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a b s t r a c t

Synchrotron X-Ray transmission diffraction experiments were performed to study hydride precipitation
and dissolution in the zirconium/zirconium-hydride system while it occurs. Evidence was found that the
hysteresis between the terminal solid solubility for precipitation and dissolution is not observed when
hydride particles are already present at the beginning of sample cooldown. Furthermore, experimental
results show that, during a temperature hold, the concentration of hydrogen in solid solution becomes
lower than the terminal solid solubility for hydride precipitation and eventually reaches the terminal
solid solubility for hydride dissolution, indicating that the latter is the actual thermodynamic solubility
limit.

© 2018 Published by Elsevier B.V.
1. Introduction

The ingress of hydrogen into nuclear fuel rod cladding during
operation and the precipitation of brittle hydride particles can
reduce cladding ductility [1,2]. Because of this, in addition to
studying hydrogen pickup during corrosion, it is important to study
the processes of hydrogen transport and hydride precipitation once
the hydrogen enters the cladding. A model of hydrogen transport
and hydride precipitation was proposed by Courty et al. [3], based
on knownprocesses of hydrogenmobility in the cladding, driven by
both a concentration and a temperature gradient. The hydride
precipitation and dissolution model in that study was based simply
on the terminal solid solubilities for dissolution and precipitation
[4] and on the kinetic model introduced by Marino [5]. The pro-
posed model is summarized in Table 1.

In Table 1, CSS is the hydrogen content in solid solution (in wt.
ppm), CP is the hydrogen in hydrides (inwt. ppm), TSSP and TSSD are
the terminal solid solubilities for hydride precipitation and disso-
lution respectively (both expressed in wt. ppm), a2 is the precipi-
tation kinetics parameter, b2 is the dissolution kinetics parameter
(both in s�1) and J is the hydrogen diffusion flux (wt.ppm/cm2/s).
While TSSP, TSSD and a2 are determined experimentally, b2 was
assumed to be equal to 1 as hydride dissolution is fast [3]. a2 was
measured experimentally by Kammenzind [6] and by Courty et al.
in Ref. [7]. Since it was considered that a stress gradient was less
influential than the other gradients, the hydrogen flux J, which
leads to hydrogen redistribution, depends mainly on two physical
phenomena: Fick's law of diffusion and thermodiffusion (the Soret
effect).

JDiff ¼ �DVCSS �
DQ*CSS
RT2 VT (1)

where D is the diffusion coefficient of hydrogen in Zircaloy (in m2/
s), Q* the heat of transport (in J/mol), R the ideal gas constant (in J/
mol/Kelvin) and T the temperature (in Kelvin). Although this model
was implemented into the finite element code BISON and used to
determine the hydrogen concentration in service, questions remain
as to whether all the physics involved are properly considered.

The hydrogen solubility limits in precipitation and dissolution
have been measured by several authors, who have in general re-
ported a hysteresis between precipitation and dissolution [4,8e13].
However, previous results suggest that the hysteresis may not be
present when hydrides are already precipitated at the start of
cooldown [11]. Therefore, a better understanding of the hydride
precipitation/dissolution hysteresis in this system is needed to
understand these processes and to discern which of the two solu-
bility limits is a true thermodynamic limit, rather than a kinetic
effect. A series of experiments were therefore specifically designed
to clarify these issues.



Table 1
Model for hydrogen precipitation and dissolution [3].

Conditions Model

if CSS > TSSP and CP � 0
8>><
>>:

dCP
dt

¼ a2ðCSS � TSSPÞ

dCSS
dt

¼ �VJ � a2ðCSS � TSSPÞ
if CSS < TSSDand CP >0

8>><
>>:

dCP
dt

¼ �b2ðTSSD � CSSÞ

dCSS
dt

¼ �VJ þ b2ðTSSD � CSSÞ
if CSS < TSSD and CP ¼ 0

or if TSSD � CSS < TSSP and CP � 0

8>><
>>:

dCP
dt

¼ 0

dCSS
dt

¼ �VJ
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2. Experimental methods

The material used for this experiment was cold-worked stress-
relieved (CWSR) Zircaloy-4 sheet provided by ATI Specialty Alloys
and Components. The material texture was such that the basal
poles were inclined approximately ±30� away from the normal
direction of the sheet [14,15]. The Kearns factors [16] were
measured to be fN¼ 0.59, fL¼ 0.05 and fT¼ 0.31 in the normal,
longitudinal and transverse directions respectively. These values
are similar to those normally obtained in CWSR Zircaloy-4 cladding
[17].

