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Abstract

During service, Zr–2.5Nb pressure tubes of nuclear power reactors may be prone to suffer from crack growth by
delayed hydride cracking (DHC). For a given hydrogen plus deuterium concentration there is a critical temperature
(TC) below which DHC may occur. In this work, TC was measured for specimens cut from pressure tubes made in Canada
(CANDU) and in Russia (RBMK). Hydrogen was added to the specimens to get concentrations ranging from 24 to
60 wt ppm. It was found that TC was higher than the corresponding precipitation temperature. The crack propagation
velocity (VP), measured in axial direction, increases from a minimum at TC to a maximum at a temperature close but
higher than the precipitation temperature. At lower temperatures, when hydride precipitates are present in the bulk, VP

follows an Arrhenius law: VP = Aexp(�Q/RT), with an activation energy Q of 66–68 kJ/mol for both tubes. The RBMK
material presented lower velocities than CANDU one.
� 2006 Elsevier B.V. All rights reserved.

PACS: 81.40
1. Introduction

In CANDU nuclear reactors, fuel bundles are
located in Zr–2.5Nb pressure tubes (PT). At opera-
tion, PT’s gradually pick up deuterium which adds
up to the initial hydrogen concentration. Depending
on the operation conditions (temperature, thermal
cycle and hydrogen–deuterium concentration
attained), Zr alloys may become susceptible to the
crack process known as delayed hydride cracking
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(DHC). This type of failure is produced by preferen-
tial and repeated precipitation of hydrides at stress
raisers and their subsequent fracture, causing crack
growing in steps [1]. A quantitative model which
describes the crack propagation process has been
developed by Dutton et al. [2]. This model predicts
that the temperature dependence of the crack veloc-
ity resides largely in the product of the hydrogen
diffusion coefficient and the terminal solubility for
dissolution of hydrogen.

The hysteresis between precipitation and dissolu-
tion solvi is well known: the terminal solid solubility
for precipitation (TSSP) is higher than TSSD (disso-
lution) [3]. This hysteresis is produced by the plastic
.
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deformation introduced in both matrix and hydride
during hydride precipitation. On cooling samples
from different TS temperatures, Pan et al. [4] mea-
sured two different curves for precipitation. When
the sample was treated at TS = 420–450 �C:

TSSP1 ¼ 2:47� 104 expð�25840=RT Þ ð1Þ
and when TS = 220–368 �C:

TSSP2 ¼ 3:15� 104 expð�27990=RT Þ; ð2Þ
where R = 8.31 J/K mol and T is the absolute
temperature.

Early studies on DHC supported the idea that
the presence of hydride particles in the bulk was a
necessary condition for DHC to occur [2,5]. Based
on these ideas, Puls [6] included the concept of hys-
teresis in the mentioned DHC model. He assumed
that the hydride precipitation near the stress raiser
obeys TSSP curve but, in the bulk the hydrogen
concentration is in equilibrium with the dissolving
hydride particles (TSSD) when the test temperature
is approached from below, and with TSSP when
approached from above [7].

More recently, Shi et al. [8] measured a critical
temperature TC, at which DHC would initiate when
approaching to test temperature (TT) by cooling
from above the temperature corresponding to the
TSSD solvus (TD). For different hydrogen concen-
trations TC takes values between TP (precipitation
temperature determined by TSSP) and TD. So,
hydride precipitation may occur at the crack tip,
even if no hydride is present in the bulk.

As pointed by Shi et al. [8], the high stress gradi-
ent at the crack tip lowers the chemical potential of
hydrogen in the surroundings and produces the
driving force for hydrogen diffusion to the crack
tip. When the temperature is cooled down to TC,
the hydrogen concentration at the crack tip equals
the TSSP, resulting in hydride precipitation and
crack propagation.

Therefore, while considering TP as the limit tem-
perature for starting DHC would be dangerous,
considering TD might be too conservative. In this
work the highest temperature (TC) for DHC initia-
tion during cooling was measured for two pressure
tube materials. Knowledge of this value as a func-
tion of hydrogen content may be relevant to evalu-
ate the risk of failure by DHC during hot shutdown
of a nuclear power reactor.

