
The e�ect of texture variation on delayed hydride cracking
behavior of Zr±2.5%Nb plate

Sung Soo Kim *, Sang Chul Kwon, Young Suk Kim

Korea Atomic Energy Research Institute, P.O. Box 105, Yousung-Ku, Taejon 305-353, South Korea

Received 23 July 1998; accepted 28 December 1998

Abstract

In order to investigate the e�ect of texture variation on the delayed hydride cracking behavior in Zr±2.5%Nb plates,

crack growth rate and KIH tests have been carried out at temperature ranges varying from 415 to 506 K after texture

modi®cation by rolling. The texture variation of plates was achieved by direct-rolling and cross-rolling. Texture was

measured through the determination of inverse pole ®gures, from which the basal pole components were calculated. The

results have shown that the texture of a plate in which the basal poles are concentrated in the transverse direction can be

changed signi®cantly by cross-rolling. The crack growth rate increases exponentially with the basal pole component in

the direction normal to the cracking plane. The increase in stress relieving temperature on cold worked material reduces

crack growth rate. KIH decreases linearly with the basal pole component, and a behavior of which could be explained by

the uniformly dispersed aggregate composite theory. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The Zr±2.5%Nb alloy is extensively used in the

pressure tubes of CANDU reactor because of its high

strength, corrosion resistance, and low neutron capture

cross section [1]. However, a number of pressure tubes

have been re-tubed in Canada due to unexpectedly large

`in-reactor' deformation caused by fast neutron irradi-

ation [2], and coolant leak accidents caused by delayed

hydride cracking (DHC), which is related to hydrogen

content, residual and applied stress, and the presence of

¯aws [3±5]. The problem of elongation has been miti-

gated through design improvements recently. DHC still

remains as a primary concern but probability has been

reduced at rolled joint through application of zero

clearance joints on the integrity of pressure tubes to the

present [2,6].

Pressure tube material absorbs the hydrogen pro-

duced by corrosion processes during reactor operations,

and the excess hydrogen over terminal solid solubility

(TSS) precipitates as a brittle hydride, whose fracture

toughness is given by KIC � 1 to 3 MPa mÿ1 [5]. Because

hydrogen movement by the interstitial di�usion mech-

anism is very fast, hydrogen precipitates as Zr-hydride

in the tri-axial stress ®eld in front of a crack tip, and

then the hydride fractures when the length of the hy-

dride reaches the critical crack length. Thus, crack

growth by DHC mechanisms has time and temperature

dependencies, since the crack grows through repetition

of the growth and fracture of Zr-hydride, and the

growth rate is a�ected by the shape of the ¯aw, the stress

state, and the microstructure of the material [8]. The

microstructure of materials involve texture, dislocation

density, and the relative amount and con®guration of a-

Zr and b-Zr, which can a�ect hydrogen movement,

hydride precipitation, and hydride growth in a given

materials.

Coleman et al. [8,9] have investigated the e�ects of

texture on DHC behavior for a Zr±2.5%Nb alloy. They

have shown that when the basal pole component, F, is

high in the loading direction, KIH is low and the crack

growth rate is fast in materials having limited ranges of

the basal pole component, i.e. F� 0.06 and F� 0.62 for

pressure tubes and F� 0.16 to 0.17 and F� 0.67 for

plates. However the e�ects of gradual texture variation

on DHC behavior are not clearly understood yet.
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The objective of the present work was to systemati-

cally investigate and understand the e�ect of gradual

texture variation on DHC behavior. Thus, di�erently

textured Zr±2.5%Nb plates having a wide range of basal

pole components (F) were obtained by direct-rolling and

cross-rolling, and crack growth rate and KIH tests were

carried out over a temperature range of 415±506 K. The

relationship between F and KIH and between F and the

crack growth rate were derived experimentally and dis-

cussed.

2. Experimental

Hot-rolled and annealed Zr±2.5%Nb plates A

(thickness: 4.6 mm) and B (thickness: 6.6 mm) supplied

by Teledyne Wah Chang Albany were used in the texture

modi®cation by cold rolling. The chemical composition

of the plates is shown in Table 1. Direct-rolling and

cross-rolling rotated 90° from the original rolling direc-

tion were used to modify the texture of the plates. The

amount of cold work was selected as 30% (true strain),

similar to that of the CANDU pressure tubes [1,10].

The subsized compact tension (CT, W� 17 mm)

specimens were machined according to ASTM E-399

from the four di�erently textured plates. T±L specimens

with cracking planes perpendicular to the transverse

direction and parallel to the longitudinal direction of the

plate were machined from all plates, and some L±T

specimens were prepared from the cross-rolled plate A.

The original notation of the plate was used for identi-

®cation even after the cross-rolling.

