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Abstract

The effects of the texture on the threshold stress intensity factor for a delayed hydride cracking (DHC: KIH) along the
radial direction was investigated for Zr–2.5%Nb CANDU pressure tube materials. The KIH of the specimen with the high-
est basal pole component (F) for the cracking plane appeared to be the lowest KIH, �9 MPa

p
m, whereas that with the

lowest F was over 20 MPa
p
m. The KIH at 250 �C decreased linearly with F for the cracking plane. The texture dependence

of KIH on F was compared with the results from the literature, and the comparison appeared to be consistent. This depen-
dence of KIH can be explained by the rule of a mixture, as proposed in a previous work. It is concluded that the KIH is
predominantly determined by the F for the cracking plane and it is subsequently affected by the cracking direction.
Why the texture dependence of KIH in the radial direction occurs is discussed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 62.20.mk
1. Introduction

The Zr–2.5%Nb pressure tubes in CANDU reac-
tors have suffered primary coolant leakage accidents
in the rolled joint region due to the mechanism of a
delayed hydride cracking (DHC) since the 1970s [1].
It is understood that the DHC crack grows by a
repeated process of both precipitation and fracture
of the hydride at the crack tip when the hydrogen
concentration exceeds the terminal solid solubility
(TSS) at the temperature of concern [2]. The DHC
velocity (DHCV) and the threshold stress intensity
0022-3115/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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factor (KIH) are important parameters for an evalu-
ation of the integrity of the reactor, because these
properties can be used to determine whether stable
crack growths start or not and to predict when the
growing crack will reach the critical crack length
(CCL).

A study on the effect of texture variation on the
DHC behavior has confirmed that the DHCV
increases exponentially with a basal pole component
(F) for the cracking plane and that KIH decreases
linearly with F in the Zr–2.5%Nb plate [3]. It has
been shown that the texture dependence of KIH is
valid for various Zr-alloy plates and tubes using
the results reported in the literatures [4–7], as shown
in Fig. 1 [3].
.
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Fig. 1. Threshold stress intensity factor (KIH) with a basal pole
component (F) [3].
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The basal pole component, F, which is the
resolved fraction of the basal planes in the selected
direction, is calculated by the method proposed by
Evans et al. [8] and Winegar [9]. The basal pole
component is defined by Eq. (1):

F ¼
X

V a cos
2 a; ð1Þ

where a is the angle between the basal pole of the
grain and the direction of interest, and Va is the
volume fraction of the grains tilted at angle a.
Fig. 2. (0002) pole figures for: (a) commercial CAND
The increasing DHCV trend with F was
explained by a preferred precipitation of the hydride
for the cracking plane, and the decreasing behavior
of the KIH with F was explained by the rule of a mix-
ture using F as a fraction of the brittle matter and
(1 � F) as a ductile matrix [3].

Furthermore, the lowering effect of F on KIH was
confirmed by the experimentally fabricated Zr–
2.5%Nb tube, called the radial textured tube, having
a higher F in the radial direction (FR = 0.48) and a
lower F in the transverse direction (FT = 0.32) of the
tube, when compared to the commercial CANDU
pressure tube (FR = 0.33 and FT = 0.59), as shown
in Fig. 2 [10].

The anisotropy of the DHC behavior has been
reported by Sagat et al. for the DHCV in the longi-
tudinal direction as being about two times faster
than that in the radial direction in certain tempera-
ture ranges [2]. Two different cracking modes are
illustrated in Fig. 3 [2]. It is reported that the KIH’s
of the cantilever beam (CB) specimens in the radial
direction are about 50% greater than that of the
curved compact tension (CCT) specimens, where
the crack grows in the longitudinal direction [12].
These results suggest that the cracking direction
affects the DHC behavior.

The aim of this study is to understand the effects
of the texture on the KIH along the radial direction
through a texture variation in Zr–2.5%Nb pressure
tube materials, and to present the trend of the tex-
ture dependence of KIH, because both have not yet
been studied. The results of this study may be used
as a trend of the KIH for a flaw assessment in the
evaluation of the integrity of a pressure tube
U pressure tube and (b) radial textured tube [10].



Fig. 3. Schematic illustration of two different delayed hydride cracking (DHC) modes in a CANDU pressure tube [2]. (a) A curved
compact tension (CCT) (T–L); (b) a cantilever beam (CB) (T–R).
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containing inclined flaws from the axial–radial
plane, when the crack grows in the radial direction.

