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Abstract

The objective of this study is to obtain a better understanding of the threshold stress intensity factor for an initiation

of delayed hydride cracking (DHC) in a Zr±2.5Nb pressure tube. By changing the crack propagation from the lon-

gitudinal direction to the circumferential direction, the threshold stress intensity factor, KIH, and the crack growth

pattern were investigated in the Zr±2.5Nb pressure tube with a strong circumferential texture. The threshold stress

intensity factor, KIH, was discussed phenomenologically based on the crack growth pattern and analytically as a

function of the tilting angle of hydride habit planes to the cracking plane. A supplementary experiment was conducted

to demonstrate a linear decrease of KIH with an increase in the basal pole component in the cracking plane. Thus, it is

concluded that the DHC is controlled by the nucleation and growth of the hydride precipitates on the habit

plane. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 62.20.MK

1. Introduction

Zr±2.5 wt% Nb (or Zr±2.5Nb) pressure tubes used in

CANDU nuclear power plants are very susceptible to

delayed hydride cracking (DHC) due to the hydrogen

pick up during its operation [1,2]. Therefore, there is a

strong incentive to increase the DHC resistance of Zr±

2.5Nb alloy. A current understanding of the DHC

phenomenon is that the DHC crack always grows nor-

mal to the direction of applied stress by fracturing of

hydrides reoriented ahead of the crack tip [3±5]. How-

ever, it may not always be true when the hydride habit

plane is not in accordance with the cracking plane. Since

the crack grows by fracturing of hydrides, an initiation

of the DHC crack would depend strongly on the ori-

entation of the hydride habit plane where the hydrides

preferentially can precipitate. In other words, if the hy-

dride habit plane is parallel to the cracking plane, the

DHC crack initiation will be easy. On the contrary,

where the hydride habit plane is tilting from the cracking

plane, the crack initiation will be di�cult, leading to an

increase in threshold stress intensity factor, KIH, or to an

increase in DHC resistance.

Since f10�17g planes are the most favorable habit

planes for the precipitation of hydrides in zirconium

alloys under tensile stress [6], the initiation of DHC may

depend strongly on the available number of the habit

planes that is determined by texture. In other words, KIH

may depend on how many habit planes are lying parallel

to the cracking plane or on the angle between them, or

on texture in short. The aim of this study is to obtain a

better understanding of the DHC phenomenon, ®nding

a way to increase the threshold stress intensity factor,

KIH. To clearly investigate a dependence of crack initi-

ation and propagation with texture, ¯attened compact

tension (CT) specimens were subjected to a constant

tensile load with the fatigue cracking plane varying from

the longitudinal direction to the transverse one of the

Zr±2.5Nb pressure tube with a strong circumferential

texture.
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2. Experimental procedure

The Zr±2.5Nb pressure tube with a strong circum-

ferential texture was subjected to ¯attening by a press

into a sheet of around 4.0 mm thick followed by a

vacuum annealing treatment at 400°C for 48 h to relieve

residual stress. CT specimens were made in accordance

with ASTM E-399-83. To investigate the texture e�ect

on the DHC, the notch direction changed from the

longitudinal direction to the circumferential one as

shown in Fig. 1. We have used four kinds of CT speci-

mens such as L0, L30, L45 and L90 where the number

next to L represents the angle between the notch direc-

tion and the longitudinal direction of the pressure tube.

All the specimens were subjected to charging of hydro-

gen to 200� 20 ppm by using Sievert's equipment fol-

lowed by a homogenizing treatment at 400°C for 24 h in

10ÿ5 torr. Details of the Sievert's equipment were de-

scribed in [7]. Fatigue cracks were made by using an

lnstron machine (Model no. 8562) with a stress intensity

factor of 12 MPa
����
m
p

at the beginning which was re-

duced to 7 MPa
����
m
p

®nally along with the propagation

of the crack [8]. CT specimens were subjected to a

constant load in tension in a creep machine while the

initiation and growth of the crack were monitored by a

dc potential drop method. The applied load of 4 MPa����
m
p

initially was applied during heating up to 300°C,

soaking at 300°C for 1 h and cooling down to 200°C

[8,9]. The crack propagation was checked through an

increasing load stepwise from 7 to 30 MPa
����
m
p

. After

the crack grew by 0.5 to 2 mm, the specimens were heat

tinted at 300°C for 1 h. The crack velocity was derived

from the average crack depth divided by the time over

which steady cracking proceeded [4]. The crack pro®le

was observed to measure the crack growth direction at

the side surface of each specimen.

