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ABSTRACT

Hydride precipitation may impact the integrity of zirconium-based nuclear fuel

cladding, both during normal operation and during extended dry storage. To

better understand such degradation, a study of hydride precipitation of

zirconium hydrides in Zircaloy-4 samples was performed. The samples were

submitted to various thermomechanical cycles using both in situ synchrotron

X-ray diffraction and differential scanning calorimetry. Results showed that as

the hydrided samples were cooled at moderate to fast cooling rates, the

hydrogen content in solid solution (CSS) decreased, following the terminal solid

solubility for precipitation (TSSP) curve, reflecting hydride precipitation in the

matrix. However, when the samples were held for an isothermal anneal at a fixed

temperature, the CSS continued to decrease below TSSP and approached the

terminal solid solubility for dissolution (TSSD). This result suggests that TSSP is a

kinetic limit and that a unique solubility limit TSSD governs zirconium hydride

precipitation. Hydride precipitation rate and the degree of precipitation reaction
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completion between 280 and 350�C were obtained using differential scanning

calorimetry. Using this data, a temperature-time transformation diagram for

hydride precipitation in Zircaloy-4 was generated that showed that hydride

precipitation is diffusion-driven under 310�C and reaction-driven above 310�C.

The experimental data were fitted to the Johnson-Mehl-Avrami-Kolmogorov

model and an Avrami parameter of 2.56 was obtained (2.5 is the theoretical

value for the growth of platelets). Results imply that hydride nucleation occurs if

CSS is greater than TSSP while hydride growth occurs if preexisting hydride

platelets are present and CSS is above TSSD. Combined with existing theory,

these data were used to develop the hydride growth, nucleation, and dissolution

model that can simulate hydrogen behavior in Zircaloy.
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zirconium, zirconium hydride, nuclear, precipitation, dissolution, hydride
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Introduction

BACKGROUND

Nuclear fuel cladding undergoes corrosion under normal operating conditions of
nuclear power reactors. During that process, the zirconium (Zr) of the cladding
reacts with water to form zirconium oxide. A fraction of the hydrogen produced
during the waterside corrosion is picked up by the cladding.1–3

When the hydrogen concentration in the cladding reaches the solubility limit,
brittle zirconium hydride (ZrHx) particles precipitate.1,4–6 The most commonly
observed hydride phase is the face-centered cubic d-hydride, with a lattice parame-
ter of 4.37 Å and x � 1.66.6

To assess cladding integrity, it is important to be able to quantitatively predict
the precipitation of brittle hydrides. It is therefore essential to obtain a reliable
description of the hydrogen solubility in Zircaloy4–9 and to understand the precipi-
tation mechanisms.10–14 Current hydride precipitation models are not mechanistic
in that when simulating hydride precipitation, no differentiation between hydride
nucleation and hydride growth is made, whereas the two precipitation mechanisms
occur under different conditions and are governed by different time constants. This
can lead to inaccuracies in the prediction of hydrogen precipitation and its distribu-
tion in the cladding. A comprehensive hydrogen precipitation and dissolution
model is proposed here. A series of experiments was performed to differentiate
hydride growth from hydride nucleation, and the precipitation kinetics of each
mechanism was studied to derive a comprehensive model.

HYDRIDE PRECIPITATION

Previous studies have shown that, under the right conditions, hydrides can precipitate
between terminal solid solubility for precipitation (TSSP) and terminal solid solubility
for dissolution (TSSD)

6,15 (i.e., when a sample is heated without dissolving all the
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hydrides and then cooled, hydride precipitation occurs as soon as cooling starts).6

This is contrary to the belief that hydrides precipitate only if the hydrogen content in
solid solution is greater than the TSSP for that temperature.4,5,10,13 With this result in
mind, an experiment was previously performed to characterize hydride precipitation
behavior in the hysteresis region (between TSSP and TSSD) of the zirconium-
zirconium hydride system.15 Three notable results were obtained: (i) hydride precipi-
tation occurs immediately upon cooling if hydride particles are not completely dis-
solved during heating, (ii) during an isothermal hold, zirconium hydride
precipitation continued even when the hydrogen content in solid solution was below
TSSP, and (iii) precipitation during a temperature increase was observed as long as
the concentration of hydrogen in solid solution was above TSSD.

15

Continuous in situ cooling experiments using the synchrotron prove to be an
effective way to measure the different terminal solid solubilities.6,16 The hydrogen
solubilities (TSSD and TSSP) obtained using differential scanning calorimetry
(DSC)4 and using in situ synchrotron radiation diffraction16 match almost exactly.
Because the DSC technique measures the nucleation temperature,4 this agreement
suggests that the TSSP corresponds to the maximum amount of hydrogen in solid
solution that the matrix can accommodate before hydride nucleation occurs. This
nucleation limit is typically called the supersolubility limit.17 Note that the hydrogen
content in solid solution can exceed the typical value observed for TSSP if the cool-
ing rate is high enough16 that hydride nucleation cannot compensate for the high
rate of change in the TSSP as the temperature decreases.

In summary, two processes occur during hydride precipitation: a fast nucle-
ation process that is typically observed during continuous cooling and a slow pro-
cess observed during long isothermal holds and that is related to hydride growth. In
this study, this understanding is used to propose a revised model of hydride precipi-
tation and dissolution.

