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Abstract 
In this report, the main features of delayed hydride cracking (DHC) 
in zirconium alloys are reviewed. The conditions inside fuel rods 
during dry storage are estimated and used to evaluate whether DHC 
is possible during dry storage. Although some of the conditions for 
DHC exist—sufficient hydrogen for hydride formation, cooling from 
a high temperature, and long times—crack initiation is unlikely 
because either the required high stresses or large sharp flaws are 
absent. 

In addition, DHC in zirconium alloys at low temperatures is 
reviewed. The conditions inside fuel rods during wet storage are 
estimated and used to evaluate whether DHC is possible during pool 
storage. Crack initiation, and therefore crack growth, is unlikely 
because the tensile stresses are too low, even if the outside surface of 
the cladding contains fretting damage from grids of modern design. 
If cracks were nucleated, they would grow sufficiently quickly that 
they would be apparent during pool storage. Their absence supports 
the conclusion that DHC is improbable. 

In several recent publications, Y. S. Kim has proposed a model for 
DHC, which is claimed to be new and superior to the model used in 
this study. The source of the disagreement is in the development of 
the first step—that is, crack initiation—of the process. The two basic 
mechanisms are reviewed and compared, and it is shown that Y. S. 
Kim is not justified in criticizing the model used in this study. 
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Section 1: Possibility of Delayed Hydride 
Cracking During Dry Storage of 
Spent Nuclear Fuel 

1.1 Introduction 

Once nuclear fuel has provided its energy and the absorption rate of neutrons 
approaches their production rate, the fuel is discharged from the reactor into 
pools of water, where it is stored for a minimum of five years. Subsequent storage 
in dry conditions, in containers called casks and silos, is less costly to implement 
compared to storage in water and is used in many countries [1]. Dry storage 
times for a century are envisaged. The environment for dry storage may be air or 
an inert gas, such as nitrogen or helium, depending on the expected cladding 
temperatures of spent fuel elements. Maintaining integrity of the cladding is 
desirable to minimise spread of radioactivity and ease further handling.  

The decay of radioisotopes generates heat that is readily dispersed during 
residence in the pool, so these conditions are benign. During transport and dry 
storage in an inert gas, the temperature may rise to several hundred degrees 
Celsius and cladding stresses are provided by the pressure of the filler gas, usually 
He, released fission gases and He from transmutation of boron, sometimes 
present as a burnable poison. Once outside the reactor, further contributions to 
gas pressure from α-decay are very small, unless Pu isotopes are present. With 
time both temperature and stress decline and therefore the first period of dry 
storage is of most concern. EPRI has an interest in the possible ways zirconium 
alloy fuel cladding may fail under dry storage conditions after service in a Light 
Water Reactor (LWR). (Note that the burn-up in CANDU fuel is 4 to 10 times 
lower than in LWRs, consequently the temperatures at the start of dry storage 
are very low, often about 150 °C [2]. Stress-induced failures are not an issue 
because the initial gas pressure is around atmospheric pressure and the inventory 
of fission gasses is low. Spent fuels from these power reactors have been stored in 
air for many years with no problem.) 

In an EPRI report issued in 2000 [3], the opinion was expressed that 
deformation by creep was the dominant deformation mechanism and could be 
accommodated while cracking mechanisms, such as stress corrosion cracking 
from fission products and Delayed Hydride Cracking (DHC) were unlikely to 
operate during dry storage. At the time there was said to be little or no evidence 
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for DHC in fuel cladding. In this Section, the conclusions reached in Chapter 3 
of the 2000 report [3] are reviewed in the light of recent experimental results. 
DHC is separated into crack initiation and crack propagation. The temperature 
dependence and the way it is attained are important for application to fuel 
storage. Consistent with conclusions reached in Reference [3], the key to the 
application of the mechanism is initiation since propagation of a crack in fuel 
cladding by DHC will be shown to be a viable process at some time during dry 
storage.  

The hydrogen concentration is taken as much elevated from the initial value. 
Hydrides can be the consequence of the presence of hydrogen in zirconium alloys 
because the solubility limits (i.e., Terminal Solid Solubility (TSS)) for hydrogen 
in zirconium are very low. There are two solubility limits, TSSD for dissolution 
on heating and TSSP for precipitation on cooling. They are described by the 
van’t Hoff equation: 

TSS = A exp (-H/RT) Equation 1-1 

where A = Constant 
 H = Solvus enthalpy 
 R = Gas constant 
 T = Temperature [K] 

Typical values for TSSD are: ATSSD = 8.19x104 ppm and HTSSD = 34.5 kJ/mol, 
and for TSSP: ATSSP = 4.11x104 ppm and HTSSP = 28 kJ/mol [4]. Values plotted 
in Figure 1-1 show that hydrides dissolve 50 to 60 °C above the temperature at 
which they precipitate. At hydrogen concentrations > 1 ppm, hydrides will always 
be present at room temperature, while 5 ppm hydrogen is sufficient to produce 
hydrides at 100 °C. At 400 °C, 172 ppm hydrogen will dissolve in zirconium but 
the same material would have to be cooled to 342 °C before hydrides would 
precipitate.  
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Figure 1-1 
Solubility limits for hydrogen in zirconium: on heating (TSSD) and on cooling 
(TSSP) [4] 

In several recent publications, Y.S. Kim [5] has proposed a model for the rate of 
DHC that is claimed to be new and superior to previous models. The source of 
the disagreement is in the development of the first step of the process. The two 
basic mechanisms will be reviewed and compared in Appendix A. It will be 
shown that Kim is not justified in criticizing the previous models.  

1.2 Delayed Hydride Cracking (DHC) 

DHC is a time-dependent mechanism of crack propagation in zirconium alloys. 
It involves the diffusion of hydrogen, but also the microscopic fracture of 
zirconium hydride, leading to the initiation and propagation of a macroscopic 
crack. Most of the data on DHC comes from experiments on Zr-2.5Nb, which 
therefore provides the most confidence in conclusions; the Zircaloys should 
behave qualitatively in the same manner. DHC has several characteristics.  

 A threshold mechanical loading for crack initiation is required. If no flaw is 
present, the process can only start with very large tensile stresses; if a sharp 
flaw is present in the component, a threshold stress intensity factor, KIH, has 
to be exceeded. Subsequent crack propagation rate, V, is almost independent 
of the applied stress intensity factor, KI. Figure 1-2 describes this behavior. 
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Figure 1-2 
Dependence of DHC rate on stress intensity factor, KI. 

 In Zr-2.5Nb cracking has been observed in components containing residual 
tensile stresses, produced by mechanical work in pressure tubes [6] or by 
welding [7, 8]. The damaging residual stresses were up to 600 MPa; the 
reference limit stress for crack initiation from a smooth surface is 450 MPa 
based on tests using temperature cycling [4]. 

 The values of KIH from experiments are variable and often less than 
10 MPa√m; the reference lower bound for Zr-2.5Nb pressure tubes is 
4.5 MPa√m [4]. Up to some high temperature, KIH is not very sensitive to 
temperature. As an example, in one experiment on Zr-2.5Nb, KIH remained 
around 8 MPa√m up to about 300 ºC, but increased rapidly at higher 
temperatures, Figure 1-3 [9]. 
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Figure 1-3 
Abrupt change in temperature dependence of KIH above 300 °C in irradiated Zr-
2.5Nb pressure tube material containing 153 ppm of hydrogen [9] 

 KIH is not very sensitive to material strength. For example, in Zr-2.5Nb, 
while neutron irradiation increases the yield strength by 200 to 300 MPa, 
irradiation causes only a small reduction in KIH in Zr-2.5Nb, Figure 1-4 [10]. 