Shi et al. [8] used two different methods (A and B)
to measure TC. In procedure A, the specimen was
heated, without load, 50 �C above TD, then cooled
down to a test temperature (TT) 20 �C above TD,
then loaded. If no cracking was detected in 24 h or
more, the temperature was reduced in small steps
until DHC started. After cracking was established,
the specimen was unloaded and the whole cycle
repeated. Procedure B was similar but, in the first
cycle TT was a temperature at which cracking was
expected, and in subsequent cycles the temperature
was increased in steps until cracking was not
observed after waiting more than 96 h. They found
that TC tends to increase with the number of cycles.
The authors [8] proposed two different explanations
for this effect. The DHC process in the first cycle was
initiated from a fatigue crack, whereas in the subse-
quent cycles the initial crack was produced by the
previous DHC cycle. For this reason, they assumed
that a higher level of hydrostatic stress at the tip of
a DHC crack may be expected; this requires a lower
quantity of hydrides for cracking to initiate, there-
fore DHC would start at a higher TC. Another differ-
ence between fatigue and DHC cracks, taken into
account by the authors, was the memory effect; the
nucleation of hydrides at the tip of a DHC crack is
favored by the matrix deformation introduced by
the precipitation during the prior thermal cycle; con-
sequently, TC would be higher. In this paper an
attempt is made to elucidate this point.

In nuclear reactors, the leak-before-break (LBB)
criterion requires the crack be detected by the leak
detection system, so the reactor can be shut down
before the crack reaches the critical length. The
available time, before catastrophic rupture occurs,
depends on the initial crack size at wall penetration
and shape, the critical crack length and the velocity
of crack propagation (VP). Hence, it is very impor-
tant to know VP in the axial direction.

When DHC tests were carried out by cooling the
specimens from above TD to a temperature TT, lower
than the precipitation temperature TP, the measured
crack growth rate vs TT follows an Arrhenius rela-
tionship [5,9]. No VP data are reported for TT higher
than TP. In the present paper the crack propagation
was measured, for different hydrogen concentrations
and temperatures lower than TC, on specimens
machined from a Canadian and a Russian PT’s.

2. Experimental method

2.1. Test specimens

In the frame of an IAEA’s Coordinated Research
Program (CRP) [10], material from two Zr–2.5Nb



Fig. 1. Scheme of the CCT specimens, dimensions in mm.
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PT’s was analyzed. One PT (CANDU) was pro-
duced in Canada and the other one (RBMK TMT
1) was made in Russia.

At the last stage of fabrication route, CANDU
PT’s received an autoclave treatment at 400 �C dur-
ing 24 h, while the TMT 1 Russian PT’s were aged
24 h at 515 �C. Table 1 shows the yield stress data,
measured along transverse direction of PT [10].

The as-received materials were characterized by
optical and electron microscopy. Vickers micro-
hardness was measured on radial–circumferential
(RC) and radial–axial (RA) planes, with a 200 g
load.

Sections of 77 mm by 35 or 70 mm by the thick-
ness of the PT were electrolytically hydrided in
0.1 M H2SO4 solution at 60 �C, during the time
required to obtain a hydride layer thick enough to
exceed the required hydrogen concentration. After
that, each section received two heat treatments in
order to produce a uniform hydride distribution.
The temperature values of the first heat treatment
were chosen to attain different hydrogen concentra-
tions approximately in the range between 30 and
70 ppm. The homogenization temperature was cal-
culated according to Kearns’ TSS curve [11], as it
was recommended in the IAEA guidelines [12].
The heat treatment duration was determined as
t = (x/2)2/D, where x is the sample thickness and
D the diffusion coefficient [13]. In order to avoid
the re-absorption of hydrogen by the hydride sur-
face layer during cooling, the samples were fast
cooled in air. After that, the remaining layer was
removed by grinding. All samples received a second
thermal treatment at 350 �C during 2.5 h. Then,
they were furnace cooled in order to increase the
hydride length and obtain a hydride distribution
similar to that produced under reactor service
conditions.

Curved compact toughness specimens (CCT),
analogous to ASTM E-399 standard [14] were
Table 1
Yield stress values

Material Test temperature
(�C)

0.2% Yield
stress (MPa)

CANDU 20 803
250 567

RBMK 20 659
250 494
300 484

Test direction: transverse [10].
machined from the hydrided sections (Fig. 1). The
specimens were fatigue pre-cracked with the crack
on the radial–axial (RA) plane and the crack prop-
agation direction along the axial direction of the PT.

All the specimens have been labeled using the fol-
lowing code: the letters C and R correspond to
CANDU and RBMK, respectively, the first number
corresponds to the section from which the specimen
was extracted and the last number is the ID mark.