3. Results and discussion

3.1. Crack growth pattern and KIH on the notch orienta-

tion

Fig. 2 shows typical DHC crack growth patterns

observed on the four kinds of CT specimens. As ex-

pected, L0 CT specimen had the crack growing along the

notch direction that is normal to the tensile stress. In

contrast, neither L30 nor L45 specimens had the crack

growth along the notch direction, but they showed

slanted cracks at some angles to the tensile load direc-

tion. Even though a U type groove with 0.6 mm deep

and 0.1 mm root radius was made on either side of the

specimen to facilitate the crack growing in the direction

normal to the applied stress as shown in Fig. 3(a), the

crack did not grow straight along the groove but tilted

toward the longitudinal direction as shown in Fig. 3(b).

This explicitly demonstrates that the DHC crack grows

along a habit plane somehow. The angle of the slanted

crack to the longitudinal direction was found to be 15°
for both of them. Furthermore, L90 specimen had a

crack branching where an angle between the branched

cracks corresponded to 150°. In other words, the bran-

ched cracks were directed towards the longitudinal di-

rection of the pressure tube as seen on L30 or L45

specimens. Table 1 summarized the measured tilting

angles of the DHC crack and the initial notch plane or

the longitudinal direction of the pressure tube, respec-

tively. One thing to note is that tilting of the cracking

plane to the longitudinal direction is consistently equal

to about 15° except for the L0 specimen.

The Zr±2.5Nb pressure tube used for this study has

shown a strong circumferential texture where the ma-

jority of the (0 0 0 1) basal pole aligns in the circumfer-

ential direction as shown in Fig. 4 and Table 2. The

longitudinal direction and the radial direction are par-

allel to the poles of �10�10� plane and �11�20� plane,

respectively. Since hydrides precipitate on the habit

planes �10�17� under tensile stress [6,10], and the crack

grows by hydrides precipitated on the habit planes, the

cracking plane will be tilted at 15° from the basal plane

(0 0 0 2). This is well consistent with our observation on

the DHC crack growth pattern shown in Fig. 2 except

for the L0 specimen.
Fig. 1. Compact tension specimens with a notch slanted at

various angles to the longitudinal direction.
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For L90 specimen, the directions of the notch and the

applied stress correspond with h0002i and h10�10i, re-

spectively while the habit planes, �10�17� and ��1017�, lie

symmetrically �75° to the notch direction as shown in

Fig. 5(a). Since the stress conditions on the two sym-

metric planes are equal, the nucleation and growth of

hydrides would proceed along the two planes, leading to

the crack branching with an angle of 150° as shown in

Fig. 2. This kind of crack slanting had also been re-

ported very roughly by Coleman [11] and Huang and

Mills [12]. L30 specimen has the two habit planes,

�10�17� and ��1017�, lying at 15 and 45°, respectively, to

the cracking plane. Thus, hydrides preferentially will

precipitate on ��1017�, plane due to the higher resolved

tensile stress on it, leading to the formation of a slanting

crack as shown in Fig. 5(b). Likewise, since L45 speci-

men has habit planes lying at 30 and 60°, respectively to

the notch direction (Table 1), the crack grows only on

the habit planes lying at 30° to the notch direction

(Table 1), leading to the tilting of the crack as shown in

Fig. 2(c). In contrast, L0 specimen has the hydride habit

planes tilted �15° to the notch direction h10�10i as

shown in Fig. 5(c). Since the precipitation of hydrides is

more probable only on one of them, the crack will grow

along the plane away from the notch, but will return

toward the centerline of the initial notch plane due to the

applied tensile stress in the opposite direction. Thus,

when the crack is examined minutely, the crack grows in

a zig-zag motion with small branching of the crack as

shown in Fig. 6 [13]. However, on a macroscopic scale,

Fig. 2. Crack growth pattern observed on four kinds of CT specimens: straight crack for L0, slanted crack for L30 or L45 and a crack

branching for L90.