0



 

 1-6 

 

Figure 1-4 
Effect of neutron irradiation on KIH of cold-worked Zr-2.5Nb at 140 °C [10] 

 V is very sensitive to temperature and temperature history. Often V is 
described by an Arrhenius equation: 

V = C exp(-E/RT) Equation 1-2  

where C = Constant 
 E = Apparent activation energy for cracking, 
 R = Gas constant 
 T = Temperature [K] 

 The importance of temperature history is shown schematically in Figure 1-5 
[11]. As the temperature is raised from T1, cracking velocity follows 
Equation 1-2 until a temperature is reached where the cracking rate starts to 
decline, T2, and eventually stops (i.e., V = 0) at a slightly higher temperature, 
T3, even if hydrides are present in the component. In another history, upon 
cooling from some high temperature, T4, a temperature is reached where 
cracking starts, T5, and upon additional cooling, the velocity reaches a 
maximum value at T6. This cracking can happen even if all the hydrogen is in 
solid solution and no hydrides are present in the bulk of the component. 
Cracking at subsequent lower temperatures again follows Equation 1-2. 
Typical maximum velocities are 9 x 10-8 m/s at 250 °C and 5 x 10-9 m/s at 
150 °C in cold-worked Zr-2.5Nb. 
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Figure 1-5 
Schematic diagram of the effect of temperature history on DHC rate [11] 

 A positive temperature gradient (i.e., the crack tip being cooler than the 
metal matrix) increases V and shifts T2 and T3 to higher values [12], 
Figure 1-6. For example, a gradient of 20 °C/mm increases V by a factor of 
2.6 and shifts T3 by 150 °C. T5 and T6 have not been evaluated, but they too 
should be shifted to higher values.  

 

Figure 1-6 
Delayed hydride cracking after heating to test temperature, showing rise in T2 and 
T3 with increase in positive temperature gradient [12] 
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 A high temperature exists above which DHC is absent, T0, despite having 
hydrides present and cooling to the temperature [13]. Figure 1-7 illustrates 
this phenomenon in Zr-2.5Nb containing 170 ppm hydrogen. In this 
example, no DHC was observed above 350 °C. The rise in KIH with 
temperature above 300 °C, Figure 1-3, is partially responsible for this 
behavior. Irradiation increases T0; for example, T0 is increased to over 365 °C 
in Zr-2.5Nb by a neutron fluence of 3.5 x 1025 n/m2, E > 1 MeV.  
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Figure 1-7 
Evaluation of high temperature limit in Zr-2.5Nb containing 170 ppm hydrogen 
with test temperature attained by cooling. Decline in Vc starts at temperatures 
below the solubility limit for hydride precipitation, TP, that is, hydrides were present 
(based on data in [9]) 

 An increase in strength raises V. In Zr-2.5Nb neutron irradiation often adds 
200 to 300 MPa to the yield strength resulting in V being increased by a 
factor of ten [10, 14].  

In summary, the main parameters of DHC and their dependence on temperature 
and load have been established for Zr-2.5Nb. 

1.3 DHC in Zircaloy and Fuel Cladding 

Failures of fuel rods by DHC are less clear than in components made from 
Zr-2.5Nb, for example, pressure tubes [6], because of complicating factors in fuel 
cladding such as oxidation of the fracture surface and DHC being the 
propagating mechanism rather than the primary cause of the cracking. At first 
sight, Zircaloy1 would seem to be less susceptible to DHC than Zr-2.5Nb; the 
                                                      
1 For DHC, Zircaloy-2, Zircaloy-4 and their variants can be considered as the same 
material and will be called “Zircaloy”. 
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strength is lower and the microstructure is single phase, except for a small volume 
fraction of intermetallic particles, whereas Zr-2.5Nb is often prepared with the 
α-phase surrounded by the β-phase. The diffusivity of hydrogen is smaller in the 
α-phase than in the β-phase and the latter acts as an easy pathway for the 
diffusion of hydrogen. Fewer experiments have been done on Zircaloy than on 
Zr-2.5Nb, but its DHC behavior can be clearly discerned.  

Laboratory measurements on Zircaloy confirm that V is lower than in Zr-2.5Nb. 
For example, Figure 1-8 compares values obtained from unirradiated, cold-
worked and stress-relieved Zr-2.5Nb pressure tube material containing up to 72 
ppm hydrogen [15] and unirradiated, cold-worked and stress-relieved Zircaloy 
fuel cladding containing 200 ppm hydrogen [16]; the velocity values for Zircaloy 
are two to three times lower than in Zr-2.5Nb, but the temperature dependencies 
are similar. Other values from pressure tubes [17, 18] and fuel cladding [19, 20] 
made from Zircaloy, Figure 1-9, are in general agreement with the values shown 
in Figure 1-8.  
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Figure 1-8 
Comparison of DHC velocity in Zr-2.5Nb and Zircaloy in similar metallurgical 
conditions (based on data in [15] and [16]) 
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Figure 1-9 
Temperature dependence of V in Zircaloy (data from [16 to 20]) 

Neutron irradiation increases V in Zircaloy; in pressure tube material, an increase 
of nearly thirty-times was observed [18] while in fuel cladding the increase was 
between three and ten times [20, 21]. In irradiated Zircaloy, the values of T3 and 
T5 are similar to those observed in Zr-2.5Nb [22]. A high temperature limit, T0, 
of around 290 ºC has been observed in unirradiated Zircaloy cladding containing 
200 ppm hydrogen [16], Figure 1-10. A value of T0 around 360 ºC has been 
observed in irradiated Zircaloy cladding [23].  
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Figure 1-10 
Reduction in DHC at high temperatures in Zr-2.5Nb and CW and CWSR Zircaloy 
fuel cladding (based on [9, 16]) 

A radial temperature gradient can augment DHC on Zircaloy fuel cladding [24], 
even when the temperature is attained by heating. With modest hydrogen 
concentrations, 100 to 120 ppm, at a cracking temperature of 250 °C, cracking 
was increased by two to three times by a temperature gradient of about  
60 °C /mm. At 275 °C, DHC was only observed when the temperature gradient 
was present. No cracking was obtained at 288 °C with or without a temperature 
gradient. An increase of hydrogen concentration to 352 ppm combined with the 
temperature gradient induced cracking at a crack tip temperature of 288 °C, but 
none in the absence of the gradient. These results are in concordance with the 
theory presented in Figure 1-6. They also show easy cracking at a crack tip 
temperature that is above T0 indicated in Figure 1-10.  

As with Zr-2.5Nb, values of KIH of 10 MPa√m or less have been reported for 
Zircaloy pressure tubes and fuel cladding, as summarized in Table 1-1. Although 
there is much scatter, the small effect of irradiation on KIH is indicated. 
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Table 1-1 
Values of KIH for Zircaloy 

Material Irradiated?
Test 

temperature
[ºC] 

Hydrogen 
concentration 

[ppm] 

KIH 

[MPa√m]
Reference

Pressure 
tube No 150 to 200 180 to 300 7 to 8 [18] 

Pressure 
tube Yes 150 to 200 180 6 [18] 

Pressure 
tube No Cycle to 250 40 5 [11] 

Fuel 
cladding - 

RXA 
Yes  250 to 300 Up to 350 6 to 11 [20] 

Fuel 
cladding - 

CWSR 
No 300 1000 6 to 8 [19] 

Fuel 
cladding - 

RXA 
No 300 500 14 [19] 

Fuel 
cladding - 

LK-2 
Yes 200 to 300 560 to 1900 

9.9 to 
12.7 [21] 

Some cracks in fuel cladding in LWRs have been attributed to DHC or a DHC-
like process: 

 Secondary cracking leading to long slits in BWRs was caused by the 
production of copious amounts of hydrogen inside the fuel rod from a 
process called ‘oxygen starvation’ [25, 26]. The fracture surfaces looked 
similar to those produced by a DHC-like mechanism and the crack velocities 
at about 270 ºC were in the range of 2 to 7 x 10-7 m/s, expected for DHC in 
irradiated cladding [26]. The exact mechanism of cracking is still under 
discussion and DHC is not entirely precluded.  