The material was hydrided using gaseous charging in an at-
mosphere of 1% hydrogen and 99% argon. Prior to gaseous charging,
samples were etched with a solution of 10% Hydrofluoric Acid (49%
concentrated), 45% Nitric Acid (79% concentrated) and 45% deion-
ized water to remove the native oxide layer. A 20 nm layer of Nickel
was then sputtered onto the etched surface to protect it against air
corrosion, using a Kurt J. Lesker CMS (Combinatorial Material Sci-
ence) series sputter machine. Hydriding by gaseous charging was
performed by first creating a secondary vacuum (~10�6 Torr) and
then introducing the desired amount of hydrogen into the loading
chamber. The loading chamber was heated to 450 �C to allow
hydrogen absorption and diffusion while ensuring that the absor-
bed hydrogen remain in solid solution. Once the target temperature
and vacuumwas reached, the control volume valvewas opened and
hydrogen was released into the loading chamber. The system
remained as such for 2 h to allow hydrogen to be absorbed and to
diffuse into the material. The hydrogen content in the sample
studied after gas charging was measured to be 255± 43wt. ppm by
Luvak Inc., using Vacuum Hot Extraction (in accordance with ASTM
E146). The hydrided sheet was then machined into a uniaxial
testing dog-bone configuration using wire electrical discharge
machining. The sample geometry is shown in Fig. 1a. This sample
was examined at the 1-ID-E beamline at the Advanced Photon
Fig. 1. (a) Dog-bone tensile testing sample dimensions (dimensions in mm
Source at Argonne National Laboratory using an 80.725 keV X-ray
beam capable of completely penetrating through a 0.6mm thick
sample. The beam size was 100� 100 mm. The diffraction patterns
generated were recorded using a GE 41RT area detector, while the
sample was heated and cooled in a furnace, as shown schematically
in Fig. 1b.

The diffraction pattern showed peaks that could be indexed as
coming from both the Zr matrix and the hydride phase. As in other
studies we performed, only peaks associated with the delta hydride
phasewere observede no peaks from other hydride phases such as
g, ε or z were observed. The intensity of the d(111) hydride
diffraction peak was used as a gauge of the hydride volume fraction
in the sample. Accordingly, the evolution of the d(111) hydride peak
integrated intensity with respect to time and temperature was
determined by recording a diffraction pattern every 16 s and
determining the integrated intensity under the peak. The diffrac-
tion patterns were obtained by summing over 18 diffraction pat-
terns taken for 0.5 s each. The time per patternwas chosen to avoid
detector saturation from the strongest zirconium peaks, and the
summation provided sufficient signal-to-noise ratio for the hydride
peaks. The d(111) hydride peak intensity was obtained by inte-
grating along the full diffraction ring. Because the d(111) hydride
peak is located at the tail of the stronger (1010) Zr peak, it was
necessary to fit these together as a pair of Pseudo Voigt functions.

The integrated peak intensity of the d(111) hydride at each time
step of this heat treatment was one of the parameters extracted
from the pseudo-voigt fits. The integrated d(111) hydride diffracted
intensity is related to the hydrogen content in solid solution by:

CSSðtÞ ¼ CVHE

�
1� IðtÞ

Im

�
(2)

were CSS(t) is the hydrogen content in solid solution at time t, CVHE is
the total hydrogen contentmeasured using VacuumHot Extraction,
I(t) is the integrated intensity of the d(111) hydride peak at time t
and Im is the intensity of the d(111) hydride diffraction peak when
the hydrides are fully precipitated. Equation (2) assumes that the
hydride texture does not vary significantly during precipitation and
dissolution so that the d(111) hydride peak is a valid measure of the
hydride volume fraction. This assumption was partly verified dur-
ing the experiment. The (111) d-hydride peak intensity was
measured as a function of the chi angle of the diffraction ring at the
beginning and the end of the experiment and no significant dif-
ference was observed, suggesting that the texture remained the
same during the experiments. Also the integration of the diffracted
intensity over the chi angle showed a constant value during the
experiment, suggesting that little hydrogen was lost from the
sample.

The type K thermocouple used by design yields a measurement
error corresponding to the largest of 2.2 �C or 0.75% of the recorded
), (b) Schematic depiction of the experimental setup at APS after [7].



