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a b s t r a c t
Three-point bending tests provide the ability to measure the propagation of axially oriented cracks in
thin-walled fuel cladding in a radial outside-in direction. Via three-point bending, unirradiated Zircaloy2 cladding containing 155 and 305 wppm hydrogen was mechanically loaded at different temperatures,
suﬃcient to initiate delayed hydride cracking (DHC) whereupon the unloading rate was fast enough to
arrest further propagation. The crack front dimensions were measured through fractography and implemented with the ﬁnal load into a ﬁnite element model (FEM). Given the average crack length and ﬁnal
load, the FEM was able to back-calculate the stress intensity factor. Over a temperature range of 210–
√
330 °C, around 6 MPa m was calculated as the minimum threshold stress intensity factor for DHC. The
trend shows that the ideal temperature for DHC with lowest threshold stress intensity factors may depend on the hydrogen concentration, and that the threshold stress intensity factors quickly increase with
higher test temperatures. It has also been shown that creep affects the threshold stress intensity factor for optimal DHC less for lower hydrogen concentrations than for higher hydrogen concentrations. At
low hydrogen concentration, the temperature of terminal solid solubility for precipitation (TSSP) is low
enough so that creep-induced crack tip rounding plays a less signiﬁcant role compared to the hydrogen
kinetics.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Zirconium alloys are used for nuclear fuel cladding material in
light and heavy water reactors because of their high corrosion resistance, suﬃcient mechanical properties, and an economical neutron absorption cross-section [1]. However, inevitable corrosion occurs during its in-reactor lifetime, resulting in hydrogen uptake.
Hydrogen concentrations above the solubility limit leads to the
precipitation of brittle hydrides. The detrimental effect of hydrogen and hydrides in zirconium alloys need to be understood, especially for post-service situations like during transportation, dry
storage and repackaging. The effects of hydrogen and hydrides in
zirconium alloys have been broadly studied, including the embrittlement of the cladding and delayed hydride cracking (DHC) [2–
7]. This study focuses on DHC in Zircaloy-2 where the novelty lies
within the approach to fuel cladding testing in a realistic cracking and loading direction, with continuous load reduction steps,
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and respective ﬁnite element modeling to determine the threshold
stress intensity factor for DHC, KIH .
1.1. Delayed hydride cracking
In the most common model describing DHC, hydrogen diffuses
towards an elevated tensile stress concentration where it precipitates after exceeding the local solvus limit [8]. As the hydride precipitate reaches a critical size, it fractures under the local tensile
stress [9,10]. Given that the tensile stress and suﬃcient hydrogen
in solution remains, the crack can propagate in repeated steps by
the same mechanism.
Many of the earliest studies have reported DHC experiments
using sheet or CANDU pressure tube material to conduct single
edge notch tension (SENT) tests [9–16]. In these studies, various
parameters are explored including sample geometry, crack velocity, hydrogen concentration dependency, and threshold temperatures. Recently, neutron radiography experiments provided insight
on the hydrogen concentration around a loaded notch [17] and the
crack tip [18]. Multi-physics models have calculated hydride volume fractions around the crack tip [19]. Possibly more important
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than all other parameters, which is required for the onset of DHC,
is the threshold stress intensity factor, KIH . Studies have shown the
effect of irradiation damage and temperature dependence on KIH
[20,21]. According to the previous references, irradiation damage
only slightly decreases the KIH and slightly increases the threshold temperature of DHC, however with large scatter in the reported test results. Additionally, it has been shown that the effect
of creep on crack tip blunting is the primary factor for the higher
threshold limits at higher temperatures. As the crack tip blunts
with creep at elevated temperatures, the stress concentration will
be reduced and therefore reduces the effective stress intensity KI .
Because of the creep-induced blunting, the KIH could be misinterpreted when considering the crack length without blunting. The
effective KI might actually be higher when considering blunting of
the crack tip and the effective crack length [22]. The kinetics of
hydrogen precipitation should also be considered when determining the threshold temperature. As the temperature exceeds that of
the terminal solid solubility for precipitation (TSSP) for the integral
hydrogen concentration, the driving force or total diffusion maybe
greater to achieve a local concentration high enough to cause precipitation.
Previous studies on DHC have deﬁciencies and signiﬁcant assumptions in testing methods and conditions of which have been
suggested by IAEA as future test improvements [23]. Shortcomings of the reported experiments include using standards for nonstandard specimens and crack front shapes [23,24]. Such nonstandard tests include pin loading tension (PLT) setup, where the
crack propagates in an axial direction and the more realistic radial crack direction is not explored [21,23]. It has been reported
that preferred crack propagation is axially oriented in the radial direction of a tube as in ramp, burst, and ring-compression
tests performed to examine different scenarios which could include reactivity-induced accident (RIA) and loss-of-coolant accident (LOCA) conditions [25,26]. In such scenarios, the crack propagates in a radial outside-in direction through the cladding as the
internal pressure creates a tensile stress on the outer diameter of
the tube. Furthermore, some literature has reported values which
are based on experiments with step-wise or discontinuous unloading to arrive upon ﬁnal loading [21]. Such loading conditions leads
to an increased uncertainty in the ﬁnal load prior to crack arrest.
Lastly, the geometric effects of thin walled fuel cladding on DHC
are not captured within the larger pressure tube tests.
In this study, 3-point bending tests were conducted on unirradiated Zircaloy-2 cladding tubes inducing a radial crack from the
outside-in direction and oriented in the axial direction. The testing
method captures the most susceptible orientation and direction of
tube fracture. The advantage of the 3-point bending test is its reproducibility owing to the high stress localization and a consistent
notch for the test samples. These together ensure a rather straight
crack in radial direction. FEM is implemented to uniquely model
each sample and respective crack front to back-calculate KIH values. The primary goals of this study are to explore the effect of
temperature and hydrogen concentration on the KIH . Particular interest is put on the exploration of a minimum KIH within a range
of temperatures where the kinetics of diffusion and precipitation
may be optimized for DHC.