 Radial cracking from the outside surface, again with fracture features similar 
to DHC, has been observed in power ramp tests after burnups of 40 to 
60 GWd/t in a commercial BWR [27]. Subsequent laboratory tests 
simulating the loading conditions showed that the cracking had the 
properties of DHC [28]. Care has to be taken with these results because the 
in-reactor test conditions were outside the operating range of BWRs. These 
conditions of a relatively cold crack tip, a large temperature gradient and a 
large force from the power ramp were ideal for the DHC process. 

 20-mm long cracks in the axial direction, close to the end-plugs of CANDU 
fuel have been detected [29]. The burn-up was very low, 0.4 GWd/t, so the 
inventory of fission products would be too small to cause stress-corrosion 
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cracking. Several partial radial cracks had also started from the inside surface. 
The hydrogen concentration was 42 ppm, which may have been picked up 
from residual moisture in the fuel. The source of the large hoop stress driving 
the crack was attributed to fuel expansion from the fuel operating well 
outside its design power, although the cause of this anomaly was not 
identified. 

In summary, fuel cladding made from Zircaloy is not immune from DHC and 
can behave similarly to Zr-2.5Nb. In-reactor failures have only been observed in 
fuel that is operating well outside its design limits. 

1.4 Condition of Fuel Cladding after Service 

Three factors are important for DHC during handling and storage of fuel: 
mechanical properties, hydrogen concentration and mechanical damage. 

1.4.1 Mechanical Properties 

The increase in yield strength as a function of the irradiation dose for stress-
relieved and recrystallized Zircaloy-2 and Zircaloy-4 has been reviewed for a 
large number of irradiation conditions [30]. After a rapid rise in strength with 
low dose, the subsequent increase in strength is smaller with higher neutron 
fluence leading to a saturation mechanism, both with low temperature irradiation 
and when the irradiation is performed in the range of 250 to 300 °C. For 
recrystallized alloys, the irradiation can induce a twofold increase of the yield 
strength. For cold-worked and stress-relieved materials, having a higher strength 
before irradiation, the relative increase in yield strength is smaller. The two 
conditions will exhibit similar yield strengths after an irradiation dose of about 
1025 n/m2, at which the irradiation hardening tends to saturate. Later 
observations have not changed these conclusions. 

In addition to the increase in yield strength, a large decrease in ductility, as 
measured by elongation, is induced by irradiation. This reduction in elongation is 
linked to the localisation of the deformation in narrow bands that produces a 
strong decrease in strain hardening. Plastic elongation below 1 % can be observed 
for Zr alloy fuel cladding, after less than one cycle of irradiation in power reactors 
[31, 32]. This low elongation is not an embrittlement (such as cleavage or 
intergranular fracture), but a change in the mechanism of deformation. The 
fracture surfaces remain characteristic of local ductile behavior, with dimples and 
the absence of any traces of cleavage. The reduction in strain to failure is caused 
by a large reduction of the uniform strain from highly localised deformation. 

During storage, the temperature of the cladding can be higher than the 
temperature during irradiation. As with any heat-treatment performed in alloys 
whose microstructures are not in equilibrium, a recovery process can be observed 
in irradiated zirconium alloys when the post-irradiation temperature is higher 
than the irradiation temperature. The experimental studies have mostly focussed 
on the kinetics of recovery of the irradiation damage at temperatures much 
higher than the temperature of irradiation. All the studies are in agreement and 
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converge for a beginning of the recovery around the irradiation temperature and 
total recovery at 550 ºC within 200 s (for example, [33]). Cladding irradiated up 
to 1x1026 n/m2 between 320 to 350 ºC in a PWR and annealed at 350 ºC lost 
most of its irradiation hardening after 3000 h. This thermal recovery was not 
affected by a stress of 130 MPa [34].  

1.4.2 Hydrogen Pick up 

During residence in a power reactor, fuel cladding picks up hydrogen released 
during corrosion. At fuel burn-ups of 50 GWd/t or greater in BWRs, the 
hydrogen concentration is often between 100 and 200 ppm [35, 36], but in one 
extreme case, was as high as 1600 ppm [37]. Compared with BWRs, fuel 
cladding picks up much more hydrogen in PWRs. As one example, after a fuel 
burn-up of about 57 GWd/t, low-tin Zircaloy-4 contained between 600 and 
820 ppm of hydrogen [38].  

The distribution of the hydrogen, and subsequent hydrides, is relevant for DHC.  

 Upon dissolution and reprecipitation, hydrides can be reoriented by a tensile 
stress. In a tube a desirable orientation of hydride platelets is with their 
normal in the radial direction; such hydrides are called circumferential 
hydrides. Circumferential hydrides, even at very high concentrations, have 
little effect on tensile ductility [39, 40]. Cooling the tube under a hoop stress 
from a temperature where much of the hydrogen is in solution may result in 
hydrides precipitating with their normal in the circumferential direction; 
these hydrides are called radial hydrides. Radial hydrides may severely 
embrittle the tube [41]. A threshold stress is required to form radial hydrides. 
Typical values are 120 MPa for cold-worked, stress-relieved (CWSR) 
cladding and 70 MPa for recrystallized, annealed (RXA) cladding [42].  

 The ability to form radial hydrides may also be important for DHC. For 
example, Zr-2.5Nb pressure tubes crack readily with a hoop stress, because 
radial hydrides form at the crack tip, whereas with a longitudinal stress 
cracking is difficult because the distribution of hydrides at the crack tip is 
very diffuse. The explanation of this behavior is based on the texture of the 
material, which consists of a large texture factor for basal normals in the 
transverse direction and a small one in the longitudinal direction [43].  

 The inside of the fuel cladding is much hotter than the outside and hydrogen 
diffuses down the temperature gradient towards the outer regions of the 
cladding [44]. The subsequent layer with a high density of hydrides coupled 
with a thick oxide on the outside surface may be the source of crack initiation 
[45]. 

1.4.3 Mechanical Damage 

Unless tensile stresses are very large in a component, a stress raiser is required to 
initiate DHC. Flaws may be produced during operation, for example by stress-
corrosion from fission products on the cladding inner surface or by fretting on 
the outer surface caused by vibration and contact with spacers, or during 
handling, causing scratches and gouges.  
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Thus before fuel is placed in storage, the cladding can have a wide range of 
irradiation damage, hydrogen concentration and distribution of subsequent 
hydrides, and perhaps some potential crack initiation sites. 

1.5 Conditions during Fuel Storage 

The conditions for dry storage are quite different from those during residence in 
the reactor, for which the fuel was designed. These differences include: 

 Very long residence times, with targets of 40 to 100 years; 

 No irradiation damage from neutrons; 

 The external fluid, usually an inert gas such as helium, with heat-transfer that 
is less efficient than in water;  

 Heating from radioactive decay that declines with time; because of the 
relatively poor heat-transfer the cladding temperature is raised from ambient 
temperatures by several hundreds of degrees Celsius, but because the heat 
flux is about 1 % of that during residence in the reactor, the temperature 
gradient through the cladding wall is very low, <1 °C/mm [46]. 

