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a b s t r a c t

Delayed hydride cracking (DHC) was first observed in pressure tubes in Canadian CANDU reactors. In
light water reactors, DHC was not observed until the late 1990s in high-burnup boiling water reactor
(BWR) fuel cladding. In recent years, the focus on DHC has resurfaced in light of the increased interest in
the cladding integrity during interim conditions. In principle, all spent fuel in the wet pools has sufficient
hydrogen content for DHC to operate below 300�C. It is therefore of importance to establish the critical
parameters for DHC to operate. This work studies the threshold stress intensity factor (KIH) to initiate
DHC as a function of temperature in Zry-4 for temperatures between 227�C and 315�C. The experimental
technique used in this study was the pin-loading testing technique. To determine the KIH, an unloading
method was used where the load was successively reduced in a stepwise manner until no cracking was
observed during 24 hours. The results showed that there was moderate temperature behavior at lower
temperatures. Around 300�C, there was a sharp increase in KIH indicating the upper temperature limit for
DHC. The value for KIH at 227�C was determined to be 2.6 ± 0.3 MPa √m.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fuel cladding constitutes the first barrier to prevent the release
of radioactive fission products and transuranium elements. Main-
taining the cladding integrity is therefore, a fundamental concern
for reactor safety. Until recently, themajority of the research on fuel
cladding integrity has been focused on failures occurring during
operation. However, as the wet pools at the reactor sites are filling
up and no final disposal is in place, more emphasis is put into
understanding the fuel behavior during interim and dry storage
conditions.

The temperature and, consequently, the internal pressure P are
highest at the start of dry storage. The US Nuclear Regulatory
Commission requires cladding temperature not to exceed 400�C
and cladding hoop stress to be <90 MPa. Thereafter, the fuel rods
will slowly cool down, and after 40 years the cladding would have
reached a temperature of approximately 200�C. At the highest
temperature, the dominant deformation mechanism is creep;
meanwhile, hydride-induced failures are one of the main concerns
at temperatures below 300�C. Two types of hydride-induced failure

mechanisms have been observed in zirconium alloys: one that acts
on themacroscopic scale and the other that acts locally, in front of a
stress concentrator. The first one is the classical hydride embrit-
tlement that occurs instantaneously on a macroscopic level once
the stress exceeds the fracture stress of a highly hydrided compo-
nent [1e4]. The second mechanism, delayed hydride cracking
(DHC), is a time-dependent mechanism that acts on a local level. It
operates at much lower macroscopic hydrogen and stress levels
than the classical hydride embrittlement. This study will focus on
the latter failure mechanism and the threshold for temperatures
below operating temperatures.

1.1. Delayed hydride cracking in zirconium alloys

Delayed hydride cracking (DHC) was first observed in the late
1960s to early 1970s in pressure tubes made of the Zre2.5 wt% Nb
alloy in Canadian CANDU reactors [5]. In the classical DHC model
shown schematically in Fig. 1, hydrogen diffuses to stress con-
centrators or flaws, where brittle hydrides precipitate once the
local solubility limit is exceeded [6, 7]. The density of hydrides
increases as more hydrogen arrives, until the hydrided zone in
front of the flaw cannot withstand the local tensile stress and
fractures. The process then repeats leading to stepwise crack
propagation.
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The critical parameters for DHC to occur have been studied
extensively, especially for Zr pressure tubes in CANDU reactors and,
more recently, also for fuel cladding in light water reactors. In
Table 1, critical parameters for DHC and experimentally observed
values are listed.

All the critical parameters have to be fulfilled simultaneously for
DHC to occur. In most boiling water reactor (BWR) fuel claddings
the three first requirements in Table 1 are fulfilled. Even so, no
primary cladding failures due to DHC was reported until the so-
called axial splits were observed during ramp tests of high-
burnup light water reactor cladding. (Cladding defects in zirco-
nium alloy cladding sometimes have the shape of long axial cracks
or “splits.” These long cracks havemainly been observed to occur in
power ramp tests of high-burnup BWR fuel, but in some cases they
also occur as secondary failures during operation. One often pro-
posed mechanism responsible for the propagation of axial splits is
hydrogen-induced cracking.) One explanation for the absence of
DHC failures in low to medium burnup fuel cladding is the lack of
any obvious stress concentrators. No internal stress is built up
during production of the cladding tubes, as was the case for the
early CANDU pressure tubes. Furthermore, pellet expansion is low
at low burnup levels, limiting the cladding hoop stress. After
extended periods of time in the reactor, however, the build-up of
surface oxide and hydride rims will change the local stress distri-
bution and incipient cracks may form in the oxide, hydride dense
rim, or possibly in radial hydrides, which serve as potential initia-
tion sites for DHC. Simultaneously, pellet expansion increases at
higher burnup, increasing the stress exerted on the cladding. The
increase in hoop stress in combination with incipient cracks may
eventually cause the stress intensity in front of incipient cracks to
exceed the threshold for DHC. Since all critical parameters except
the critical stress intensity are fulfilled for most medium- and high-
burnup rods in operation of a light water reactor, as well as for the
rods during back end handling, it is of great importance to examine
the threshold stress intensity factor (KIH) more carefully so as to

narrow the wide scatter in the results. As seen from the table, the
value of KIH in the literature varies from 4 MPa√m to 12 MPa√m.
An estimate of the critical depth of a flaw based on the value of KIH
can be derived from the following expression [22]:

a ¼ ðKIH=sÞ2$Q=1:2p (1)

where s is the applied stress and Q is a geometry factor, which is 1.5
for elliptical flaws and 1 for long flaws.