EXPERIMENTAL METHODS

The experiments were performed using cold-worked stress-relieved Zircaloy-4 sheets
(0.7 mm thick) provided by ATI Specialty Alloys and Components. Chemical analysis
of oxygen and hydrogen performed by Luvak, Inc., on the as-received samples showed
that the starting material contained 166 1 wt. ppm of hydrogen and 1,1226 50 wt.
ppm of oxygen. The material texture was such that the basal poles were inclined
approximately6 30

�
away from the normal direction of the sheet.18,19 The measured

Kearns factors of the sheet material20 were: fN ¼ 0.59, fL ¼ 0.05, and fT ¼ 0.31 in the
normal, longitudinal, and transverse directions, respectively. These values are similar
to those normally obtained in cold-worked stress-relieved Zircaloy-4 cladding.21

The samples were cut from sheet material into rectangular samples 2 cm by
5 cm and etched using a solution containing 10% vol. hydrofluoric acid (49% con-
centrated), 45% vol. nitric acid (89% concentrated), and 45% vol. deionized water
until the sample surface showed a mirror finish. A 20-nm nickel layer was then
deposited on the sample to protect it from air oxidation while allowing hydrogen
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ingress. The material was hydrided by gaseous charging: a mixture of hydrogen and
argon gas was introduced in a vacuum chamber where the samples were heated to
450�C. Samples A and B were then machined using wire electrical discharge machining
into dog-bone samples approximately 660 lm thick. The exact dog-bone dimensions
are shown in figure 1 of Lacroix, Motta, and Almer.15 The material removed from the
machining process was sent to Luvak, Inc., for hydrogen testing using vacuum hot
extraction (in accordance with ASTM E146, Methods of Chemical Analysis of Zirco-
nium and Zirconium Alloys [Silicon, Hydrogen, and Copper]). The hydrogen content of
the different samples was measured and found to be 1656 12 wt. ppm in Sample A,
1666 13 wt. ppm in Sample B, 1836 31 wt. ppm in Sample C, and 2646 20 wt. ppm
in Sample D.

Samples A and B, having the same hydrogen content, were examined at the
Advanced Photon Source (APS) at Argonne National Laboratory (beamline 1-ID-E)
to study the effect of applied stress in the transverse direction on hydride precipita-
tion and dissolution. Samples C and D were used to determine hydride growth kinet-
ics at constant temperatures using differential scanning calorimetry at Penn State
University. Brief descriptions of the experimental techniques and experiments per-
formed are given here.

DSC Experiments

Isothermal precipitation experiments were performed on Samples C and D follow-
ing ASTM E2070-13, Standard Test Method for Kinetic Parameters by Differential
Scanning Calorimetry Using Isothermal Methods.22 Sample C (183 wt.ppm) was cut
into five different samples weighing between 4 mg and 7 mg, thus allowing testing

FIG. 1 Temperature history and heat flow evolution when measuring hydride

precipitation at 301�C for Sample C, using DSC. The heat flow required to hold

the sample at a constant temperature provides information about the hydride

precipitation reaction.
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of the isothermal hydride precipitation in sister samples (with the same hydrogen
content) at five different temperatures, while a 6-mg sample of Sample D
(264 wt.ppm) was used. The sister samples from Sample C were heated up to 420�C
at a rate of 20�C/min, while Sample D was heated to 450�C at a rate of 15�C/min.
In both cases, samples were held at the highest temperature for 10 min to dissolve
all the hydrides and homogenize the hydrogen in solid solution. Samples were then
cooled down to a fixed temperature and held at that temperature for 4 to 5 h to
allow the hydride precipitation reaction to approach completion. The evolution of
the reaction can be observed through the heat released by the exothermic reaction
between the hydrogen in solid solution and the zirconium to form hydrides. An
example of this evolution can be seen in figure 1. At the beginning, a high driving
force exists for hydride growth but with a low volume fraction of hydrides. As the
reaction progresses, the driving force diminishes but the hydride volume fraction
increases. This evolution is mirrored by the curve obtained, where the maximum of
the curve corresponds to an optimal driving force and volume fraction of hydrides
for hydride growth. After the temperature hold, the samples were cooled to room
temperature. In this study, the temperatures tested for isothermal growth were 280,
290, 301, 305, 320, and 350�C. Sample D was used to perform the test at 350�C as
Sample C contained an insufficient amount of hydrogen for precipitation to occur
at that temperature. The results obtained were used to create a temperature-time
transformation (TTT) diagram for isothermal hydride precipitation.

Synchrotron Radiation Diffraction Experiments

High-energy synchrotron radiation diffraction has been used to study hydride pre-
cipitation and dissolution in zirconium alloys.6,9,11,15,16,23,24 Using high-energy X
rays, it is possible to acquire data on both the hydride and zirconium matrix diffrac-
tion and to obtain a direct measurement of the precipitation and dissolution behav-
ior of hydrides in situ, that is, at temperature and under stress.6,11,16,24,25

The experiments described as follows were performed at the APS using a 300
by 300 lm monochromatic beam of 71.676 keV, calibrated with a cerium oxide
standard. The data were then obtained by summing 25 diffraction patterns taken
for 0.1 s each to provide good signal-to-noise ratio while avoiding detector satura-
tion. Every summed diffraction pattern was analyzed using the same MATLAB
script as used in previous work.15 Figure 2 shows the heat treatment applied to Sam-
ple A (blue) along with the integrated peak intensity of the d(111) hydride diffrac-
tion peak (orange). The integrated peak intensity was compared at the beginning
and the end of each heat treatment to make sure no hydrogen was lost during the
experiment. In addition, a linear scan was performed prior to the beginning of each
experiment to verify the homogeneous distribution of hydrogen within 65mm of
the beam. No significant diffusion of hydrogen is therefore expected to have
occurred during the experiment (the diffusion distance at 400�C for hydrogen is
smaller than 5 mm for the duration of the experiments). The hydrogen content of
each sample was also tested by vacuum hot extraction on two opposite sides of the
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area exposed by the beam and showed no more than 10 ppm of deviation. The heat
treatment can be subdivided into four experiments, referred to as I, II, III, and IV
in figure 2. The same heat treatment was applied to Sample B. Different uniaxial ten-
sile stresses were applied to the two samples during their heat treatment (0 and 200
MPa, respectively) to study the influence of applied stress on hydride nucleation,
growth, and dissolution. The applied stress level was enough to cause hydride reori-
entation.24 The experiments are:

• Experiment I: Effect of Stress on TSSP
Two samples with the same hydrogen concentration (Samples A and B) were
heated to a temperature high enough for hydride dissolution, then cooled to observe
hydride precipitation. During the experiment, no stress was applied to Sample A
and a tensile stress of 200 MPa was applied to Sample B. The hydrogen content in
solid solution in the sample was estimated using the integrated diffracted intensity
of the d(111) hydride peak.