Table 1

Growth pattern of a DHC crack on a CT specimen with a notch tilted at various angles to the longitudinal direction

CT specimens Angle between the notch direction

and longitudinal direction (°)

Tilting angle of the grown

crack to the notch direction (°)

Tilting angle of the grown crack

to the longitudinal direction (°)

L0 0 0 0

L30 30 18 12

L45 45 30 15

L90 90 75 15
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the crack will likely grow parallel to the notch direction

as shown in Fig. 2.

In summary, these results demonstrate that the DHC

occurs by the fracturing of hydrides precipitated on the

habit planes f10�17g and the resistance of DHC in-

creases with an increasing angle of the hydride habit

plane to the notch direction. The threshold stress in-

tensity factor, KIH, required for the initiation of DHC,

therefore, would be a�ected by the slanting angle of the

habit planes to the notch direction.

KIH was determined for L0 and L90 CT specimens by

plotting the measured crack velocity as a function of

stress intensity factor as shown in Fig. 7. As expected,

L0 CT specimen, where the hydride habit planes are

lying almost parallel to the notch direction, had a quite

low KIH of around 5.5 MPa
����
m
p

while L90 specimen

showed a much higher KIH of 18 MPa
����
m
p

. Likewise,

Coleman [11] also reported a large threshold stress in-

tensity factor, KIH, of about 15 MPa
����
m
p

on the CT

specimen with a crack propagating into the circumfer-

ential direction of the tube. Therefore, a di�erence in the

threshold stress intensity factor between L0 and L90

specimens is concluded to be related to the angle of the

Fig. 4. (0 0 0 2) and �11�20� texture of the Zr±2.5Nb pressure

tube used.

Fig. 3. (a) U type groove formed on both sides of L30 specimen

before the initiation of DHC and (b) the slanted crack growth

after DHC.

Table 2

Basal pole components of Zr±2.5Nb pressure tube

Material Basal pole components

Radial,

fr

Transverse,

ft

Longitudinal,

fl

Zr±2.5Nb

pressure tube

0.33 0.60 0.07
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Fig. 5. Relationship between the notch and f10�17g hydride habit planes for: (a) L90; (b) L30 and (c) L90 specimens.

Fig. 6. (a) Small branching and (b) zig-zag pattern of the crack on L0 specimen.
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hydride habit plane and the cracking plane (notch

plane). In other words, the threshold stress intensity

factor strongly depends on how many habit planes are

present along the cracking plane.

To explain the e�ect of the angle between the hydride

habit plane and the cracking plane on the threshold

stress intensity factor, the hydride fracture criterion by

Shi and Puls [14] is introduced. Here, we assume a single

hydride platelet at the crack tip that is inclined at h to

the notch direction as shown in Fig. 8. The local stress

applied to the hydride platelet, rloc is the sum of the

stress component normal to the habit plane, rhh and a

stress within the hydride, rh, generated by the hydride

formation process due to its mis®t strain with no ex-

ternal stress. The threshold condition is achieved if the

local stress is equal to the stress needed for hydride

fracture, rh
f . Since rh

f is constant material property, in-

dependent of the inclination angle, h and rh is also

constant, rhh must be constant at the initiation of DHC.

The normal component of the crack tip stress at an in-

clined crack is given at the plain stress condition by [15]

rhh � KI�������
2pr
p 3

4
cos

h
2

� ��
� 1

4
cos

3h
2

� ��
: �1�

Therefore, at the threshold condition for the DHC ini-

tiation, KIH is approximately given by

KIH � rh
f

�������
2pr
p

��3=4�cos�h=2� � �1=4�cos�3h=2��
� rh

f

�������
2pr
p

f �h�; �2�

where KIH is the threshold stress intensity factor de-

pending on the angle, h and f �h� � ��3=4�cos�h=2��
�1=4�cos�3h=2��ÿ1

. The ratio of the KIH of L0 and L90

specimens can be calculated as such:

KIH at h�75�=KIH at h�15° � 1:95:

This calculated ratio seems to di�er from the measured

ratio of the KIH for L0 and L90 specimens, 3.3. How-

ever, considering that the KIH of L0 CT specimens were

in the range of 4.3±12 MPa
����
m
p

(the averaged value of

8±9 MPa
����
m
p

[14], therefore, the measured KIH of 18

MPa
����
m
p

for L90 CT specimens looks quite reasonable.