Fig. 3. Hydrogen Concentration in solid solution calculated using equation (2) as a
function of temperature, for a sample containing 255wt. ppm of hydrogen, undergoing
the heat treatment represented in Fig. 2.
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value. The errors coming from the hydrogen content itself were
calculated to being from both the fit and the statistical error.
Assuming the events from the photon source follow a Gaussian
distribution, the statistical error is defined by

ffiffiffiffi
N

p
. The fitting error

was assessed by running diffraction patterns of different intensities
500 times during one heat-up cycle, giving an error as a function of
intensity. Three standard deviation in the measurements did not
exceed 2.53% of the average intensity measured and so the fitting
error was assumed to be 2.6% in Fig. 3.

3. Experimental results

The temperature history imposed on the sample during the
experiment is shown in Fig. 2. As the sample temperature was
increased or decreased, the hydrides dissolved and precipitated,
while the diffraction intensity was measured as described above.
The integrated intensity of the d(111) hydride peak was used to
calculate the hydrogen concentration in solid solution using
equation (2). The evolution of the hydrogen content in solid solu-
tion is plotted versus temperature in Fig. 3 and discussed in the
following. Each cycle is now discussed in detail:

First cycle (green lozenges in Fig. 3): Hydride precipitation after
complete dissolution at high temperature.

Starting at room temperature, the sample was gradually heated
at a rate of 10 �C/min to 425 �C (point 1), and held at temperature
for 10min. This temperature is high enough to dissolve all the
hydrides present in the sample; this was in fact verified by the
d(111) hydride diffraction peak intensity reaching the same in-
tensity as the background at the maximum temperature, meaning
that the concentration of hydrogen in solid solution CSS is 255wt.
ppm. The sample was then cooled at a rate of 10 �C/min to 170 �C
(point 2). As the sample is cooled, precipitation only starts when
the sample reaches the TSSP curve at ~355 �C (point 10). From then
on, the hydrogen content in solid solution decreases as hydride
particles precipitate and grow, following the TSSP curve, until the
target temperature 170 �C is reached (point 2), at which point
almost all hydrogen in the sample is precipitated into hydrides.
Fig. 3 shows that during continuous heating and cooling, the
calculated hydrogen content in solid solution roughly follows the
TSSD and TSSP solubility limits respectively with a hysteresis, as
normally reported in the literature [4,8e13].
Fig. 2. Heat treatment applied to the studied sample.
Second cycle (red squares): Hydride precipitation with
incomplete hydride dissolution.

After a hold time of 20min at 170 �C, the sample was then
heated to 385 �C at a rate of 10 �C/min (point 3). At this temperature
not all hydrides are dissolved: about 75wt. ppm. of hydrogen is
stable as zirconium hydrides. The sample was then cooled at the
same rate as in the previous cycle (10 �C/min) to 285 �C (point 3').
As the sample temperature decreases from 385 to 285�C, the
amount of hydrogen in solid solution immediately starts to
decrease, indicating that when hydrides are present, precipitation
of additional hydrogen occurs without hysteresis. The sample was
then held at 285 �C (between 30 and 4) for 20min. Interestingly,
further hydride precipitation occurred during this latter tempera-
ture hold, as shown by the decrease in the amount of hydrogen in
solid solution. The conclusion of this cycle is that the hysteresis is
due to hydride nucleation, as further discussed below.

Third Cycle (blue triangles): Dissolution after hydride
precipitation.

After a hold time of 20min at 285 �C, the temperature was again
increased to 425 �C at 10 �C/min, to dissolve all the hydrides (step 4
to 4' to 5). It is also interesting to note that despite the temperature
being increased, a slight decrease in hydrogen content in solid so-
lution initially occurred during that experiment e the CSS going
from ~96wt. ppm at point 4 (285 �C) to ~86wt. ppm half way to-
wards point 4’ (306 �C) e thus suggesting that hydrogen continued
to precipitate in the hysteresis region as long as the hydrogen in solid
solution was greater than TSSD. It is only when the temperature
approaches the TSSD curve that hydrogen dissolution is again
observed. The sample was then cooled down to 180 �C at 10 �C/min
(step 6), and air cooled to room temperature.

The drop in CSS observed between 30 and 4 in Fig. 3 can be clearly
discerned in Fig. 4. These results show that hydrogen precipitates
into hydrides even when CSS is lower than TSSP, suggesting that
TSSP is a kinetic parameter, rather than a thermodynamic equilib-
rium solubility.