A small bit was withdrawn from each section and
analyzed by hot vacuum extraction mass spectrom-
etry (HVEMS) to measure its hydrogen content,
measurements were made in Chalk River Laborato-
ries, Chalk River, Ont., Canada.

2.2. DHC tests

Tests were made in a dead-weight lever arm test-
ing machine; cracking was monitored by the direct
current potential drop method (DCPD) [15]. This
method essentially consists in monitoring a signal
proportional to the electric resistance of the speci-
men that rises as the crack propagates. For each
specimen, a first test allowed to determine TC and
a second test the velocity VP.

2.2.1. TC determination tests

The procedure used to determine the critical tem-
perature (TC) was similar to the procedure A
employed by Shi et al. [8] with some differences:
the specimens were heated without load to
TS = 330 �C (which is, in all cases, a temperature
higher than TD). The heating rate was between 3
and 5 �C/min. After a soaking time of 1 h the spec-
imens were cooled down at 1–2 �C/min to a test



Fig. 2. Microstructure of CANDU pressure tube: (a) radial–
circumferential plane and (b) radial–axial plane.
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temperature TT lower than TD but higher than TP.
No undercooling by values higher than 1 �C was
permitted on reaching TT. After 0.5 h at TT, the
specimens were loaded to a stress intensity factor,
KI, of about 15 MPa m1/2. If no cracking was
detected after 2 h, the temperature was reduced in
successive DT steps until cracking was detected.
Then the specimen was unloaded. This cycle was
performed twice using values of DT = 4 �C in the
first cycle and 2 �C in the next one; this way, a quite
accurate determination was accomplished in a lim-
ited period of time.

In some specimens, a third cycle with TS =
430 �C was made. The objective of this cycle was
to analyze the memory effect at the crack tip.

2.3. VP measurement tests

In order to use one single specimen to measure
the crack growth rate at different TT’s, it is neces-
sary to differentiate each propagation stage on the
fracture surface. With this purpose, two different
procedures were applied: (a) overloading method
and (b) oxidation method.

(a) Overloading method: The specimen was heated
up to 330 �C, held at this temperature for 1 h
and cooled to TT. After 0.5 h it was loaded
and held at temperature during enough time
to produce a measurable crack growth (typi-
cally 2 h). When this time elapsed, an overload
was applied to mark the fracture surface.
After 2 min the overload was removed and
the temperature was decreased to a new TT

value and the process repeated.
(b) Oxidation method: The specimen was heated

up to 330 �C, held at this temperature for 1 h
and cooled to TT. After 0.5 h it was loaded
and held at TT during 2 h. Then, the specimen
was unloaded and the temperature was raised
to a new TS value higher than TD but lower
than 330 �C. It was held 1 h at this tempera-
ture to produce a staining oxide layer on the
fracture surface. Then, the specimen was
cooled to a new TT value. This process was
repeated in each propagation stage, to make
them distinguishable through the different col-
ors which correspond to the diverse oxidation
levels.

Whereas the overloading method worked well in
tests performed with the CANDU material, it
brought experimental problems when dealing with
RBMK specimens: crack arresting, inconsistent
changes in slopes, etc. So the oxide method was
adopted in these cases.

After the DHC test was finished, the specimens
were broken open by fatigue. Then, the average
crack propagation (da) was measured using the nine
lines method recommended by the ASTM E813-81
[16] for each stage of the test. The propagation time
(dt) was obtained from the DCPD record. The crack
growth rate was calculated as VP = da/dt.

3. Results and discussion

3.1. Material characterization

Figs. 2 and 3 show the microstructure of
CANDU and RBMK materials, respectively. Two
phases are present in both tubes: a (dark) and b
(clear). The CANDU material presents the micro-
structure usually found in this kind of PT, a grains



Fig. 3. Microstructure of RBMK pressure tube: (a) radial–
circumferential plane and (b) radial–axial plane.

Fig. 4. Hydride distribution on radial–circumferential plane in
(a) CANDU specimen with 60 ppm and (b) RBMK specimen
with 30 ppm.
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elongated in the axial direction and b-phase plate-
lets distributed around a grains. In RBMK mate-
rial, instead, the a grains are equiaxed and b
phase is spheroidized. Micro-hardness values are
shown in Table 2. Consistently with the observed
microstructure, the Russian PT presents lower hard-
ness and more isotropic behavior than the Canadian
one.