• Experiment II: Effect of Heating Rate and Stress on TSSD
In this experiment, a well-measured TSSD curve was obtained by stepwise heating a
sample and allowing equilibrium to be established at each point. The hold times

FIG. 2 Heat treatment applied to Samples A and B during examination at Argonne

National Laboratory’s Advanced Photon Source (solid line) and integrated d(111)

integrated peak intensity signal (markers) at each measurement time.
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were established by taking the higher of 20 min or the typical diffusion time
t ¼ l2/D(T) where l is the diffusion distance and D is the hydrogen diffusion coeffi-
cient. The diffusion distance is defined as half the distance between two macro
hydrides in the material; l ¼ 100 lm was chosen as a conservative estimate.

• Experiment III: Effect of Stress on Nucleation and Dissolution Kinetics
As shown previously, when the rate of temperature change is about 20�C/min or
higher, the hydrogen content in solid solution deviates from the TSSD (during heat-
ing) and from the TSSP (during cooling).

16 Although it has been suggested that this
is caused by the greater difficulty of hydrides to nucleate at high cooling rates,16 this
study hypothesizes that this deviation is caused by the d-hydride dissolution kinet-
ics (during heating) and the d-hydride nucleation kinetics (during cooling) becom-
ing rate-limiting. To test this hypothesis, the samples were heated and cooled at
20�C/min to measure the d-hydride dissolution kinetics and d-hydride nucleation
kinetics under no stress and under an applied 200 MPa tensile stress and to observe
any effects of applied stress on hydride nucleation and dissolution.

• Experiment IV: Hydride Precipitation during Isothermal Hold
The two samples (A and B, with 0 and 200 MPa applied stress, respectively) were
cooled from 400�C (end of Experiment III) to 280�C at a rate of 10�C/min. The
samples were then held at that temperature for 5 h to measure the hydride growth
kinetics and then cooled to room temperature at a rate of 10�C/min. The results of
these experiments are discussed in the following section.

Experimental Results

ISOTHERMAL GROWTH MEASURED USING DSC

In this section, the results obtained during isothermal precipitation of zirconium
hydrides using ASTM E2070-1322 are discussed. The standard recommends using the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model26–28 for crystallization reactions.
In the JMAK model, the precipitation reaction is described by equation (1):

XðtÞ ¼ 1� expð�ðKG � tÞpÞ (1)

where t is the time; KG is the growth kinetics parameter, following an Arrhenius law
specific to the reaction; p is the Avrami parameter; and X(t) is the advancement of
the reaction at the time t defined by equation (2):

X tð Þ ¼
CPP tð Þ

C0 � TSSD
(2)

where CPP is the hydrogen content in hydride form, and C0 is the total hydrogen
content in the sample (all in wt.ppm). When all the hydrogen content above TSSD
is in the form of hydrides, then X ¼ 1. The advancement of the reaction X(t) at a
given time is obtained by first integrating the heat flow in figure 1 from the start of
the isothermal reaction to the time t, using equation (3):

DHr tð Þ ¼
Ð t
0 q t0ð Þdt0 (3)
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where q(t0) is the heat flow measured by DSC at the time t0 < t. If the TSSP and
TSSD values are known at the temperature of interest, X(t) can be obtained using
equation (2) and is shown as equation (4):

X tð Þ ¼
C0 � TSSP þ

DHr tð Þ
DHr t ¼ tendð Þ � TSSP � TSSDð Þ

C0 � TSSD
(4)

where tend is the time at the end of the reaction. Once X(t) is known, KG and p can
be obtained by plotting ln(�ln[1 � X]) versus ln(t). Equation (5) then results from
equation (1):

lnð�lnð1� XÞÞ ¼ p � lnðKGÞ þ p � lnðtÞ (5)

Figure 3 shows a TTT plot for hydride precipitation in Zircaloy-4, as derived by
DSC using the method described previously. The points represent experimental
measurements while the curves represent calculations performed using the model

FIG. 3 Experimental TTT diagram from DSC data fitted for a sample with a hydrogen

content of 205 wt.ppm (right) and 264 wt.ppm (left). The hydrogen content of

205 wt.ppm was chosen as the actual value from the precipitation temperatures

obtained experimentally as this value falls within the uncertainty band and

agrees with the TSSP values from the literature. The data point at 264 wt.ppm

was added to validate the extrapolation to higher hydrogen content. Simulations

accounting for sample hydrogen content measurement uncertainties are

provided (dashed lines). The simulated TTT diagrams range from 250�C to

the precipitation temperature obtained from TSSP measurements performed by

Une and Ishimoto.4
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presented in this paper, for the two samples (C and D). The uncertainty bands
shown in figure 3 are obtained by inserting the uncertainties in hydrogen content
into the reaction advancement calculation in equation (4). By repeating the experi-
ment at different temperatures, it is possible to obtain the temperature dependence
of KG and obtain a TTT diagram of the precipitation reaction by plotting the test
temperature as a function of the time necessary to reach a certain reaction stage;
X ¼ 0.99 was chosen to obtain the TTT diagram in figure 3.

The precipitation reaction rate is low at low temperature and increases with
temperature, reaching a minimum completion time around 310�C for Sample C
(containing 1836 31 wt.ppm of hydrogen), and then it slows down as temperature
increases further. This behavior is typical of TTT diagrams and is usually explained
as a diffusion-driven process at low temperature and a reaction-driven process at
high temperature.