Between point 4 and 40 the hydrogen content in solid solution
initially decreases with increasing temperature. This is likely
because, as the temperature rises, the hydrogen mobility increases,
and because the sample is still in the hysteresis region, additional



Fig. 4. Temporal evolution of steps 3 through 40 , showing hydride growth between
TSSP and TSSD.
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precipitation can occur. Eventually the sample reaches the TSSD and
the hydrogen in solid solution starts to increase again as the hy-
drides dissolve. This suggests that the offset between this point and
the curve labelled TSSD in Fig. 4 is caused by dissolution kinetics
and that precipitation continues to happen until TSSD is reached.
The TSSD and TSSP curve plotted here are interpolations of the paths
0e1 and 10-2 respectively followed in cycle 1, to allow the com-
parison of the behavior of the hydrogen in solid solution in the path
3e40 to the hydrogen behavior in the previous cycle. Point 3 is
located slightly above the curve followed in continuous heating
(path 0e1, 20-5). While more data would be needed to prove con-
sistency in the behavior and support this statement, it appears that
hydride dissolution is not instantaneous and can be detected from
the decrease in the diffracted hydride intensity as it develops while
the temperature is held at 385�C for 10 minutes.
Fig. 5. Analysis of Courty's experimental data [7], results compared to literature data
for TSSP and TSSD from Zanellato [10].
4. Discussion

The kinetics of hydride precipitation were modeled by Marino
as:

dCP
dt

¼ a2
�
CSS � Ceq

�
(3)

where CP is the hydrogen content in hydride form, Ceq is the
amount of hydrogen in solid solution in the matrix in equilibrium
with the hydrides, CSS the amount of hydrogen in solid solution and
a2 is a kinetics parameter [6].

In previous models ([3,18]) Ceq was taken to be equal to TSSP,
which assumes that TSSP is a thermodynamic solubility limit. The
results shown in Figs. 3 and 4 indicate this is not the case, which
makes those analyses questionable. However the results can be
reconciled with Marino's model [5] if one takes Ceq¼ TSSD in
equation (3).

To verify that hydride precipitation can occur when the
hydrogen concentration in solid solution lies between the two TSS
curves, we have reanalyzed the data from the experiments con-
ducted in Ref. [7]. These experiments were designed tomeasure the
kinetic parameter a2 in equation (2) [5]. In the experiment the
samples used were cold-worked stress-relieved Zircaloy-4 sheet
machined into test coupons of dimensions 1 cm� 4.2 cm and
660 mm thick which were recrystallized at 640 �C for 7min and
then hydrided in the same manner as described in section 2, in this
case to a hydrogen content of 541wt. ppm. The resulting hydrided
sample was heated to a high enough temperature (535 �C) to
dissolve all hydrides and then cooled as fast as possible (about 2 �C/
s) to various target temperatures between 280 and 400 �C, thus
creating a hydrogen supersaturation in solid solution. If it is
assumed that the hydrogen precipitation follows equation (3), the
fitting of the evolution of the hydride diffraction peak during a hold
time at the target temperature for several hours allows the mea-
surement of the a2 kinetic parameter. In the initial analysis,
following Kammenzind [6] it was assumed Ceq¼ TSSP.

These experiments were re-analyzed for the purpose of this
study, but this time by assuming that Ceq¼ TSSD. Fig. 5 shows a
single experiment performed in Ref. [7]. The sample was first
heated to a dissolution temperature (535 �C) at which the d(111)
hydride peak could not be observed, indicating total hydride
dissolution in the sample. The sample was then cooled down to the
target temperature of 380 �C at a rate of approximately 2 �C/s (pt. 1
in Fig. 5). During cooldown, the hydrogen remained in solid solu-
tion until hydrides could nucleate so that precipitation could start
(pt. 2). Throughout the cooling process, the sample followed the
TSSP curve, as expected, until the target temperature of 380 �C was
reached (pt. 3). A slight oscillation between 379 �C and 381 �C can
be observed, which can be due to the error in thermocouple mea-
surement (±2.85 �C), or a delay in control in the temperature
controller. Fig. 6 shows the concentration of hydrogen in solid so-
lution CSS, calculated using equation (2) for similar experiments
conducted at the various target temperatures.