After hydriding, both materials present hydride
precipitates like thin platelets less than 1 lm thick.
In CANDU PT the platelets lie, preferentially, on
Table 2
Micro-hardness, 200 g

Material Section Vickers
hardness

CANDU RC 272.7
RA 341.0

RBMK RC 238.3
RA 249.9
the axial–circumferential plane even in the speci-
mens with highest hydrogen concentration
(Fig. 4(a)). In RBMK, instead, there is a greater
number of platelets oriented on the radial–axial
plane (Fig. 4(b)).

Table 3 reports the temperature of the first heat
treatment. The values measured by HVEMS are
reported in the third column while fourth and fifth
columns show the concentration calculated by the
TSS curve measured by Kearns [11] and Jovanovic
[17], respectively. Fig. 5 shows the concentration
values measured for CANDU samples, RBMK
and TSS best fit curves obtained by different authors
[3,4,9,17–19]. The comparison of these results shows
that the hydrogen concentrations calculated accord-
ing [11] are higher than those measured. In two
cases (specimens C-1-1 and C-4-2) these discrepan-
cies may be originated in some uncertainty in the
temperature measurement; however, in all the other
cases this parameter was properly controlled. It is
also possible, instead, that the TSS curve of Kearns
is not the most appropriate one for Zr–Nb alloys.



Table 3
Temperature of the first heat treatment performed on tested materials

Specimen First HT (�C) Hydrogen concentration (ppm)

Measured C0 Kearns [11] Jovanovic [17]

C-1-1 256 24 35.2 31.1
C-2-1 265 34 40.3 35.4
C-3-3 294 53 60.7 51.7
C-4-2 306 60 71.1 59.9
R-1-1 254 30 34.1 30.3
R-2-2 292 47 59.1 50.5
R-3-2 307 56 72.0 60.6

Hydrogen concentration: measured values for CANDU and RBMK pressure tubes and calculated from Kearns for Zr [11] and from
Jovanovic for Zr–2.5%Nb [17].

Fig. 5. Measured values of terminal solid solubility and fit curves
from different authors (3,4,17,18 were calculated from Zr–2.5Nb
data and 13 is and average from Zr, Zry-2 and Zry-4 data).

Table 4
TC values measures with different TS

Specimen CH (wt ppm) Cycle TS (�C) TC (�C)

C-4-2 60 1 330 283
2 330 283
3 430 285

C-4-3 3 330 293
5 330 293
7 430 293

C-3-2 53 2–5 330 273–275
6 430 275

The non-reported cycles presented measurement troubles.
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There is a much better agreement between the
experimental values of this work and the TSSD
measured in Zr–2.5Nb by Pan et al. [4], Jovanovic
et al. [17], Sawatzky and Wilkins [18] and Slattery
[3]. The TSSD curve from Jovanovic [17] was mea-
sured in Zr–2.5%Nb PT alloy using a method simi-
lar to the first heat treatment employed in this work
(diffusion anneal of a sample with a previous
hydride layer). TSSP curves are also plotted for
comparison.
3.2. TC determination

Table 4 reports the TC values obtained in
CANDU specimens, which were tested in successive
cycles. The first cycle (cycle 1) differed from the oth-
ers in that the initial crack was produced by fatigue
and consequently there was no hydride at the crack
tip. In the other cycles, when the specimen was
heated up to TS = 330 �C, hydrides previously
formed at the crack tip were dissolved, but the plas-
tic deformation produced during precipitation
should have remained. Under this condition, precip-
itation at DHC test temperature should have been
favored by the memory effect. On the contrary,
when TS = 430 �C, any plastic deformation must
have been eliminated [3]. In the cycles where
TS = 430 �C, TSSP at the crack tip should coincide
with TSSP1, while TSSP2 should be the concentra-
tion when TS = 330 �C. As TSSP1 is higher than
TSSP2, a lower value of TC should be measured in
the cycles having TS = 430 �C. This result was not
obtained at all in this work, as can be seen in Table
4. No difference was detected in TC when the speci-
men was previously heated up to 330 �C or 430 �C.



Table 6
Experimental TC values of RBMK material and TP calculated
from TSSP2

Specimen C0 (ppm) TP(C0) (�C) TC (�C)

R-1-1 30 ± 2 211.0 239
R-1-2 241
R-1-3 241
R-2-2 47 ± 2 244.3 271
R-2-1 269
R-2-3 277
R-2-5 271
R-3-1 283
R-3-2 56 ± 3 258.5 285

C0 is shown only for samples whose hydrogen concentration was
effectively measured. Samples with the same second ID number
were cut from the same section and should have the same H
concentration.
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A possible explanation is that the hydrides at the
crack tip were quite fractured and no plastic defor-
mation remained around it.

All other specimens were tested with TS = 330 �C
and the TC values obtained in the first cycle (fatigue
initial crack) and second cycle (DHC initial crack)
were similar. Hence, it is possible to assure that,
under the present test conditions, the type of initial
crack does not affect the critical temperature for
DHC propagation.

TC values measured in CANDU and RBMK
specimens are reported in Tables 5 and 6, respec-
tively. Temperatures for precipitation (TP), calcu-
lated with Eq. (2) (TSSP2), are also reported for
comparison. The measured values of TC are always
higher than TP, these results corroborate that DHC
is possible even if no hydrides are precipitated in the
material bulk. Fig. 6 shows on a log(C0) vs 1000/T
plot the TC data measured for both materials in this
work and the data measured in the second cycle by
Shi et al. [8].

The solid line represents the theoretical curve C0

vs TC obtained by Shi et al. [8, Eq. (20)]:

C0 ¼ A exp � Qf

RT
� ryV H

2ð1þ mÞ
3ð1� 2mÞRT

� �
; ð3Þ

where C0 is the hydrogen concentration of the mate-
rial, ry = (958 � 1.02T(K)) MPa is the yield stress in
MPa (applicable from room temperature to 573 K),

m and V H are defined in Table 7. Cf ¼ A exp � Qf

RT

� �
is the hydrogen concentration for hydride preci-

pitation.

From the yield stress data reported in Table 1,
two linear regressions were obtained for CANDU
Table 5
Experimental TC values of CANDU material

Specimen C0 (ppm) TP(C0) (�C) TC

C-1-1* 24 ± 1 193–198 200
C-1-3* 196
C-2-1 34 ± 2 216–224 245
C-3-3 53 ± 3 249–259 273
C-3-2 273
C-3-1 275
C-3-4 273
C-3-5 275
C-4-2* 60 ± 3 260–269 283
C-4-3* 293

The heat treatment for specimens marked with an asterisk (*) was not q
E(L). T(maxVP) is estimated from experimental data shown in Fig. 8.
effectively measured. Samples with the same second ID number were cut
and RBMK materials employed in this work:
rCANDU

y ¼ ð1103:6� 1:026 T ðKÞÞMPa and rRBMK
y ¼

ð850:8� 0:659 T ðKÞÞMPa, respectively, for tem-
peratures between 298 and 573 K.

When rCANDU
y is introduced in Eq. (3), good cor-

relation is obtained between the experimental TC

data of CANDU and Shi’s prediction (C0 CANDU
curve in Fig. 6). Considering that the memory effect
is not present at the crack tip Cf was equaled to
TSSP1 (Eq. (1)).

For RBMK, instead, the replacement of rRBMK
y

in Eq. (3) predicts higher C0 values than measured
ones. It is necessary to remark that Eq. (1) was mea-
sured for CANDU material and, not necessarily,
corresponds to the RBMK terminal solid solubility.
Solubility during precipitation depends on the
accommodation energy generated by the formation
of hydride precipitates [3]. Considering the elastic–
plastic model, the elastic and plastic components
(�C) T(maxVP) (�C) T(E(L) = C0) (�C)

190–198 201–207

227–233 224–233
258–265 258–268

269–276 269–278

uite uniform. TP is calculated from TSSP2 and T(E(L) = C0) from
C0 is shown only for samples whose hydrogen concentration was
from the same section and should have the same H concentration.