2. Experimental

In order to investigate the effect of the texture on
KIH along the radial direction in Zr–2.5%Nb pres-
sure tube materials, it is necessary to acquire speci-
mens with various textures for the cracking plane
and with a minimum change of the microstructure.

The Zr–2.5%Nb pressure tube for the CANDU
reactor is hot extruded and cold drawn by about
25%, and then, stress relieved for 24 h at 400 �C.
The Zr–2.5%Nb pressure tube manufactured using
a quadruple melting ingot for the CANDU reactor
was flattened by the reverse bend method in order to
obtain a plate-like material, since it is very difficult
to carry out the KIH tests along the radial direction
without a flattening due to the tube geometry.

The reverse bending apparatus was a empirically
designed by Chalk River Laboratories, which con-
sisted of a short-large circular block with �400
mm diameter · �80 mm length and a small circular
block (reverse roller) with a �80 mm diameter ·
�80 mm length. Both have a hole in the center for
the assembly. The CANDU pressure tube for the
reverse bend was cut to be about 60 mm long, since
the maximum capability of a reverse bending should
be smaller than 80 mm. Furthermore, the required
force would be increased with the width. This tube
was cut axially and it was drilled for a bolting so
as not to be free during the reverse bending process,
to a short-large circular block for a reverse bending.
A small roller is inserted inside the tube for the
reverse bend. Then, the short-large block and the
smaller roller are assembled by additional rods at
both sides, which allow the reverse bending action
for the reverse bend. Then, the smaller roller is
rolled on the short-large block manually until the
tube is reversely flattened on the short-large block.
Finally, the tube becomes a flattened tube, and,
then, the flattened tube specimen is get ready.

The texture of the flattened material may be
changed slightly, because the inside of the tube
experiences a tensile strain, and vice versa. How-
ever, since the DHCV and KIH measurement were
carried out in the middle of the plate, it is expected
that a slight change in the texture by a reverse bend-
ing has little effect on the results. In addition, the F

was calculated from the measured inverse pole
figure after a flattening and a stress relieving
treatment.

The stress relieving treatment was conducted at
400 �C for 88 h to relieve the residual stress formed
during the reverse bending process after the surface
hydrides formed during the electrolytic hydrogen
charging process in the sulfuric acid solution were
ground off. However, this treatment simultaneously
broke up the b-phase network between the grain
boundaries of the discrete form. Although the
breaking up of the b-phase network may affect the
diffusion of hydrogen through the grain boundary,
it will have little effect on the measurement of the
effect of the texture on the DHC behavior in this



Fig. 4. Schematic illustration of a machining of cantilever beam
(CB) specimen.
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study, because the effect of the texture is determined
by a matrix with a hexagonal close packed (HCP)
crystal.

The texture variation was achieved by machining
the CB specimens at various angles, as shown in
Fig. 4. The specimens were machined at 0�, 30�,
45�, 60�, 90� from the longitudinal direction. The
cracking directions of all the CB specimens were
fixed in the radial direction and the machined side
of the notch on the flattened tube was the outer side
of the original tube. The dimensions of the speci-
mens were 25.4 mm in length, 3.2 mm in width,
and 4.2 mm in thickness.

The procedure of the KIH tests and the hydrogen
addition are described fully in the literature [11].
Fatigue pre-crack was introduced at the notch tip
of the CB specimens using a three point bend grip
and the final KI at the crack tip was less than
15 MPa

p
m, since the initial KI was selected as

17 MPa
p
m according to the testing procedure.

The formula for the calculation of KIH is described
in the literature [4]. The hydrogen content was ana-
lyzed as �60 ppm and the KIH tests were carried out
at 250 �C.

The hydride morphology and the DHC fracture
surface were observed with an optical microscope
and scanning electron microscope (SEM). The
inverse pole figures for the CB specimens with vari-
ous textures were determined using CuKa radiation
and the F was calculated from the inverse pole fig-
ures [8,9].
3. Results

The morphology of the hydride varied with the
tilting angle and changed slightly with the thickness,
as shown in Fig. 5. These are the microstructures
for the specimens after a homogenization. All the
hydrides are aligned to be nearly parallel to the
axial-circumferential plane and no radial hydride
is seen in the microstructure because it is under-
stood that the radial hydrides are precipitated dur-
ing the DHC testing after a full dissolution during
a soaking. Therefore, it is very difficult to observe
the hydride in the axial-circumferential plane.

