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a b s t r a c t

Differential scanning calorimetry (DSC) has been applied to elucidate the terminal solid solubility (TSS) of
hydrogen in Zircaloy-2 cladding tubes and spacer bands irradiated in commercial BWRs. While recovery
of irradiation defects during the first heating stage of as-irradiated specimens made the DSC peak of
hydride dissolution dull or broader, no significant difference was detected in the TSS between unirradi-
ated and irradiated Zircaloy-2, irrespective of fast neutron fluence. The effect of post-irradiation anneal-
ing on TSS was also examined. The results suggest almost no interaction between irradiation defects and
dissolved hydrogen or hydrides at temperatures around 300 �C. Using the present TSS data and reported
hydrogen- and hydride-related properties, a microscopic analysis code HYMAC for analyzing hydride
behavior in cladding tube with textured grains was constructed. Stress-induced preferential precipitation
and dissolution of hydrides were reproduced by adopting a TSS sub-model in which the solubilities
decrease in proportion to stress normal to the habit plane in grains and to grain faces. Analyzed results
by the code were consistent with typical experimental results of hydride behavior.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Hydride-related embrittlement of fuel cladding and structural
material made of Zr alloys is one of the most important issues lim-
iting light water reactor fuel performance at high burnup; for
example, the outside-in type cracking in high burnup BWR clad-
ding arising at power ramp tests [1]. When considering hydride
behavior in Zr alloys, the terminal solid solubility (TSS) of hydrogen
for hydride dissolution (TSSD) and hydride precipitation (TSSP) is a
prime factor, and for further detailed quantitative analyses, a
mechanistic and microscopic model containing TSS data is needed.
There is only limited TSS data for irradiated Zr alloys, compared to
the data for unirradiated materials. Within the authors’ knowledge,
there are two papers [2,3] regarding TSS measurements for irradi-
ated materials, both carried out by means of differential scanning
calorimetry (DSC). Though these studies recognized the increase
of hydrogen solubility in irradiated Zircaloys, the increments dif-
fered considerably in each. As a mechanism for the increase of sol-
ubility, trapping of dissolved hydrogen by irradiation damage was
suggested. In contrast, assuming the existence of some interactions
between microscopic hydrides and irradiation defects [4], TSSD of
irradiated material would become lower than that of unirradiated
material.
ll rights reserved.

: +81 29 267 9014.
In this work, DSC measurements were made for the purpose of
confirming whether any meaningful changes in TSS data, or signif-
icant trapping effects, are apparent in Zircaloy-2 irradiated in com-
mercial BWRs. Though part of the data has been already reported
as a short communication [5], a full set of the data and detailed dis-
cussion are presented in this paper. Special attention is paid to the
DSC responses, i.e. the competing phenomena of inherent endo-
thermic reaction due to hydride dissolution and exothermic reac-
tion due to recovery of irradiation defects. Moreover, using the
present TSS data and reported hydrogen- and hydride-related
properties, a microscopic model of hydride behavior was con-
structed for the purpose of analyzing hydride-related phenomena
of stress reorientation of hydride, thermal diffusion of hydrogen,
and delayed hydride cracking (DHC). In the model, the concept of
stress-induced decrease of TSS plays an important role.
2. Experimental

2.1. Materials

Irradiated Zircaloy-2 specimens approximately 4 mm square
(30–80 mg) were prepared from cladding tubes and spacer bands,
which had been irradiated during 3 and 5 cycles in commercial
BWRs. The alloy compositions of Zircaloy-2 in wt% were 1.30–
1.37 Sn, 0.16–0.18 Fe, 0.10–0.11 Cr, 0.06–0.07 Ni and 0.11–0.13
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O, with the balance Zr. Oxide films on the outer surface and Zr liner
of the cladding tube were removed in advance before cutting DSC
specimens. Hydrogen concentrations were analyzed after DSC
measurements using the hot vacuum extraction method with an
accuracy of ±3%. Fast neutron fluence (E > 1 MeV) and hydrogen
concentration of the specimens were 7.9–12.9 � 1025 n/m2 and
21–194 ppm for the cladding tubes, and 5.4–8.5 � 1025 n/m2 and
166–373 ppm for the spacer bands (see Table 1). The cladding
specimens were irradiated in a temperature range of 288–340 �C
along the tube wall, and the spacer bands were at a constant tem-
perature of 288 �C. Metallographs of 3 and 5 cycle irradiated spec-
imens are given in Fig. 1, showing typical hydride morphology.
Note that the photos of the cladding specimens (Fig. 1(a) and (b))
were taken before removing the inner Zr liner and outer surface re-
gions, while the photo of the spacer band (Fig. 1(c)) was taken after
removing both two surfaces. In contrast to the fairly uniform distri-
bution of hydide strings seen in the spacer specimen, nonuniform
hydride distribution is distinguished in the cladding specimens,
especially in the Zircaloy-2 region close to Zr liner, which arises
from a lower hydrogen solubility in pure Zr compared to that in
Zircaloy-2 [6,7].

In addition to measurements of the irradiated Zircaloy-2 speci-
mens, data for unirradiated specimens were obtained as a refer-
ence, using archived cladding and spacer band materials. These
were hydrogenated in advance by (1) corrosion reactions in water
vapor at 400–450 �C for 24 h or in LiOH solution at 290–320 �C for
16–24 h, and (2) by a gaseous hydrogenation in a He/2%H2 mixed
gas at 485–515 �C for 5 min. The hydrogenation treatment of hy-
drides was followed by an annealing treatment at 480 �C for 4 h
in vacuum. The obtained hydrogen concentration ranged from 40
to 358 ppm for the cladding specimens and 31–410 ppm for the
spacer specimens. The details of the hydrogenation procedure
were described previously [6].

