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ABSTRACT 
 

Under certain conditions, zirconium alloy pressure tubes in CANDU 

                                                

reactors can be susceptible to a cracking 
mechanism called Delayed Hydride Cracking (DHC).  The rate of crack propagation is typically low, and permits sufficient 
time for leak detection before an unstable crack length is obtained (termed Leak-Before-Break, or LBB).  Since the DHC 
velocity is temperature dependent, it is necessary to quantify the DHC velocity over the range of operating temperatures to 
confirm that the margins against unstable fracture are adequate to ensure LBB.  It is expected that DHC eventually ceases 
to exist at some “limit” temperature; it is the objective of this work to determine this temperature.  DHC velocity at high 
temperature was evaluated on both as-manufactured (unirradiated) and ex-service (irradiated), cold-worked Zr-2.5Nb 
pressure tube materials.  To facilitate testing at high temperatures, hydrogen was added to both materials using an 
electrolytic method.  DHC velocities in the irradiated material, which had lower hydrogen concentration, deviated from the 
Arrhenius relationship prevalent at lower temperatures because of lack of hydrogen.  However, in the as-manufactured 
material, which had a hydrogen concentration of 170 wt ppm, the crack velocity increased with temperature following the 
Arrhenius relationship up to about 310°C, and then started to decrease.  At 340 and 345°C, cracking proceeded at much 
lower velocities and no cracking occurred at 350°C.  The reduction in the crack velocity starting at 310°C and reaching 
complete cessation at 350°C is considered to be the true limit for DHC because sufficient hydrogen was available at all 
temperatures.   It is conjectured that cessation of DHC in this case was primarily by crack-tip stress relaxation caused by a 
combination of increased temperature and creep resulting in a stress insufficient to fracture the crack-tip hydrides. 
 
KEY WORDS:  hydrogen concentration, limit temperature, zirconium alloys, delayed hydride cracking, temperature 
dependence, crack velocity, Zr-2.5Nb pressure tube, CANDU, leak before break.  
 
INTRODUCTION 

CANDU Pressurized Heavy Water Reactors (PHWR) contain pressure tubes made of a cold-worked Zr-2.5Nb alloy.  
The pressure tubes, which contain the fuel, are pressurized with hot, heavy water and serve as the primary pressure 
boundary for the heat transport system within the reactor core.  During service the pressure tubes absorb deuterium from 
the environment.  If a sufficient amount of deuterium were absorbed, the Zr-2.5Nb alloy would become susceptible to a 
cracking mechanism known as Delayed Hydride Cracking (DHC).  The industry has developed safeguards to prevent crack 
initiation by DHC.  The safeguards consist of periodic inspections of the pressure tubes and standardized methodologies 
used for dispositioning of flaws that may be detected as a result of inspections.  In addition, as defence in depth, a 
Leak-Before-Break (LBB) methodology is used [1].  This methodology ensures that the reactor operators detect a leaking 
crack and shut the reactor down, stopping crack growth, before the crack reaches a critical size.  One of the important 
parameters used in LBB analysis is the rate of growth (or crack velocity) of a DHC crack in the axial direction with respect 
to the pressure tube geometry.  Since the DHC velocity is temperature dependent, it is necessary to measure it over the 
range of operating temperatures to confirm that the margins against unstable fracture are adequate to ensure LBB.  The 
DHC process is thermally activated and the crack velocity follows an Arrhenius relationship.  A database of crack 
velocities has been obtained on ex-service pressure tubes, which were removed from CANDU reactors for material 
surveillance purposes, Fig. 1, [2].  An upper 95% prediction limit of the Arrhenius representation of the data is used for 
LBB evaluations for CANDU pressure tubes.  The database is relevant to the operating temperatures for CANDU reactors.  
However, because future CANDU reactors may operate at higher temperatures, it is necessary to determine if the crack  
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Fig. 1  Database of axial crack velocities obtained on CANDU ex-service pressure tubes. 

 
velocity would continue to increase following this Arrhenius relationship, or if it would decrease with temperature and 
eventually become zero when a “limit” temperature is reached. 
 
EXPERIMENTAL 
 
Materials and Specimens 

The DHC velocity was measured on both unirradiated and irradiated, cold-worked Zr-2.5Nb pressure tube materials.  
To facilitate testing at temperatures up to about 360°C, the materials were charged with hydrogen by electrolytically 
depositing a hydride layer on the surface of the tube section.  The materials were then homogenized at appropriate solvus 
temperatures to diffuse the hydrogen into the metal.   

Two sections of irradiated material from an ex-service pressure tube were used:  section A and section B.  Section A 
had been irradiated in-service at about 295°C to a neutron fluence of approximately 5.6x1025 n/m2, E > 1 MeV.  Section B 
had been irradiated in-service at about 294°C to a neutron fluence of approximately 8.0 x1025 n/m2, E > 1 MeV.  Sections 
A and B were homogenized at 295°C for five days and at 345°C for two days, respectively, which resulted in hydrogen 
isotope1 concentrations of 60 and 105 wt ppm, respectively.  To determine if the irradiation hardening were affected by the 
homogenization treatment, hardness tests were performed on both materials before and after annealing.  The results showed 
no significant reduction in hardness after annealing. 

The unirradiated material was prepared from an as-manufactured pressure tube.  This material was homogenized at 
400°

was loaded to an initial KI of 15 to 17 MPa√m.  Tests were performed at a constant load and therefore KI increased during 
testing to about 23 MPa√m.   
                                                

C for one day to obtain a hydrogen concentration of 170 wt ppm.  Such a high concentration would be difficult to 
achieve for the irradiated material without annealing of the irradiation damage.   

Curved Compact Toughness specimens were manufactured from these materials and used for DHC testing, Fig. 2.   
   
Test Procedures 

In these tests, the specimens were heated to 295 or 345°C for the irradiated material and to 400°C for the 
unirradiated material, and then cooled to different test temperatures.  Once the test temperature was attained, the specimen 
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1 Total hydrogen isotope by weight = weight of the protium isotope + ½ times weight of deuterium isotope. 



 
 

 
Fig. 2  Compact toughness specimen. 

 
A sc  is shown in Fig. 3.  a 

rew drive, controlled by a computer, and was monitored by a load cell.  Crack growth by DHC was monitored by 
acoust

RESULTS 
  

aterial 
 Irradiated material had specimens with two different hydrogen isotope 

 ppm (Section A) and 105 wt ppm (Section B).  The material 

Fig. 3  A schematic diagram of test apparatus. 
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hematic diagram of the test apparatus  The load was applied by a stepping motor with
sc

ic emission (AE).  Once sufficient crack depth (≈ 1 mm) was indicated by the acoustic emission, the specimen was 
unloaded and the oven turned off.  Three tests were usually performed, at different temperatures, on a single specimen.  
After testing, the specimen was broken open and the crack areas measured and the average crack depth calculated by 
dividing the crack area by the specimen breadth.  The average crack velocity was calculated by dividing the average crack 
depth by the time for cracking, excluding the incubation time (the time between the load application and the onset of 
cracking).  An example of a specimen broken open after testing is shown in Fig. 4.  The figure shows different crack zones 
starting with the fatigue crack and continuing with the DHC cracks obtained at different test temperatures.  The last zone 
corresponds to fast fracture resulting from the specimen being pulled apart to reveal the crack surface. 
 
 

Irradiated M
    
concentrations:  60 wt
with 60 wt ppm was used to establish the temperature dependence at lower 
temperatures.   The specimens were first heated to 295°C and then cooled to 
different test temperatures ranging from 150 to 240°C.  The temperature of 240°C 
was considered the maximum temperature at which the crack velocity was not 
affected by hydrogen availability.  Specimens with 105 wt ppm hydrogen isotope 
concentration allowed testing at higher temperatures.  The specimens were heated to 
345°C and then cooled to different test temperatures.  In this case, the higher 
hydrogen isotope concentration allowed testing at higher temperatures.  Fig. 5 shows 
the crack velocity versus inverse temperature (Arrhenius plot) with the axial crack 
velocity database for the ex-service pressure tubes in the background as a reference.  
The crack velocity followed the Arrhenius relationship up to about 300 to 310°C and 
then decreased rapidly with increasing temperature, with no cracking observed at 
325°

 
C.  

 
Fig. 4  Different crack zones in a 

specimen after test. 
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Fig. 5  High-temperature crack velocity results for irradiated material. 

 

 
Fig. 6  High-temperature crack velocity results for unirradiated material. 
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The unirradiated m
temperatures.  Tests on this material were performed by first heating the specimens to a temperature of 400°C and 

then cooling to different test temperatures.  The results are shown in Fig. 6 with the previous results on irradiated materials 
shown for comparison.  The measured crack velocity followed the Arrhenius relationship up to about 310°C; above 310°C, 
the velocity sharply decreased with temperature, with no cracking observed at 350°C.  The position of the Arrhenius line 
for the unirradiated material is below that of the irradiated material, which is an expected trend that can be explained by the 
theory of DHC [3,4].  In this theory, the effect of irradiation hardening is accounted for through the increased value of the 
yield stress in the irradiated material [2,5].   
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DISCUSSION 
 

There is a large hysteresis between the Terminal Solid Solubility for Precipitation (TSSP) and Dissolution (TSSD) 
of hydrogen in zirconium alloys, [6].  This hysteresis stems from the fact that the hydride precipitation involves plastic 
deformation due to hydride expansion on precipitation, [7,8]. This hysteresis has important physical consequences for 
delayed hydride cracking.  DHC experiments on zirconium alloys have shown that the DHC process is sensitive to the 
direction of approach to the test temperature, that is, whether this temperature is attained by heating or cooling [4,9].  
Approaching the test temperature by heating, DHC would be possible only up to a certain critical temperature.  This critical 
temperature is controlled by the solubility difference between TSSD, TSSP and the hydrostatic stress at the crack tip [10].  
Consequently, if one would want to measure the crack velocity beyond this critical temperature, the test temperature would 
have to be approached by cooling.  It is expected, however, that even in this case, DHC will cease to exist at some “limit” 
temperature due to other considerations than TSS hysteresis or availability of hydrogen.  All tests in this work were 
performed by approaching the test temperature by cooling. 
 

To discern between the cessation of 
DHC due to lack of hydrogen and the 
cessation by reaching the “limit” 
temperature, one has to understand the 
process of DHC initiation when the 
test temperature is attained by 
cooling.  Fig. 7 shows hydrogen 
solubility limits for a zirconium alloy 
(Zircaloy) by Kearns [11] nd Slattery 
[12].  The distance between these two 
lines about 50°C) represents the 
hysteresis between hydride 
precipitation and dissolution.  The 
TSSD line rep esents he boundary for 
hydride dissolu ion, while the TSSP 
line marks he boundary for hydride 
precipitation.  Clearly, zirconium 
alloys are capable of retaining a 
significant amount of hydrogen in 
solution before the precipitation of 
hydrides occurs du ing cooling.  DHC 
cannot occur at temperatures ≥ TSSD 
even when the test temperature is 

approached by cooling because no hydrides can form, even at the crack tip.  To obtain the crack velocity close to its 
maximum value, the specimens must be cooled from a temperature ≥ TSSD to at least a temperature at which hydrides start 
to precipitate at the crack tip, which would happen when TSSP is exceeded there.  A high peak stress at the crack tip of the 
specimen allows more hydrogen to be transported to the crack tip and allows hydrides to precipitate there during cooling 
before they can precipitate in regions away from the crack.  This has the effect of increasing the maximum temperature for 
DHC initiation [10].  DHC experiments on Zr-2.5Nb alloy show that for Zr-2.5Nb specimens tested at a stress intensity 
factor of about 15 MPa√m, the TSSP at the crack tip is exceeded by about 30°C before it is exceeded away from the crack.  
This results in  the specimens needing to be cooled by about 20°C from TSSD for DHC to initiate (see the Crack Initiation 
Temperature by Shi [10] in Fig. 7). 
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Fig. 7  Terminal solubility limits for zirconium:  TSSD - hydride dissolution 
limit, TSSP - hydride precipitation limit and Tc - crack initiation temperature. 

     With this background, the results of DHC tests performed in the current work are examined. 
 
Irradiated Material 

The material with 60 wt ppm hydrogen isotope concentration was tested by heating to 295°C and then cooling to 
different test temperatures, that is, 150, 200 and 240°C.  It can be seen that at 295°C, all hydrogen isotope was in solution, 
and all three test temperatures were below the TC temperature, Fig. 7.  This resulted in an undiminished crack velocity, 
which follows the Arrhenius relationship as shown in Fig. 5. 

The material with 105 wt ppm hydrogen isotope concentrations was tested by heating the specimens to 345°C and 
then cooling to different test temperatures, ranging from 150 to 325°C.  Fig. 5 shows that the data follow the Arrhenius 
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relationship up to about 300 to 310°C and deviates from it thereafter, with no cracking at 325°C.  TSSP and TSSD for the 
material with 105 wt ppm hydrogen are approximately 291 and 340°C, respectively.  Hence DHC is not expected to occur 
at temperatures greater than about 320°C (340°C – 20°C).  Consequently, the DHC arrest temperature in this case was 
caused by the fact that TSSP was not reached at the crack tip.  The results also show that for achieving the maximum crack 
velocity, the specimens had to be cooled by 30 to 40°C below TSSD. 
 
Unirradiated Material 

The unirradiated material was used to facilitate testing at higher temperatures.  The material had a hydrogen 
concentration of 170 wt ppm, with TSSP and TSSD temperatures of 341 and 383°C, which should make DHC possible up 
to about 360°C, assuming that the TC correlation can be extrapolated to such temperatures.  However, the results show that 
the crack velocity starts to deviate from the Arrhenius relationship at about 310°C with no cracking observed at 350°C.  
Clearly, the lack of hydrogen was not the reason for cessation of DHC in this case.  The evidence suggests that the “limit” 
temperature for DHC was reached.  The reason for the existence of such a limit is explored in the next section. 
 
Rationale for the “Limit” Temperature for DHC 

A criterion for fracture initiation at hydrides in zirconium alloys was developed by Shi and Puls [13].  This criterion 
simply states that the fracture of the crack-tip hydride occurs if the net stress on the hydride, which is the applied peak 
stress minus the stress due to hydride expansion, exceeds the hydride fracture stress, σ , [13,14].  Due to the absence of 
published information on hydride fracture properties, Shi and Puls [13] postulated that the fracture strength of a brittle 
material such as zirconium hydride is related to its bond strength, and proposed to express  in terms of the Young’s 
modulus of the zirconium matrix.  More recently, experimental studies of the deformation of hydride-containing specimens 
of Zr-2.5Nb pressure tube material showed that the hydride fracture strength has a weak temperature dependence given by 
[15] 

h
f

h
fσ

  (1)  MPaCTh
f )(09096.084.650 °⋅−=σ

while the yield stress of Zr-2.5Nb material is expressed by: 
  (2) MPaCTy )(0254.169.782 °⋅−=σ
Both and decrease with temperature; at a much faster rate than σ .  Shi and Puls [15] show that under uniaxial 
tension hydrides stopped cracking at a temperature when .  Hydrides in the triaxial stress state at the crack tip are 
subjected to stress in the platelet normal direction that is x⋅σ

h
fσ yσ yσ h

f

h
fy σσ ≅

h
f

y where x = 3.35, according to the Hutchinson-Rice-
Rosengreen (HRR) solution [5].  Equating this stress to σ  yields a temperature TC = 589°C at which hydrides could no 
longer fracture at the crack tip, which is much higher than is observed experimentally.  A similar result follows from the 
expression for KIH derived by Shi and Puls [13].  In this expression, KIH becomes infinite when  

 0
21

1
=−

− y

h
f

σ

σ

ν
 (3) 

where 1/(1-2ν) is equivalent to the factor, x, multiplying σy giving the stress in the platelet normal direction at the crack tip 
(see Eq. 5 in [13]).  This shows that x varies with temperature through the temperature dependence of the elastic constants.  
From equation 3, using the temperature dependency of ν given in [13]1, yields an arrest temperature, TC ≈ 437°C, which is 
still higher than the observed DHC arrest temperature of 350°C.  The arrest temperature of 437°C corresponds to 
x (TC) = 1.83, which is a factor of 1.83 smaller than the HRR solution of 3.35 and is the reason why the arrest temperature 
is now lower than obtained when using the HRR solution for the crack tip stress elevation. 
 

To obtain an arrest temperature of 350°C yields x(TC) = 1.46 which increases to 1.52 when taking account of the fact 
that crack arrest will occur when the applied KI is only about a factor of four greater than the low-temperature KIH, not 
infinitely greater as assumed in the foregoing calculation.  This is approximated by setting the right hand side of Eq. 3 
equal to 1/16 rather than zero, the square root of which yields a factor of four rather than infinity for this term in the KIH 
expression (see Eq. 13 in [13]).   In order for this result to make sense, we need to argue that, within this model, the actual 
elevation of the normal stress on the hydride at the crack tip is only about 1.52⋅σy, 

                                                

this lower elevation being the result of 
very rapid high-stress creep both blunting the crack tip and lowering and spreading out the initially highly peaked stress 

 
1 In this reference, there appears to be an error in converting the temperature to degrees Kelvin.  In this paper we have 
assumed that the temperature dependence of ν is given by 0.436 – 4.8 x 10-4⋅T(°C). 
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distribution near the crack tip.  Neutron diffraction studies show that at reactor operating temperatures the peak stress at the 
crack tip is reduced [16].  The effect of creep becomes significant at temperatures in excess of 300°C [16,17].  One of the 
reasons for the increase in the creep rate past 300°C is the absence of dynamic strain aging, which occurs at lower 
temperatures where it reduces the creep rate [18].  Hence this level of reduction of about 50% in the maximum stress could 
be reasonable. 
 

The rapid decrease in DHC velocity with temperature above 310°C can be explained in terms of the KIH model.  Shi 
and Puls [19] show that as KI approaches KIH (or vice versa, as in our case, KIH approaches KI) there is a rapid increase in 
the critical hydride length required for hydride fracture.  This translates into a corresponding rapid decrease in DHC 
velocity as the stress gradient is diminished with the crack tip hydride needing to grow a considerable distance beyond the 
crack’s plastic zone.  That is, the crack tip hydride starts to grow more slowly as it lengthens outside of the plastic zone.  
Moreover, for a given applied KI, Shi and Puls [19] show that there is a maximum hydride length to which the crack tip 
hydride can grow, which depends on the total hydrogen concentration.  Hence, the temperature ‘limit” at which DHC can 
occur could be sensitive to the total hydrogen concentration as well as to the amount of stress relaxation at the crack tip. 

Smith and Eadie [20] performed similar experiments on Zr-2.5Nb materials containing hydrogen concentration 
between 118 and 195 wt ppm, and found the “limit” temperature in the range between 280 and 350°C.  Their work 
indicated that the “limit” temperature may be affected by load.  Since we argue that the cessation of DHC is caused by the 
localized plasticity at the crack tip, it is possible that the “limit” temperature may be sensitive to the applied KI and tests 
should be performed to verify this point.   

The “limit” temperature for DHC was determined on unirradiated material.  It is expected that this temperature may 
be slightly higher for irradiated material [10]; however, until a material irradiated at higher temperatures is available, the 
exact amount of this difference cannot be established. 
 
IMPLICATION TO REACTORS 
 

New, advanced CANDU reactors will operate at higher temperatures than the current CANDU reactors.  For any 
LBB analysis, linear extrapolation of the upper 95% prediction limit of the crack velocity database, Fig. 1, could lead to 
overly conservative estimates of DHC velocities at outlet operating temperatures.  The current data obtained on irradiated 
material show that for an end-of-life hydrogen isotope concentration ≤ 105 wt ppm, the crack velocity decreases sharply 
past 310°C and no cracking is possible at 325°C.  Hence, DHC is not possible above 325°C, and the DHC velocity is 
significantly reduced between 310 and 325°C.  The DHC arrest temperature, TC, depends on the hydrogen isotope 
concentration and can be estimated from Fig. 7.  For example, for a material with 50 wt ppm, the TC temperature is 
approximately 260°C. 

For cases in which an unlimited hydrogen concentration has to be considered, tests on the unirradiated material 
indicate that DHC is not expected above 350°C and a significant reduction in the DHC velocity occurs between 310 and 
350°C. 
 
CONCLUSIONS 
 
1. Axial crack velocity in irradiated Zr-2.5Nb material with 105 wt ppm hydrogen isotope concentration, obtained at an 

initial KI of 15 MPa√m, followed the Arrhenius relationship up to about 300 to 310°C, after which point, the velocity 
sharply declined and DHC ceased altogether at 325°C.  The cessation in DHC in this case was due to insufficient 
hydrogen. 

2. Axial crack velocity in unirradiated Zr-2.5Nb material with 170 wt ppm hydrogen isotope concentration, obtained at an 
initial KI of 17 MPa√m, followed the Arrhenius relationship up to about 310°C, after which point the velocity sharply 
declined and DHC ceased altogether at 350°C.  In this case, it is thought that the true “limit” temperature for DHC was 
reached.  It is conjectured that cessation of DHC in this case was primarily by crack-tip stress relaxation caused by a 
combination of increased temperature and creep resulting in a stress on the crack tip hydrides insufficient to fracture 
them. 
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