As mentioned, diffusion-limited growth occurs below 310�C, and the constant
in equation (1) is KG ¼ KD

G under 310�C, expressed in s�1. Thus, the experiments
performed below 310�C were used to measure the diffusion-limited growth kinetics
variable KD

G ; K
D
G was fitted using equation (5) and plotting ln(�ln[1 �X]) versus

ln(t) at different temperatures (280, 290, 301, and 305�C), assuming the reaction-
limited growth kinetics component KR

G has a negligible effect on the fit at these tem-
peratures and that, therefore, KG � KD

G . Figure 4 shows a plot of ln(KG) as a function
of inverse temperature (K�1), assuming KG ¼ KD

G follows an Arrhenius law.
The uncertainties are obtained by performing the calculations assuming the outside
bounds of the hydrogen content measurement for Sample C when calculating the

FIG. 4 Experimental values of the growth kinetic parameter assuming a diffusion

driven process KG � KD
G versus inverse temperature compared to different fits

of KG within the bounds of experiment errors. Experimental values are fitted to

feed the model with an accurate value of the parameter KD
G , which is crucial to

predict the growth kinetics.
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reaction advancement (equation [4]). While the Avrami parameter was found to be
p ¼ 2.566 0.14 (approximately corresponding to the growth of platelets with no
nucleation, p ¼ 2.5) the fit of KD obtained implies an activation energy for growth
by diffusion (EG) of 0.9 eV/atom. This activation energy is higher than that
expected for the diffusion process of hydrogen (0.44–0.47 eV/atom).29,30 This dis-
crepancy could arise from dislocations surrounding the hydrides, which interact
with the hydrogen in solid solution and slow the diffusion of hydrogen toward the
hydride. Note also that the pre-exponential factor of KD was affected when incorpo-
rating it in the model to account for the contribution of the reaction-limited growth
(the model value of KD shown with the red dashed line in figure 4 is slightly greater
than the value fitted with EG ¼ 0.9 eV/atom).

Not much data were obtained in the temperature range where the high-
temperature reaction-driven process is dominant. As a result, it was not possible to
fit the data in the same manner as was done in the diffusion-driven process temper-
ature region. It will, however, be shown in the following section that the reaction-
driven process can be simulated using the formation energy of the d-hydride.

ISOTHERMAL GROWTH MEASURED USING SYNCHROTRON X-RAY
DIFFRACTION

Experiment IV was designed to study hydride growth. Samples A and B (165 wt.ppm)
were cooled down from 400�C at a constant rate of 10�C/min until the hold tem-
perature of 280

�
C was reached. This was done at zero stress for Sample A and

200 MPa for Sample B. The reaction only progressed by 10% during the 5-h iso-
thermal reaction, contrary to what was observed by Courty et al.11 Therefore, it was
not possible to perform kinetic measurements. (The ASTM standard recommends
performing measurements on advancements evolving from 30 to 70%.22) The fact
that this reaction was slower than expected was possibly caused by a dependence of
the kinetics reaction on hydrogen content or cooling rate. These factors can affect
the surface density available for additional hydride growth and therefore change
hydride growth kinetics (the higher the surface density, the more growth sites are
available and the faster the growth kinetics will be).

Figure 5 shows the amount of hydrogen in solid solution increases with applied
stress (the applied stress increases the TSSP), indicating that the precipitation of
reoriented hydrides occurs at a lower temperature than the precipitation of in-plane
hydrides, as seen previously.6 In contrast, no significant change in the hydride
growth rate can be observed during the reaction observed as the curves are parallel.

INFLUENCE OF STRESS ON HYDROGEN SOLUBILITY

Experiments I and II were used to determine whether applied stress influences the
terminal solid solubilities in the zirconium/zirconium hydride system. Experiment I
was designed as a dynamic experiment to measure TSSP, while Experiment II was
designed to measure the equilibrium value of hydrogen in solid solution at different
temperatures (TSSD), thereby obtaining the influence of applied stress on both TSSP
and TSSD.
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As shown in figure 2, in Experiment II, the temperature is increased by steps
and the hydride diffracted intensity is evaluated at each step. The calculated values
of CSS obtained as in previously published work15 are then taken as the TSSD at that
temperature. Figure 6 shows the logarithm of the equilibrium value of hydrogen in

FIG. 5 Hydrogen content in solid solution as a function of hold time at 280�C during

Experiment IV, for Sample A (0 MPa) and Sample B (200 MPa). The hydrogen

content is obtained from the (111) peak of the d-zirconium hydride phase. The

precipitation kinetics do not seem to be affected by stress while TSSP increases

with tensile stress.

FIG. 6 Terminal solid solubility for dissolution measured using synchrotron radiation

diffraction for Samples A and B, using the hydride diffraction peaks (111) and

(220) and at two different uniaxial applied stress conditions (0 MPa for Sample

A and 200 MPa for Sample B).
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solid solution (ln[CSS]) thus obtained versus inverse temperature using the (111)
and (220) peak intensities with and without applied stress (Samples A and B). No
significant difference is seen between the different values obtained above 240�C,
indicating that the contribution of applied stress on TSSD of hydrogen in zirconium
alloys above 240�C, if any, is small. It is more challenging to discuss the results at
lower temperatures as it is unclear if equilibrium was reached in the lower tempera-
tures. However, note that the hydrogen content in solid solution derived from the
(220) hydride integrated peak intensities is nearly the same between the samples
under 0 and 200 MPa applied tensile stress, while the hydrogen in solid solution
obtained from the (111) integrated peak intensity at 200 MPa is significantly lower
from 150 to 260�C. This difference could arise from the specific hydride platelet ori-
entation relative to the incident beam.

Thus, it can be said that while TSSP is impacted by the applied stress, TSSD is
not significantly affected, at least not in the temperature range studied. The results
indicate that greater undercooling is needed for precipitation of reoriented hydrides
under an applied stress of 200 MPa than for in-plane hydrides precipitated under
no stress. The fits of the TSSD and TSSP under different applied tensile stress are
provided in equation (6). The TSSP interpolations were derived from the d(111)
peak as it is more intense and allows a better fit, while results obtained are not
affected, as described earlier and shown in figure 6.

TSSD ¼ 2:05� 106 � exp � 48710
RT

� �

TSSP 0MPað Þ ¼ 5:47� 104 � exp � 27855
RT

� �

TSSP 200MPað Þ ¼ 1:13� 105 � exp � 30506
RT

� �

8>>>>>>>><
>>>>>>>>:

(6)

where R is the ideal gas constant (in J mol�1 K�1), T is the temperature (in K), and
the solubilities are given in wt.ppm.