2.2. Differential scanning calorimetry

The TSSD and TSSP temperatures of the specimens were mea-
sured using the differential scanning calorimetry (DSC) technique.
Details of the DSC instrument (Netzsch DSC-404) used were given
previously [8]. The DSC measurements were carried out in purified
Ar at a flow rate of 20 cm3/min in the same manner as the previous
studies for unirradiated Zircaloy-2 and high Fe Zircaloy [6], and
unalloyed ziroconium [7]. In all the measurements, a sample was
first heated from 50 �C to the planned terminal temperatures, fol-
lowed by cooling down to 120 �C, with a hold-time of 5 min at
Table 1
DSC specimens and TSSD/TSSP temperatures for three runs.

Specimen no. Hydrogen content (ppm) Neutron fluence
-(xlO25 n/m2)

TSSD (�C)

Run 1 Run2

DS01-1 (cladding) 24 8.1 235.8 225.1
DS01-2 (cladding) 21 8.1 256.1 220.9
DS35-12 (cladding) 26 7.9 254.4 248.7
DS35-34 (cladding) 26 7.9 255.6 241.1
DS69-1 (cladding) 194 12.9 398.8 397.4
DS69-2 (cladding) 144 12.9 385.8 370.0
DS69-3 (cladding) 154 12.9 365.3 378.6
DS69-6 (cladding) 140 12.9 356.7 365.3
DS69-7 (cladding) 156 12.9 389.2 371.0
DSS1-1 (spacer) 182 5.4 380.1 385.9
DSS1-3 (spacer) 166 5.4 375.1 382.1
DSS2-1 (spacer) 373 8.5 448.8 453.3
DSS2-2 (spacer) 341 8.5 450.2 454.5
DSS2-3 (spacer) 372 8.5 451.0 457.7

* 1 before 1st run: 360 �C � 3h; before 2nd run: 485 �C � 2h; before 3rd run: 600 �C � 1
the maximum temperature. A heat up and cool down rate of
10 �C min�1 was adopted. This rate was chosen because a fast rate
provides higher DSC sensitivity. For all the unirradiated and irradi-
ated specimens, three measuring runs were performed. The analy-
sis of DSC peaks resulting from hydride dissolution during heat up
and hydride precipitation during cool down followed the proce-
dure previously recorded [6].
3. TSS results and discussion

3.1. DSC response of irradiated Zircaloy-2

Typical examples of the DSC curves together with their time
derivation (DDSC) for as-irradiated specimens containing 26
(DS35-34, cladding) and 182 ppm hydrogen (DSS1-1, spacer), ob-
tained during the heat up and cool down stages of the first and
third runs, are shown in Figs. 2 and 3, respectively. The maximum
terminal temperatures were 310 �C for the former and 540 �C for
the latter. In the cladding specimen, the terminal temperature
was determined as low as possible, to minimize any annealing of
irradiation damage.

In the heat up DSC curve of the low hydrogen concentration
(26 ppm) specimen in Fig. 2, small endothermic peaks are narrowly
detected around 230–250 �C. TSS temperatures have been defined
as the maximum slope in the DSC curve, i.e. the peak observed in
DDSC curves [6,7]. This peak, corresponding to complete hydride
dissolution via endothermic reaction, becomes clearer as measure-
ment runs are repeated. This evolution may arise from a change of
hydride morphology, or hydride agglomeration, as opposed to
annealing of irradiation defects, because the terminal temperature
and holding time were 310 �C and only 5 min. As detailed later,
exothermic reactions resulting from the recovery of irradiation de-
fects occur when temperatures are around 280 �C, just correspond-
ing to the irradiation temperature in BWR. In the cool down DSC
curves, a clear DDSC peak corresponding to the precipitation of hy-
drides was not detected, except for a tiny peak at 164 �C in the
third run curve (Fig. 2(d)). The reason for the steep change of
DSC base line at about 160 �C was caused by small deviations from
the constant cooling rate of 10 �C min�1. Consequently, the reliabil-
ity of TSSP temperature measurements for the low hydrogen spec-
imens seems to be lower than other specimens with higher
hydrogen contents.

For the case of higher hydrogen concentration (182 ppm) spec-
imen in Fig. 3, a broad DDSC peak was observed during the first
TSSP (�C) Terminal temperature (�C) Post-irradiation

Run 3 Run 1 Run 2 Run3 Annealing

228.7 166.8 167.1 165.7 350, 400, 400 As-irradiated
225.1 – – – 310, 310, 310 As-irradiated
247.4 164.9 152.0 153.3 350, 400, 400 As-irradiated
240.9 – – 163.7 310, 310, 310 As-irradiated
399.0 332.6 323.8 320.8 540, 540, 540 As-irradiated
370.9 291.1 289.6 289.4 540, 540, 540 As-irradiated
380.2 299.1 306.5 310.5 450, 450, 450 *1
369.6 281.2 281.2 282.1 450, 450, 450 360 �C � 3 h
369.5 287.9 287.8 287.9 540, 540, 540 As-irradiated
386.4 307.5 305.0 304.9 540, 540, 540 As-irradiated
379.9 298.0 298.3 298.6 450, 450, 450 340 �C � 3 h
452.0 384.1 383.1 383.3 540, 540, 540 As-irradiated
456.5 383.2 382.8 383.8 540, 540, 540 340 �C � 3 h
458.0 389.0 389.1 389.3 540, 540, 540 As-irradiated

h.