 The internal gas pressure from the original filler gas and fission products is 
greater than the ambient pressure – i.e., atmospheric pressure – leading to 
tensile hoop stresses. 

The temperature is highest at the start of storage; consequently the pressure and 
the hoop stresses are highest then too. As the temperature is reduced, then the 
pressure decreases. If the cladding creeps, the pressure also decreases because of 
the extra volume.  

The initial conditions for dry storage will depend on: 

 The fuel composition: for example, in MOX fuel, α-decay leads to the 
generation of He, amounts of which can be large after very long storage 
times, > 100 years [47]; low diffusivity of He in ceramic fuel may postpone 
its release at fuel storage temperatures. 

 The strength of the cladding: during reactor operation, weaker cladding 
creeps down and contacts the fuel earlier than strong cladding, resulting in a 
lower fuel temperature and less fission gas release and thus lower pressure at 
the start of dry storage after the same burnup. 

 Fuel burn-up: higher values result in more decay heat and fission gases.  

 Residence time in pool storage: longer times allow for greater cooling.  

To prevent excess creep and potential rupture, regulators have set limits on the 
normal conditions of storage. For example, the US NRC has decreed that 
cladding temperature must not exceed 400 °C [48]. Cladding stresses have to be 
based on the cladding thickness reduced by any hydride layer and the thickness of 
the oxide; the maximum corrosion allowance is 120 μm, corresponding to a metal 
loss of 80 m (120/1.5 m, where 1.5 is the Pilling-Bedworth ratio.) One of the 
operating limits for PWR fuel is for the internal gas pressure to be lower than the 
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coolant water pressure, 15.5 MPa at 350 ºC. An upper-bound stress at the start 
of storage can be estimated using these values. At the limiting temperature of  
400 ºC the internal pressure is raised to 16.7 MPa. In typical cladding the 
outside diameter is 9.5 mm and the wall thickness is 0.57 mm; the thickness is 
reduced to 0.49 mm by corrosion. The upper-bound hoop stress at 400 ºC is 
therefore about 150 MPa (based on PD/2t or 16.7x8.85/2x0.49). German 
regulators limit the hoop stress to 120 MPa, while in France the stress limit may 
be as high as 300 MPa, based on creep rupture behavior [49]. During loading of 
the fuel, not more than ten thermal cycles of less than 65 ºC are allowed; peak 
cladding temperature limits and thermal cycle restrictions are designed to 
minimize re-orienting hydrides to a radial configuration.  

Calculation is used to determine the conditions for fuel storage. For example, at 
the start of dry storage after a burnup of 55 GWd/t and about 6 years in pool 
storage, typical predicted temperatures were 350 to 360 ºC declining to 230 to 
240 ºC in ten years, according to [50]. The calculated hoop stresses at the start of 
storage were 60 to 80 MPa, which declined, from both the drop in temperature 
and less than 1 % creep strain, to 45 to 60 MPa, respectively [50]. In reference 
[51], similar calculations using the regulatory limit of 400 ºC were performed. 
The end-of-life internal pressure was used to calculate the hoop stress at the start 
of storage, using, for illustration, a maximum value as high as 200 MPa. The 
temperature and stress decline are illustrated in Figure 1-11 for an initial hoop 
stress of 100 MPa. After 40 years the temperature is predicted to be about 
222 ºC while the stress has decreased to 68 MPa.  
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Figure 1-11 
History of temperature and hoop stress imposed on fuel cladding during dry 
storage (based on [51]). Periods of immunity based on T0 
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Examinations of fuel rods after storage confirm this picture and provide insight 
in what to expect from the behavior of the cladding. As an example, PWR fuel 
was stored in a dry, inert atmosphere for 14.8 years after a discharge burn-up of 
35.7 GWd/t, and then destructively examined [52]. After some thermal bench-
mark tests, in which the maximum temperature reached 415 °C, but for less than 
72 h, the fuel rods were stored in a Castor cask. The temperature at the start of 
dry storage was 344 °C; this temperature had declined to about 155 °C after 
14.2 years. The contribution to the internal pressure from fission gases was 
0.75 MPa for a total pressure of 3.61 MPa. No extra fission gas was released 
during storage. At 415 °C, this pressure would impose a hoop stress of 72 MPa, 
but at the start of dry storage (344 °C) this value would be 64 MPa. The 
maximum hydrogen concentration in the cladding was 325 ppm, consistent with 
PWR cladding at this burnup. It was either distributed evenly across the cladding 
wall or in concentrated bands on both the outer and inner regions of the 
cladding. No radial hydrides were observed. The maximum oxide thickness on 
the outside surface was 45 μm with no radial cracks in the micrographs presented 
in the paper. Hardness measurements indicated that some irradiation damage 
had recovered, but was thought to have happened mainly during the initial 
benchmark testing with little further recovery during long-term storage. No 
breaches in the integrity of the cladding were detected. 

Similar results were obtained after a burn-up of 58 GWd/t in a PWR and storage 
for 20 years in air [53]. No prior storage in water is mentioned, nor are the initial 
and final temperatures reported. The fuel cladding was intact. The total internal 
gas pressure was 4.58 MPa; no extra fission gas was released during storage. If 
the highest temperature met the NRC temperature limit of 400 °C at the start of 
dry storage, the maximum hoop tensile stress would have been about 88 MPa. 
The maximum hydrogen concentration was 122 ppm. No hydride reorientation 
to radial hydrides was observed. Hydrogen would all be in solution for the first 
period of storage (about the first ten years, Figure 1-11) and by then the hoop 
tensile stress would have been close to or below the threshold stress for hydride 
reorientation. 

In summary, during dry storage fuel cladding is subject to temperatures higher 
than during reactor operation and has to withstand a hoop tensile stress from the 
internal gas pressure since the water pressure during reactor operation is absent. 
Both temperature and stress decline slowly with time.  

1.6 Is DHC Possible during Fuel Storage? 

The critical conditions for DHC are for the material to be susceptible to DHC, 
for KIH to be exceeded so that DHC can initiate, and for sufficient hydrogen to 
be present so that hydrides can form to allow the crack to propagate. This latter 
condition depends on the hydrogen concentration, the temperature and whether 
this temperature was attained by cooling or heating.  

Much evidence has been accumulated showing that Zircaloy fuel cladding is 
susceptible to DHC and, if the correct conditions exist, can crack by DHC. 
Although the loading is mostly in plane stress, a stress gradient is setup at any 
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flaw, which is sufficient to induce hydrogen migration to the flaw tip. Even with 
favorable stressing conditions, a maximum temperature, T0, exists above which 
DHC cannot start. This temperature is around 290 ºC in unirradiated cladding 
material but may be as high as 360 ºC in irradiated material. This phenomenon 
suggests that fuel that would start storage at the NRC-stipulated maximum 
temperature of 400 ºC will be immune from DHC until the temperature reaches 
the critical temperature. This period of immunity is about three years, using the 
cooling curve of Figure 1-11. If T0 depends on irradiation damage, its value may 
be reduced if the damage is annealed out during early storage. Thus the period of 
immunity may be much longer than estimated; if T0 returns to 290 ºC, the 
period of immunity increases to about 12 years, Figure 1-11. The hoop stress will 
be simultaneously lowered, providing further protection. The benefits from these 
arguments are smaller when the starting temperature for storage is lower than the 
NRC limit, as is generally the case, since the irradiation damage will be retained 
for longer times. Once the period of absolute immunity is over, one then has to 
examine the stress conditions. 