Assuming a long flaw and the US Nuclear Regulatory Commis-
sion limit of 90 MPa during dry storage [23], the critical incipient
flaw depth would be 0.52 mm for KIH ¼ 4 MPa √m and 4.7 mm for
KIH ¼ 12 MPa √m.

In order to determine whether DHC is a concern or not for a
certain fuel cladding during the back end handling, it is important
that the critical crack length for DHC is determined more precisely.

The objective of this work is to determine KIH as a function of
temperature with as low scatter as possible in the data, so that the
critical crack length to initiate DHC at a certain internal pressure
can be determined as accurately as possible.

2. Experimental details

2.1. Sample preparation

The material used in this study consists of pressure water
reactor stress relief annealed Zry-4 cladding tubes with the di-
mensions, final heat treatment, chemical composition, and me-
chanical properties as shown in Table 2.

Cladding pieces with a length of 220 mm were electrolytically
hydrogen charged to produce a hydride layer of about 10 mm at the
outer surface of the tube. The hydride pieces were thereafter heat
treated at 375�C for 24 hours to obtain an average hydrogen con-
centration of about 140 weight ppm (wppm) H. Cross sections were
taken in order to confirm that the hydrides were circumferential

Fig. 1. Schematic illustration of DHC crack propagation. When an external load is
applied, hydrogen in solid solution diffuses to stress concentrators, where hydrides
precipitates locally after the solid solubility limit is exceeded. Hydride formation re-
duces the fracture strength in the zone in front of the crack tip, which fractures under
the tensile load. DHC, delayed hydride cracking.

Table 1
Values of the critical parameters for DHC, as observed in out-of-pile tests.

Critical parameter Value References Comment

Minimum hydrogen concentration CH (wppm) CTSSP < CHcrit < CTSSD [8e11] T ¼ 300�C, CH (DHC) ~ 85 wppm H
T ¼ 385�C, CH (DHC) ~ 210 wppm H

Maximum temperature Tmax (�C) 350e385�C (high BU fuel cladding) [12] The upper temperature limit for DHC is dependent
on burnup level

Sufficient time for through wall cracking
or minimum crack velocity VDHC (m/sec)

VDCH ¼ 2 � 10e7 e 5 � 10e7

at 300�C
[13,14] 20e50 min for through wall failure at 300�C and

wall thickness of 600 mm
Stress intensity above threshold, KIH (MPa √m) 4e12 [15e21] d

BU, burnup; CTSSP, terminal solid solubility limit for hydride precipitation; CTSSD, terminal solid solubility limit for hydride dissolution; CHcrit, critical hydrogen concentration for
DHC to operate; DHC, delayed hydride cracking; KIH, threshold stress intensity factor; wppm, weight parts per million.

Table 2
Material data of SRA Zry-4 cladding used in this study.

Data Value

Dimensions of each rod OD ¼ 9.5 mm, WT ¼ 0.57
Final annealing conditions 5 hr at 480�C
Vendor lot # 407130
Rp0.2 at RT 600 MPa
Rm at RT 815 MPa
A50mm at RT 18%
Chemical composition
Sn 1.29-1.33%
Fe 0.21-0.22%
Cr 0.10-0.11%
O 1,270e1,351 ppm
Si 93-97 ppm
C 148-153 ppm

OD, outer diameter; RT ¼ room temperature; SRA, stress relief annealed; WT, wall
thickness.
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and homogeneously distributed. The hydride area fraction was
determined by image analysis using the backscattered electron
imaging mode. When evaluating the hydride area fraction, it was
assumed that (1) the amount of hydrogen in solid solution is
negligible in comparison with the amount in the hydrides and (2)
the hydrides are in d-phase, with ZrH1.62 corresponding to 62
atomic% hydrogen. The hydrogen fraction in wppm is calculated
using the following formula:

WH ¼ Wd$F$rd=ðrZr$ð1� FÞ þ rd$FÞ (2)

where,

WH ¼ wppm hydrogen
Wd ¼ wppm hydrogen in d-phase hydride
F ¼ measured area fraction
rd ¼ density of the d-phase hydride (5.65 g/cm3)
rZr ¼ density of the a-phase metal (6.54 g/cm3)

2.2. Test method

A pin-loading tension (PLT) technique, developed to study DHC
[20], was used in the tests. Configurations of the PLT specimen and
fixture are shown in Fig. 2. The PLT fixture consists of two halves,
which when placed together form a cylindrical holder. The cylin-
drical holder has a diameter, which allows it to be inserted into the
tubular PLT specimen. The fixture halves are loaded in tension
through pins at A and rotated about pin B in the figure.