Fig. 1. Metallographs of irradiated Zircaloy-2. (a) 3 cycle irradiated cladding (DS35),
(b) 5 cycle irradiated cladding (DS69), (c) 3 cycle irradiated spacer band (DSS1).
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heating stage. In the second and third heating stages, sharper DDSC
peaks corresponding to hydride dissolution are distinguished at
temperatures not so different from that seen in the first run. Look-
ing closely at the DDSC curves, endothermic TSSD peak width
tends to become sharper with repeated measurement runs, espe-
cially from the first to the second run. Moreover, it is noteworthy
that in the heating curve of the first DSC run, some exothermic con-
tribution obviously adds to the original endothermic reaction of
hydride dissolution for temperatures above 300 �C. The effect be-
comes remarkable above 350–360 �C, and appears to override the
original endothermic TSSD peak in the first heating stage. As be-
fore, this irreversible exothermic reaction is caused by the recovery
of irradiation defects. The sharpening of the DSC and DDSC peaks
during the second and third heating stages was brought about by
the heat experience of 540 �C at least once or two times, and al-
most no change in TSSD temperature was observed from the sec-
ond to third runs.

Fig. 4(a) and (b) show the heating and cooling DSC responses for
the post-irradiation annealed specimen of 166 ppm hydrogen con-
centration (DSS1-3) during the first run. The annealing condition
was 340 �C for 3 h. Compared to the corresponding DSC response
of the as-irradiated specimen of 182 ppm in Fig. 3 (DSS1-1), no
exothermic effect was obvious up to the annealing temperature
of 340 �C. Another important point is that there is a clear inflection
point in the DSC curve, i.e. a clear peak in DDSC. This TSSD temper-
ature of 375 �C is reasonably accepted to be somewhat lower than
that (380 �C) for the as-irradiated specimen of 182 ppm. The
annealing treatment of 340 �C for 3 h made the mixed endothermic
and exothermic reactions clear.

Fig. 5(a) and (b) show at what temperature irradiation defects
start to recover for the as-irradiated (DSS1-1) and post-irradiation
annealed (DSS1-3) spacer specimens, respectively. The difference
(DDSC) in heating DSC signal between the third and first runs,
and the third and second runs, is plotted against temperature;
DDSC value was normalized as zero at 150 �C. Since the DSC re-
sponse of the third run can be regarded as most stabilized condi-
tion for irradiation defects among the three runs, DDSC would
correspond conceptually to recovery rate of irradiation defects. It
is obvious that for the as-irradiated specimen the recovery during
the first run starts at the temperature of 280 �C, which corresponds
to the irradiation temperature, and the recovery rate increases rap-
idly with temperature up to 450 �C. In the second heating run, a
slight recovery is apparent above 480 �C even after being subjected
previously to 540 �C. In the case of the post-irradiation annealed
specimen, the recovery starts around 340 �C during the first run,
coinciding with the post-irradiation annealing temperature. No
recovery is detectable during the second run.

Consequently, special attention on the recovery phenomenon of
irradiation damage is needed whenever evaluation of TSSD tem-
peratures is undertaken using thermal analysis, such as DSC, DTA
and TMA.

3.2. TSS of irradiated Zircaloy-2

Table 1 summarizes TSSD and TSSP temperatures for the irradi-
ated specimens, together with hydrogen content, fast neutron flu-
ence, post-irradiation annealing condition and DSC terminal
temperature. The data for unirradiated specimens were not tabled.
Some of the as-irradiated specimens were subjected to post-irradi-
ation annealing treatment at 340–360 �C for 3 h before DSC mea-
surements, in order to examine the influence of damage recovery
on DSC response and TSS temperature.

The TSSD data for the unirradiated specimens were compared
with four published data sets for Zircaloy-2 and Zircaloy-4
(Fig. 6), including our previous data for Zircaloy-2 material with
a different fabrication history [6]. In the figure, three of the four
published data sets plotted were obtained by the DSC technique,
the exception being Kearns’ data [9] which was evaluated by an
equilibrium method. Two of the data sets, by McMinn et al . [2]
and Vizcaino et al. [3], were obtained as reference data for compar-
ison with irradiated specimen data. The present TSSD data for unir-
radiated Zircaloy-2 are reasonably consistent with the 4 published
data sets.

The Arrhenius plots of the solvi of TSSD and TSSP for the irradi-
ated Zircaloy-2 obtained in the first run are shown in Fig. 7. In the
figure, the data of the unirradiated specimens and their regression
line are also given. When comparing the TSSD data of the irradi-
ated specimens with the unirradiated ones, a reasonable coinci-
dence between them is obvious, though some deviation is seen
for the low hydrogen content (21–26 ppm) specimens. This is
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Fig. 2. DSC responses of the first and third runs during heating and cooling stages for the 3 cycle irradiated cladding (DS35-34). (a) and (c) are the heat up responses, (b) and
(d) are the cool down responses.
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Fig. 3. DSC responses of the first and third runs during heating and cooling stages for the 3 cycle irradiated spacer band (DSS1-1). (a) and (c) are the heat up responses, (b) and
(d) are the cool down responses.
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Fig. 4. DSC responses of the first run during (a) heating and (b) cool down stages for
the 3 cycle irradiated spacer band after post-irradiation annealing at 340 �C for 3 h
(DSS1-3).
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Fig. 5. Difference in heatup DSC signal, DDSC, between the third and first runs, and
the third and second runs, for the (a) as-irradiated specimen (DSS1-1), and (b) post-
irradiation annealed specimen (DSS1-3). DDSC was normalized to zero at 150 �C.

Fig. 6. Comparison of TSSD solvus for unirradiated Zircaloys.

Fig. 7. Solvi of TSSD and TSSP for irradiated Zircaloy-2, together with the
corresponding unirradiated Zircaloy-2. The regression lines are derived from the
data of the unirradiated Zircaloy-2.
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mainly attributable to the unstable hydride morphology, as dis-
cussed earlier, because their TSSD temperatures are certainly lower
than the irradiation temperature of 280 �C at which substantial de-
fect recovery starts. In fact, the second and third run temperatures
came close to the regression line of the unirradiated materials. The
TSSD data for the high hydrogen content (140–373 ppm) speci-
mens have almost the same deviation from the regression line as
the unirradiated specimens, and there is no significant difference
between the as-irradiated and post-irradiation annealed speci-
mens. As described in the previous Section 3.1, the recovery pro-
cess starts at the irradiation temperature for the as-irradiated
specimens and at the post-irradiation annealing temperature for
the annealed specimens, and it becomes remarkable above 350–
360 �C. TSSD temperatures for the high hydrogen content speci-
mens appear in this defect recovery temperature range. When
comparing the data of the cladding and spacer band specimens
of 140–182 ppm hydrogen with different fast neutron fluences
(cladding: 12.9 � 1025 n/m2; spacer band: 5.4 � 1025 n/m2), no



Fig. 8. Stress dependence of TSSD used in the model. F is the stress effect
coefficient.

132 K. Une et al. / Journal of Nuclear Materials 389 (2009) 127–136
difference is obvious, indicating no effect of fast neutron fluence on
TSS.

TSSP temperatures derived in the cool down stage were, of
course, obtained after subjecting the specimens to the DSC termi-
nal temperature at least once. With the exception of the less reli-
able low hydrogen content (24 and 26 ppm) specimen data
which resulted from poor DSC responses, TSSP data obtained in
the first run are well expressed by the regression line for the unir-
radiated specimens, similar to the result observed for the TSSD
data. As seen in DSC responses during the cool down stage of Figs.
2 and 3, clear and sharp TSSP peaks were detected, which was
brought about by an annihilation of large amounts of irradiation
defects through subjection of the specimen to 450 �C or 540 �C.
Nevertheless, the TSSP temperatures observed during the first
run for the high hydrogen specimens did not change significantly
even in the second or third runs. For the low hydrogen content
specimens, although the second and third run TSSP data shifted
slightly toward the regression line, relatively large deviations still
remained. However, when considering the combined reliability of
the present DSC measurement and hydrogen analysis using small
specimens of about 30–80 mg, there is no concrete basis to propose
a new TSSP regression line for the irradiated Zircaloy-2. Conse-
quently, best-fit equations for the TSSD and TSSP solvi of irradiated,
as well as unirradiated, Zircaloy-2 are given by Eqs. (1) and (2) for a
hydrogen concentration of 21–373 ppm:

CTSSD ðppmÞ ¼ 1:43� 105 expð�36;686=RTÞ; ð1Þ
CTSSP ðppmÞ ¼ 3:27� 104 expð�25; 042=RTÞ ð2Þ

where R is the gas constant (8.314 J K�1 mol�1) and T the tempera-
ture in K.

This result, that there is no significant difference in both TSSD
and TSSP solvi between irradiated and unirradiated Zircaloy-2,
contrasts that of two other studies [2,3] which reported that the
solubilities in Zircaloys obtained by the same DSC technique as
the present study increase more or less by neutron irradiation.
McMinn et al. [2] obtained TSSD and TSSP solvi of Zircaloy-2 and
Zircaloy-4 with 15–75 ppm hydrogen content, which had been
irradiated at 250–300 �C in a test reactor to fast neutron fluences
of 0.6–10 � 1025 n/m2. The specimen conditions were both as-irra-
diated and hydrided by diffusion annealing at 260 �C after irradia-
tion. Unirradiated specimens were homogenized at 400 �C for 48 h
after hydrogenation treatment. Their TSSD and TSSP were higher
than those for the corresponding unirradiated specimens by about
5–10 ppm for TSSD and 10–20 ppm for TSSP with no dependences
of hydrogen concentration and fast neutron fluence. After anneal-
ing at 500 �C, full recovery of these irradiation effects was ob-
served. From the reported annealing characteristics of irradiation
damage, the possibility of some interaction or trapping of dissolved
hydrogen by irradiation damage, such as <a>-type dislocations,
was suggested. However, the difference in hydride morphology be-
tween the unirradiated and irradiated specimens with different
temperature histories, may affect TSS temperatures, as possibly
seen in the present low hydrogen specimens.

Another TSSD study was carried out by Vizcaino et al. [3], who
used irradiated Zircaloy-4 specimens prepared from pressure tubes
of a HWPR. The irradiation temperature was in a range of 263–
298 �C, and hydrogen concentrations absorbed during reactor
operation were about 150–380 ppm. Significant TSSD increases of
100 ppm and more were detected, and the effects of measuring
run and high temperature annealing on TSSD examined. From
the fact that TSSD temperature difference between the irradiated
and unirradiated specimens did not disappear entirely even after
repeated annealing at high temperatures of 508–611 �C, Vizcaino
et al . suggested that the increases of TSSD were attributable to
strong trapping (of dissolved hydrogen) effects by irradiation
defects of <c>-type dislocations as well as <a>-type dislocations.
However, there may exist two important inconsistencies in the
TSSD results employed. If large amounts of dissolved hydrogen of
more than 100 ppm are trapped by irradiation defects, no hydride
precipitation should be observed in metallographs, SEM or TEM
micrographs for irradiated Zircaloys containing a level of about
100 ppm. Unfortunately, metallographs of the specimens were
not reported. However, hydride precipitates are commonly ob-
served even in low hydrogen content (20–30 ppm) specimens, as
observed in this study and shown in Fig. 1. Another point is that
Vizcaino et al. did not consider the effects of exothermic reactions
caused by the recovery of irradiation defects on the DSC response,
which appear significantly above irradiation temperatures. Indeed,
in their DSC curve for the as-irradiated specimen of 179 ppm
hydrogen content reported in their subsequent paper [10], an exo-
thermic response can be seen from about 270 �C. From this DSC re-
sponse, Vizcaino et al. derived a TSSD temperature of 289 �C.
However, almost constant TSSD temperatures of 250–300 �C, irre-
spective of hydrogen concentrations of 150–380 ppm (Fig. 8 in Ref.
[3]) and which corresponds to the irradiation temperatures used
by Vizcaino et al., may result from the complicated DSC response
in irradiated materials.
4. Microscopic modeling of hydride behavior

4.1. Model description

An analysis code HYMAC (Hydride Microscopic Analysis Code)
for the purpose of analyzing hydrogen and hydride behavior in
the cladding tube was constructed, using the present TSS data
and reported hydrogen- and hydride-related properties. The code
consists of two programs of making zirconium grain structure with
texture, and analyzing hydrogen diffusion and hydride behavior of
precipitation and dissolution.

4.1.1. Hydrogen diffusion model
In this model, hydrogen diffusion driven by gradients of hydro-

gen concentration, temperature and stress as expressed by Eq. (3)
was analyzed in two dimensional space of circumferential and
radial directions of the cladding tube.

JH ¼ �
DH

XZr
� rCH �

CH

R � T � VH
� � rrh þ

CH

R � T2 � Q H
� � rT

� �
; ð3Þ



Fig. 9. Calculated TSSD distribution in the cladding with a radial crack under
isothermal conditions (300 �C) and circumferential stress of 300 MPa.
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where JH is the hydrogen flux, CH the hydrogen concentration
in solution, DH the diffusion coefficient of hydrogen, XZr the
atomic volume of zirconium, VH

* the volume of transport of hydro-
gen, QH

* the heat of transport of hydrogen, rh the hydrostatic stress,
and R and T are the gas constant (8.314 J K�1 mol�1) and tempera-
ture in K.

The diffusional space was sub-divided into square meshes, and
is overlaid by Zr grains of hexagonal structure with texture (c-axis
direction). Each square of the mesh is classified into grain or grain
boundary mesh, and texture data analyzed by X-ray diffractometry
are assigned for each grain mesh. Consequently, each grain mesh
has its own c-axis direction. In this space, hydrogen diffusion, hy-
dride precipitation/growth and dissolution, and delayed hydride
cracking kinetics are analyzed by the difference method.

4.1.2. TSS model and local stress analysis
Stress-induced preferential precipitation and growth of hy-

drides at local sites may be explained by local hydrogen solubility,
depending on local stress. That is, hydrides begin to precipitate
preferentially at local sites of grains and grain boundaries where
the stresses normal to the habit plane ((0001) basal plane of Zr
grain) or normal to the grain faces are larger than other sites. This
concept, that the solubilities decrease with tensile stress, comes
from previous electron backscattering diffraction pattern (EBSP)
examinations [11,12], focusing on crystallographic orientation of
the Zr grain and hydride. Importantly, it was determined that the
habit plane did not change with tensile stress, and that the local
sites for hydride precipitation change preferentially under tensile
stress.

In this model, the stress dependence of TSSD and TSSP adopted
is described by Eq. (4):

TSSD or TSSP ¼ TSSDO or TSSPO � exp �DWadditional þ r � F
R � T

� �
ð4Þ

DWadditional ¼ ða� f 1
random þ bG � f 2

random þ bB � f 3
randomÞ � F;

where TSSDO, and TSSPO are the terminal solid solubilities at stress
free condition, r is the principal stress (boundary tensile stress or
crack hydrostatic stress), F is the stress effect coefficient, DWadditional

is the statistical additional stress factor, and a, bG and bB represent
the fluctuation coefficient of each mesh (1 MPa fixed), the grain
mesh coefficient and the grain boundary mesh coefficient, respec-
tively. frandom is the random function. Fig. 8 shows the stress depen-
dence of TSSD in the model with F = 1, 2 and 3, together with
experimental data by Kammenzind et al. [13].