3.2. Dependence of KIH on texture

Eq. (2) suggests that KIH would decrease with an

increasing number of habit planes on the cracking plane,

from the maximum values of KIH at the angle h of 90°.

Therefore, since the habit planes are almost parallel

to the basal planes, Eq. (2) can be described more ex-

plicitly as such:

KIH � KIH at h�90° ÿ cFCP; �3�
where c is constant and FCP is a basal pole component in

the cracking plane de®ned by Eq. (4):

FCP �
X

Va cos2a: �4�

Here, a is the angle between the basal pole of the grain

and the direction of interest and V is the volume fraction

of grains tilted at an angle a. When the notch grows into

the longitudinal direction of the tube or the rolling

direction of the plate, FCP must be the basal pole

components in the circumferential direction. To sys-

tematically demonstrate the texture e�ect on KIH, Zr±

2.5Nb plates were subjected to rolling and cross rolling

to change the basal pole components as shown in

Table 3. CT specimens that were charged electrolytically

with 200 ppm hydrogen followed by annealing at 367°C

for 1h were subjected to DHC testing at 200°C. More

detailed experimental procedures are described in the

paper reported by Kim et al. [16]. The threshold stress

intensity factors of Zr±2.5Nb plates were plotted as a

Fig. 8. Hydride platelet precipitated with an angle, h to the

notch direction at the notch tip and the resolved normal stress

applied on it.

Fig. 7. Crack velocity as a function of stress intensity factor for

L0 and L90 specimens.
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function of the basal pole component, FCP in the

cracking plane as shown in Fig. 9 along with the re-

ported KIH from Coleman [11,17], Hwang [12] and Mills

[18]. As expected, KIH decreased linearly with an increase

in the basal pole component as such:

KIH � 17:1ÿ 17FCP: �5�

In other words, the higher the number of habit planes in

the cracking plane, the lower the threshold stress in-

tensity factor, KIH. By introducing the basal component

of L90 specimen, 0.7 into Eq. (5), the threshold stress

intensity factor of L90 specimen is calculated to be 16

MPa
����
m
p

. This calculated KIH seems to comparatively

agree well with the measured KIH of the L90 specimen,

18 MPa
����
m
p

, considering a di�erence in the measured

KIH data reported by this study and Coleman [11]. Thus,

a conclusion is drawn that the threshold stress intensity

factor, KIH decreases linearly with an increasing number

of the hydride habit planes f10�17g in the cracking

plane.

4. Conclusion

A crack in Zr±2.5Nb pressure tube grew by the

fracturing of hydrides along the hydride habit planes,

leading to the appearance of a slanted crack growth or

crack branching when the cracking plane was tilted at

some angles, 30±90°, to the habit planes. Consequently,

the threshold stress intensity factor, KIH depends on the

angle of hydride habit plane f10�17g and the cracking

plane: KIH � 5:5 MPa
����
m
p

when the cracking plane is

parallel to the basal plane or at 15° to the habit plane

f10�17g, KIH � 18 MPa
����
m
p

when the cracking plane is

normal to the basal plane or at 75° to the habit plane

f10�17g.
A supplementary experiment was carried out addi-

tionally to demonstrate that KIH decreases linearly with

an increasing basal component factor in the cracking

plane. Thus, it is concluded that the initiation of DHC is

determined by the nucleation rate of hydride precipitates

on the habit planes f10�17g at the crack tip. Further-

more, the DHC resistance of Zr±2.5Nb pressure tubes

can be increased by controlling the texture.
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