Fig. 6. Experimental values of TC obtained in CANDU and
RBMK tubes for different concentrations. C0 and C0 CANDU
lines correspond to theoretical curve (Eq. (3)) from Shi et al. [8]
with ry = 958 � 1.02T and ry = 1103.6 � 1.026T, respectively.
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of the accommodation energy, generated by the for-
mation of an inclusion, are proportional to r2

y [23].
Consequently, the lower yield stress of the Russian
material should provide lower TSSP and subsequent
decrease in C0 (or increase in TC). A reduction of
10% in TSSP1 is enough to obtain a good adjust-
Table 7
Parameters used in Puls’s model [6]

Parameter Numerical value

m 0.436–4.8 · 10�4 [T(K)-300]
XZr 2.3 · 10�29 m3/atom
thyd 1–1.5 lm
NH 6.13 · 1028 atoms/m3

x 1.6
p(r) = (r11 + r22 + r33)/3
eT

22 ¼ eT
33 ¼ 0:0458; eT

11 ¼ 0:072 at la

eT
11 ¼ eT

33 ¼ 0:0458; eT
22 ¼ 0:072 at L

V H 16.7 · 10�7 m3/mol
V hyd 16.3 · 10�6 m3/mol hydride

D = D0 exp(�QD/(RT)) CANDU
D0 = 2.4 · 10�3 cm2/s
QD = 34700 J/mol

RBMK
D0 = 5.2 · 10�3 cm2/s
QD = 42440 J/mol

a At the crap tip, the normal-to-hydride platelet is parallel to circumfer
hydride platelet is parallel to radial direction of PT.
ment of the RBMK experimental TC values by
Eq. (3).

Using a thermal cycle similar to procedure B
employed by Shi et al. [8] to measure TC, Coleman
and Ambler [19] determined the maximum tempera-
ture at which crack would grow when cooling to TT.
The corresponding fitting curve is practically over-
lapped with the C0 CANDU curve, as shown in
Fig. 6.

3.3. Crack propagation rate VP

Fig. 7 shows the fracture surface of a CCT spec-
imen, where A is the zone pre-cracked by fatigue; B
corresponds to different DHC cycles (typical stria-
tions can be seen) and C is the final crack by fatigue
at room temperature.

The obtained values of VP are shown in Figs. 8
and 9 for CANDU and RBMK PT’s, respectively.
The crack propagation in the RBMK material is
60–80% slower than that measured in CANDU
PT at the same temperature. Both materials present
similar dependence with test temperature:

• For each hydrogen concentration, VP rises as
temperature decreases, from a minimum at TC

to a maximum at a temperature named, from
now on, T(max VP).

• When T < T(max VP), VP decreases as tempera-
ture decreases. Moreover, VP data measured by
using specimens with different hydrogen concen-
Description

Poisson’s ratio [6] (applicable from room temperature to 573 K)
Atomic volume of zirconium [20]
Thickness of the crack hydride platelet
Atomic density of the hydride [6]
Number of hydrogen atoms in hydride of composition ZrHx

Hydrostatic stress at r

Hydride (stress free) transformations strains [20]

Molal volume of hydrogen [21]
Hydride volume per mole H [20]

Diffusion coefficient [22]

ential direction of PT and applied stress, while at L the normal-to-



Fig. 7. Typical fracture surface of a CANDU CCT specimen.

Fig. 8. Crack velocities VP measured for different temperatures
and hydrogen concentrations, in CANDU PT’s. The solid line
represents the Arrhenius equation: VP = Aexp(�Q/RT). Ranges
of T(E(L) = C0) marked as shadowed bands.

Fig. 9. Crack velocities VP measured for different temperatures
and hydrogen concentrations, in RBMK PT’s. The solid line
represents the Arrhenius equation: VP = Aexp(�Q/RT). OM
points out tests made with Overcharging Method, which affected
the results obtained in this material.

Table 8
Parameters of Arrhenius law VP = Aexp(�Q/RT)

PT A (m/s) Q (kJ/mol)

CANDU 0.5 65.8
RBMK 0.2 67.2
Other authors:
Simpson–Puls [5] 0.27 65.5
Kim [24] 0.0032 38–42
Ambler [9] 0.68 71.5
Sagat [25] 0.053 60.0
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trations can be represented by an Arrhenius
equation: VP = Aexp(�Q/RT), which is nearly
independent of the hydrogen concentration.

Table 8 reports the values of A and Q calculated
for each material and those obtained by other
authors. Whereas the parameter Q is similar in
RBMK and CANDU materials (66–68 kJ/mol),
CANDU PT presents a parameter A higher than
RBMK and consequently its value of VP is higher.
From the work of Puls [6] crack propagation
velocity, with precipitated hydride in the bulk,
may be expressed as

V P ¼ 2pDðEðLÞ � EðlÞÞ=ðXZr � UðL; lÞ � thyd � N H � xÞ;
ð4Þ

where

• l is the distance from the crack tip to the center of
plastic zone and L is the distance from crack tip
to source hydrides.