In the biaxial stress condition of rl = 1/2rt (rl and rt are the ax-
ial and circumferential stress), the stress normal to the habit plane
in the radial-circumferential plane of the cladding tube is ex-
pressed by:

rnð/;aÞ ¼ sin2/ � ð1:0� 0:5� sin2aÞ � rt; ð5Þ

where U is the angle between the c-axis and cladding radial direc-
tion in the radial-circumferential plane, and a is the angle between
the c-axis and cladding circumferential direction in the axial-cir-
cumferential plane. Consequently, at the situation of U = 90� and
a = 0�, rn becomes maximum. These two angles are given to each
mesh from the texture data obtained by X-ray diffractometry.

The grain face stress normal to grain boundaries may be given
by an expression similar to that of Eq. (5), if the (0001) basal plane
is replaced with a local grain face of an equivalent grain sphere. In
this situation, the segment between grain center and grain face
corresponds hypothetically to the c-axis of Zr single crystal, and
U and a are the corresponding angles of the segment. Considering
the geometrical configurations of any grain faces (or grain lines)
sectioned by the observation plane, the value of a would depend
on grain size, as expressed by:
aðGobserved < GaverageÞ ¼ 90� 90�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gobserved

Gaverage

s

aðGobserved P GaverageÞ ¼ 0;

ð6Þ

where Gobserved and Gaverage are the observed and average grain sizes
in the observation plane.

The model can be used to analyze the kinetics of delayed hy-
dride cracking (DHC), in which hydride at the tip of radial crack
can only grow straight. The crack propagation rate is assumed to
be equal to the hydride growth rate, and not controlled by any frac-
ture characteristics of hydrides. The model adopts an analytical
solution for hydrostatic stress distribution [14] resulting from
crack propagation, taking the stress in the plastic strain region
adjacent to the crack tip to be approximated by ry � F, where ry

is the yield stress of material and F ranges between 2 and 3. This
stress concentration decreases rapidly with distance from the crack
tip. Principal or effective stress working on each mesh, which di-
rectly determines the hydrogen solubilities, is defined by either
the boundary normal stress or the crack hydrostatic stress,
depending on which is of larger value; near the crack tip hydro-
static stress is the principle stress, while elsewhere the boundary
normal stress is the principal stress.

Finally, TSSD and TSSP in each mesh can be calculated by Eq. (4).
Fig. 9 shows an example of TSSD distribution in each mesh when a
circumferential stress of 300 MPa is applied to Zircaloy-2 tubing
with a Zr liner at a uniform temperature of 300 �C. The lower TSSD
in the Zr liner is due to the fact that pure Zr has a lower TSSD than
Zircaloy-2 [7]. Near the DHC crack tip, TSSD drops steeply as a re-
sult of the very large hydrostatic stress. Naturally each grain
boundary mesh has different TSSD values, and grain meshes
belonging to one grain with the same c-axis orientation have
slightly different TSSD values because of the effect of the addition
stress factor, DWadditional of Eq. (4). This TSSD distribution controls
hydride growth and shrinkage, while a similar distribution of TSSP
controls hydride precipitation.

4.1.3. Hydride precipitation, growth and shrinkage model
Supersaturated hydrogen in solution beyond TSSP starts to pre-

cipitate into nuclei of hydride. Within the model, only one hydride
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nucleus is allowed to precipitate in each mesh, and the probability
of hydride precipitation, Q, in a given mesh of hydrogen concentra-
tion C may be expressed by:

Q ¼ ftime � Rloc �
MaxðC � TSSPÞt
ðCave � TSSPminÞini

� �f 1

� Q0 ð7Þ

Q 0 ¼
ðC � TSSPÞt

MaxðC � TSSPÞt

� �f 2

;

where ftime is a time control factor, Rloc is a mesh region control fac-
tor, Max(C�TSSP)t is the maximum supersaturation of the system at
a given time, (Cave�TSSPmin)ini is the maximum supersaturation of
the system initially, (C�TSSP)t is the supersaturation of every mesh
at a given time, and f1 and f2 are supersaturation distribution
coefficients.

This type of formulation is aimed at reproducing a precipitation
probability according to local TSSP distribution and random disper-
sion of hydrides in the system. When hydride precipitation starts,
Q decreases exponentially because the value of Max(C�TSSP)t de-
creases with time. Number densities of hydride nuclei and their
distribution are tuned deliberately by ftime and Rarea by comparing
with experimental results. Superiority of precipitation sites in
grains or grain boundaries is controlled by local TSSP in each mesh
through a balance of bG and bB in Eq. (4).

The flow diagram of the hydriding process is given in Fig. 10,
including hydrogen diffusion, hydride precipitation, and hydride
growth and shrinkage. In the mesh where hydride precipitation
arises, the hydrogen concentration close to hydride becomes TSSD
instantaneously, and the average hydrogen concentration becomes
lower than those of the surrounding meshes. Sufficient hydrogen
diffusion starts to occur along the gradient of hydrogen concentra-
tion toward the hydrided mesh and thus the precipitated hydride
can grow further. As the hydride level in a mesh reaches a satura-
tion level (hydride-saturated mesh), the hydride extends to adja-
cent meshes, according to the following rules:

� Hydrides cannot have branch, i.e. hydride string can only grow
at the front edges.

� Hydride precipitated in grains can grow and develop along the
habit plane. When a growing hydride reaches the grain bound-
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Fig. 10. Flow diagram of the hydriding process in the model.
aries, a new hydride not belonging to the parent hydride is rec-
ognized at the boundaries.

� Hydride precipitated at the grain boundaries can grow along the
boundaries or can develop to neighboring grain meshes,
depending on the local TSSD of the surrounding meshes.

When the hydrogen concentration in a mesh becomes lower
than TSSD, the hydride will shrink only at the front edges of hy-
drides. If this occurs in a hydride-saturated mesh, it becomes an
unsaturated hydrided mesh, with the hydride continuing to shrink
until it finally disappears.

4.2. Model application

Thermo-chemical and thermo-physical properties related to
hydrogen and hydride, and mechanical properties of Zircaloy-2
used in model applications are listed in Table 2. All the analyses
presented here were carried out in a system of 100 � 100 mesh,
and the saturation level of hydrided mesh was 0.1.

4.2.1. Precipitation and growth rates of hydride
The precipitation probability of hydrides was adjusted by tun-

ing ftime and Rarea of Eq. (7), and the number density and morphol-
ogy of hydrides were compared with the metallographs of hydrides
obtained in the previous DSC examination for unirradiated Zirca-
loy-2 sheet [6]. The combined rates of precipitation and growth
from a condition of hydrogen supersaturated were also calculated.
The calculation conditions are as follows: initial hydrogen concen-
tration, 1.8 at.% (204 ppm); solution temperature, 350 �C; cooling
rate, 0.167 �C/s.

Fig. 11(a) shows calculated transients of average concentrations
of dissolved hydrogen and hydride in the system when the temper-
ature is decreased from 350 to 250 �C without any external stress.
A comparison between calculated and observed hydride morphol-
ogy with the same magnification is given in Fig. 11(b) and (c). Sim-
ulated grain size is about 15� larger than that of the real grain size
of about 3–4 lm, largely because of the limited mesh number used.
Number density of hydrides is about 300–350 n/mm2 for both the
experimental and calculated results. In the calculated hydride mor-
phology of Fig. 11(b), many hydrides are grown within grains with
circumferential orientation, similar to the observed situation. This
originates from the texture of Zircaloy-2; the direction of in-grain
hydrides is parallel to the basal plane of (0001). Around 340 �C,
hydrides start to precipitate, and grow rapidly in a short time.
Average rate of hydride precipitation and growth in this initial
stage is 0.008 at.%/s (0.9 ppm/s), which is in good accordance with
the result obtained by the previous DSC measurement using Zirca-
loy-2 with 1.8 at.% hydrogen [6]. The hydride precipitation DSC re-
sponse obtained during the cooling stage exhibited a sharp
transient in a lapse of about 90 s, corresponding to average precip-
itation rates of 0.006–0.009 at.%/s (0.7–1.0 ppm/s).
Table 2
Parameters used in the model.

Parameter Numerical value References

TSSD (Zircaloy-2) 1.43 � l05exp(�36,686/RT) ppm Present study
TSSP (Zircaloy-2) 3.27 � 104exp(�25,042/RT) ppm Present study
TSSD (Zr) 1.41 � 105exp(�38,104/RT) ppm [7]
TSSP (Zr) 3.39 � 104exp(�27,291/RT) ppm [7]
XZr 2.3 � 10�29 m3/atom [14]
DH 2.17 � 10�7exp(�35,100/RT) m2/s [21]
QH

* 25,100 J/mol [22]
VH

* 7.0 � 10�7 m3/mol [23]
ry (irradiated) 888–0.668 � T(K) MPa [24]
ry (unirradiated) 1,102–0.913 � T(K) MPa [24]
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Fig. 11. Hydride precipitation transients (a) and hydride morphology (b) calculated
under the condition of Zircaloy-2 with 1.8 at.% hydrogen from solution temperature
of 350 to 250 �C (red line = hydride; yellow line = grain boundary); metallograph of
Zircaloy-2 cooled under the corresponding condition (c) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 12. Calculated stress reorientation of hydrides and hydride morphplogies when
Zircaloy-2 cladding with 2 at.% hydrogen was cooled from 400 to 300 �C at a rate of
0.67 �C/s.

Fig. 13. Comparison of calculated DHC propagation rates with experimental data
using Zircaloy-2 and Zr-2.5%Nb alloy.
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4.2.2. Stress reorientation of hydride
There are many published reports regarding stress reorientation

of hydrides in Zr alloys under various test conditions. Generally, it
is a phenomenon recognized as being important at stresses above
50–100 MPa [15–17]. Stress reorientation of hydrides was simu-
lated by cooling Zircaloy-2 with 2 at.% (223 ppm) hydrogen in solu-
tion from 400 to 300 �C at a rate of 0.67 �C/s, and then maintaining
300 �C. When tensile stress is applied in the circumferential direc-
tion of the cladding tube, precipitation and growth sites of hy-
drides are expected to change to preferable grains with basal
plane inclined to tensile direction and to preferable grain bound-
aries facing tensile direction.

The results of this simulation are shown in Fig. 12, together
with the hydride morphologies at rt = 0 and 300 MPa. The Fn value
is defined by the fraction of hydrides within ±45� of the radial
direction. It increases even at low stress of 50 MPa, and shows a
clear stress dependence, which is roughly consistent with experi-
mental data [16,17]. As predicted, at rt = 300 MPa hydrides precip-
itate and grow preferentially in circumferentially textured grains
and grain boundaries facing the tensile direction.