After service in a power reactor, fuel cladding often contains much hydrogen so 
that hydrides are present throughout the period of storage. The discussion in 
Section 1.1 suggests that at the NRC maximum temperature, hydrides would still 
be present on heating if the concentration of hydrogen were 172 ppm. Below T0, 
cracks only extend by DHC if the temperature is attained by cooling from some 
critically higher temperature, often TSSD. In much of the fuel cladding removed 
from LWRs, DHC would not be limited by lack of hydrogen.  

The unfavorable effects of a temperature gradient, described in Section 1-2, are 
mostly absent during fuel storage. Once dry storage has begun, the cladding is 
slowly cooled, which strongly favors DHC. Thus the conditions for crack 
propagation will be present at some time during fuel storage. 

For a crack to be initiated, the combination of tensile stress and flaw size must 
exceed KIH. (Although KIH is a linear elastic concept it can be used as a guide for 
this discussion because its measurements were made on fuel cladding.) The 
maximum depth of sharp surface flaw, a, that can be tolerated without crack 
growth can be estimated from [54]: 

a = (KIH/)2 Q/(1.2 ) Equation 1-3 

where  = Applied stress 
 Q = Shape factor 

For elliptical flaws, Q is about 1.5 while for long flaws, for example, a scratch, Q 
is about 1.0. Applying the information from this review indicates that the flaws 
have to be unrealistically large (deeper than the thickness of the cladding) or the 
stress has to be at one of the maximum estimated values cited above, which are 
probably unrealistically large, Table 1-2. These conditions suggest that the flaws 
would be detected before the fuel was placed in storage or deformation and 
plastic collapse would intervene before DHC could start. Thus crack initiation by 
DHC is a highly unlikely event. If KIH increases to much higher values above 
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300 ºC, as indicated for irradiated Zr-2.5Nb, then this conclusion is further 
reinforced. 

Table 1-2 
Critical flaw depth for crack initiation by DHC (wall thickness taken as 0.57 mm) 

Crack shape
depth/length

Q/(1.21 )
KIH 

[MPam[

Tensile 
stress 
[MPa] 

Flaw 
depth 
[mm] 

Flaw 
depth/Wall 
thickness 

0.3 0.39 5 90 1.20 2.14 

0.3 0.39 5 120 0.69 1.20 

0.3 0.39 5 150 0.43 0.77 

0.3 0.39 5 200 0.24 0.43 

0.3 0.39 10 90 4.81 8.55 

0.3 0.39 10 120 2.74 4.81 

0.3 0.39 10 150 1.73 3.08 

0.3 0.39 10 200 0.98 1.73 

< 0.1 0.26 5 90 0.80 1.42 

< 0.1 0.26 5 120 0.46 0.80 

< 0.1 0.26 5 150 0.29 0.51 

< 0.1 0.26 5 200 0.16 0.29 

< 0.1 0.26 10 90 3.21 5.70 

< 0.1 0.26 10 120 1.83 3.20 

< 0.1 0.26 10 150 1.16 2.05 

< 0.1 0.26 10 200 0.65 1.15 

Note that Chapter 3 of Ref. [3] came to similar conclusions about DHC 
initiation and propagation, but from a slightly different direction.  

1.7 Summary and Conclusions 

The main features of delayed hydride crack in zirconium alloys and the 
conditions for dry storage of spent nuclear fuel are summarized. Although at 
some time during storage the conditions for DHC propagation will be present, 
starting such a crack would require unacceptable tensile stresses or unrealistic 
sharp flaws.  

1.8 Recommendations 

Confirmation of three quantities would reinforce the conclusion.  

1. The value of KIH for irradiated fuel cladding, especially above 300 ºC, needs 
to be measured.  
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2. The value of T0 should be confirmed for irradiated fuel cladding since it is 
potentially a source of much margin on any cracking during dry storage. 

3. Evaluation of the annealing of irradiation damage at temperatures a few tens 
of degrees Celsius above the irradiation temperature. 
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Section 2: Possibility of Delayed Hydride 
Cracking During Wet Storage of 
Spent Nuclear Fuel 

2.1 Introduction 

Before fuel from Light Water Reactors (LWR) can be stored in dry systems, the 
initial intense decay heat is dispersed in water held in large pools. Pool storage 
lasts at least five years or more, depending on the burnup of the fuel. The 
ambient conditions in a pool are benign, with low temperatures and small 
pressures from the head of water in the pool. The conditions inside the fuel rods 
and the metallurgical state of the cladding, including damage sustained during 
service, need to be assessed so that the transfer from the pool to, and storage in, 
dry conditions can be done safely. In Section 1, the prospects for leakage of 
radioactivity from the fuel during dry storage, because of a breach caused by 
DHC, was discussed and shown to be unlikely. In this Section, this information 
is used to evaluate the conditions during pool storage with an emphasis on 
fretting damage and the cladding conditions on entry into dry storage.  

DHC at low temperatures is reviewed, an estimate of the conditions within the 
cladding and fretting damage are discussed and an assessment of DHC is made. 
In particular, assuming DHC at the fretting location during pool storage, how 
long would be required to penetrate the fuel cladding? Also, what would be the 
domain of conditions for DHC not to be active in the pool, but becoming active 
upon transfer of the PWR spent fuel assemblies? 

2.2 DHC at Low Temperatures 

DHC requires hydrogen to move to a stress-concentration and for the hydrogen 
concentration to exceed the solubility limit and form hydrides. If the local stress 
is large enough, these hydrides will fracture and the process will repeat and 
cracking will have started. The two technological parameters of interest are the 
rate of crack growth, V, and some measure of the critical stress needed to start 
the process. Usually the latter is identified as KIH, the critical stress intensity 
factor, but it requires that the flaw is sharp. With blunt flaws or smooth surfaces, 
a critical tensile stress is required.  
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Measurements of V are important for evaluations of Leak-Before-Break in 
pressure tubes [55] and to determine times to breach fuel cladding if DHC can 
be initiated. Most measurements are made with cracks growing on the plane with 
its normal parallel with the hoop direction. The few measurements of V made 
below about 100 °C fit with the majority of the data obtained at higher 
temperatures. Table 2-1 summarizes the test data for pressure tubes made from 
Zircaloy-2 [18] and Zr-2.5Nb [56, 57, 58]. The microstructure of Zr-2.5Nb is 
highly anisotropic with -grains in the shape of platelets, surrounded by β-phase; 
the normal to the -grains is in the radial direction. It is this microstructural 
anisotropy that is thought to be responsible for the difference in V in the two test 
directions on the plane normal to the hoop direction, with cracking being more 
difficult in the radial direction. Similar anisotropy is less or absent in Zircaloy 
[18] because the microstructure is relatively more equiaxed. For cladding, one has 
to extrapolate values from above 150 °C [16, 59]. As with pressure tube 
materials, above about 200 °C, the rate of crack growth was similar in the radial 
and axial directions on the plane normal to the hoop direction [28, 59], 
Figure 2-1. In both pressure tube materials, DHC is very difficult when the crack 
is being driven by an axial stress; KIH is 15 MPa√m, or greater [43]. This 
resistance to cracking is attributed to the lack of basal plane normals, and 
therefore normals to the habit planes of the hydrides, in the axial direction [18, 
43]. Similar tests have not been performed on fuel cladding, but the lack of basal 
poles in the axial direction suggests it should behave similarly and be very 
resistant to DHC driven by an axial stress. 

Table 2-1 
DHC growth rates at low temperatures in zirconium alloys 

Material Test 
direction

Test 
temperature

[°C] 

V 
[m/s] 

Reference 

Zr-2.5Nb  
pressure tube Axial 108 2.5x10-9 [58] 

Zr-2.5Nb  
pressure tube Radial 77 7.7x10-11 [56] 

Zr-2.5Nb  
pressure tube Radial 17 5.3x10-12 [56] 

Zr-2.5Nb  
pressure tube Axial 20 3x10-10 [57] 

Zircaloy-2  
pressure tube Axial 93 5x10-10 [18] 

Zircaloy-4  
fuel cladding 

Axial 
Radial 100 4.3x10-10 

Extrapolated 
values 

[16, 28, 59] 

Zircaloy-4  
fuel cladding 

Axial 
Radial 40 2.3x10-11 

Extrapolated 
values 

[16, 28, 59] 
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Figure 2-1 
Comparison of temperature dependence of cracking in axial and radial directions 
in CWSR Zircaloy-4 fuel cladding [28, 59] 

The crack growth rates above 100 °C are increased by neutron irradiation by 
factors between three and ten [10, 18, 20, 21], but no data exist below 100 °C. 
One rolled joint from a CANDU reactor containing a cracked Zr-2.5Nb pressure 
tube was held in a storage pool at about 20 °C for about 20 years and examined. 
The crack had extended axially, being driven by the original residual stresses that 
caused the crack in the first place. The average crack growth rate was about 
2x10-11 m/s [60]. Unfortunately for this exercise, the fluence was very low in this 
region, so little effect of irradiation would be expected.  

Values of KIH are not sensitive to temperature below about 300 °C. The summary 
Table 1-1 provided in Section 1 should apply to temperatures below 100 °C. As 
in Section 1, the lower bound value of KIH is taken as 5 MPa√m. In Zr-2.5Nb, 
the stress required to initiate DHC on a smooth surface is 450 MPa [4] and in 
the absence of any other information the same value will be used for irradiated 
Zircaloy fuel cladding. 

2.3 Condition of a Fuel Rod 

For this assessment the temperature of the pool water will be taken as 40 °C. 
Since the coefficient in thermal expansion of UO2 [61] is over 60% larger than 
that of the diametral change in the cladding [62] (assuming a radial texture), on 
cooling from service conditions to pool conditions the fuel will shrink away from 
the cladding and will only be in loose contact with the cladding. Thus the main 
stressing agent will be internal pressure from the gasses. As in Section 1, the 
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internal pressure is assumed to be that based on the operating limits for PWR 
fuel in which the internal gas pressure has to be lower than the coolant water 
pressure, 15.5 MPa at 350 ºC. Taking account of the corrosion allowance, the 
maximum hoop stress at 40 ºC will be 70 MPa. Although there will be some heat 
flux, the temperature gradient will be small enough to ignore.  

The cladding will be irradiation hardened and contain much hydrogen from 
corrosion. At 40 °C the solubility of hydrogen in zirconium alloys is less than 1 
ppm so most of the hydrogen will be present as hydride [4]. As a result of the low 
hoop stress and low concentration of hydrogen in solution, the population of any 
radial hydrides will not increase during residence in a water pool.  

Fretting can damage the outer surface of the cladding. Fretting from debris can 
be random and highly damaging, but for this report it is assumed that filters have 
kept such damage under control.  

In Pressurized Water Reactors (PWR), the most likely damage is wear at the 
support locations between the fuel rod cladding and spacer grids, where the fuel 
rods are initially pre-loaded using an arrangement of springs and dimples. 
Failures of cladding from these interactions have been summarized in [63], 
indicating that fretting damage can penetrate the tube wall. For this report, 
potential damage in assemblies designed to mitigate fretting will be used for an 
example [64]. A schematic diagram of the fuel grid support is shown in 
Figure 2-2. The grid supports are usually made from Zircaloy-4 or other 
optimized zirconium alloys. During service, the spring relaxes, mainly from 
irradiation deformation. This spring relaxation, along with grid growth and fuel 
rod creep down, results in increased clearance between the fuel rod and the grid 
support [65]. The altered spring to fuel rod loading combined with flow-induced 
excitation forces can then lead to relative motion between the fuel rod and grid 
support, leading to wear damage.  

With this spacer design, an example of a potential fuel fret mark is shown in 
Figure 2-3; this mark developed in a laboratory test simulating flow conditions 
and resulted from contact with a grid cell dimple. The depths of these marks 
ranged from 50 μm up to 80 μm. A simple and conservative evaluation of the 
effect these marks have on the stress is just to reduce the wall thickness of the 
corroded cladding by the depth of the fret mark. Thus the maximum hoop stress 
is now 83 MPa based on a local wall thickness of 0.41 mm (initial full wall 
thickness was 0.57 mm). An axial profile through the maximum depth region of 
a fret mark of depth 60 μm is shown in Figure 2-4. One might then expect the 
locations of maximum risk to be the sharp radii at the corners of the fret mark, 
“A” in Figure 2-4. An estimate of the consequences of such stress concentrations 
is to raise the axial stress from 42 MPa up to about 95 MPa [66].  
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Figure 2-2 
Example of PWR fuel rod and grid cell arrangement [63] 

 

Figure 2-3 
Profilometry scan of a fuel rod wear mark resulting from contact with a grid cell 
dimple during an autoclave fretting-wear test [63] 
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Figure 2-4 
Axial profile through the deepest part of a typical fret mark formed during an 
autoclave fretting-wear test 

2.4 Prospects for DHC during Pool Storage 

2.4.1 General Considerations 

The great decrease in the internal pressure by cooling the fuel in a water pool 
much reduces the chance of DHC. Applying the analysis used in Section 1 shows 
that for DHC to start the flaw must be very large and through the wall of the 
cladding. For a crack to be initiated, the combination of tensile stress and flaw 
size must exceed KIH. The maximum depth of sharp surface flaw, a, that can be 
tolerated without crack growth can be estimated from Equation 1-3: 

a = (KIH/)2 Q/(1.2 ) Equation 2-1 

where  = Applied stress 
 Q = Shape factor 

For semi-elliptical flaws, Q is about 1.5 while for long flaws, for example, a 
scratch, Q is about 1.0. Some estimates are summarized in Table 2-2. For a sharp 
flaw 25 % through the reduced wall to propagate: 

 The hoop stresses have to be very large (310 or 255 MPa in Table 2-2); there 
is no source of such stresses in spent fuel stored in a water pool, or 

 KIH has to be very low (1.3 or 1.6 MPa√m in Table 2-2); there is no evidence 
for such small values. 
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Table 2-2 
Critical flaw depth for crack initiation by DHC (Wall thickness taken at fret mark as 
0.41 mm) 

Crack shape 
depth/length

Q/(1.21 π) KIH 

[MPa√m]

Tensile 
stress 
[MPa] 

Flaw 
depth 
[mm] 

Flaw 
depth/Wall 
thickness 

0.3 0.39 5 83 1.43 3.49 

0.3 0.39 5 310 0.10 0.25 

0.3 0.39 1.3 83 0.10 0.25 

0.3 0.39 5 133 0.56 1.36 

< 0.1 0.26 5 83 0.95 2.33 

< 0.1 0.26 5 255 0.10 0.25 

< 0.1 0.26 1.6 83 0.10 0.25 

<0.1 0.26 5 133 0.37 0.91 

These results suggest that flaws that could propagate by DHC would be detected 
before the fuel was placed in storage or that DHC will be absent during pool 
storage of intact fuel. The maximum hoop stress of 83 MPa developed in the fret 
marks being considered here is far from any stress required to initiate DHC from 
a smooth surface – 450 MPa in Zr-2.5Nb - again suggesting that the fret marks, 
although undesirable, should not lead to DHC. The stress concentrating radii at 
the bottom of a fret mark augment the axial stress. Fuel cladding usually has a 
very strong radial texture with very few basal plane normals in the axial direction. 
If fuel cladding behaves in the same way as pressure tubes, which also have very 
few basal plane normals and high KIH in the axial direction, then DHC would 
not be initiated at these sharp radii.  

2.4.2 Penetration Time 

In the unlikely event that DHC was initiated during pool storage, how long 
would it take to penetrate the fuel cladding? The time for a crack to extend a set 
distance has two components: the time for the crack to initiate and the time for 
the crack to grow the distance through the cladding wall. The latter can be 
estimated from the crack growth rates. The envelope of cases is indicated in 
Table 2-3, ranging from full wall thickness to that diminished by corrosion and 
fretting, and using extrapolated crack growth rates, assuming an increase from 
irradiation. All the times are much shorter than the expected residence times in a 
storage pool, ranging from 293 days down to 21 days. Any propagating crack 
would have had sufficient time to cause leakage of radioactivity but none has 
been documented from this mechanism, further emphasizing that DHC is not an 
active mechanism during pool storage of fuel. 
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Table 2-3 
Time taken to penetrate fuel cladding by DHC after a crack has been nucleated 

Material 
Wall 

thickness 
[mm] 

Crack growth 
rate 
[m/s] 

Time to 
penetrate 

wall 
[days] 

Unirradiated 0.57 2.25 x 10-11 293 

Three times increase in V 
by irradiation 0.57 6.75 x 10-11 98 

Ten times increase in V  
by irradiation 0.57 2.25 x 10-10 29 

Unirradiated 0.41 2.25 x 10-11 211 

Three times increase in V 
by irradiation 0.41 6.75 x 10-11 70 

Ten times increase in V  
by irradiation  0.41 2.25 x 10-10 21 

Crack initiation times cannot be estimated when the stressing conditions are less 
than KIH or its equivalent in tensile stress. Even when the stresses are large, 
setting up the conditions for DHC can take years. As an example, during the 
installation of the Zr-2.5Nb pressure tubes in the Bruce CANDU reactors very 
large residual tensile stresses, up to 620 MPa, were set up at the ends of many 
fuel channels. Once the consequences of these stresses were discovered – cracking 
and leakage through the tubes [6] – the ends of the pressure tubes in the Bruce 
units were stress-relieved. The times between installation and stress relief differed 
between units; the temperature during this interval was about 25 °C. In Unit 1 
the stress relief was done 22 months after installation and no cracks formed 
whereas in Unit 2 the tubes were stress relieved 32 months after installation and 
four tubes cracked. Although the tensile stresses were very large in Unit 1, no 
DHC was initiated in almost two years. The stress conditions in fuel cladding 
during pool storage are much less severe so the expectation would be for very 
long crack initiation times.  

2.4.3 Leaving the Pool 

The chief change for the fuel when it is transferred to dry storage is for the 
temperature to rise. Consequently the internal gas pressure will also increase. The 
susceptibility to DHC will not change because KIH is temperature insensitive up 
to at least 250 °C. If the temperature rise is monotonic towards its maximum 
value, >300 °C, any crack will stop at about 230 °C because of the effect of 
heating on DHC (T3 in Figure 1-5 in Section 1). Thus if any incipient crack 
does not crack before 230 °C is reached, the discussion in Section 1 applies at 
higher temperatures, again suggesting that DHC is unlikely. The stress at this 
temperature in the fret mark will rise to 133 MPa but the size of the critical crack 
would be still be very large, Table 2-2.  
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2.5 Summary and Conclusions 

The features of delayed hydride crack in zirconium alloys and the conditions of 
spent nuclear fuel at temperatures appropriate for pool storage have been 
outlined. One potential source of defects is fretting; analysis of fuel rod fretting 
in a modern grid arrangement suggests that either the stress or the defect sizes 
are not available to initiate DHC. As with dry storage, DHC is most unlikely 
during pool storage and during transfer to dry storage.  
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Appendix A: Models for DHC Rates 
A.1 Introduction 

Recently a controversy has arisen over the rate-controlling process for DHC 
propagation. In a series of papers, starting with [A.1], Y.S. Kim has proposed a 
model for the rate of DHC that is claimed to be new and superior to previous 
models. The source of the technical disagreement is in the development of the 
first step of the process: 

 In Kim’s model, a hydride is said to precipitate at a crack tip immediately on 
the imposition of a tensile stress; this model will be called the Precipitate 
First Model (PFM). Hydrogen diffuses down the concentration gradient set 
up at the crack tip. 

 In an alternative model, the hydrogen moves to the crack tip as a result of the 
chemical potential gradient set up by the stress gradient at the crack tip. If 
the increased hydrogen concentration exceeds the solubility limit for 
precipitation, hydrides are formed. If KI>KIH, the hydride can crack and the 
process is repeated at the new crack tip. DHC has started. This model will be 
called the Diffusion First Model (DFM). This model is described in detail in 
[A.2]. It is a formal presentation of an old idea, using some of the features of 
the original model by Dutton and Puls [A.3].  

A.2 Kim’s Model 

The essence of the PFM is illustrated in Figure A-1. When a compact tension 
specimen of zirconium alloy containing 60 ppm hydrogen and a fatigue-
sharpened crack is heated beyond 310 °C (point A) all the hydrogen is in 
solution. On cooling to 250 °C, the hydrogen is still all in solution (point B); 
Kim says it is supersaturated with respect to the TSSD line, point C. The 
amount of supersaturation corresponds to BC. When the tensile stress is applied 
to the specimen, the work energy available from the applied tensile stress will 
compensate for part of the increased lattice strain energy by precipitating 
hydrides that have a 14 to 17 % larger volume than the zirconium lattice. 
Nucleation of hydride only at the crack tip is triggered by the application of 
tensile stress. The supersaturated hydrogen concentration in the zirconium 
matrix close to the crack tip is lowered, eventually to the TSSD, point C. The 
bulk of the specimen is still at point B, and the maximum difference in hydrogen 
concentration, Δc, between the crack tip and the bulk material is BC. It is Δc that 
is said to be the driving force for DHC, moving hydrogen down a concentration 
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gradient from the bulk to the crack tip. The method by which one leaps from this 
picture to a value of crack growth rate is absent.  

 

Figure A-1 
Schematic diagram of Kim’s model (from [A.1]) 

Problems with this model and its presentation are: 

It requires TSSP to be affected by stress. No experimental evidence exists to 
support this requirement. Theoretical analysis using the experimentally 
determined partial molar volume of hydrogen in zirconium, VH, [A.4, A.5] 
shows that any effect of tensile stress on the solvi is very small [A.6]. 

It requires that the region between TSSP and TSSD be considered 
supersaturation. 

The size of the concentration gradient is not spelled out. A concentration 
gradient has the units Mass/(Length)4, which is not a force. 

No analysis leading to equations that can be tested quantitatively against data 
are provided. Support for this picture of the mechanism is claimed based on 
correlations. 

A.3 DFM 

In this model the hydrogen is driven by a gradient in chemical potential, μ, 
(which does have the units of a force: (Mass x Length)/(Time)2 ). This gradient 
arises because a tensile stress reduces  [A.7] and at a stress riser  is lower than 
in the bulk material. Hydrogen will flow to the region of greatest tensile stress to 
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compensate for the gradient in , that is, from the bulk to the crack tip. 
Equilibrium is reached when the gradient in  is zero; consequently the flux of 
hydrogen stops. A consequence of the hydrogen flow is a concentration gradient, 
with the concentration being higher at the crack tip than in the bulk (the exact 
opposite to Kim’s PFM once he has precipitated an initial hydride). If the 
hydrogen concentration at the crack tip reaches TSSP before it reaches the 
equilibrium concentration, hydrides will form at the crack tip. Further, if KI>KIH, 
DHC can start. Cracking is not an equilibrium process so hydrogen continues to 
diffuse to the crack. The equivalent to Kim’s picture for DFM is illustrated in 
Figure A-2 using a loaded compact tension specimen of zirconium alloy 
containing 60 ppm hydrogen and a fatigue-sharpened crack. The specimen is 
heated to 340 °C so all the hydrogen is in solution. The concentration of 
hydrogen in the bulk material, C(b), is 60 ppm while the tensile stress at the 
crack tip increases the concentration in solution, C(a), to 87 ppm through: 

C(a) = C(b) exp[(µ0(b)-µ0(a)]/RT Equation A-1 

where 0(b)-0(a) = -H VH, and H is the hydrostatic stress and VH is the 
partial molar volume of hydrogen in zirconium. 
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Figure A-2 
Schematic diagram of DFM. The critical temperature for DHC is T5 [A.2] 

The volume of material around the crack tip is so much smaller than the bulk 
material that its concentration is assumed to be unaffected by any increase in 
concentration at the crack tip. Thus on cooling, the concentration in the bulk 
remains at 60 ppm while that at the crack tip increases because the yield stress is 
increasing, following equilibrium – the dashed line in Figure A-2. As the TSSD 
line is crossed at 302 °C, the hydrogen concentration at the crack tip increases to 
92 ppm, which is below TSSP. At T5 (283 °C), TSSP is reached at the crack tip 
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as its concentration increases to 95 ppm. The crack tip hydrogen concentration in 
solution cannot exceed TSSP (that would be supersaturation) and hydrides can 
now precipitate. These hydrides could crack if KI>KIH. Note that T5 is 40 ºC 
above the TSSP temperature for 60 ppm hydrogen, so no hydrides are present in 
the bulk in this example. Much experimental evidence is available to support this 
behavior, Figure A-3.  

 

Figure A-3 
Measurement of temperature at which DHC can start on cooling, following the 
scheme of Figure A-2. Data from Zr-2.5Nb (open squares, triangles and circles) 
and irradiated Zircaloy (diamonds). The dashed line is the DFM prediction (from 
[A.2]) 

Since cracking of the hydride is a rapid process, the rate of growth of the hydride 
and its cracking are controlled by the diffusion of hydrogen into the crack tip. 
The rate of cracking, V, was derived using this model:  

V = W D [Cb – CP exp(-HVH/RT)] Equation A-2 

where W = Constant, 
 D = Diffusivity 
 Cb = Concentration of hydrogen in the bulk material. 
 CP = TSSP, 
 H = Hydrostatic stress; 2.4y for plane strain and 1.3 y for plane  
   stress, and y is the temperature-dependent yield strength. 

This model has accurately and quantitatively described several sets of 
measurements of crack velocity with a range of temperature histories. For 
example, the results of an international inter-laboratory study [A.8] were 
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analyzed. The Zr-2.5Nb compact tension specimens contained hydrogen 
concentrations ranging from 29 to 72 ppm. Before loading, the specimens were 
heated to beyond TSSD. They were loaded at various temperatures ranging from 
144 to 283 ºC; the specimens with the highest hydrogen concentrations were 
tested at temperatures above TSSP. The test data were accurately described by 
the DFM, Figure A-4. An exception was found at the lowest test temperature. 
The open circles all represent calculations based on a TSSP for δ-hydride. The 
open square at 1000/T = 2.4 is based on a TSSP representing γ-hydride. 
Although one may invoke a stress-induced phase transformation [A.9], this 
single point suggests that cracking of γ- and δ-precipitates can be analyzed by 
DFM simply on the basis of their respective solubility limits.  

 

Figure A-4 
DFM description (open circles) of the temperature dependence of DHC velocity in 
Zr-2.5Nb (from [A.2]).  

A.4 Discussion 

Both models require diffusion of hydrogen to the crack tip, thus separating them 
quantitatively is difficult. For example, in Section 3.4 of [A.2] an attempt is 
made to place Kim’s model on a mathematical footing; both DFM and PFM 
described the data. Both require stress to effect change, but in quite different 
ways: PFM based on stress-induced precipitation and DFM based on stress-
induced diffusion. Neither model provides a fracture criterion; if the rate of 
hydrogen diffusing to the crack tip is the rate controlling process then no fracture 
criterion is required to describe the rate of crack growth. Because of this silence, 
these models cannot be used to evaluate KIH, the key to whether cracking can be 
initiated during dry storage. By extension, Kim is not justified in using his model 
to describe dry storage [A.10]. His citing of the failures in Zr-2.5Nb fuel 
cladding at room temperature [A.11] is inappropriate because the cracking was 
initiated by very large internal stresses created by welding. The hoop stresses 
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during dry storage will be at least three times smaller than those developed in Zr-
2.5Nb after welding. 

The impetus for the development of Kim’s picture was the perceived 
shortcomings of the previous approaches.  

1. Hydrogen does not move up a stress gradient. In experiments with a small stress 
gradient (12 MPa/mm) no hydrogen transfer from low to high stress regions 
was detected [A.12]. However, in experiments where the stress gradient was 
increased by about a factor of 18, at 300 ºC a concentration gradient of about 
2 ppm H/mm was detected [A.5]. This result illustrates the small size of the 
effect and explains why no hydrogen gradient was detected with the low 
stress gradient. The results in [A.5] were used to calculate the partial molar 
volume of hydrogen in solution in zirconium, VH. A value of 
1.7 x 10-6 m3/mol was obtained, which is very close to the value obtained by 
measurement of the crystal lattice expansion caused by hydrogen in solution 
[A.4]. 

2. If the material contains hydrogen at the solubility limit for dissolution, TSSD, the 
hydrogen concentration at the crack tip cannot be raised by a stress gradient to 
attain the solubility limit for hydride precipitation, TSSP, therefore no cracking 
occurs because no hydrides form. This statement is true, but as was shown by 
Figure A-3, this criticism is misplaced and inappropriate because in the 
DFM, the critical temperature for cracking to start has nothing to do with 
TSSD.  

3. If the hydrogen concentration reaches TSSP, insufficient hydrogen is available to 
form a hydride. This criticism belies the definition of the solubility limit. 

4. A mechanism based on a stress gradient cannot predict the temperature dependence 
of DHC. The examples given in [A.2] clearly demonstrate that the DFM 
describes several sets of data, including the effects of temperature cycling. 

5. A mechanism based on a stress gradient cannot rationalize the low dependence of 
DHC velocity on KI. The elastic stress distribution at a crack tip is limited by 
plastic deformation. As a crack grows, KI increases but the stress distribution 
at the crack tip does not change. Since the DFM depends on this stress 
distribution, the predicted rates are independent of KI.  

A.5 Conclusions 

Two models for the rate of DHC have been briefly described. The PFM 
advocated by Kim has several technical difficulties and is not well enough 
analyzed to provide quantitative predictions, despite the many publications. The 
DFM is a robust, quantitatively verified model based on well-known 
thermodynamics requiring no unrealistic assumptions, just well-characterized 
variables such as the solubility limit for hydride precipitation, yield strength, 
diffusivity and partial molar volume of hydrogen in zirconium.  
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