Hydrogen was charged electrolytically, and the hy-

drided specimens were homogenized and stress relieved

at 640 K for 24 h. The hydrogen content of the hydrided

specimens was about 200 ppm. Some specimens ma-

chined from plate A were homogenized and stress re-

lieved at 740 K and 773 K for 24 h. The texture

variations by direct- and cross-rolling were observed

through the measurement of inverse pole ®gures for 17

poles using Cu-Ka radiation [11]. The basal pole com-

ponent, F, which represents the resolved fraction of the

basal planes in the direction of interest, was calculated

by the method proposed by Evans et al. [12]. The basal

pole component is de®ned by Eq. (1)

F �
X

Va cos2a; �1�

where a is the angle between the basal pole of the grain

and the direction of interest, and V is the volume frac-

tion of grains tilted at angle a.

The hydrided CT specimens were fatigue precracked

according to ASTM E-399. The crack growth rate and

KIH tests were performed using a lever arm tester with

an initially applied KI��15 MPa mÿ1 in the tempera-

ture range of 415±506 K after the thermal cycle of 603 K

for 1 h. The accurate KI was recalculated with the

measured crack length, and the applied KI ranges were

found to be KIH� 15 to 20 MPa mÿ1 for all T±L spec-

imens, and KI� 20 to 26 MPa mÿ1 for L±T specimens in

plate A.

The DC potential drop method was used to monitor

the crack advance, and the average crack growth rate

was determined with the assumption that the crack

growth rate was constant in the range of applied KI. KIH

was measured using the load reducing method, and the

KI in which the crack did not grow for at least 24 h was

de®ned as KIH, as Sagat et al. [13].

3. Results

The grains of both the direct-rolled and cross-rolled

plates were elongated in the longitudinal direction, and

were more wavy in the cross-rolled than in the direct

rolled plates A and B. The average grain size was about

10 lm in length, 1±2 lm in thickness, and 5 lm in width

in plate A, and 20 lm in length, 1±2 lm in thickness, and

5 lm in width in plate B. The grain size was not changed

much by direct-rolling or cross-rolling.

The inverse pole ®gures for plates A and B are shown

in Figs. 1 and 2 respectively. The basal poles were con-

centrated in the transverse direction of the as-received

plate A, as shown in Fig. 1 (a). The basal pole compo-

nent in the transverse direction of plate A was decreased

and that in the normal direction was increased by cross-

rolling, as shown in Fig. 1(b) and (c). Most of the basal

poles in both direct-rolled and cross-rolled plates B were

concentrated in the normal direction, and the maximum

density of the basal pole was observed in directions tilted

�25° from the normal direction.

Even though the texture of plate A was changed

signi®cantly by cross-rolling, that of plate B was not.

This could be understood by the following explanation.

The (0 0 0 2) poles are concentrated strongly in the

Table 1

Chemical compositions of as-received Zr±2.5%Nb plates A and B (wt%)

Plates Elements

Nb H C N O Fe + Cr Hf Zr

Plate A 2.7 0.001 0.02 0.005 0.14 0.13 0.04 Bal.

Plate B 2.52 0.006 0.02 0.005 0.15 0.13 0.04 Bal.

Speci®cation max. 2.0±3.0 0.005 0.05 0.025 0.18 0.2 4.5 >95.5
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transverse direction in the plate A as shown in the

middle of Fig. 1(a). Cross-rolling means that the rolling

direction in the cross-rolling operation becomes trans-

verse direction of the original plate. Thus, the tensile

stress is applied in the [0 0 0 2] direction of grains in the

plate A during the cross-rolling process.

It is known that there are no available deformation

mechanisms except twinning when the stress is applied in

[0 0 0 2] direction of the crystal. Therefore, texture can

be changed signi®cantly in plate A, not in plate B, be-

cause (0 0 0 2) poles are not concentrated in plate B as

shown in the middle of Fig. 2(a). Usually, strong cold

Fig. 1. Inverse pole ®gures for plate A, (a) as-received plate (hot rolled and annealed), (b) direct-rolled plate (true strain: 30%),

(c) cross-rolled plate (true strain: 30%).

54 S.S. Kim et al. / Journal of Nuclear Materials 273 (1999) 52±59



rolling or cross-rolling gives texture with concentrated

basal pole in the normal direction of the plate. The

original texture of the plate B has already concentrated

basal pole in the normal direction as well as strong

(1 0 1 0) pole in the longitudinal direction. It seems

there is little room for the plate B to change its texture

during further rolling.

The basal pole components calculated from the tex-

ture coe�cient are shown in Table 2. The basal pole

component in the transverse direction of the direct-rolled

Fig. 2. Inverse pole ®gures for plate B, (a) as-received plate (hot rolled and annealed), (b) direct-rolled plate (true strain: 30%),

(c) cross-rolled plate (true strain: 30%).
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plate A was FT� 0.53 and that of the cross-rolled plate

A was FT� 0.39, and those of the direct-rolled and

cross-rolled plates B were FT� 0.18 and FT� 0.14, re-

spectively.