4.2.3. DHC kinetics
The propagation rate of delayed hydride cracking (DHC) in Zir-

caloy-2 tube, 0.71 mm thick with Zr liner of 0.09 mm, was ana-
lyzed under isothermal conditions. Initial crack length and
hydrogen content were assumed to be 0.13 mm and 2 at.%
(223 ppm), and tensile stress was 200 MPa. The above conditions
follow the experimental conditions of Sakamoto and Nakatsuka
[18].

Fig. 13 shows a comparison of the calculated DHC rates with
those of Sakamoto and Nakatsuka [18] for Zircaloy-2, together
with literature data for Zr-2.5%Nb alloy [19,20]. Two calculations
were made using Eq. (4), with stress effect coefficients of F = 2
and 3. A crack initiated from the outer surface of the tube propa-
gated almost linearly with time, and the average calculated DHC
rates in the temperature range of 200–275 �C were half that of
Sakamoto and Nakatsuka. On the other hand, the activation en-
ergy of the calculated DHC rates is 38 kJ/mol, in good accordance
with the value (36 kJ/mol) of the experiments. Of properties used
in the model that affect the DHC rate, two have temperature
dependences - the diffusion coefficient of hydrogen (activation en-
ergy: 35 kJ/mol) and the yield stress of Zircaloy-2. In order to re-
solve the difference between the experimental and calculated DHC
rates, more sophisticated fracture mechanics model may be
needed.
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Fig. 14. Calculated hydrogen distributions in the Zircaloy-2 cladding with Zr liner
before and after preconditioning at 200 W/cm for 15 h, and after ramp test at
428 W/cm for 1 h.
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4.2.4. Thermal diffusion of hydrogen in power ramp condition
Outside-in type cracking in high burnup BWR fuels arising in

power ramp tests is attributed to hydride embrittlement in the
outermost region of the cladding [1]. One possible explanation is
that, during power transients, hydrogen that had accumulated in
the region of the Zr liner diffused toward tube’s cooler outside re-
gion, resulting in radial hydride growth under the stress orienta-
tion mechanism.

To simulate an actual power ramp test [1], a model calculation
was conducted using the following conditions: BWR fuel rod of
8 � 8 size (0.86 mm cladding thickness, 0.09 mm Zr liner thick-
ness); initial average hydrogen content of 3 at.% (335 ppm); a pre-
conditioning power level of 200 W/cm for 15 h; terminal power at
ramp test of 428 W/cm; circumferential stress at ramp test of
300 MPa. Unfortunately, since the present model cannot reproduce
exactly an initial distribution of hydride in the cladding, a similar
distribution was made by trial and error. Calculated hydrogen dis-
tributions in the cladding before and after the preconditioning and
after the ramp test of 1.0 h are shown in Fig. 14. In the initial con-
dition, hydrogen of about 10 at.% is heterogeneously accumulated
in Zr liner region. After the preconditioning of 200 W/cm for
15 h, more than the half of the accumulated hydrogen is thermally
diffused toward the outer region of the cladding, and at the ramp
condition of 428 W/cm the remaining hydrogen in Zr liner disap-
pears during 1 h. The calculated hydrogen distribution after the
power ramp is roughly consistent with the reported result [1].
Newly formed radial hydrides in the outside region driven by ther-
mal diffusion are assumed to be linked with crack initiation and
propagation.

5. Conclusions

The terminal solid solubility of hydrogen during the dissolution
of hydrides (TSSD) at heat up and during the precipitation of
hydrogen at cool down were measured for Zircaloy-2 cladding
tubes and spacer bands irradiated in commercial BWRs, using
DSC technique. Fast neutron fluence (E > 1 MeV) and hydrogen
concentration of the specimens were 5.4–12.9 � 1025 n/m2 and
21–373 ppm. The data of archived unirradiated specimens were
also obtained for a comparison. In the DSC response of as-irradi-
ated specimens during the first heating stage, exothermic reactions
resulting from the recovery of irradiation defects added to the
original endothermic reactions of hydride dissolution above irradi-
ation temperature of 288 �C. In the case of the post-irradiation an-
nealed specimens, the recovery became remarkable above the
annealing temperatures. While this competing reaction made the
DSC peak of hydride dissolution dull or broader, no significant dif-
ference was detected in the TSS between unirradiated and irradi-
ated Zircaloy-2, irrespective of neutron fluence. The results
suggest almost no interaction between irradiation defects and dis-
solved hydrogen or hydrides at temperatures around 300 �C. Final-
ly, best-fit equations for the TSSD and TSSP solvi of irradiated, as
well as unirradiated Zircaloy-2 were given by

CTSSD ðppmÞ ¼ 1:43� 105 expð�36;686=RTÞ;
CTSSP ðppmÞ ¼ 3:27� 104 expð�25;042=RTÞ;

where R is the gas constant (8.314 JK�1 mol�1) and T is the temper-
ature in K.

Using the present TSS data and reported hydrogen- and hy-
dride-related properties, a microscopic analysis code HYMAC for
analyzing hydrogen and hydride behavior was constructed; the lat-
ter has a two dimensional diffusion space of circumferential and
radial directions of cladding tube with textured grains. Stress-in-
duced preferential precipitation and dissolution of hydrides were
reproduced by adopting a TSS sub-model in which the solubilities
decrease in proportion to stress normal to the habit plane in grains
and to grain faces. Analyzed results by the model were consistent
with typical experimental results of hydride-related behavior, such
as stress reorientation of hydride, thermal diffusion of hydrogen,
and delayed hydride cracking (DHC).
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