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Abstract

Reanalysis of the DHC initiation temperature, Tc and the crack propagation rate, Vp of CANDU and RBMK Zr–2.5Nb tubes,
recently published by Cirimello et al., was conducted, using Kim’s DHC model. It is shown that a negative temperature dependency
of Vp at above T(max Vp) for both Zr–2.5Nb tubes is due to a decreased hydrogen supersaturation below DCmin over which Vp becomes
independent of hydrogen concentrations. When compared to more than 200 data of Vp for the same Zr–2.5Nb tubes collected through
the IAEA round robin tests, it is concluded that the temperature dependencies of their Vp which the authors determined using a single
specimens are faulty.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In a recent paper by Cirimello et al. [1], the authors
determined the delayed hydride cracking (DHC) initiation
temperatures, Tc of CANDU and RBMK Zr–2.5Nb tubes
with hydrogen concentrations and their crack propagation
rate, Vp and discussed Tc and the temperature dependen-
cies of their Vp using the previous DHC models suggested
by Shi [2] and Puls [3], respectively. In predicting Vp, it was
assumed that the cooling solvus or CS(l,L) at the crack tip
and in the bulk would be different: TSSP1 (terminal solid
solubility for precipitation) at the crack tip and TSSP2 in
the bulk. Here, TSSP1 is the cooling solvus of the Zr–
2.5Nb on a cooling from 420 to 450 �C while TSSP2 the
one on a cooling from 220 to 368 �C [1]. Despite the exper-
imental fact that Tc was higher than TSSP2 at all the
hydrogen concentration, their assumption that the cooling
solvus at the crack tip would reach TSSP1 is irrational.
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Moreover, the authors should have used one DHC model
rather than two different models to account for Vp and
Tc for the Zr–2.5Nb tubes. It should be noted that Shi’s
model assumed a crack tip with a higher hydrogen concen-
tration but Puls’s model supposed that the crack tip would
have a lower hydrogen concentration when compared to
the bulk despite the same hypothesis that the stress gradi-
ent is the driving force for DHC. In addition, the predicted
Vp at above T(max Vp) by Puls’s model showed poor agree-
ment with the measured Vp. Recently, we have proposed a
new DHC model where the driving force for DHC is the
concentration gradient arising from the stress-induced pre-
cipitation of hydrides at the crack tip, not the stress gradi-
ent [4–6]. Thus, I would like to comment and reanalyze the
authors’ results with our new DHC model, which is the aim
of this communication.

2. Comments

The authors suggested an equation for Vp based on
Puls’s work such as
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Fig. 1. Comparison of the measured Tc data of the CANDU and RBMK
Zr–2.5Nb tubes by the authors [1] with those of a CANDU Zr–2.5Nb tube
by Shi [2].
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Fig. 2. (a) A difference in the hydrogen concentration or DC between the
crack tip and the bulk with the test temperatures in Zr–2.5Nb tubes when
subjected to DHC tests with the test temperatures approached by a
cooling: the DC corresponds to GF at 200 �C or BC at 250 �C, but is
reduced to B 0C 0 with the test temperature increasing to 275 �C according
to Kim’s DHC model [4–6] demonstrating that the DC is created by stress
induced precipitation of crack tip hydrides.
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V p ¼ 2pDðEðLÞ � EðlÞÞ=½XZr/ðL; lÞthydNHx�; ð1Þ

EðL; lÞ ¼ CSðL; lÞ expfW a
t ðL; lÞ þ pðL; lÞV Hg; ð2Þ

where E(L,l) is the solubility of hydrogen in the bulk and at
the crack tip, CS the cooling solubility of hydrogen without
stresses,W a

t ðL; lÞ the total interaction energy per mole of
hydrogen due to hydride formation, pðL; lÞV H the interac-
tion energy of hydrogen in solution, thyd the hydride thick-
ness and the other parameters are described in [1]. It should
be noted that E(L) � E(l) is equal to a hydrogen concentra-
tion difference or DC, implying that the bulk has a higher
hydrogen concentration than the crack tip. In other words,
Eq. (1) suggests that E(L) � E(l) is the driving force for a
hydrogen transfer from the bulk to the crack tip. This con-
cept is very similar to Kim’s DHC model [4–6] demonstrat-
ing that the DC is the driving force for DHC. However, a
different point is that the hydrogen concentration gradient
at the crack tip affecting Vp is not explicitly considered in
Eq. (1) but it is so in Kim’s DHC model [4–6]. Instead,
Eq. (1) may involve the hydride thickness as a distance
which is as small as 1–1.5 lm, but the hydride thickness,
in fact, is not the plastic zone where the DC is formed. This
accounts for a big increase of Vp with a slight change of the
hydride thickness from 1.5 to 1.0 lm, as shown in Fig. 10a
[1]. Accounting for the striation spacing that actually cor-
responds to the plastic zone formed ahead of the crack
tip, ranging from 7 to 20 lm for a CANDU Zr–2.5Nb tube
[7], an insertion of the striation spacing instead of the hy-
dride thickness as small as 1.5 lm in Eq. (1) would result
in at maximum 20 times decrease in the predicted Vp.

