T release within the SD1 model.

The contrast of BLR or SD1 behavior in Li2ZrO3, against SD2
behavior in Li2TiO3 may be related to the larger grain size in the
former material. Bertone [20] has shown that the quantity which
favors BLR over SD1 release, is

b ¼ b
kos

kob
expððEab � EasÞ=kBTÞ; ð9Þ

where b is the ceramic grain radius. A value of b < 1 implies that
the main hindrance to release is surface desorption, while b > 10
implies that bulk diffusion is the limiting process. These values fol-
low from the release equations under simultaneous diffusion and
first order desorption control. The inspection by the present
authors of the case of diffusion coupled to second order desorption
suggests that it may be not solvable in closed form, since, in this
case, the problem is not of the Sturm–Liouville type, leading to ele-
mentary solutions which are not orthogonal. However, the param-
eter b is still a good measure of the relative hindrance to release
afforded by either diffusion or desorption.

So, understanding the contrast of BLR or SD1 behavior in
Li2ZrO3, vs. SD2 behavior in Li2TiO3 would require the surface
desorption and bulk diffusion coefficients of both materials. Within
that assessment, the roughly factor of three difference of the grain
size from the Li2TiO3 to the Li2ZrO3 ceramics does not justify the
clear distinction of the release behavior from these materials.
Certainly, significant quantitative, if not qualitative, differences
must exist between the respective chemical processes of tritium
trapping and diffusion among the two materials.
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