The inverse pole figures of the tilted CB speci-
mens for the cracking plane are compared in
Fig. 6. The (0002) and ð10�10Þ poles are concen-
trated in the transverse direction and the longitudi-
nal direction, respectively. It appears that F varied
from 0.03 in the longitudinal direction to 0.64 in
the transverse direction.

The KIH measured at 250 �C are plotted against
the basal pole components in Fig. 7, in which the
tilted angles are plotted together. This temperature
is considered to be a main concern for pressure
tubes, because this temperature is the coolant inlet
temperature in a CANDU reactor. It is known that
a material with 60 ppm hydrogen, dissolves fully at
250 �C when it is cooled down from the proper
soaking temperature for 1 h at 310 �C, however, this
has a certain amount of hydride if the temperature
is raised from room temperature without a soaking
treatment. The KIH values decreased linearly with
an increase in F. The KIH with the highest F

(FT = 0.64) at 90� showed the minimum values.
The longitudinal CB specimens having the lowest
F (FL = 0.03) could not be cracked at all. It is pos-
sible to estimate that the KIH for the longitudinal
specimen can be considered to be over 20 MPa

p
m

when compared with the results of the 30� tilted CB
specimens.

The macroscopic morphology of the pre-fatigue
and DHC surfaces observed by a stereo microscope
are compared in Fig. 8. The characteristics of the
DHC surface in the tilted CB specimens except the
90� are that there are white-colored bands between
the dark area by a DHC, marked by arrows in
Fig. 8(b)–(d). In addition, the spacing of the band
is decreased with a decrease in the tilting angle
and F. However, the DHC did not occur in the 0�
(L) tilt specimen (Fig. 8(e)).

The DHC surfaces observed by SEM are shown
in Fig. 9. It is clear that the DHC surfaces in the



Fig. 5. Hydride morphology for a half thickness of the tilted CB specimens: (a) 90� (T), (b) 60�, (c) 45�, (d) 30�, and (e) 0� (L) CB.
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60�, 45�, and 30� tilted specimens (Fig. 8(b)–(d)) are
very bumpy and show some chunky-wedges,
whereas the surface in the 90� specimen is relatively
smooth. The white-colored bands in Fig. 8(b)–(d)
are chunky-wedges in Fig. 9(b)–(d), and these are
the un-cracked ligaments connected to the opposite
cracking plane as bridges during a DHC, even
though the DHC occurs through the susceptible
grains. These provide an additional load enduring
mechanism. These are broken during the fracturing
process after a DHC for the evaluation procedure.
This is a freshly-cracked surface whereas the DHC
surface is oxidized to a dark blue or brown color.

The microscopic DHC surfaces are compared in
Fig. 10. This shows that the cracking process can
be changed significantly with the texture in the
cracking plane. The degree of the bumpiness
increased with the F and a decrease in the tilting
angle. It seems to be due to the fact that the habit
plane of the hydride precipitation has inclined from
the cracking plane pre-designed to be fractured and
the plane having a higher F provides an easier path
for the DHC. Therefore, the required energy to
propagate the DHC crack and the KIH will be
increased with a decrease in F for the cracking
plane.

4. Discussions

It was possible to investigate the effects of the
texture on the KIH with a minimum change in the
specific pressure tube microstructure. The minor
changes in the microstructure are the decomposition
of the b-phase and the shape of the grains for the
cracking plane since the grains were elongated in
the longitudinal direction. However, these micro-
structural changes will not vary the KIH, signifi-
cantly, since the DHC process would be mainly
controlled by the property of the matrix.

The linear dependence of KIH on F is shown in
Fig. 7 in the range of F = 0.19–0.64 (Fig. 6(b), (d),
(e) and (f)). This trend is consistent with the litera-
ture [3], except the level of the value. The results
obtained in Zircaloy-2 and Zr–2.5%Nb are plotted
together against the F in Fig. 11 [3–7,10,11], this
shows that there is a significant texture dependence



Fig. 6. Inverse pole figures in the plane normal to the cracking plane for the tilted CB specimens taken from the flattened material: (a)
plate normal (radial (R), F = 0.27); (b) 90� (T), F = 0.64; (c) 0� (L), F = 0.03; (d) 60�, F = 0.41; (e) 45�, F = 0.30 and (f) 30� Tilt, F = 0.19
(random means average texture coefficients).
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regardless of the materials. This is due to the fact
that the major phase is a-Zr in both the materials.