2.2. Sample preparation
Prior to DHC testing the tubes were charged with hydrogen
using a Sievert’s type apparatus, where the sample was held under high vacuum at 400 °C before ingression of high purity hydrogen. A more detailed process of the hydrogen charging process can be found in the references [2,27]. After hydrogen charging,
the samples underwent an annealing process and were quenched
to achieve a hydrogen distribution as homogeneous as possible.
All temperatures experienced by the material in sample preparation and testing were well below the temperature of ﬁnal heattreatment during fabrication and therefore should not have affected the material mechanically or crystallographically. The hydrogen content was measured with Hot Vacuum Extraction (HVE) using a LECO device of which can be found in Table 2.
After hydrogen charging and homogenization, a notch was cut
in the axial direction of the 30 mm tube using a uniquely designed
broaching tool with a standard steel razor blade attachment. The
resulting notches were between 50 and 80 μm deep and with a
root radius of approximately 30 μm. The tube material was sectioned into 4.0 mm rings that were subsequently cut in half resulting in the ﬁnal arc-shaped specimen. Thus, the ﬁnal dimensions of
the specimen resulted in a 4.0 mm thickness, B, and width, W, respective of the cladding wall thickness (0.43 mm). The specimen
thickness, B, dimension is deﬁned according to ASTM nomenclature, and should not be confused with the cladding wall thickness.
In the context of fuel cladding, the cladding wall thickness refers
to the specimen width, W, in a 3-point bending test [28]. Additionally, a, is used a standard nomenclature for the crack length in
a specimen of width, W.
2.3. DHC testing
The arc-shaped specimens were placed into the 3-point bending setup as seen in Fig. 1. First, fatigue pre-cracking was performed at room temperature with a load amplitude from 10 –
100 N. The pre-cracking ended as the extensometer displacement
limit was reached, indicating a given pre-crack depth, as described
by Colldeweih et al. [18]. In this reference, details on the crack
tip plastic zone after fatigue pre-cracking can be found, indicating
minimal effect on DHC propagation.
Subsequent to fatigue pre-cracking the samples were heated
above the respective temperature of terminal solid solubility for
dissolution (TSSD) for one hour to ensure dissolution of all hydrides [29–31]. The samples were then cooled at a rate of
0.5 °C/min until the deﬁned test temperature. The mechanical loading was applied 20 min after the test temperature was
achieved. A temperature and load process overview can be found
in Fig. 2.
Once the initial deﬁned load was achieved, the time and extensometer displacement were tared, and subsequent loading was
iteratively redeﬁned based on the current extensometer displacement (see Eq. (1)). At the beginning of the thermomechanical loading, the iteration rate was fast (every 7 s from T = 0 – 90,0 0 0 s)
and then reduced (every 15 and then 80 s, after 90,0 0 0 and
180,0 0 0 s, respectively) as the crack propagation slowed in order
to preserve computer capacity. In other words, the sample was
loaded with a constant loading scheme, where the ‘constant-load’
was redeﬁned based on extensometer displacement. With this process the sample was effectively unloaded in a continuous manner.
The following equation describes the loading deﬁnition:

2. Experimental
2.1. Materials
The materials used in this study consisted of recrystallized
Zircaloy-2 (LK3, Westinghouse) cladding tubes. The tube sections
have an outer and inner diameter of 9.62 × 8.76 mm. The alloy
composition can be found in Table 1 and is according to nuclear
fuel cladding standard (ASTM B-811).

ln = lo − b × d

(1)

where ln , is the newly calculated load, lo, is the initial load, b, is
the reduction rate with units (N/mm), and d, is the extensometer displacement with units (mm). The initial values for lo was 50,
2
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Table 1
ASTM speciﬁcations (weight%) of the Zircaloy-2 material used in this study.
Alloy Name

Sn

Fe

Cr

Ni

O

Si

Zr

LK3

1.20–1.70

0.07–0.20

0.05–0.15

0.03–0.08

0.10–0.14

max. 0.009

bal.

Fig. 1. The 3-point bending test setup, displaying pulling rods, extensometer, and the open heating element (left). An enlarged image of the 3-point bending ﬁxture displaying
the ﬁxed rollers and specimen in between (right).

Table 2
Hydrogen concentrations of the material used for DHC specimens.
Set #

Average Hydrogen Content(wppm H)

Standard Deviation(wppm H)

1
2

155
305

15
30

uration of displacement is deﬁned as DHC crack arrest. A temperature dependent rate trend is most apparent when the slopes of
the curves are compared. At lower temperatures the extensometer displacement rate represents a slower crack growth and is also
seen in the longer time required to reach the maximum displacement. As the test temperatures increase (until 270 °C), there is an
increase in primary displacement rate, which can also be seen in
the decreased time required to reach near-maximum displacement.
Additionally, as the primary displacement rate increases with temperature, the incubation period prior to the primary growth of the
crack becomes shorter and the transition between the two becomes more noticeable due to the difference in slope. Fig. 4 shows
the respective load reduction for the samples in Fig. 3.
As in the 155 wppm H sample set, the 305 wppm H sample
set showed similar trends in incubation time and total time of primary crack growth. Fig. 5, shows explicitly that the extensometer
displacement rates increase, while the incubation time decreases,
as test temperatures increase from 210 to 290 °C. However, after
290 °C the displacement curves appear to skip any incubation period and reach the respective KIH much sooner. Above 290ׄ °C, a
creep effect can be expected. It should be noted that the highest test temperatures had less aggressive unloading rates in order to initiate, and suﬃciently propagate DHC. Preliminary tests
had shown 0.3 N/μm was too large and 0.18 N/μm (as shown in
Fig. 5 with ∗ ) was required. The rates were chosen based on testing
experience in order to suﬃciently propagate and arrest the DHC
crack (Fig. 6).

while b was either 180 or 300, leading to a 0.18 or 0.3 N/μm load
reduction rate. The unloading rate values ensure that the force resulted in a reduced stress intensity factor. In this way, the load
would converge to a ﬁnal load leading to the respective KIH . After DHC testing, the samples were water quenched and completely
fractured.
3. Experimental results
3.1. DHC testing results
In Fig. 3, the extensometer displacement is shown over the
time. The displacement change can be interpreted as an indicator for the increasing sample compliance, i.e. a reduction of the
load bearing cross section of the sample, and thus crack propagation. Each of the 155 wppm H samples present a small incubation period in the ﬁrst thousands of seconds prior to primary
deformation with its signiﬁcantly increased displacement rate. After some time the displacement reaches saturation where DHC can
no longer occur due to insuﬃcient loading. In this work the satTable 3
Test temperature range for the give set of samples.
Set # (average wppm H)

Test Dissolution Temperature (°C)

Test Temperature Range (°C)

1(155)
2 (305)

370
480

210–290
210–330
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Fig. 2. Temperature and load curves of DHC testing segment with respect to time.