• E(L, l) is the terminal solid solubility of hydrogen
in presence of applied stresses, that can be
expressed as

EðL; lÞ ¼ CSðL; lÞ exp½ðW a
t ðL; lÞ þ pðL; lÞV HÞ=RT �.

ð5Þ
• CS = Aexp(�Q/RT) is the solubility without

external applied stresses.
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• W a
t ðL; lÞ ¼ �V hyd

P
ri;jei;j is the total interaction

energy per mole of hydrogen due to hydride for-
mation under external stress.

• pðL; lÞV H is the interaction energy of hydrogen in
solution, this term drops out under a stress gradi-
ent [6], so it is zero at l.

• UðL; lÞ ¼
R L

l expðpðrÞV H=RT Þ � dr=r.
• D = D0 exp(�QD/(RT)) is the diffusion

coefficient.
• Other parameters are described in Table 7.

At L, for plain strain conditions, r11 ¼ r22 ¼
KI=

ffiffiffiffiffiffiffiffi
2pL
p

and r33 ¼ 2mKI=
ffiffiffiffiffiffiffiffi
2pL
p

; in this work
KI = 15 MPa m1/2.

As KI was high enough, it is feasible to assume
that the hydride grew and fractured inside the
plastic zone. The tensile stress in the plastic zone
may be calculated using the Hutchinson, Rice and
Rosengren singular solution, then at l: r11 =
3.35ry, r22 = 2.08ry and r33 = 2.71ry, where ry is
the yield stress [6].

In the present work VP has been calculated by
employing Eqs. (4) and (5), taking into account
the next considerations:

• Assuming that the hydride at the crack tip is fully
fractured, a new platelet must be nucleated in
each thermal cycle, then CS(l) may be replaced
by TSSP1 (Eq. (1)).
Fig. 10. Crack velocities VP measured in CANDU and RBMK PT’s fo
different parameters thyd and L; (b) with different values of diffusion co
• When the test temperature is lower than
T(max VP), CS(L) must be equal to TSSP2 (Eq.
(2)), because the hydrogen concentration in the
bulk is in equilibrium with hydride particles
which have precipitated during cooling from a
TS temperature lower than 330 �C.

• Distance l was taken as the length of the stria-
tions observed on the fracture surface, nearly
20 lm (see Fig. 7).

• Distance L was chosen as the mean separation
between hydride particles, nearly 50–100 lm
along axial direction on the R–A plane of PT.

• According to observations made in previous
work, the thickness thyd of hydride platelets
may range between 1 and 1.5 lm. The diffusion
coefficients were taken from Skinner and Dutton
[22], these authors investigated the effect of differ-
ent previous heat treatments on the diffusivity of
H in Zr–2.5Nb PT’s. We use the coefficient mea-
sured in autoclaved condition for the CANDU
PT and the autoclaved plus a heat treatment at
565 �C, 24 h for the RBMK PT, because these
conditions are similar to the fabrication routes
of Canadian and Russian tubes, respectively.

Both coefficients were measured in the axial
direction and are reported in Table 7.

The experimental data obtained for both PT’s
when TT < T(max VP) and the calculated curves of
r T < T(maxVP) and calculated according to Eq. (4) [6]: (a) with
efficient D, TSSP and ry.



Table 9
Interaction energy (kJ) due to the presence of an external stress,
calculated in the temperature range 150–300 �C, near the crack
tip (l) and in the neighborhood (L)

T (�C) W a
t ðL; lÞ (kJ) pV H (kJ) W a

t ðL; lÞ þ pV H (kJ)

L 150 �1.4 0.92 �0.48
300 �1.3 0.87 �0.43

l 150 �5.0 0 �5.0
300 �3.9 0 �3.9

Fig. 11. Crack velocities VP measured in CANDU material with
34 and 53 ppm and VP calculated with Eq. (4) [6] assuming that in
the range TC > T > T(maxVP): CS(L) = C0 and for T <
T(maxVP): CS(L) = TSSP2.
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VP, assuming L and thyd values in the measured
range, are plotted in Fig. 10(a). The best correlation
was obtained when thyd = 1.5 lm and L = 100 lm.
The spread introduced by the uncertainty on thyd

and L is not enough to justify the gap between the
RBMK and CANDU data, as shown in the graphic.