Fig. 6 shows six different runs to the target temperatures indi-
cated in the legend from Ref. [7], for a sample containing 541wt.
ppm. hydrogen. Note that at the fast heating rate used, hydride
dissolution during heating is not in equilibrium, as shown in Fig. 6:
the hydrogen dissolution curve is considerably below the TSSD
curve, indicating that dissolution does not occur instantaneously.
The temperature was then held at 535 �C for 30min to ensure that
the hydrides were fully dissolved, and then lowered to several
target temperatures (288, 316, 332, 360, 380 and 400 �C) at 2 �C/s
and held at the target temperature for 2 h. It is clear that in each
case the CSS falls far below the TSSP showing that hydride precipi-
tation occurs until TSSD. The concentration of hydrogen in solid
solution CSS continues to decrease even when the concentration of
hydrogen in solid solution falls below TSSP indicating hydride pre-
cipitation in the hysteresis region. In fact, as time progresses, the



Fig. 6. The concentration of hydrogen in solid solution during long hold times at the
target temperatures indicated, in a sample containing 541wt. ppm of hydrogen,
compared to literature values of TSSP and TSSD [10].
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CSS becomes closer and closer to TSSD. This shows that hydrides
precipitate continuously throughout the experiment, thus con-
firming that hydrides can precipitate in the region between TSSP
and TSSD if hydride particles are already present in the matrix. This
is in agreement with the data shown in Fig. 4 where hydrogen
continued to precipitate until the TSSD was reached. This further
suggests that TSSD is the equilibrium solubility.

This study indicates that the commonly observed hysteresis in
the Zr/ZrHx system is due to the additional energy needed for hy-
dride nucleation [3,9,10,12]. This study also agrees with previous
observations from Colas, who showed that hydrogen can precipi-
tate while in the hysteresis region if hydrides are already present
(i.e. if hydride nucleation is not needed) [11]. It was observed in this
study that not only do previously nucleated hydrides allow pre-
cipitation between TSSD and TSSP but that a hold at temperature
means that hydride precipitation will continue until the hydrogen
concentration in solid solution reaches TSSD. This result suggests
that hydride nucleation is the principal reason for the apparent
hysteresis observed in the Zr/ZrHx system.

This understanding of the hysteresis may help understand
further the differences in the measurements performed in mate-
rials that are recrystallized, mechanically loaded or irradiated. A
difference in TSSP should be expected if any change in nucleation-
inducing factors is made to the material. Therefore, recrystallized
and irradiated materials may have a change in hysteresis behavior
from a change in the respective densities of hydride nucleation site,
such as grain boundaries. However, hydrogen trapping in grain
boundaries or dislocations [4,13] has been shown to be of impor-
tance as well in the measured value of TSSP and could be a
competing effect to the nucleation site addition with additional
grain boundaries or dislocations, since grain boundaries and dis-
locations can act both as hydrogen traps and as nucleation sites. The
effect of applied stress on the TSSP should be assessed more care-
fully in future studies.

5. Conclusions

Synchrotron X-ray diffraction experiments were performed in
order to observe hydrogen precipitation in the hysteresis region.
These experiments confirmed that hydrogen can precipitate into
zirconium hydrides without any hysteresis if hydrides are already
present in the system at the start of cooldown. The experimental
results obtained in Ref. [7] were re-analyzed and the results
confirmed results showed in Fig. 4 that TSSP is not an equilibrium
solubility limit but, rather, corresponds to the maximum amount of
hydrogen supersaturation that the zirconium matrix can accom-
modate at a given temperature before nucleation of new hydride
particles starts. Once that supersolubility limit is reached, hydrogen
starts precipitating into hydrides and continues to precipitate until
the hydrogen content in solid solution reaches the TSSD, bringing
the system back to its equilibrium state. This result implies that:

� The hydride nucleation barrier is the main reason the precipi-
tation/dissolution hysteresis exists in the Zr/ZrHx system.

� Previous models of hydrogen precipitation need to be revised to
take into account the equilibrium value of hydrogen in solid
solution which in turn will allow for a reliable measurement of
the precipitation kinetics.

This study showed evidence that the effects of dissolution ki-
netics are visible at heating rates used in the experiments per-
formed and presented in this study (10�C/min and 2�C/min).
Evidence was also shown that hydrogen mobility is contributing to
the temperature dependence of the precipitation kinetics, which is
initially stronger than the effect of the driving force.
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