Fig. 3. Selected experimental data of 155 wppm H set showing the trends of extensometer displacement (indicator for crack propagation) as a function of time. A nested
zoom of the ROI showing the ﬁrst 60 0 0 s. The unloading rate for the set was 0.3 N/μm. Note: entire test length is not shown for scaling purposes of DHC growth.

Fig. 4. Selected experimental data of the 155 wppm H set showing the trend of the sample load reduction versus time. A nested zoom of the ROI showing the ﬁrst 60 0 0 s.
The unloading rate for the set was 0.3 N/μm. Note: entire test length is not shown for scaling purposes of DHC growth.
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Fig. 5. Selected experimental data of 305 wppm H set showing the trends of extensometer displacement (indicator for crack propagation) as a function of time. A nested
zoom of the ROI showing the ﬁrst 60 0 0 s. The unloading rate for the set was 0.3 N/μm. Exceptional loading (0.18 N/μm) is indicated with a∗ .
Note: entire test length is not shown for scaling purposes of DHC growth.

Fig. 6. Selected experimental data of the 305 wppm H set showing the trend of the sample load reduction versus time. A nested zoom of the ROI showing the ﬁrst 60 0 0 s.
The unloading rate for the set was 0.3 N/μm. Exceptional loading (0.18 N/μm) is indicated with a∗ .
Note: entire test length is not shown for scaling purposes of DHC growth.

3.2. Fractography

lier crack arrest implies that the inherent KIH is different, thus
achieved earlier in the test. The shallower crack depth can also be
inferred from the total displacement of the extensometer, which is
assumed representative of the total crack propagation.

In Figs. 7 and 8, the evolution of the crack front according to
the test procedure steps can be observed for both concentration
sets. Starting from the notched region, the crack propagates ﬁrst
via fatigue pre-cracking and then transitions to the DHC zone. The
color of the fatigue zones is very similar between each of the samples, respective of the hydrogen concentration, because of the oxidation during the heat-up phase for the given set (370 °C for the
155 wppm H set, and 480 °C for the 305 wppm H set). The DHC
zone in each sample is tinted differently because of the zirconium
hydride being oxidized at different temperatures, i.e. at the given
test temperature when it is ﬁrst exposed to the surrounding air
environment.
The primary focus of fractography was to measure the average
depth of the crack front through nine equidistant points along the
front [28]. The resulting measurements can be seen in Fig. 9. The
dimensions are then directly implemented with ﬁnal loads (Fig. 10)
into a FEM model where the stress intensity factor is back calculated.
Additionally, it is observed that the crack propagates less with
higher test temperatures, indicating an earlier crack arrest. The ear-

3.3. Metallography
Besides the DHC test temperatures mentioned in the previous
ﬁgures, some further tests have been performed at even higher
temperatures. In Fig. 11, metallography images show examples
pointing out the effect of creep. While blunting before the DHC
crack initiation (failure of the ﬁrst hydride in front of the fatigue
crack tip) can already be seen at 310 °C and 360 °C, creep can be
observed most signiﬁcantly at 410 °C. The samples in Fig. 11 were
originally used for velocity tests with a less aggressive unloading rate. It should be mentioned that while the test spectrum for
KIH does not extend to the very high test temperatures shown in
Fig. 11, DHC is clearly viable at high temperatures. As DHC is clear
at high temperatures, these KIH tests could be extended above
360 °C with the knowledge that the measured KI is an integral
phenomenon of creep and DHC which cannot be decoupled. The
authors deﬁne this phenomenon as creep delayed hydride cracking
(C-DHC).
5
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Fig. 7. Fractographic overview of the sample set containing 155 wppm H. The displayed temperature corresponds to the DHC test temperature.

4. Finite element modeling

front, which penetrated the cladding at a speciﬁed depth that corresponded to the average crack depth of the given experiment.
This technique is known as an “arbitrary crack” within Ansys workbench.
The model uses a geometry with a sharp crack tip which is
realistic for linear elastic fracture mechanics (LEFM) with small
plastic zones. The geometry does not incorporate dimensions of a
notch as it is completely irrelevant for the stress distribution at
the crack tip, which is far from the notch. More speciﬁcally, the
model is ideal for cracks at lower temperatures where creep does
not cause signiﬁcant blunting. Therefore it should be noted that
tests at higher temperatures which resulted in blunted crack tips
cannot be directly modeled. Blunting of the crack tip results in an
extended effective crack tip caused by plasticity [22,36] and can
be assumed to extend the KI in the positive direction proportional
to the amount of blunting. In this study the extension is not calculated but assumed to strongly affect models representing tests
above 300 °C.
The loads used in the FEM models correspond to the loads during the various 3-point bending experiments. In Fig. 10, the trend

4.1. Methodology
With Ansys, ﬁnite element analysis was used for the backcalculation of the stress intensity factor upon fracture arrest. Convergence studies were performed in order to optimize mesh sizes
for crack fronts and contact points. General boundary conditions
of the model were validated through a comparison with standards
[32–34], where the FEM model calculated a KI within 1% of the
standards when using standard dimensions. The model was then
adapted to the experiment by changing only the dimensions. The
model seen in Fig. 12 represents the three point ﬁxture and sample with a given crack front. The bottom surface of the two lower
‘rollers’ are supported with a ﬁxed displacement, while an experimentally respective load and transverse displacement restraint is
applied to the upper surface of the upper ‘roller’. Contacts were
deﬁned with a frictional coeﬃcient of 0.2 for reasons described
in the appendix as well as in the literature [35]. The fracture was
modeled with a rectangular plane surface resulting in a ﬂat crack
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pliﬁcation when considering the crack front shapes as illustrated
in Figs. 7 and 8. Nonetheless, we think that this is a viable procedure that eventually leads even to conservative results, because
the average crack depth is shorter than at the locations with highest depths. As a result, a shorter crack under the given load leads
to lower, rather conservative KI values.
Due to the nature of FEM modeling, high-spatial resolution of
stress distribution is obtained, where the FEM-calculated stress
distribution varies node-wise throughout the sample and therefore
also axially along the proﬁle of the crack. For instance, along the
crack front proﬁle, the free surfaces lead to a KI of zero, while inwards along the proﬁle KI quickly increases, given the plane stress
and plane strain conditions, respectively. Given the large relative
specimen thickness, KI at the of deepest total crack location, is
slightly less than at extended locations, or shallower total crack
locations, which bear more load. The location of shallower total
crack also corresponds with that of longest total DHC propagation as KI had remained suﬃcient for DHC. It appears that DHC
arrests earlier at the locations of deepest pre-cracking compared
to the locations where pre-cracking was most shallow, assuming
uniform DHC velocity. As the resulting KI of the models agree with
what is seen in fractography, the highest calculated KI within KI proﬁle was used for the KIH . One could argue that lower KI values, e.g. from the middle or deepest total crack location should
be used. However the calculated KI , using the ﬁnal test load, of
a location which had arrested earlier would not represent the actual KIH at that location, as it had experienced a higher load upon
arrest.
A comparison of the two sample sets can be found in Fig. 13.
√
The trend shows a minimum value for KIH around 6 MPa m for
both sets at the midpoint of the respective test spectrum, and an
increase in KIH with temperature until creep inhibits modeling of
high temperature tests (above 300 °C). In Fig. 13, arrows indicate
that creep plays a signiﬁcant role on KIH after 300 °C which has
also been reported in literature [21]. Therefore the FEM calculations are over-conservative for samples above 300 °C, as the effective crack length is longer than what is used in measured from
fractography and using the model. The creep-effect is expected to
increase KIH in reality, as it causes an increase in the effective
crack length. The models had shown the calculated KI had extreme sensitivity to the increase in crack growth at high a/W (crack
length/sample width according to ASTM [34]) ratios compared to
the load sensitivity. Therefore the uncertainty could be larger for
calculations representing lower temperatures tests where the crack
length is largest.

Fig. 8. Fractographic overview of the sample set containing 305 wppm H. The displayed temperature corresponds to the DHC test temperature.