The crack growth rates for the various textured plates

were plotted against the reciprocal temperature in

Fig. 3. The crack growth rate exhibited an Arrhenius

relationship, and the apparent activation energy values

were Q� 38 to 42 kJ/mol in the di�erently textured

plates.

The crack growth rate of the direct-rolled T±L

specimen in plate A (FT� 0.53) was about two times

higher than that of the cross-rolled one (FT� 0.39), and

was about six times higher than that of the cross-rolled

L±T specimen (FT� 0.07) at the same temperature. The

rate of the direct-rolled T±L specimen in plate B was

about 50% higher than that of the cross-rolled one.

Thus, it seems that the crack growth rate was decreased

by a decrease in basal pole components in the direction

normal to the cracking plane in plate A or B.

The crack growth rates for various textured plates at

473 K are plotted against the basal pole components in

Fig. 4. The crack growth rate in plate A increased ex-

ponentially with the basal pole components. Even

though the basal pole components in plate B were lower

than those of plate A, the crack growth rates were higher

than those of plate A. This means that crack growth

may be a�ected by some factors except texture, although

texture has a great e�ect on DHC. One of these factors

may be grain shape since it is known that the di�usion in

the grain boundary is much higher than that in the lat-

tice.

The variation of the crack growth rate with increases

in the stress relieving temperature in plate A is shown in

Fig. 5. The crack growth rates of both the direct-rolled

and cross-rolled specimens treated at 740 K for 24 h and

773 K for 24 h were reduced to 2/3 and 1/3, respectively,

of the crack growth rate of specimens treated at 640 K

for 24 h.

The threshold stress intensity factor, KIH, for the

variously textured plates with basal pole components in

Fig. 3. Crack growth rate reciprocal temperature in plates A

and B.

Fig. 4. Crack growth rate at 473 K with basal pole component

in plates A and B.

Table 2

Basal pole components for various Zr±2.5%Nb plates used in

this study

Materials Direction

Normal Transverse Longitudinal

Plate A

As-received 0.42 0.54 0.04

30% cross-rolled 0.54 0.39 a 0.07 a

30% direct-rolled 0.41 0.53 0.06

Plate B

As-received 0.66 0.19 0.15

30% cross-rolled 0.71 0.14 a 0.15 a

30% direct-rolled 0.69 0.18 0.13

a Transverse and longitudinal directions are for those of the

original plate.
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the direction normal to cracking plane are shown in

Fig. 6. KIH decreased with an increase in F, and the re-

lationship between KIH and F was empirically obtained

in the range of F� 0.07 to 0.53.

KIH � C1 ÿ C2 � F ; �2�
where KIH is in MPa mÿ1, C1 and C2 are constants of

17.5 MPa mÿ1 and 17 MPa mÿ1, respectively, for plates

A and B, and F is the basal pole component in the di-

rection normal to the cracking plane. The constant, C1,

means the fracture toughness of hydride when F is 0.

4. Discussion

4.1. Crack growth rate

The results have shown that the crack growth rate

increases with an increase in the basal pole components

in the direction normal to the cracking plane. This be-

havior could be explained by the concept of the DHC

mechanism. Because it is reported that the fracture

toughness of the Zr-hydride is KIC� 1 to 3 MPa mÿ1 [5]

and the interplanar angle between the basal plane and

the most common hydride habit plane is 14.7°, as the

basal pole components increase, the number of grains

susceptible to the precipitation of the hydride increases,

and the crack can then propagate fast through the rapid

growth and fracture of the hydride. This behavior is

consistent with results obtained by Huang et al. [6,7] and

Coleman et al. [8,9].

Although the KI range tested for L±T specimens was

somewhat higher than that for T±L specimens, the crack

growth rate, da/dt at 473 K in plate A increased expo-

nentially with the basal pole component, and showed an

Arrhenius temperature dependency. Thus

da
dt
� C1 exp�C2 � F � exp�ÿQ=RT �; �3�

where C1 is a constant which represents the micro-

structural factor, C2 is a constant for the texture de-

pendency of crack growth, Q is the apparent activation

energy, R is the gas constant, and T is the absolute

temperature. The measured apparent activation energy,

Q� 38 to 42 kJ/mol, is consistent with the results ob-

tained by Coleman et. al. [14] in DHC tests on Zr±

2.5%Nb pressure tubes and with the results obtained by

Skinner [15] in hydrogen di�usion anneal tests on Zr±

2.5%Nb pressure tubes. Thus, hydrogen di�usion in a-

Zr with an activation energy of Q � 38 to 42 kJ/mol is

believed to be the major mechanism for hydride growth

during DHC. The texture does not seem to a�ect the

DHC mechanism.

The constants C1 and C2 for plate A appeared to be

2.6 ´ 10ÿ9 m/s and 3.7, respectively, and those from

Coleman's results [9] for the warm cross-rolled plate

were calculated to be C1� 6.9 ´ 10ÿ10 m/s and C2� 4
Fig. 6. