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ABSTRACT

During the operation of a light water reactor, a fraction of the hydrogen produced by waterside corro-
sion is absorbed into the nuclear fuel cladding. When the hydrogen concentration reaches its solubility
limit, a brittle zirconium hydride phase precipitates, leading to a loss of ductility of the cladding. To
assess cladding integrity, an accurate simulation tool is needed to predict hydrogen distribution within
the cladding and hydride precipitation. Recent studies have developed an improved understanding of the
physical processes involved in hydrogen redistribution, and hydride precipitation and dissolution. This re-
search led to the development of a new model, called Hydride Nucleation-Growth-Dissolution (HNGD).
The present work describes the implementation of HNGD into the fuel performance code BISON, devel-
oped at Idaho National Laboratory. The main innovative feature of the HNGD model is that it accounts
for hydride nucleation and growth as two distinct precipitation components, using the Johnson-Mehl-
Avrami-Kolmogorov model to describe hydride growth kinetics. Each step of the model implementation
into BISON was systematically verified, and simulations of experiments performed for validation, show-
ing that the HNGD model provides improved predictions, and captures some experimentally observed

physical phenomena related to hydride growth that the previous model could not.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

During operation of a light water reactor, waterside corrosion
leads to hydrogen pickup into the Zr alloy cladding tube, as illus-
trated schematically in the first panel of Figure 1. The hydrogen re-
distributes in the cladding following temperature, stress and con-
centration gradients into regions of low temperature, high stress
and low concentrations (Fig. 1, second panel). When the local con-
centration reaches the solubility limit, a zirconium hydride phase
precipitates [1].

This brittle hydride phase can compromise cladding integrity,
so simulation tools able to predict accurately hydrogen redistribu-
tion and hydride precipitation and dissolution are needed. A sim-
plified model was implemented into the fuel performance code
BISON developed at Idaho National Laboratory (INL) [2,3], but
recent work brought an improved understanding of the physics
involved in hydride precipitation and dissolution [4]. Following
this new understanding, a new model called Hydride Nucleation-
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Growth-Dissolution (HNGD) has been developed. Figure 2 shows
a schematic comparison between HNGD and the model previously
used in BISON. The precipitation and dissolution of hydrides de-
pends on the temperature and on the hydrogen content in solid so-
lution. In the previous model, precipitation occurs when the matrix
is oversaturated with hydrogen, but stops when the precipitation
limit is reached. The limit considered here is the so called Terminal
Solid Solubility for Precipitation (TSSp). Hydrides dissolve if they
exist in a matrix that is undersaturated in hydrogen. The satura-
tion limit is known as the Terminal Solid Solubility for Dissolution
(TSSp), and the dissolution is considered instantaneous. According
to that model, between TSSp and TSSp there is a hysteresis region
in which neither hydride precipitation nor dissolution occurs.

In the HNGD model however, hydride precipitation is divided
into nucleation of new hydrides and growth of existing ones. Be-
cause of this a marked difference occurs when there are pre-
existing hydrides upon cooling and when all the hydrogen is
dissolved: experimential evidence shows that hydrides can grow
while being held in the hysteresis region at constant tempera-
ture [5]. Nucleation of new hydrides occurs when the solid so-
lution content is above the TSSp. The TSSp is identified as the
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Fig. 1. Schematic representation of the hydriding process. Waterside corrosion of the Zircaloy causes hydrogen absorption. This hydrogen is distributed by Fick’s law and

Soret effect, and a high hydrogen content leads to zirconium hydride precipitation.
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Fig. 2. Hydrogen concentration (in [wt.ppm], equivalent to [ug/g]) versus temperature. Illustration of the HNGD model (a) [4], compared with the model previously used in
BISON (b) [2,3]. The hydrogen precipitation behavior is determined by the temperature and hydrogen solid solution content conditions. The previous model considers that (i)
precipitation occurs when the solid solution content is in the blue region either by cooling or by increase in hydrogen concentration (above the TSSp curve), (ii) dissolution
happens instantaneously under the TSSp curve, and (iii) between the two is a hysteresis zone where neither precipitation or dissolution occurs. The HNGD model considers
that in the blue region, hydride precipitation occurs by nucleation and growth, and in the white region, hydride precipitation occurs by hydride growth only so that a
hysteresis region does not exist. Hydride nucleation and growth can take place simultaneously. Moreover, hydride dissolution is no longer considered to be instantaneous.

thermodynamic solubility limit while the TSSp is identified as the
supersolubility limit [4]. The growth of existing hydrides occurs
when the solid solution content is above the TSSp. The kinetics of
precipitation by hydride growth are described using the Johnson-
Mehl-Avram-Kolmogorov (JMAK) model [6]. Both of these precip-
itation mechanisms occur at specific rates, determined by kinetic
parameters. Further, in the HNGD model hydride dissolution is no
longer considered instantaneous [4]|. These three phenomena are
described by Equations (1) to (3):

Dissolution : % = —Kp(Css — TSSp) (1)
. 8Css
Nucleation : T —Kn(Css — TSSp) (2)

Growth : % = —K¢ (Gt — TSSp)p(1 = x) (=In(1 = x))'=1/P (3)

where Cgs is the hydrogen content in solid solution, Kp, Ky, Kg
are the kinetic parameters for dissolution, nucleation and growth
respectively, x = % is a measure of the advancement of the
precipitation reaction, with Gy the sum of the hydrogen contents
in solid solution and in hydrides, and p is the dimensionality of
the growth (in the JMAK model p ~2.5 for platelets). [6]

In the zirconium alloy cladding, hydrogen atoms migrate prin-
cipally driven by a concentration gradient (Fick’s diffusion) and by
a temperature gradient (Soret effect). These two effects modify the
hydrogen concentration in solid solution as per Equation (4):
% - —V( _ DV — %Vr) (4)
where D is the hydrogen diffusion coefficient in the material (fol-
lowing an Arrhenius law), Q* is the heat of transport of hydrogen
in zirconium (assumed not to vary with temperature) and R is the
ideal gas constant.
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Table 1
Parameters of the HNGD model [4,5]
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Parameter

Symbol  Value

Preexponential term and activation energy

TSSpo 3.08 x 10* wt.ppm

of the supersolubility Arrhenius law (Eq. (5)) Qp 0.26 eV.at~!
Preexponential term and activation energy TSSpo 1.02 x 10° wt.ppm
of the solubility Arrhenius law (Eq. (5)) Q 0.37 eV.at~!
Preexponential term and activation energy Do 1.08 x 102 cm?.s~!
of the diffusion coefficient Arrhenius law Ep 0.46 eV.at~!
Preexponential terms of the nucleation, dissolution Kpo 1.11 x 103 571
reaction-controlled growth and diffusion-controlled growth Ko 2.75 x 1075 571
kinetics Arrhenius laws (Egs. (6) to (8)) Ko 5.35 x 10° 5!

Kinono 1.6 x 1075 51

Erno 5.66 x 10-1 eV.at~!
Coefficients of the 3rd degree polynomial used to Eimi 4x 104 eV.at—1 K!
express the formation energy of § hydrides (Eq. (9)) Einp 2x 1077 eV.at~' K2

Eus 3% 10710 eV.at—1 K3
Activation energy of the diffusion-controlled Ec 0.9 eV.at-!
growth kinetics Arrhenius laws (Eq. (3))
Heat of transport of hydrogen in zirconium. Q* 0.26 eV.at~!

2. HNGD Parameters

In the HNGD model the solubility limits discussed above are fit-
ted using Arrhenius-type laws (Eq. (5))

TSSp = TSSpo x exp(%)
(5)
TSSp = TSSpg x exp(%)

where the preexponential factors TSSpg, TSSpg and activation ener-
gies Qp, Qp are determined empirically [7-12].

The hydride dissolution and nucleation Kp and Ky kinetic pa-
rameters also follow Arrhenius laws. Hydride growth can be lim-
ited by two factors: hydrogen diffusion (subscript 'mob’ for mobil-
ity) and matrix/hydride interface reaction (subscript 'th’ for ther-
modynamics). Each of these contributions follows an Arrhenius
law. These three factors are described in Equations (6) to (8). [4]

Dissolution : Kp = I(Doexp(—% (6)
i Ein
Nucleation : Ky = I(Nofaexp(—ﬁ (7)
Growth : Dif fu.sion controlled : Kpop = Kinono favoexg(—%
Reaction controlled : K, = Kipo foVo.exp(— gt
Ko = (1/Kpop + ‘l/Kth)i1 (8)

where Kpg, Kno, Kmopo» King are the preexponential factors of
the Arrhenius laws for dissolution, nucleation, diffusion-controlled
growth, and reaction-controlled growth; Ep is the activation energy
for diffusion of hydrogen in Zircaloy; E; is the activation energy for
hydride growth by accretion of hydrogen atoms to the particle by
diffusion, the coefficients f, and v, are defined below, and E, is
the formation energy of the hydride, fitted with a degree 3 poly-
nomial (Eq. (9)). The coefficients are given in Table 1.

Etp = —Egno + Eg T — EgpaT? + Egs T 9)
The dependencies on hydride content are described by:

¢ Volume fraction of o phase:
fu=1- _Xprec

e Atomic fraction of hydride (with My and Mgy the atomic
weights of hydrogen and zirconium, Cprec the precipitated hy-
dride content, and G the total hydrogen content in wt.ppm):

Cprec

Cprec 106 —Cprec
Mi( My + 7 )

Xprec =

 Atomic fraction of hydrogen at the (§/« + &) boundary: [4,5]
x5(T) ~ —9.93 x 1071173 + 8.48 x 10°8T? —5.73 x 10-°T + 0.623
o Atomic fraction of hydrogen in the o phase:
_ Xp — Xo
X5 — Xo

Vo

o Atomic fraction of hydrogen (total):

Ctot

= Ctot |, 105Ctot
My Gy + =3, )

Xo

o Atomic fraction of hydrogen in the o phase:
TSSp
TSS, , 106-TSS,
My (NT,D + TD)

Xo =

The default values of the parameters are shown up in Table 1.
These come from the original development of the HNGD model in
[4,5].

3. BISON update
3.1. HNGD Model Verification

3.1.1. Analytical Verification

The HNGD model described in the previous section is imple-
mented in BISON, the finite element based nuclear fuel perfor-
mance code developed at INL. As mentioned earlier, each phe-
nomenon was systematically verified. Hypothetical cases are used
to check the mathematical behavior of the model.

The hydride dissolution verification case assumes a uniform
sample of Zircaloy loaded with G = 250wt.ppm of hydrogen,
maintained at a constant temperature of 550K. At this tempera-
ture, the equilibrium concentration of hydrogen in solid solution
is TSS3°0 = 44wt.ppm. Using the initial condition Css(0) = Owt.ppm
(i.e. all hydrogen is in hydride particles) the analytical solution of
Equation 1 is given by Equation 10:

Cos(t) = TSSO (1 — e7X3™) (10)

Because the concentration in solid solution is below the solu-
bility limit, the hydrides dissolve and Cgs increases exponentially
to reach the equilibrium value. Figure 3a shows the difference be-
tween the analytical solution in Equation 10 and the computed re-
sult for various time step values. The computed solution follows
well the measured precipitation kinetics and approaches the pre-
dicted equilibrium value from the analytical solution. Also, as ex-
pected, the difference decreases when the time step is reduced.
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Fig. 3. Verification of (a) hydride dissolution, (b) hydride nucleation and (c) hydride growth computation in BISON using HNGD. The computed results for the hydrogen
concentration in solid solution are compared to the analytical solutions for different time step values. As the time step is reduced, the computed result converges to the

0 1000

analytical solution.

The hydride nucleation verification studies a case of Zircaloy
uniformly loaded with G = 540wt.ppm of hydrogen, maintained
at a constant temperature of 600K. At this temperature, the equi-
librium concentration of hydrogen in solid solution for nucleation
only is TSSSP0 = 195wt.ppm (we turn off the growth term in the
model for this calculation so no growth is computed here). At this
hydrogen level, the factor f, from Equation 7 is close to 1 and
does not vary significantly during the computation. Assuming this
value is constant and equal to 1 and using the initial condition
Css(0) = Gyt (i.e. all hydrogen is in solid solution) the analytical so-
lution to Equation 2 is given by Equation 11:

Cos () = TSSE + (Cror — TSSE)e 5™t (11)

Because the hydrogen concentration in solid solution is above
the TSSp, the solid solution content decreases exponentially until it
reaches the TSSp. As previously, Figure 3b shows the computed re-
sults and the analytical solution, illustrating that the calculated re-
sults reproduce the nucleation well and the difference between an-
alytical and calculated hydrogen content decreases when the time
step is reduced.

The hydride growth verification case assumes a uniform sam-
ple of Zircaloy loaded with G = 288wt.ppm of hydrogen, main-
tained at a constant temperature of 650K. At this temperature, the

equilibrium concentration of hydrogen in solid solution is TSS$>® =
144wt.ppm. As before, fo, and vy (in Eq. 8) are assumed to be
equal to 1. Using the initial condition Css(0) = Gyt (i.e. all hydrogen
is in solid solution) the analytical solution to Equation 3 is given
by Equation 12. In this case, the hydride nucleation computation
is disabled, so in the code the hydride content is actually initial-
ized at 10~Swt.ppm so the algorithm triggers the hydride growth
computation, and we have hydride precipitation by pure hydride
growth.

Css(t) = TSSEO + (Css(0) — TSSE0 e~ ke"0” (12)
D D

The convergence of the computed results of hydrogen in solid
solution with decreasing time step values is illustrated in Figure 3c.
The kinetics of hydride precipitation by hydride growth only is well
reproduced by the model. Again, the difference between simulation
and analytical solution decreases with decreasing time step values.

3.1.2. Uniform-Temperature Sample Behavior

Each of the verification cases described above features one phe-
nomenon of the HNGD model, occuring at one temperature. This
section shows the behavior of a sample uniformly loaded with
200wt.ppm of hydrogen, which is subjected to a heat treatment
consisting of a heat-up followed by a cool-down. Two cases are dif-
ferentiated, whereby hydrides are completely dissolved at the end



E Passelaigue, E. Lacroix, G. Pastore et al.

T 1SS 1 —

200 f P i
g - - TSS, / —
% ||—100 Kmin £ /
e —10 K/min /
S 15014 kmin / of
2 ——0.35 K/min / /
? 0.01 K/min || #
2100} [/
[o] f
n / 4
(o) /
&
g 501
(]
s
©
>
2 ] 0 e ) ) ) ,

300 400 500 600 700 800
Temperature [K]
(a)
— {
....... /
E 200 | TSSp /
a - - TSS, b
: ——100 K/min /
c —10 K/min /
S 180714 k/min {
2 ~——0.35 K/min
[} 0.01 K/min
2100+t
o
@
£
&
Q 50
o
o
>
< 0 — . . . ;
300 400 500 600 700 800

Temperature [K]
(b)

Fig. 4. Influence of cooling rate on hydride precipitation for total (a) and partial (b)
dissolution in a sample containing 200wt.ppm. The model show deviations from
the TSSp and TSSp curves values at higher cooling or heating rates, as observed
experimentally [4]. It also provides insight on deviations below the TSSp at cooling
rates lower than 0.35K/min

of the heat-up phase or only partially. Each case was computed
using a range of values for the cooling rate.

Figure 4 shows the calculated results of the hydrogen in solid
solution in this sample when heated to 800K (complete disso-
lution, Fig. 4a) and to 650K (incomplete dissolution, Fig. 4b).
Figure 4a shows that when the sample is heated to 800K all hydro-
gen goes into solid solution (Cgs = 200wt.ppm). Subsequent cooling
causes no precipitation until the TSSp is reached. At that point dif-
ferent results accrue depending on the cooling rate. At a 10K/min
cooling rate, the concentration of hydrogen in solid solution fol-
lows closely the TSSp curve, indicating that most hydrogen precip-
itates through hydride nucleation, which is fast enough to main-
tain its equilibrium at TSSp while hydride growth is too slow to be
significant. At very high cooling rates (100K/min), departure from
the equilibrium behavior is clearly observed. In particular, as the
hydride nucleation kinetics is not rapid enough to keep up with
the temperature decrease, the concentration of hydrogen in solid
solution is higher than the TSSp during the transient. In contrast,
for low cooling rate (0.35K/min and below), hydrogen precipita-
tion into hydrides occurs mostly by hydride growth. Accordingly,
for the low cooling rates the curve deviates significantly from TSSp
and the hydrogen in solid solution decreases upon holding for a
long time at a constant temperature.

In contrast, when some hydrides are still present at the high-
est temperature, hydrogen precipitation by hydride growth starts
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Fig. 5. Thermal transients benchmark [4]. A hydrogen-loadded sample is submitted
to a thermal treatment (green) and the evolution of the hydrogen concentration
is recorded (red squares). This plot shows the comparison between the previous
model (dotted blue line) and the HNGD model, using two different solubilities: de-
fault (full blue line) and fitted to this experiment (dashed blue line). The HNGD
model leads to a marked improvement in the predictions.

to occur immediately when the sample starts to be cooled (no
need to reach TSSp). Figure 4b shows the results for such simu-
lation. The sample is heated up to 650K. At this temperature the
total hydrogen content is higher than the solubility, so there are
still hydrides particles in the sample when the cool down begins
(about 55wt.ppm of hydrogen is in precipitated form). The results
show that hydrogen precipitation by hydride growth becomes in-
creasingly important as the cooling rate decreases.

Thus the simulations in this section show that the HNGD model
behaves as intended, as it is qualitatively consistent with the data
presented in [5].

3.2. HNGD Model Validation

Now that the HNGD model is verified, it is tested by comparing
its predictions with experiments. Three types of experiments are
presented here. The first one uses a Zircaloy sample subjected to
a uniform temperature treatment, which validates that the HNGD
model is able to predict hydride precipitation. The second one uses
a sample loaded with a uniform hydrogen distribution and sub-
jected to a temperature gradient, which validates that the model is
able to predict the hydrogen distribution in such setup. The third
one uses a sample loaded with hydrogen via a hydride rim formed
at one end, subjected to an asymmetric temperature profile. The
results of the calculation shows that further work is needed to pre-
dict hydride precipitation on a broad region when the hydrogen is
not uniformly distributed at the beginning of the experiment.

3.2.1. Transients Benchmark

The first experiment used for validation consist of a series of
thermal transients applied to a hydrogen-loaded sample while the
evolution of the hydrogen concentration is monitored via syn-
chrotron X-ray diffraction [4]. The temperature changes lead to
successive dissolution and precipitation. The 254wt.ppm sample is
subjected to the heating and cooling cycle shown by the dashed
line in Figure 5, which was designed to highlight the different
phenomena occuring in the sample by inducing successive disso-
lution and precipitation [4]. The sample is initially at room tem-
perature and is heated to 700K, which is enough to dissolve all
the hydrides; accordingly the hydrogen in solid solution increases
to the full amount. In the following cycle, the temperature is raised
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to 660K, which causes 180wt.ppm to dissolve. The temperature is
then held at 560K, causing the hydrogen in solid solution to de-
crease from 110wt.ppm to 85wt.ppm during a 1000s-temperature
hold because of hydride growth. Then the sample is heated again
to 700K, causing all the hydride particles to dissolve, and the sam-
ple is finally brought back to room temperature. These thermal
transients are applied while the hydrogen in solid solution content
is measured via the hydride diffraction signal [4]. Figure 5 shows
the evolution of hydrogen content in solid solution, comparing the
experimental data (red squares) with BISON using the previous
model (dotted blue line) and the HNGD model, using two differ-
ent fits for the solubility. In particular, the plain blue line uses the
default fit of the model, while the dashed blue uses a custom TSSp
fit. The experimental data shows that there is a total dissolution
of the hydrides by the end of the first heat-up. This is predicted
by the previous BISON model, but the dissolution is only partial
with the HNGD model using its default solubility fit. To provide an
additional comparison to the previous BISON model that excludes
the effect of a particular parameter, and thus isolate the impact of
the new hypotheses of the HNGD model, an Arrhenius fit based on
the first heat-up was used in the custom HNGD calculation. Given
the variability of the TSSp values in the litterature [7-12], this fit
is still in the 1o uncertainty range of the default fit.

The two models diverge during the first cool-down: at the yel-
low marker the solid solution concentration reaches the hysteresis
region (TSSp < Css < TSSp) so the previous model stops the hydride
precipitation, while the HNGD model continues to compute pre-
cipitation by hydride growth. Another difference occurs when the
second heat-up starts, marked by the green line and shade. For the
previous model the solid solution concentration is still high so it
resumes precipitation (Ck°"®* > TSSp) until the concentration in
solid solution content reaches TSSp. Instead, for the HNGD model,
most of the hydrogen is in hydrides at that point, so hydride dis-
solution occurs (CHN®P < TSSp) until reaching the solubility limit
(TSSp). It is clear that the HGND model provides a better descrip-
tion of the experimental data than the previous model.

The difference between the two solubility fits used by the
HNGD model is particularly apparent at high temperature. Exper-
imentally, all hydrogen is in solid solution at 700K, and the cus-
tom simulation is consistent with this, but there are still about
20wt.ppm of hydride when using the default parameters. This
leads to another difference happening at the beginning of the cool
down. In the default simulation, hydride growth occurs as soon as
the temperature starts decreasing, whereas the custom simulation
must reach TSSp to trigger hydride nucleation and start precipitat-
ing.
This validation case shows that the HNGD model is able to pre-
dict hydride precipitation and dissolution in a uniformly hydrided
sample. The next section shows the ability to predict the hydrogen
profile in a sample initially uniformly loaded with hydrogen and
subjected to a temperature gradient for a long time.

3.2.2. Sawatzky'’s experiments

The second set of cases used for validation is Sawatzky’s two
experiments described in [13]: two 2.54cm long Zircaloy-2 samples
loaded with hydrogen (130wt.ppm and 63wt.ppm respectively) are
subjected to a temperature gradient (57.9K/cm and 116K/cm) for
34 and 41 days respectively. We use the HNGD model in BISON
to simulate this couple of experiments and compare the hydrogen
profile after 34 and 41 days respectively.

Figure 6 shows the result from BISON computation (blue) com-
pared to the experimental data (red markers) and the analytical so-
lution derived by Sawatzky (red line). This analytical solution was
obtained based on the following assumptions: (i) the hydrogen is
the only component diffusing, (ii) it diffuses mainly in the matrix,
and (iii) the hydrogen in solution is in equilibrium with the hy-
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Fig. 6. Simulations of Sawatzky's experiments, compared with experimental data
and analytical solution from [13]. The hydrogen contents are 130 wt.ppm (a) and
64 wt.ppm (b). The shape of the profile is much closer to the analytical solution
that follows the data when using the HNGD model. The additional profiles [up-
per]/[lower] were obtained by using a solubility fit one standard deviation above
and under the default value.

dride particles in the biphasic region (i.e. Csg = TSSp). See [13] for
complete derivation. In Figure 6a, the additional grey curve repre-
sents the results using the previous model [3]. The shape of the
profile is much closer to the analytical solution when computed
with the HNGD model in BISON (the peculiar shape of the profile
is discussed below). The hydride peak and steep limit between the
one-phase and two-phase regions appear clearly, and the height
and position of this peak are consitent with the data.

In order to perform an initial assessment of the sensitivity of
the results to the model parameters, two additional simulations
were made with different correlations of the solubility. Because the
parameters TSSpg and Qp (Eq. (5)) were determined using the var-
ious values found in the literature [7-12], an estimation of the as-
sociated standard deviations can be made. The curves noted [up-
per] and [lower] are obtained with solubilities respectively higher
and lower than the default one. The solubility fit impacts the posi-
tion of the frontier between the biphasic and monophasic regions,
as well as the height of the hydride peak at this limit.
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two-phase regions creates a hydride peak that gets higher and sharper as time
passes. The times in the legend are given in seconds.

Figure 7 shows the evolution of the hydride distribution in the
sample. The experiment starts with a uniform hydrogen profile, in
which almost all hydrogen is in hydrides at room temperature. As
the temperature is increased, the hydrides dissolve on the hot side.
The resulting solute hydrogen migrates towards the colder side and
build up, creating an increased bump of hydride concentration.
Hydrogen migration continues because of the Soret effect, which
creates a deficit of hydrogen in solution, so this bump dissolves
again and the hydrogen reprecipitates further on the left, form-
ing a higher, sharper hydride peak. This dissolution/precipitation
cycle repeats during the whole experiment. If the solubility is
higher, the driving force for dissolution is increased, so the dis-
solution/precipitation cycle repeats itself faster, hence the hydride
peak shifts further to the left at the end of the simulation when
using a higher solubility fit, as shown in Figure 6.

The simulation of the two experiments shows that the HNGD
model is able to predict the hydride profile in a sample initially
loaded with a uniform hydrogen profile, and subjected to a tem-
perature gradient. The next set of experiments shows the results
when modeling an experiment with an initially inhomogeneous
hydrogen distribution in which a hydride rim is present at one end
of the sample at the start.

3.2.3. Kammengzind’s Shallow Profile Experiments

The third set of cases is from a set of experiments performed
by Kammenzind and described by Merlino in [14]. In these ex-
periments, 3.81cm-long Zircaloy samples are hydrogen-loaded via
electrolysis, forming a hydride rim at one end of the sample (at
x =3.81cm, on the right in Fig. 8). An asymmetric temperature
profile is then applied for several months. Table 2 sums up the
annealing times and temperatures for each sample. The labels A53,
A54, A55a/b and A56 were used to identify the different samples
in [14]. The maximum temperature in the samples occurs at posi-
tion x ~ 2.5cm.

When the sample goes from room temperature to annealing
temperature, the hydride rim starts dissolving. The hydrogen pro-
duced builds up so Fickian diffusion overcomes the Soret effect.
When this happens, the hydrogen in solid solution can migrate
past the peak temperature spot, and continue toward the colder

Journal of Nuclear Materials 544 (2021) 152683

Table 2
Summary of the annealing times and tempera-
tures
Anneal
ID Time Tieft Tiax Tiigne
A53 150 days 533 644 575

A54 194 days

A56 95 days

A55a 209 days 589 644 616
A55b

side. Hydride precipitation occurs in a domain near the cold end
(about 0.5 to 1cm wide), with a maximum hydrogen content of a
few hundreds of wt.ppm at the interface. At the end of the exper-
iment, the hydride rim has not completely dissolved: the far most
right experimental point still reaches 600 to 3000wt.ppm of hy-
drogen.

To simulate this experiment, the initial condition is built as-
suming that (i) the hydride rim is made of a solid hydride, (ii)
the rest of the sample (body’) contains a small amount of hydro-
gen, and (iii) at room temperature the concentration of hydrogen
in solid solution is negligible (all is precipitated). In the code, this
is translated as (i) Cprec = Gy, = 17000wt.ppm on a certain length
8, (ii) Cprec = Cpogy = 10wt.ppm in the rest of the sample, and (iii)
Css = Owt.ppm everywhere. The value of § is determined from con-
servation of mass. The total hydrogen content of the sample H is
derived from the experimental data, and ¢ is defined so that H is
constant during the simulation:

. 1
Experiment : H = I Xi:hili (13)

(L - 8)Cbody + (scrim
L

. . 1t
Simulation : H = f/ Cprecdx = (14)
0
where h; and [; are the hydrogen content and length of the slices
cut at the end of the experiment and L is the length of the sample.
Using Equations 13 and 14 we obtain:

H- Cbody

§ =L by
Crim - Cbody

(15)

Figure 8 shows the results of BISON simulations compared with
the experimental data. This time the parameter that is modified is
the TSSp fit, similarly to the solubility in the previous case.

In the simulation, the sample temperature is initially at 300K
and takes an hour to reach the desired annealing profile. During
the annealing, the hydride rim dissolves partially, emitting hydro-
gen into the rest of the sample. The hydrogen in solid solution mi-
grates to the cold side and builds up at the cold end. If Csg reaches
the TSSp limit, hydride nucleation is triggered in the first node on
the left in the simulation mesh (cold end). Then hydride growth
also occurs, creating a depletion of hydrogen in solid solution in
the first node. With this depletion, and under Fickian and Soret dif-
fusion, the first node acts as a hydrogen sink: the concentration in
solid solution reaches TSSp (equilibrium between the hydrides and
the matrix) and all hydrogen that reaches this node is absorbed via
hydride growth. Because of this, the hydrogen concentration in the
other nodes is lowered and remains below TSSp. As a result, if pre-
cipitation occurs in the first node, it does not occur anywhere else
in the simulation domain. Whether precipitation occurs in the first
node depends on the choice of the TSSp fit, as seen in Figure 8. For
each sample simulated, the results overlap when using the default
TSSp fit or a higher one. With a lower TSSp, precipitation can occur
in the first node only, if anywhere. The lower TSSp allows precipi-
tation in all cases, except for the sample A56 for which all profiles
overlap. The model fails to predict the hydride profile in the bipha-
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Fig. 8. Simulation of the cases from [14] with three different fits of TSSp: the default fit of the HNGD model, one standard deviation higher (noted 'high’), and one standard
deviation lower (noted 'low’), based on the variability of the TSSp fits in the litterature [7-12]. TSSp. The results are similar to those obtained with the previous model.

sic region, which is an issue that already existed with the previous
model.

The impact of modifying two of the hydride precipitation pa-
rameters is simply shown here, but diffusion parameters also have
an important impact as shown by Aly et al. in [15,16]. That study
was performed on the previous model, but the diffusion compo-
nents (Fick’s law and Soret effect) were not modified by the HNGD
update so the trend may still hold.

4. Conclusion and future work

This study describes the implementation of the Hydride
Nucleation-Growth-Dissolution (HNGD) model into the fuel per-

formance code BISON. As part of this work, we have performed
systematic verification calculations for each represented physical
mechanism, and validation against data from eight experiments.

The calculated hydrogen distribution and hydride precipitation
show significant qualitative and quantitative improvement of the
model predictions relative to the simple model previously avail-
able in BISON. The model is valid for samples containing up to
~ 300wt.ppm of hydrogen, and it is now available for use by the
community of BISON users.

Future work includes predicting the hydrogen profile in
experiments where hydrogen is not initially homogeneously
distributed.
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