5. Analysis and discussion

shows that the ﬁnal load on the sample at crack arrest increases
slowly with an increase in test temperature until a given transition
point where the ﬁnal load increases quickly. The transition point
for the two sample sets occurs at different temperatures where
the 155 wppm H sample set occurs at a lower temperature compared to the 305 wppm H sample set. Given the scatter of the data
and limited number of samples, the transition of the 155 wppm H
sample set is around 270 °C, while the 305 wppm H sample set
transition occurs around 290 °C.
It can be assumed that the starting stress intensity factor is also
similar and consistent within both sample sets. This is justiﬁed as
the pre-cracking phase in each sample is rather consistent, leading
to a consistent pre-crack depth, and the starting mechanical load
is always the same.

5.1. Test trends
From the displacement trends observed in the Figs. 3 and 5,
one can infer that although incubation times vary, the crack velocity of the set increases with increasing test temperature, excluding the 320 °C and 330 °C tested samples. At ﬁrst glance, it
seems counterintuitive that velocity would continuously increase
as the resulting KIH also begins to increases. However, the threshold when DHC starts and the crack velocity are different things.
For KIH , also the local stress plays a role. Further, there is less hydrogen in solid solution at lower temperatures and, thus, the total
diffusion is slower and requires more time to precipitate a critically sized hydride. Alternatively, as the temperature increases, the
amount of hydrogen in solid solution is greater, thus requiring less
time for suﬃcient hydrogen diffusion to create a critically sized hydride. The incubation times prior to primary DHC propagation also
generally follow a trend with temperature. In the 305 wppm H set,
the trend is more consistent displaying shorter incubation times

4.2. DHC threshold stress intensity factor
For the calculation of KIH with FEM, the corresponding measured average crack depth was used for each sample. This is a sim7
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Fig. 9. Average crack length from fractography as function of DHC test temperature. The standard deviation was not more than 10% and captures the total uncertainty. The
dotted lines are only intended for guiding the eye and are not ﬁt with a function.

Fig. 10. Chart detailing the ﬁnal load with respect to DHC test temperature. The uncertainty for each data point is ±0.1 N and not implemented in the graph for visual
reasons. The dotted lines are only intended for guiding the eye and are not ﬁt with a function.

prior to cracking as the test temperature increases. This trend can
also be roughly seen in the 155 wppm H set, however with more
scatter.
In addition to cracking, creep begins to supplement the measured extensometer displacement, giving the illusion that the crack
is fast at high temperatures.

5.2. Fractography and metallography
The proﬁle of the crack front evolves as the crack progresses
implying that the stress intensity factor is also evolving. The ﬂattening of the DHC crack front proﬁle, in comparison to the fatigue
crack front proﬁle, shows that the stress intensity is larger away
8
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Fig. 11. Samples tested for crack velocity tests showing the development of creep-induced blunting. The test temperature is indicated in each of the images. The dotted white
circle indicates the DHC initiation and blunting which occurred at DHC onset. The black arrow indicates the point of DHC crack arrest. The material tested was Zircaloy-2
(LK3) containing 300 wppm H.

Fig. 12. Mesh of the non-deformed model describing mesh reﬁnement at the crack tip and contact locations as well as the boundary conditions (force and ﬁxed supports).
Upper right - the projected view of the 3D model indicating the crack position.

from the centerline. This is explicitly seen when comparing samples that have propagated the farthest and least. For example, in
the 305 wppm H set, the samples tested at 210 °C have a much
ﬂatter crack front compared to that of the 330 °C samples because
the 210 °C samples have propagated farther where the KI remained
suﬃcient for DHC growth.
Based on the metallography, this work considers DHC plausible
at high temperatures including 360 °C and possibly higher. In addition, this work considers creep to begin playing a signiﬁcant role
on DHC after 300 °C as depicted in Fig. 11.

the sample could be erroneously deﬁned by an extended surface
caused by the ﬁnal fracture, but would result in a systematic error
for all samples equally. Another limitation which could not directly
be accounted for was the creep-induced blunting of the crack tip at
higher temperatures. As mentioned previously, the effective crack
length was not considered and FEM could not model blunting,
likely resulting in underestimated KIH values above 300 °C as indicated by arrows in Fig. 13. Lastly, the concentrations from one
sample to another was relatively consistent considering the HVE
measurements, however, any slight variation in hydrogen concentration could affect the kinetics of diffusion and precipitation, especially when approaching the upper temperature limits of DHC.
The consequence of the altered diffusion and precipitation kinetics
could lead to a signiﬁcant impact on the KIH .
It has been reported in literature that the possible reasons for
an increased KIH at elevated temperatures could be due to hydrogen solubility limits, as well as the reduction in zirconium’s yield
stress leading to creep-induced crack tip blunting, and in turn reducing the stress concentration [20,21]. In this study it is seen that
DHC is also dependent on the hydrogen kinetics, i.e. the diffusion
and precipitation of hydrogen. The increasing temperature has two

5.3. Threshold stress intensity factor
√
In Fig. 13, the minimum KIH appears to be around 6 MPa m
for both sets when ignoring any crack tip blunting. These values
are consistent with those which can be found in literature, e.g.
[33] where the tests were performed on Zircaloy-2 in a comparable temperature range, however, not with a load reduction, but
stepwise load increase test procedure. The source of scatter in
KIH is likely due to the crack depth measurement uncertainty and
FEM limitations. Speciﬁcally, the measurements from the edges of
9
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Fig. 13. An overview of the FEM back-calculated KIH for both 155 and 305 wppm H sample sets. The dotted lines are only intended for guiding the eye and are not ﬁt with
a function. The arrows are set to show the expected KIH if the effective crack length was considered.

DHC-related and opposing effects: at higher temperatures diffusion increases while precipitation limits are shifted to higher local
concentrations. Based on this, it can be hypothesized that there is
an optimal temperature for DHC, at which KIH is minimized, for a
given hydrogen concentration. This can be seen in the shift of the
KIH curves in Fig. 13. It is also seen that at high temperatures creep
plays a signiﬁcant role. This means at high temperatures and high
hydrogen concentrations there is an overlap of creep and hydrogen kinetics effects on DHC. Therefore, the increase of KIH is more
dependent on hydrogen kinetics for low hydrogen concentrations,
while high hydrogen concentrations are dependent on a combination of creep and hydrogen kinetics.
This study shows that the transition from a minimum KIH , occurs at a temperature around 270 °C for 155 wppm H. It should
also be noted that the temperature of TSSP is 290 °C for 155 wppm
H [31]. Thereafter, the hydrogen kinetics become less ideal for precipitation. For 305 wppm H, the KIH transition appears to occur
at 290 °C, as hydrogen kinetics are still favorable. However, after 300 °C creep begins to blunt the crack tip, strongly reducing
the ability to concentrate stresses on the hydrides at the crack tip.
Again noting the TSSP temperature is 369 °C for 305 wppm H. Considering the strong effect of creep, it is unclear where ideal hydrogen kinetics would be if creep effects could be neglected.