The KIH is a critical KI value over which the
crack grows physically through the DHC mecha-
nism. The DHC mechanism involves the kinetics
of the formation of the hydride, namely, the diffu-
sion of hydrogen to the crack tip region and the pre-
cipitation of the hydride and its fracture under the
given loading condition. When the applied load is
constant, then the applied KI at the crack tip will
be constant. Only the precipitation of the hydride
at the crack tip will be changed with time. The load
enduring capability will be decreased with an
increased fraction of the hydride at the crack tip.
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If the applied load or stress at the crack tip exceeds
the load enduring capability with the aid of the
hydride at the crack tip, a certain length of the
mixture of the hydride and matrix will be fractured
simultaneously, and this process will be repeated.
This is the very mechanism of a DHC. Therefore,
there might be inherent KIH values of a given
texture, according to the distribution of the basal
planes or the habit plane of the hydride, ð10�17Þ [13].

The relationship between the most probable
habit planes of the hydride and the cracking planes
in the titled CB specimens is shown in Fig. 12. This
clearly shows the role of the habit plane of the
hydride during a DHC. The interplanar angle
between the cracking plane of the 90� CB specimen
and the habit plane of the hydride is �15� in both
habit planes 1 and 2, ð10�1 � 7Þ. The crack of the
90� (T) CB specimens propagates in both habit
planes 1 and 2 in Fig. 12. This is the reason why
the DHC surfaces in Fig. 8(a), Fig. 9(a), and
Fig. 10(a) are relatively smooth.

However, the crack of the 45� tilted CB speci-
mens in Fig. 12 propagates through habit plane 1
only, because the interplanar angle between the
cracking plane of the 45� CB specimen and habit
plane 1 is �30� but that for habit plane 2 is � 60�.
It is natural, that the one closer to the cracking plane
is activated since the tensile stress is greater. In the
case of the 0� specimens (FL = 0.03), the interplanar
angle between the cracking plane of the 0� CB spec-
imen and both habit plane 1 and 2 is�75�. Therefore,
there are almost no habit planes of the hydride near
or parallel to the cracking plane. This is why the 0�
CB specimens did not crack by a DHC at all, as
shown in Fig. 8(e), Fig. 9(e), and Fig. 10(e).

The increase in F in the cracking plane reduces
the area of the ductile matrix. This means that the
plane having a higher F has a lower resistance to a
DHC. Therefore, if F for the cracking plane is
higher, then the KIH is lower; the KIH decreases with
F, and vise versa. The increasing effect of F can be
understand clearly, by referring to Fig. 9(a)–(d).
This concept in the cracking plane for DHC can
be illustrated by two dimensionally in Fig. 13.

The thickness of a plastically deformed region
during DHC should be very thin because the frac-
ture surface shows a little plastic deformation after
DHC. Although this thickness is dependent on the
applied in situ KI, the load enduring concept by a
ductile matrix can be shown easily as in Fig. 13.
The area F can be treated as a void or a useless mat-
ter for load enduring state because the hydride can
be precipitated into this region and the hydrides in
this region provide not only a brittle characteristic
but also an obstacle for dislocation motions in the
plastic zone at the crack tip.

This behavior can be explained by the rule of a
mixture [3]. The volume fraction of the ductile matrix
can be assumed as (1 � F) and that of the brittle
hydride can be assumed as F, because the physical
meaning of F is the resolved fraction of the basal
plane in the cracking plane. The texture dependence
of KIH can be expressed by the following Eq. (2) [3]:

KIH at F ¼ ð1� F Þ � KIH of the hydridedmatrix at F¼0

þ F � KIC of Zr-hydride; ð2Þ
where KICofZr-hydride is the fracture toughness
which is reported as KI = 1–3 MPa

p
m [14],

KIHof the hydridedmatrix atF=0 is the fracture toughness
of a complete ductile matrix containing hydrogen
at F = 0.

KIHof the hydridedmatrix atF=0 in the CT speci-
men can be estimated to be �16 MPa

p
m in

Fig. 1, but that in the CB specimen can be
estimated to be �21 MPa

p
m in Fig. 11, if

extrapolated at F = 0. This shows that the
KIHof the hydridedmatrix atF=0 varies according to the
cracking direction. The physical meanings of these



Fig. 8. Comparisons of the macroscopic morphology of the DHC surfaces by a stereo microscope in the tilted CB specimens: (a) 90� (T),
(b) 60�, (c) 45�, (d) 30�, and (e) 0� (L) (arrows denote the un-cracked ligaments).
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values are the maximum toughness (KIH) of a
matrix containing hydrogen to the DHC, in which
there is no hydride parallel to the cracking plane.
This would be a similar value in the 0� (FL = 0.03)
specimen in this study, although authors were not
able to determine it properly in this study.