It is important to remark that if only the reduc-
tion in yield stress of the RBMK is considered in
Eqs. (4) and (5) (and if D and TSSP remain the
CANDU values), VP decreases 15–20% approxi-
mately (Fig. 10(b) – dashed line). If, besides, a
reduction of 10% (as discussed in Section 3.2) is
applied to TSSP1 and TSSP2 VP decreases 25–30%
(Fig. 10(b) – dotted line). The main decrease in
the calculated VP is provided by the reduction of
the diffusion coefficient that results in a final RBMK
VP value (Fig. 10(b) – fine solid line) which is (65–
80%) lower than that of CANDU (Fig. 10(b) – thick
solid line). In CANDU material the ligaments of the
b phase surrounding the elongated a grains provide
fast-diffusion paths for hydrogen along axial direc-
tion [22]. The higher ageing temperature at which
RBMK is exposed during its fabrication route pro-
duces spheroidization and a more homogeneous b-
phase distribution and, likely, break up of b-Zr into
b-Nb and a phases (this later point must be corrob-
orated). These effects would be responsible of the
slower diffusion along axial direction and conse-
quently, added to the lower yield stress, would
produce slower VP.

In the range of the studied temperatures, the
values obtained according to Puls’s theory may be
adjusted by an Arrhenius equation with an activa-
tion energy Q = 59.6 kJ/mol. This value is close to
that calculated from the experimental data (66 kJ/
mol).

As can be observed in Figs. 8 and 9 the maximum
value of VP, measured for each hydrogen concentra-
tion, is obtained for a temperature higher than TP.
In Table 5, the sixth column reports an estimated
range for this temperature named as T(max VP).
This unexpected result may be explained if we con-
sider that the external applied stress affects the
solubility not only at the crack tip (l = 20 lm) but
in the neighborhood too (L = 100 lm). Although
the effect on E(L) is much lower than on E(l),
(0.43–0.48) kJ against (5.0–3.9) kJ, as can be seen
in Table 9, it can displace the precipitation approx-
imately 10–15 �C to higher values. At this tempera-
ture E(L) will reach its maximum possible value
(E(L) = C0) and so will do VP. The seventh column
in Table 5 shows the precipitation temperatures
T(E(L) = C0) calculated from E(L) for each mea-
sured concentration with their error. The same is
shown as shadowed bands plotted in Fig. 8. For
each concentration, T(max VP) values are located
inside these bands (worst correlation is observed
for specimens C-1 and C-4 for which the first heat
treatment was not quite uniform).

Although Eq. (4) was developed under the
assumption that hydride particles are present in
the bulk [5], a similar dependence of VP with the
difference (E(L) � E(l)) may be accepted at tempera-
tures higher than T(max VP). Assuming that hydro-
gen is fully in solution, E(L) equals the hydrogen
concentration of the specimens C0. Fig. 11 shows
the values of VP calculated for the specimens
CANDU with 34 and 53 ppm using these assump-
tions. Even though no good agreement is achieved,
the qualitative behavior is well reproduced.
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4. Conclusions

DHC tests carried out on specimens cut from two
pressure tubes (CANDU and RBMK) charged with
different hydrogen concentrations and tested at var-
ious temperatures, cooling the specimens from solu-
tion, have shown

1. the highest temperature at which DHC starts
(TC) is neither affected by memory effect of
hydrides precipitated at the crack tip nor by the
type of initial crack (fatigue or DHC), in the
present test conditions;

2. for each hydrogen content C0, TC is higher than
the bulk precipitation temperature (TP). The
experimental values (C0,TC) measured for
CANDU PT agree very well with the theoretical
prediction of Shi et al. [8];

3. for each hydrogen concentration, the crack prop-
agation rate VP presents a maximum at a temper-
ature T(max VP) > TP. This temperature may be
estimated from the precipitation curve adding
the effect of external stresses on solubility at the
crack neighborhood: EðLÞ ¼ TSSP2 expðW a

t ðLÞþ
pðLÞV H=RT Þ;

4. when hydrides are precipitated in the bulk, at
T < T(maxVP), VP shows an Arrhenius depen-
dence with T, (VP = Aexp(�Q/RT)), irrespective
of the hydrogen concentration. The adjusted
value of Q is 66–68 kJ for both studied materials;

5. VP of CANDU PT is 65–80% higher than that
one of RBMK PT. This result may be mainly
attributed to the higher diffusivity of hydrogen
in the aligned b phase of CANDU material
and, in a lesser extent, to its higher yield stress.
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