planation for the higher temperature for optimal DHC with higher
hydrogen content is that there exists a broader range of a low
precipitation potential caused by the overall higher integral hydrogen content and, at the higher temperatures, a greater amount
of hydrogen diffusion. As the temperature reaches the respective
temperature for TSSP, the local hydrogen concentration required
to precipitate must correspond to, or exceed the integral concentration prior to precipitation. Signiﬁcant tensile stress may be required to create enough hydrogen diffusion that the local concentration would reach such high levels relative to the integral
concentration. Additionally, the effect of creep on DHC has been
shown to be less prominent at lower concentrations where kinetics play a greater role, however a strong inﬂuence at high temperatures above 300 °C. The trends reported may be important for the
discussion about relevant conditions of and precautions required
for spent fuel handling.
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The effect of hydrogen concentration and temperature on KIH
for radial DHC has been investigated using a novel 3-point bending test to induce radial outside-in cracking with an axial orientation and FEM back-calculations. The test represents realistic cracking conditions, in which the minimum KIH occurs at an optimal
temperature for hydrogen kinetics. It has been shown that the optimal condition for DHC in the sample sets of 155 and 305 wppm
hydrogen, are around 270 and 290 °C respectively where the KIH
√
is roughly 6 MPa m. This value is in agreement with the range
of KIH for Zircaloy-2 that can be found in literature. A possible ex-
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Finite element modeling
The sensitivities of the FE model were meshing density and
contact deﬁnitions. Both variables have been tested in order to
converge on an accurate calculation. The model was ﬁrst optimized
with a mesh density that had converged on a solution, and then
tested for contact deﬁnition sensitivities. The contact deﬁnitions
varied from frictionless, frictional (friction coeﬃcients of 0.1, 0.2,
and 0.3), and bonded. The stress intensity factor was most realistic
with the frictional deﬁnition. The frictionless resulted in slipping to
one side, while the bonded deﬁnition restricted the bending of the
sample, which led to an unrealistically small stress intensity factor.
The sensitivity of the friction coeﬃcient was also tested within a
spectrum of realistic values (0.1, 0.2, and 0.3). The results from the
varied coeﬃcients showed less than a 0.1% difference in the resulting stress intensity factor. Based on the lack of sensitivity to the
coeﬃcients (and minimal known sample slippage) and similarity
to literature [35], the tests have been conducted with a 0.2 friction
coeﬃcient.
References
[1] International Atomic Energy Agency, “Waterside corrosion of zirconium alloys
in nuclear power plants,” IAEA-TECDOC-996, 1998, doi: IAEA-TECDOC-996.
[2] W. Gong, et al., Hydrogen diffusion and precipitation in duplex zirconium
nuclear fuel cladding quantiﬁed by high-resolution neutron imaging, J. Nucl.
Mater. 526 (2019) 151757, doi:10.1016/j.jnucmat.2019.151757.
[3] Y.S. Kim, Hydride reorientation and delayed hydride cracking of spent fuel rods
in dry storage, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 40 (12) (2008)
2867–2875, doi:10.10 07/s11661-0 09-0 044-6.
[4] S. Suman, M.K. Khan, M. Pathak, R.N. Singh, J.K. Chakravartty, Hydrogen in
Zircaloy: mechanism and its impacts, Int. J. Hydrogen Energy 40 (17) (2015)
5976–5994, doi:10.1016/j.ijhydene.2015.03.049.
[5] M.P. Puls, The Effect of Hydrogen and Hydrides on the Integrity of Zirconium
Alloy Components: Delayed Hydride Cracking, Springer, 2012.
[6] C.E. Coleman, D. Hardie, The hydrogen embrittlement of zirconium in slowbend tests, J. Nucl. Mater. 19 (1) (1966) 1–8, doi:10.1016/0022-3115(66)
90123-1.
[7] D. Hardie, The inﬂuence of the matrix on the hydrogen embrittlement of
zirconium in bend tests, J. Nucl. Mater. 42 (3) (1972) 317–324, doi:10.1016/
0 022-3115(72)90 082-7.
[8] G.A. McRae, C.E. Coleman, B.W. Leitch, The ﬁrst step for delayed hydride cracking in zirconium alloys, J. Nucl. Mater. 396 (1) (2010) 130–143, doi:10.1016/j.
jnucmat.2009.08.019.
[9] R. Dutton, K. Nuttall, M.P. Puls, L.A. Simpson, Mechanisms of hydrogen induced
delayed cracking in hydride forming materials, Met. Trans A 8A (10) (1977)
1553–1562, doi:10.1007/BF02644858.
[10] D.O. Northwood, U. Kosasih, Hydrides and delayed hydrogen cracking in zirconium and its alloys, Int. Met. Rev. 28 (1) (1983) 92–121, doi:10.1179/imtr.1983.
28.1.92.
[11] Y.S. Kim, S.S. Park, Stage I and II behaviors of delayed hydride cracking velocity
in zirconium alloys, J. Alloys Compd. 453 (1–2) (2008) 210–214, doi:10.1016/j.
jallcom.2006.11.197.
[12] IAEA - International Atomic Energy Agency, “Delayed hydride cracking in zirconium alloys in pressure tube nuclear reactors IAEA-TECDOC-1410,” October,
no. October, p. 43, 2004.
[13] P.A. Raynaud, D.A. Koss, A.T. Motta, Crack growth in the through-thickness direction of hydrided thin-wall Zircaloy sheet, J. Nucl. Mater. 420 (1–3) (2012)
69–82, doi:10.1016/j.jnucmat.2011.09.005.
[14] L.A. Simpson, M.P. Puls, The effects of stress, temperature and hydrogen content on hydride-induced crack growth in Zr-2.5 Pct Nb, Metall. Trans. A 10 (8)
(1979) 1093–1105, doi:10.1007/BF02811655.

11