The KIH decreases with F in both the cracking
directions because the volume fraction of the



Fig. 9. Comparisons of the macroscopic morphology of the DHC surfaces by SEM in the tilted CB specimens: (a) 90� (T), (b) 60�, (c) 45�,
(d) 30�, and (e) 0� (L).
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Fig. 10. Comparisons of the microscopic morphology of the
DHC surfaces by SEM in the tilted CB specimens: (a) 90� (T), (b)
60�, (c) 45�, (d) 30�, and (e) 0� (L).
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Fig. 12. Schematic illustration of the relationship between the
most probable habit planes of the hydride and the cracking
planes of the tilted CB specimens.
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hydride increases with F, even though the fracture
toughness of a complete ductile matrix containing
hydrogen (KICof the hydridedmatrix) is constant. The
KIH at F = �0.62 in the CT and CB specimens are
estimated to be �5 MPa

p
m and �9 MPa

p
m,

respectively. These values are much lower than
that of the dynamic fracture toughness, KIC =
�25 MPa

p
m at F = 0.62 [15–17]. This may be

due to the characteristics of a DHC involving the
kinetics of a hydride formation. Therefore, it can



Fig. 13. Schematic illustration of the effects of the texture on KIH at the crack tip region in the Zr–2.5%Nb material with F, composed of
the brittle hydride (fraction: F) and the ductile matrix (fraction: 1 � F).
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be concluded that the concept of KIH is totally dif-
ferent from that of KIC.

The KIH’s in the CB specimens in the transverse
direction are about 50% higher than that of the
CT specimens, as shown by the lower dashed line
in Fig. 11. Even though the cracking plane is identi-
cal in the CB and CCT specimens except in the
cracking direction, there are two different trends
for the texture dependence of KIH. This shows that
not only F for the cracking plane but also the crack-
ing direction is important. The basal poles in the
CANDU pressure tubes are concentrated in the
transverse direction and they are dispersed from
the transverse to the radial direction within 40�.
Therefore, there are certain differences in the grain
orientations at the crack tip region, and, thus, it
may cause a different cracking behavior.

Generally, the fracture toughness would be con-
trolled by the accommodation capability of the plas-
tic deformation due to a stress concentration at the
crack tip. Therefore, the KIH would be dependent on
not only the toughness of the cracking plane but
also on the cracking direction, as explained above.
The directional DHC characteristic has been inves-
tigated through the XRD analysis of the DHC frac-
ture surface and it is identified that the plastic
deformation mechanisms operated during the
DHC process were different between the CCT and
CB specimens [18]. At least, it is confirmed that only
f10�12g and both f10�12g and f11�21g twinning
systems operated in the CCT and CB, respectively.

This is related to the grain orientations at the
crack tip during cracking, although the average
grain orientations in the cracking plane are the
same. The grain orientations at the crack tip in
the CB and CT specimens are aligned in the radial
and longitudinal direction, respectively, as shown
in Fig. 6. The grain orientations in the cracking
direction in the CCT (or CT) specimen are mostly
½10�10� and these are very close to each other along
the longitudinal direction within 10–15� regardless
of the orientation of the (0002) pole. However,
those in the CB specimen vary from ½11�20� to
½11�24� via ½11�22�, and this means that the orienta-
tion of the neighboring grain may change signifi-
cantly. This angular range is over 60� in the CB
specimen. Since the grain orientations at the crack
tip in the CB specimens have a considerable varia-
tion, when compared to the CT specimens, this
may inhibit a cracking in the radial direction.

The material used in this study has been stress
relieved for 88 h at 400 �C. Although this treatment
has been selected in order to eliminate the effect
of the hydrogen diffusion path through the b-phase
network along the grain boundary, this treatment
would provide a greater recovery or annealing effect
[4]. Therefore, the difference in KIH between the
radial and the longitudinal direction might originate
from the difference in the stress relieving treatment,
because this stress relieving treatment might increase
the accommodation capability, as discussed above.

On the other hand, it is known that the fracture
toughness of the Zr–2.5%Nb CANDU pressure
tube material is very sensitive to the content of chlo-
rine (Cl) and that the chlorine content is controlled
to be lesser than 1 ppm [12]. The materials used in
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this study are made of a quadruple melted ingot.
However, the materials used to obtain the KIH from
the CTs might have a higher chlorine content
because the effect of the chlorine content on the
fracture toughness in Zr–2.5%Nb alloy was not
known at the time of manufacture and thus it could
not be controlled during the manufacturing process.
Therefore, the material made of a quadruple melted
ingot has a relatively higher fracture toughness
when compared to a double melted one, and this
material might inherently have a fracture resistance.
Thus, this fact seems to be the reason why the KIH’s
in this study are higher than that from the CTs.