HYDRIDE NUCLEATION KINETICS

When the hydrogen in solid solution reaches TSSP, hydrides nucleate at a rate given
by the nucleation kinetics. If the cooling rate is fast enough, the nucleation kinetics
will limit the hydride precipitation rate. If not, the hydride precipitation rate will be
dictated by the cooling rate. To study hydride nucleation kinetics, it is necessary to
cool the sample at a fast enough rate that hydride precipitation is governed by
nucleation kinetics rather than by the cooling rate. As mentioned previously, it has
been shown that at cooling rates of 1 to 10�C/min, the measured TSSP is little
affected, but at higher cooling rates (greater or equal to 20�C/min), the TSSP
increases,16 suggesting that for higher cooling rates, nucleation kinetics start to limit
hydride precipitation. As a result, in Experiment III, a cooling rate of 20�C/min was
used to cool Samples A and B from 400�C to 50�C, and the hydride nucleation
kinetics were measured in each case. Precipitation above TSSP has been previously
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modeled by a first-order equation,31 and thus it is hypothesized here that the nucle-
ation kinetics follow this same law:

dCSS

dt
tð Þ ¼ KN Tð Þ � CSS tð Þ � TSSP Tð Þð Þ (7)

where KN is the nucleation kinetics parameter, following an Arrhenius law (in s�1).
In order to measure the nucleation kinetics at each time step, equation (7) was writ-
ten in finite difference form to obtain equation (8):

KN T t þ Dtð Þð Þ ¼ CSS t þ Dtð Þ � CSS tð Þ
Dt CSS tð Þ � TSSP T t þ Dtð Þð Þ
� � (8)

The kinetics parameter KN(T) was obtained using two consecutive hydride diffrac-
tion intensity measurements from the synchrotron, at time t and tþDt. At time t,
the temperature is T (t) and, therefore, KN ¼ KN (T [t]) because the temperature
changes with time.

The values used for TSSP (T) were those found in Experiment I interpolated for
the temperatures studied in Experiment III. Figure 7 shows a plot of ln(KN) versus
1/T (in K�1) for both the stressed and unstressed samples. The activation energy
for the nucleation process can be calculated from the slope.

The hydride nucleation kinetics are almost identical for the samples cooled
with and without applied stress. This suggests that the applied stress affects only the
TSSP and not the nucleation mechanism itself. The result of the fit obtained is
shown in figure 7 and has a large associated uncertainty, most likely coming from a
combination of high nucleation rates, long acquisition times (compared to the

FIG. 7 Plot of the logarithm of the nucleation kinetics constant KN as a function of

inverse temperature compared to the value used in the model presented in this

study. The value used in the model falls within the uncertainty limits.
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nucleation kinetics), peak fitting uncertainties, and uncertainties on the value of
TSSP at each time step. Nevertheless, ab initio calculations of hydride formation
energies32 fall within the activation energies measured here (between 0.4 and
1.4 eV/atom). The results obtained with the nucleation model for KN, using an
Arrhenius law based on different formation energies, are shown in figure 7 and
agree with the experimental measurements. The model used in fitting the results
shown in figure 7 is developed in the last section of this paper.

ZIRCONIUM HYDRIDE DISSOLUTION

As temperature increases, the solubility of hydrogen into zirconium increases;
therefore, hydrides will dissolve. If the heating rate is slow enough, the dissolution
of hydrides is fast enough to keep the system in quasi-equilibrium. The dissolution
of hydrides is therefore linked to the sample heating rate. As the heating rate
increases, the dissolution kinetics become the limiting step. As mentioned in the
description of Experiment III, the sample heating rate is fast enough that
the hydride dissolution rate is governed by the dissolution kinetics rather than by
the heating rate. Previous work showed that TSSD starts to change significantly for
heating rates of 20�C/min or higher,16 so the dissolution kinetics experiment was
performed at that heating rate. The dissolution kinetics are also assumed to follow
first-order kinetics, as proposed in previous work by Courty, Motta, and Hales.10

dCSS

dt
tð Þ ¼ �KD Tð Þ � CSS tð Þ � TSSD Tð Þð Þ (9)

where KD is the dissolution kinetics parameter (in s�1) and is assumed to follow an
Arrhenius law. The value of KD was also obtained from two consecutive measure-
ments of hydrogen content as the temperature increases. Equation 10 is obtained by
rearranging the finite difference version of equation (8) into equation (9):

KD T t þ Dtð Þð Þ ¼ � CSS t þ Dtð Þ � CSS tð Þ
Dt CSS tð Þ � TSSD T t þ Dtð Þð Þ
� � (10)

Data analysis showed that KD did not vary monotonically with temperature.
Therefore, it was decided to plot the evolution of the dissolution reaction (depen-
dent on KD) as a function of temperature similar to how TTT diagrams are plotted
(i.e., by plotting the temperature as a function of time needed to achieve a given
completion state of the transformation reaction). The completion state of 95% was
chosen by taking s ¼ 1=KD

as the time constant of the process and plotting tempera-
ture as a function of 3s. Figure 8 plots the temperature versus the time necessary to
reach 95% of the hydride dissolution reaction and was obtained from measure-
ments performed in unstressed (0 MPa) and stressed (200 MPa) samples. The
prediction of the hydride growth, nucleation, and dissolution (HNGD) diffusion-
based dissolution model described here is also shown as the red dotted line. The
dissolution kinetics data in figure 8 show no significant influence of stress on the dis-
solution kinetics.
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In the case of hydrides in zirconium alloys, hydride dissolution is likely limited
by how fast hydrogen can diffuse away from the hydride once it is in solid solution
so that further hydride dissolution can occur.33 KD was therefore assumed to follow
an Arrhenius law, as shown in equation (11):

KD Tð Þ ¼ K0
D � exp �

ED
kBT

� �
(11)

where ED is the activation energy for hydrogen diffusion in zirconium taken as
ED ¼ 0.46 eV/atom.30 However, the hypothesis that the dissolution is a diffusion-
driven process appears to be limited to low temperatures in figure 8. While, as
expected, the hydride dissolution kinetics parameter KD consistently increases from
50 to about 300�C, the trend reverses above 320�C, and KD seems to decrease until
complete dissolution occurs at 390�C. The model predicts the dissolution kinetics
well at low temperatures but not at high temperatures, suggesting a competition
between a diffusion-driven mechanism at low temperatures and another mecha-
nism at higher temperatures that has yet to be identified. The high temperature dis-
crepancy in dissolution kinetics suggests further study is needed.