Prior to starting the test, the specimen was fatigue pre-cracked
to produce a sharp crack of about 1.5 mm in front of the machined
notch C. During the DHC test, the specimenwas heated to 385�C for
60 minutes to dissolve most of the hydrides, with a low load on the
specimen. The sample was then cooled with no undercooling to the
test temperature. After 30 minutes, the sample was loaded to a
maximum KI of 15MPa√m,where the load was held constant until
the crack started to propagate. During the test, crack advance was
measured continuously with the direct current potential drop
technique. Once the crack had grown a certain length, the load was
reduced and the process repeated until no cracking was detected
for 24 hours. This value of KI represents the threshold value KIH.

3. Results

A typical test curve from the DHC PLT tests is shown in Fig. 3.
One can notice that the time to reach a certain crack length in-
creases as the load decreases until the crack arrests for more than
24 hours. After the test was complete, the load was removed and
the sample was cooled to room temperature. The specimen was
then postfatigued in air at room temperature and broken open in
two pieces. Fig. 4 shows a typical sample after it has been broken
up. Since the fractography differs under different loading condi-
tions, one can distinguish the different zones using a light micro-
scope. The area identified as crack propagation by DHC was
examined using a scanning electron microscope at higher magni-
fication. Fractographic examination revealed that the fracture sur-
face is dominated by quasi-cleavage surfaces parallel to the
macroplane of the fracture surface plane. This type of fracture
appearance in Zr cladding is characteristic of a DHC failure, where
the failure occurs by fracture of brittle hydrides that are formed in
front of the crack tip. Two mating surfaces normally match
perfectly, and the plastic ridges are formed only on the steep sides
connecting valleys with hills. As seen in Fig. 4, the two parallel
cracks starting at the two opposite notches are similar, indicating
that the variation in the initial notch and fatigue cracks is small and
the sample is well aligned.

Table 3 shows a summary of all test data and measurements
after the test.

KI was calculated from the following equation:

KI ¼
h
P
.�

2t
ffiffiffiffiffiffi
W

p �i
f ða=WÞ (3)

where

P ¼ load applied to specimen (N)
t ¼ wall thickness of the cladding (m)
W ¼ effective width of the specimen (m), being the distance
from the load line to axis of rotation
a ¼ effective crack length (m), being the distance from the load
line to the crack tip

Fig. 2. Equipment used in PLT technique. Schematics of the (A) PLT specimen and (B) fixture. PLT, pin-loading tension.
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The geometry correction factor, f(a/W), was determined exper-
imentally from compliance measurements resulting in:

f ða=WÞ¼�360:99ða=WÞ3þ787:15ða=WÞ2�468:73ða=WÞ
þ92:203 (4)

KIH was determined by calculating KI for the effective crack
length when the crack was arrested at the final load.

In Fig. 5, KIH is plotted versus the temperature. One can observe
that there is moderate temperature behavior at lower tempera-
tures. Around 300�C, there is a sharp increase in KIH, indicating that
the upper temperature limit for DHC was approached. The lowest
value for KIH was observed at 227�C andwas determined to be 2.6 ±
0.3 MPa √m. Applying Eq. (1), and again applying the US Nuclear
Regulatory Commission limit of 90 MPa, the critical incipient flaw
depth to initiate DHC at 227�Cwould be 0.33mm for an elliptic flaw
and 0.22 mm for a long flaw.

4. Discussion

The observed temperature dependence of KIH can be explained
in terms of the effect of temperature on the yield stress of the
zirconium alloy and the fracture stress of hydrides. Shi and Puls
[24] observed that the hardness of the matrix relative to the
hardness of the hydrides affected crack formation in single hy-
drides in an unirradiated Zre2.5 Nb alloy. Single hydrides in a
matrix cracked upon loading only if the yield strength of the matrix
was higher than the fracture stress of the hydrides at the test
temperature. Since the decrease in the fracture stress of the hy-
drides declined less with temperature than the decrease in yield
stress with temperature, there was a temperature crossover point
above which no hydrides cracked. Another explanation for the
upper temperature limit of DHC is that the stresses in front of the
crack tip relaxes at higher temperature by creep, which causes the
crack to be blunt.

Fig. 3. Typical diagram of a PLT test where the load and crack length are plotted versus time. PLT, pin-loading tension.

Fig. 4. Images showing fracture surfaces after the test. (A) Two parallel fracture surfaces starting at the two opposite notches in the PLT sample. (B) The DHC area in higher
magnification. DHC, delayed hydride cracking; PLT, pin-loading tension.
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This work was performed on unirradiated fuel cladding. Irradi-
ated cladding exhibits irradiation hardening and thereby an in-
crease in yield stress. This is expected to affect the KIH and the upper
temperature limit for DHC. On the contrary, the Zry-4 cladding
material in these tests was stress relieved and therefore exhibited
higher yield stress than the recrystallization annealed material,
which is used in the reactor. These two effects might cancel each
other out. In any case, the tests should be repeated for irradiated
Zry-4 cladding to establish the effect of irradiation on KIH.
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