The main concern of the DHC characteristics in
the CANDU reactor is for the operating pressure
tube [2]. It is well known that the irradiated pressure
tube materials have a very low tensile elongation
and fracture toughness. The degradation or deterio-
ration of the pressure tube materials is understood
to be due to various defects introduced by neutron
irradiation, such as vacancies, vacancy clusters,
vacancy loops and interstitial dislocation loop, etc.
All these defects impede the slip or the motion of
the dislocation. This is the main concept as to why
the toughness and/or ductility is reduced by neutron
irradiation. Therefore, the difference in KIH between
the radial and axial direction might be reduced,
since the accommodation capability of the plastic
deformation due to a stress concentration at the
crack tip would be lost by irradiation regardless of
the direction.

The hydrogen content in the DHC specimens is
important because it determines the temperature at
which a DHC occurs. The DHC testing at 250 �C
would show the maximum DHC velocity for the
specimen with 60 ppm of hydrogen. The soaking
temperature, 310 �C, is chosen to dissolve the
hydride fully into a solution for the specimen with
60 ppm of hydrogen in Zr–2.5%Nb alloy [2]. There-
fore, it is expected that the maximum temperature at
which a DHC occurs would be lowered if the hydro-
gen content is lowered. Furthermore, the specimen
with less than 60 ppm of hydrogen would show a
lower DHC velocity since there is a proper condi-
tion for the maximum DHC velocity, such as
60 ppm at 250 �C after a soaking at 310 �C.

The DHC fracture surface have been examined
by XRD [18]. It was confirmed that there was a
strong diffraction from the d-hydride. It is reason-
able that the hydride exists on the DHC fracture
surface, because there is no reason for the hydride
on the DHC fracture surface to dissolve.
Meanwhile, the longitudinal CB specimens were
not cracked with and without a fatigue crack at
the notch. Only a bending occurred without a fati-
gue crack, or the axial-circumferential cracking
occurred, as shown in Fig. 8(e), Fig. 9(e), and
Fig. 10(e). These micrographs in the longitudinal
specimens show no DHC crack and show some
axial-circumferential cracks near crack tip region.
This is consistent with the explanation by the rule
of a mixture, i.e. it is very difficult to propagate
DHC crack because the F in the cracking plane is
low in the longitudinal specimen, therefore, the
KIH is high.

The cracking plane of the longitudinal specimen
consisted of a ductile matrix, which is not suscepti-
ble to a DHC because FL = 0.03, according to the
concept shown in Fig. 13. This means that the mate-
rial in this direction is very tough from the aspect of
DHC, at least. Otherwise, the applied stress at the
crack tip region by loading would have been greater
than that of the yield stress of the longitudinal spec-
imen. This is the reason why there is no KIH result
from the 0� specimen in Figs. 7 and 11.

The trend lines in Fig. 11 can be used to estimate
the KIH for any notch or crack which is tilted
from the axial–radial plane of the pressure tube,
although the results in Fig. 11 are obtained in purely
from a Mode I condition. If the F for the cracking
plane and the cracking direction can be determined,
then the KIH value for the flaws can be estimated,
under the assumption that the crack or flaw propa-
gates or extends along their plane at least.

The KIH values should have a certain range of
scatter due to material to material variations. How-
ever, since the most important application of KIH

would be for a flaw assessment of operating compo-
nents, the minimum values may have a potential for
a conservatism for a safe operation of a nuclear
reactor.

5. Conclusions

The KIH of the cantilever beam (CB) specimen
with the highest F appeared to be the lowest KIH,
�9 MPa

p
m, whereas that with the lowest F was

over 20 MPa
p
m at 250 �C. The KIH in the radial

direction decreased linearly with F for the cracking
plane, and this is consistent with the results reported
earlier. The texture dependence of KIH in the Zr–
2.5%Nb CANDU pressure tube material can be
explained properly by the rule of a mixture using
a model proposed earlier. It is demonstrated that
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there are two different trends of KIH according to
the cracking direction. It is concluded that the KIH

is determined predominantly by F for the cracking
plane and subsequently by the cracking direction.
The trend of the texture dependence of KIH can be
used to estimate the KIH in the radial direction for
a notch or crack tilted in the axial direction.
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