HNGD: A Comprehensive Hydride Precipitation

and Dissolution Model

The previous sections described how the various precipitation and dissolution
kinetics parameters were measured and what results were obtained. This section
proposes a hydrogen model that incorporates the experimental work reported in
the previous sections into a model referred to as the HNGD model. This section
presents preliminary results of benchmark calculations.

FIG. 8 Comparison of the value of s ¼ 3/KD measured experimentally from Samples A

(0 MPa) and B (200 MPa) and simulated (0 MPa) for the same heat treatment.

LACROIX ET AL., DOI: 10.1520/STP162220190035 81



EQUATIONS AND PARAMETERS

The Model

As proposed in a previous model,10 the HNGD model is based on four different
conditions in the system for hydrogen behavior. These conditions, shown in table 1,
depend both on the hydrogen content in solid solution compared to the TSSD and
TSSP values and the hydride content in the sample (referred to as CPP in table 1).
Each case represents a physical mechanism that corresponds to hydride nucleation,
growth, or dissolution, as specified in table 1. Note that nucleation and growth can
happen simultaneously.

The Parameters

As shown in table 1, four parameters are included in the model (KN, KG, p, and KD)
that control the hydride precipitation and dissolution reactions. The following
details the values of these parameters as used in the model.
Nucleation: The parameter KN is hypothesized to depend linearly on the volume

fraction of the zirconium matrix fa, reflecting work performed previously,13 as
shown in equation (12):

KN tð Þ ¼ 2:75� 10�5 � fa � exp �
DEa

a!d

kBT

� �
½s�1� (12)

where fa ¼ 1� xPP
xd�xa

, xPP is the atomic fraction of hydrogen in the hydride
form, xd is the atomic fraction of hydrogen content in a pure d-hydride, xa is the
maximum atomic fraction of hydrogen in the a-zirconium phase, and DEa

a!d is
the activation energy for the nucleation of d-hydrides from hydrogen in solid
solution in a-zirconium. In this model, the activation energy is assumed to be

TABLE 1 HNGD model equations for the different system conditions

Conditions Equations

Hydride nucleation dCPP

dt
¼ KN � ðCSS � TSSPÞ

CSS > TSSP dCSS

dt
¼ � dCPP

dt

Hydride growth dX

dt
¼ KG � p � 1 � Xð Þ �ln 1 � Xð Þð Þ1�

1
p

CSS > TSSD & CPP > 0
X ¼ CPP

C0 � TSSD
;
dCSS

dt
¼ � dCPP

dt

Hydride dissolution dCPP

dt
¼ KD � CSS � TSSDð Þ

CSS � TSSD & CPP > 0 dCSS

dt
¼ � dCPP

dt

Phase equilibrium

CSS < TSSP & CPP ¼ 0

or

CSS ¼ TSSD

dCSS

dt
¼ � dCPP

dt
¼ 0
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equal to the formation energy of the d-hydride phase, DE f
a!d, which, as shown

in figure 7, provides consistent results with the data gathered at the synchrotron;
DE f

a!d can be derived from the CALPHAD free energies Ga and Gd of the
a-Zr/d-ZrHx system developed by Dupin et al.34 and used by Jokisaari and
Thornton.35 Solving the system, as shown in equation (13):

@Ga

@x
xeqa ,T
� �

¼ @Gd

@x
xeqd ,T
� �

@Gd

@x
xeqa ,T
� �

� xeqd � xeqa
� �

¼ Gd xeqd ,T
� �

� Ga xeqa ,T
� �

8>><
>>:

(13)

where T is the temperature and provides both xeqa and xeqd , which are the equilib-
rium concentrations of hydrogen in a-Zr and d-ZrHx, respectively. The forma-
tion energy is then derived as DE f ðTÞ

a!d ¼ Gdðxd
eq,TÞ � Gaðxa

eq,TÞ for each
temperature. A reasonable fit provides the following equation for the formation
energy DE f

a!d

� �
in eV/atom as a function of the temperature T (in Kelvin) in

the temperature range 273 to 823 K:

DE f
a!d Tð Þ ¼ 3� 10�10T3 � 2� 10�7T2 þ 4� 10�4T � 0:5655

eV
at

� 	
(14)

Growth: Growth can be controlled either by the diffusion of hydrogen (i.e., by the
time required for hydrogen to travel in zirconium and find a hydride nucleus) or
by the surface reaction (i.e., by the time needed for hydrogen in solid solution to
react with the zirconium matrix to form more of the hydride phase). Both reac-
tions have their own kinetic constant, that is, their own KG parameter. In a
diffusion-controlled process, the constant is noted as KD

G as shown in figure 4.
The Avrami parameter found when fitting the different values of KG was p ¼
2.56 (as shown in the earlier section on isothermal growth measured using
DSC). The value used for the Avrami parameter is 2.5, which in the JMAK
model corresponds to platelet-shaped particles, in agreement with experi-
ments.23,24,36,37 The activation energy for the reaction-driven growth kinetics
parameter KR

G is taken to be the same activation energy for the nucleation pro-
cess because the process is controlled by the formation of new hydride material.
The pre-exponential factor was fitted to match the point at 320�C for Sample C
in figure 3, using the activation energy defined in equation (14): E(320�C) ¼
�0.336 eV/atom. The pre-exponential factors for KR

G and KD
G were assumed to

be linearly dependent on hydrogen concentration and linearly dependent on the
remaining volume fraction of zirconium. As a result, the two values of KR

G and
KD
G (expressed in s�1) are given by equations (15) and (16), respectively:

Diffusion-controlled : KR
G ¼ 5:53� 105 � v0 � fa � exp�

0:9
kBT

½s�1� (15)

Reaction-controlled : KR
G ¼ 1:6� 10�5 � v0 � fa � exp�

DE f
a!d

kBT
½s�1� (16)
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where v0 is defined using the phase diagram lever rule by �0 ¼ x0�xa
xd�xa

where x0 is
the total hydrogen atomic fraction, xa the atomic fraction of hydrogen in the a
phase at the a/(aþ d) boundary of the Zr-H phase diagram, and xd the atomic
fraction in the hydride at the (aþ d)/d boundary of the phase diagram; xd can be
found for every temperature by solving equation (13) for different temperatures;
and xd can be fitted to a third-degree polynomial, as shown in equation (17):

xd Tð Þ ¼ �9:93� 10�11T3 þ 8:48� 10�8T2 � 5:73� 10�5T þ 0:6238 (17)

where T is expressed in Kelvin; xa(T) is obtained by converting the value of
TSSD chosen for the model from wt.ppm to atomic percent.

The value of KG reflects the slowest process as the rate limiting step, accord-
ing to equation (18):

1
KG
¼ 1

KD
G
þ 1
KR
G

(18)

Note that a dependence of hydride growth on either d-hydride phase content or
a-zirconium has not been observed. However, a linear dependence has been
implemented as a first approximation to reflect work that has been performed
previously where a linear dependence on the volume fraction of a-zirconium
was implemented to avoid precipitation over the maximum amount of hydrogen
that can be accommodated by the hydride phase.13 This dependence does not
significantly impact model predictions at low hydrogen content (< 500 wt.ppm)
because fa > 0.9 in that range. In parallel, hydride growth is hypothesized to be
dependent on the volume fraction of hydrides present because the more
hydrides there are the easier it is for a hydrogen atom in supersolubility to find a
hydride particle on which to grow more of the preexisting hydride phase.

Dissolution: The dissolution parameter used in the model is given by equation (19):

KD ¼ 4:11� 103 � exp� ED
KBT

½s�1� (19)

While the results in figure 8 suggest that the dissolution kinetics parameter
decreases at high temperature, it is yet unclear why this is the case.

PRELIMINARY BENCHMARK OF THE MODEL

It is important to benchmark the model to ensure that its predictions correspond to
experimental observation. In this study, a benchmark was performed to ensure that
hydride precipitation and dissolution kinetics correspond to experimental observa-
tions. The cyclic hydride precipitation and dissolution of a sample containing
255 wt.ppm of hydrogen15 was simulated. The HNGD predictions were compared
to the results of the model in the three-dimensional finite element fuel performance
code BISON13 and to experimental data.15 Figure 9 shows the concentration of
hydrogen in solid solution when a sample is subjected to the temperature schedule
shown by the red dotted line. The HNGD model results presented used TSSD and
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TSSP interpolated from the hydrogen content in solid solution measured experi-
mentally during the first ramp-up and ramp-down cycle.

As can be observed, the HNGD model is more accurate than the previously
used BISON model. This is primarily because the BISON model relies solely on dif-
fusion experiments performed by Kammenzind et al.12 to measure hydride precipi-
tation kinetics for the model.31 Because diffusion is a slow process, it is not
surprising that it is not representative of mechanisms involved in transient condi-
tions such as simulated here. In the HNGD model, hydride precipitation occurs by
nucleation when the hydrogen content in solid solution is above TSSP. This is much
faster than precipitation during isothermal holds or diffusion experiments and
causes the hydrogen content in solid solution to decrease rapidly in a similar fash-
ion as observed experimentally. Figure 9 shows that modeling the precipitation of

FIG. 9 Hydrogen concentration in solid solution as a function of time for the

temperature schedule shown (dashed and dotted line), including the simulation

of the experiment performed15 (sample containing 255 wt.ppm of hydrogen)

with two different models: the HNGD model (dashed line) but with TSS values

derived from the first heat up and cool down cycle (t � 4,000 s) and the model

presented by Courty et al.10 and used in BISON,13 with the same values of TSSD

and TSSP. The model currently used in BISON (dotted line) fails to accurately

predict hydride precipitation, whereas the HNGD model provides a better

prediction of the hydrogen content in solid solution.
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hydrogen using this hypothesis yields better results in “transient” conditions than
the model implemented in BISON.

The model currently accounts for the influence of temperature, hydrogen in
solid solution, as well as hydride and zirconium volume fraction on the precipita-
tion rate of zirconium hydrides in zirconium. In another paper in preparation, the
HNGD model, which is being implemented in BISON, is verified and validated for
a given range of hydrogen contents and cooling rates on a wider set of experimental
data.

Conclusions

A series of experiments was performed to study hydride precipitation and dissolu-
tion in Zircaloy-4. The principal results are:

• Precipitation of hydrogen during isothermal hold occurs until the hydrogen
in solid solution reaches TSSD. This can be quantified using DSC. It is possi-
ble to distinguish between hydride nucleation and hydride growth by exam-
ining different aspects of the diffraction and DSC data.

• A significant increase in TSSP was observed during hydride precipitation
upon cooling from high temperature when an applied stress was present
that was high enough to cause hydride reorientation, indicating that the pre-
cipitation of reoriented hydrides occurs at a greater undercooling than that
of in-plane hydrides. In contrast, applied stress did not significantly affect
hydride precipitation kinetics.

• No significant effect of applied stress was observed on hydride dissolution
upon heating in the temperature range of 150 to 380�C.

The analysis of the previous experimental data was used to develop the HNGD
model, which can describe hydride precipitation in all regimes (including the hys-
teresis region).

• The HNGD model predicts that hydrides continue to precipitate during an
isothermal hold, in agreement with experimental observations, and predicts
hydride dissolution if hydrogen in solid solution is lower than TSSD when
hydrides are present.

• The HNGD model can provide an estimate of the specific fractions of
hydrogen precipitation that occur by hydride nucleation and by hydride
growth.
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Discussion

Question from Mirco Grosse, KIT:—The penetration depth of an X-ray is
usually a couple of microns. Are there hints that the results obtained at the surface
of the sample can be extrapolated to the bulk of the material?