For CS in Eq. (2), the authors assumed different cooling
solvus between the crack tip and the bulk: TSSP1 and 0.9
TSSP1 at the crack tips of the CANDU and RBMK tube,
respectively, and TSSP2 in the bulk of both tubes. How-
ever, this assumption is illogical because the cooling solu-
bility of hydrogen without stresses should be the same
regardless of the location in the sample and the tube type.
To establish if the crack tip has TSSP1, the measured Tc’s
for the Zr–2.5Nb tubes reported by the authors along with
Shi’s data were plotted against TSSD and TSSP2 lines as
shown in Fig. 1. TSSD and TSSP lines involving TSSP1
and TSSP2 are drawn based on Kearns [8] and Pan [9],
respectively. It should be noted that since Tc changed little
with the number of cycles, the Tc data determined at the 1st
cycle only is given in Fig. 1. The measured Tc data for both
tubes by the authors were found to be much higher than
TSSP1 and rather closer to TSSD. Therefore, the authors’
assumption that the cooling solvus at the crack tip is
TSSP1 is groundless. One thing to note is that the Tc’s of
the CANDU Zr–2.5Nb tube by the authors are generally
higher than the measured ones by Shi [2] at all the hydro-
gen concentrations. However, the authors gave no clear
explanations for this difference in Tc despite the similar
CANDU Zr–2.5Nb tubes being used by themselves and
Shi [2]. The measured Tc’s of a RBMK Zr–2.5Nb tube
by the authors were higher than that of a CANDU Zr–
2.5Nb tube, as shown in Fig. 1, which turns out to be closer
to TSSD rather than TSSP1. Therefore, the authors should
define the cooling solvus at the crack tip as TSSD rather
than TSSP1, which Kim has already demonstrated [7]. This
statement is rather rational because precipitation of the
hydrides should antecede at the crack tip before a cooling
to Tc. Besides, the authors’ assumption that the cooling sol-
vus at the crack tip is 0.9 TSSP1 for the RBMK tube and
1.0 TSSP1 for the CANDU tube seems to be hardly
rational. In fact, this hypothesis would cause E(L) � E(l),
or DC between the bulk and crack tip, to increase, leading
the RBMK tube to have an increased Vp when compared
to the case when 1.0 TSSP1 is assumed at the crack tip
of the RBMK tube like that at the crack tip of the
CANDU tube. This will contribute to a reduction of a dif-
ference in Vp between the CANDU and RBMK tubes.
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Fig. 3. Temperature dependency of the crack propagation rate, Vp and
the ratio of a hydrogen supersaturation (=DC/DCmax) for a CANDU Zr–
2.5Nb tube with (a) 34 ppm H, (b) 53 ppm H and (c) 60 ppm H. Here
DCmax and DC correspond to TSSP2–TSSD and Co-TSSD, respectively, at
a given temperature.
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Since the authors used a single specimen with a fixed
hydrogen concentration to measure the crack propagation
rate, Vp at different test temperatures, DC, driving force for
DHC, should decrease with increasing temperature in
accordance with Kim’s DHC model. For example, when
the Zr–2.5Nb specimen with Co or the initial hydrogen
concentration is cooled down to test temperatures that
are lower than or equal to 250 �C, the DC corresponds to
Co-TSSD (distance BC) or TSSP–TSSD (distance FG) at
these test temperatures when TSSP is lower than Co, as
shown in Fig. 2. However, when the test temperature
increases to 275 �C, for example, the DC decreases to the
distance B 0C 0 when compared to the DCmax, the maximum
driving force corresponding to the distance C 0D 0 at a con-
stant hydrogen concentration. By plotting the ratio of DC

over DCmax, and Vp with the test temperatures, the DC

dependencies of Vp for both tubes were determined as
shown in Figs. 3 and 4. It was found that for both tubes,
a decrease of Vp with increasing temperature is due to a
decrease in the driving force or a decrease of DC/DCmax.
The minimum driving force or DCmin for a CANDU Zr–
2.5Nb tube over which its Vp had a positive temperature
dependency was 0.6 to 0.7 DCmax over the investigated tem-
perature range (Fig. 3). For the RBMK Zr–2.5Nb tube, the
DCmin varied from 0.5 DCmax to 0.8 DCmax with the test
temperatures. When the DC became higher than the DCmin,
then Vp showed a positive temperature dependency for
both tubes, as shown in Figs. 3 and 4. It should be noted
that the uncertainty of DCmin depends strongly on the accu-
racy of the measured hydrogen concentration of the
specimens.

The authors showed that the activation energies of Vp

for the CANDU and RBMK tubes were the same ranging
from 66 to 68 kJ/mol, which is in contrast with the activa-
tion energy of Vp determined using more than 200 mea-
sured data of Vp for the same tube. Round robin tests on
DHC velocity of the same CANDU and RBMK Zr–
2.5Nb tubes have shown that the activation energy of Vp

is 47.9 kJ/mol for the CANDU Zr–2.5Nb tube and
55.5 kJ/mol for the RBMK Zr–2.5Nb tube when all the
Vp data corresponding to around 260 are accounted for
[10]. Thus, it is concluded that the single specimen method
used by the authors is so unreliable as to produce errone-
ous Vp data and its activation energy.

Eq. (1) can be rewritten to determine a temperature
dependency of Vp as in the following:

V p ¼ 2pkDDC; ð3Þ

where D is hydrogen diffusivity, DC a difference in the
hydrogen concentration between the bulk and the crack
tip and k is 1=XZr/ðL; lÞthydN Hx, which is a constant, inde-
pendent of temperature. Thus, the activation energy, QV of
Vp should be determined mainly by the activation energy,
QD of the hydrogen diffusivity and the activation energy,
QDC of DC, if any. Since the authors simply assumed a low-
er QD for the CANDU tube than that for the RBMK tube
as shown in Table 7 [1], QDC of DC for the CANDU tube
should be larger than that for the RBMK tube to make QV

identical for both tubes. However, since DC is determined
from cooling solubility (or TSSP2) and heating solubility
(TSSD) of zirconium alloys, it is more rational to assume
that DC should be the same for both Zr–2.5Nb tubes
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Fig. 4. Temperature dependency of the crack propagation rate, Vp and
the ratio of a hydrogen supersaturation (=DC/DCmax) for a RBMK Zr–
2.5Nb tube with (a) 30 ppm H, (b) 47 ppm H and (c) 56 ppm H, where
DCmax and DC correspond to TSSP2–TSSD and Co-TSSD, respectively, at
a given temperature.
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independent of the metallurgical variables. In other words,
QDC of DC, if any, should be the same for CANDU and
RBMK tubes. Hence, it is more rational to conclude that
QV should be governed only by QD if Eq. (1) is valid. This
conclusion may demonstrate the plausibility of one of the
authors’ conclusions that a lower Vp of the RBMK tube
by 65–80% when compared to that of the CANDU tube
is mainly due to a lower DH in the RBMK tube. However,
the problem is that this conclusion cannot account for the
authors’ results that both tubes have the same QV despite
their QD being different. This contradiction is due to some
uncertainty in the Vp data that the authors determined
using the single specimen method. Concrete evidence for
this statement is provided by comparing the thermal depen-
dencies of Vp data for the same CANDU and RBMK tubes
that were determined by the authors and through the
IAEA round robin tests, respectively.
3. Conclusions

Reanalysis of Eq. (1) established using Puls’s DHC model
shows that the activation energy of Vp should be different
between the CANDU and RBMK tubes due to their differ-
ent hydrogen diffusivities, which is contradiction with the
same activation energies for Vp of both tubes by the authors.
This difference seems to come from some uncertainties in the
measured Vp that the authors determined with the single
specimen method. Evidence for this comment is provided
by comparing the thermal dependencies of Vp for the same
CANDU and RBMK tubes that were determined by the
authors and through the IAEA round robin tests, respec-
tively. Using Kim’s DHC model, it is demonstrated that a
negative temperature dependency of Vp at above T(max
Vp) for both Zr–2.5Nb tubes is due to a decreased hydrogen
supersaturation below DCmin over which Vp becomes inde-
pendent of hydrogen concentrations.
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