Authors’ Response:—The X-ray source used in this study is a high-energy X-ray
synchrotron source from Argonne National Laboratory’s APS. The energy used was
71.676 keV, which allowed the X-rays to traverse the entire thickness of our
660-lm-thick sample. The measurements are thus over the entire thickness of the
sample and are, therefore, representative of the bulk of the material.

Question from Sean Hanlon, CNL:—On cooling (e.g., at 1�C/min), do you
assume nucleation is dominant, while during a hold, growth is dominant? Does this
suggest hydrides will have a significantly smaller average size if they form during
cooling versus during a hold?

Authors’ Response:—Although the cooling rate dictates what precipitation
mechanism dominates, the differences may not be as stark among hydride mor-
phologies, so that a hydride precipitated during cooling at a 1�C/min rate may be
relatively similar to a hydride precipitated during a long isothermal hold.

However, at higher cooling rates, the effect may be more pronounced. For ref-
erence, the primary author has published in his dissertation38 a detailed comparison
of hydride lengths formed in two sister samples: one cooled from 450�C at a rate of
15�C/min and another, cooled at 15�C/min to 300�C, held at 300�C for 5 h, and
then cooled to room temperature at 15�C/min. The study was made over a popula-
tion greater than 750 hydrides. The average hydride size in the first was 1.78
lm6 0.82 lm compared to an average size of 2.35 lm6 2.12 lm in the second.

Questions from Nima Nikpoor Badr, Queen’s University:
1. Did you observe any effect of Tmax on TSSp?
2. In recent literature, it is shown that after nucleation starts during cooling, in

the first 50�C range of precipitation, c-hydride forms and then it transforms
to d-hydride at lower temperatures. Did you observe this phenomenon?
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Authors’ Response:
1. We do not know. So as to exclude any possible effect of the maximum tem-

perature on the supersolubility limit, all precipitation studies were made
with the same maximum temperature: Tmax = 400�C (with the exception of
Sample D described in the paper, which was not used to fit the model but
only to verify it).

2. The gamma hydride peaks are quite distinct from the delta peaks and, in the
experiments conducted not only in this study but previous others from our
group, no gamma peaks were seen. The peaks detected and indexed corre-
sponded only to d-hydrides from the beginning of the precipitation to the
end. The phenomenon mentioned was therefore not observed.

Question from Antoine Ambard, EDF:—To measure the TTT diagram, you use
DSC. The reaction rate is low, and the hydride fraction precipitating is low. Could
you comment on the error or uncertainty entering these measurements?

Authors’ Response:—Although the reaction rate and hydride fraction are low
and the signal obtained is low, it is detectable. We evaluate that if the reaction time
is underpredicted or overpredicted by 10 min, the associated uncertainty in evaluat-
ing the time for the reaction to finish is lower than 5%.

The biggest contributor to the uncertainty in calculating the advancement of
the reaction is the values taken for TSSP and TSSD at the hold temperature and the
measurement on the hydrogen content in the sample. As seen in the literature,
TSSP measurements can vary significantly, and we believe this is the primary source
of uncertainty in the model.

However, the model predicts the behavior of a sample, independent of the data
used to fit the model accurately (fig. 9), suggesting that the parameters chosen for
the presented model are at least reasonably accurate. However, the HNGD model is
a new model, with only limited data available to fit it. Additional studies could
quantify these uncertainties and the effect of other factors (the cooling rate, for
example) on the fitted parameters.

Question from Bruce Kammenzind, Naval Nuclear Labs:—You mentioned that
you put a hydride dependence upon the rate parameters. Can you comment on
whether the rate dependencies will increase or decrease kinetics as a function of
hydride volume fraction?

Authors’ Response:—It is expected that increasing the hydride volume fraction
will increase the growth kinetics as an increased surface area density is available for
hydride growth. From this perspective, it would also mean that a higher cooling
rate would lead to an increase in growth kinetics as the hydride surface density
increases for small hydrides due to their higher surface to volume ratio, which
favors hydride growth. This hypothesis, however, needs to be tested.
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Question from Clara Anghel, Westinghouse Electric Sweden:—In your experi-
ments, was all the hydrogen in solution before cooling? There are previous investi-
gations that show that the presence of hydrides before (i.e., hydrogen content above
solubility limit) will have an impact on the nucleation of new hydrides. During
cooling, in this case, hydrogen will diffuse preferentially toward the existing
hydrides, and the existing hydrides will grow in favor of nucleating new hydrides.
The growth versus nucleation changes in this case. Have you considered this pro-
cess in your model?

Authors’ Response:—Yes, all the hydrides were dissolved, and only hydrogen in
solid solution was present. This was ensured by observing the disappearance of the
brightest peak by diffraction and by observing the typical dissolution peak in DSC.

The HNGD model considers the process mentioned and can reproduce this
phenomenon, as observed in figure 9, where the HNGD prediction is compared to
the results of one of the studies that highlights the phenomenon you describe (see
Lacroix, Motta, and Almer15 in the paper). We do agree that preexisting hydrides
will affect (increase) nucleation of new hydrides. However, we believe that the dom-
inant form of precipitation comes from growth of preexisting hydrides rather than
nucleation of new hydrides.

Question from Ted Darby, Rolls-Royce:—Have you considered the implications
of your observations and model (based on kinetic effects in the bulk) to hydride
behavior at a local crack tip? Is there an inference that DHC would not be sustained
under isothermal conditions?

Authors’ Response:—The model described here is only the phenomenon of pre-
cipitation and dissolution in the absence of stress or a stress gradient. The results
presented here are, therefore, not representative of DHC conditions, so we have not
considered the implications of the current work to that phenomenon.

Question from Mark Wenman, Imperial College London:—What alloy was
used? And have you considered using different tin (Sn) contents as it should shift
your TTT curve?

Authors’ Response:—Cold-worked stress-relieved Zircaloy-4 was used. The pri-
mary goal of this project was to better understand the precipitation kinetics of
hydrides and the role of the “hysteresis” in the precipitation kinetics.

Although the hydride precipitation behavior may change in other alloys
because of microstructure or chemical effects, this was not studied in the present
work.
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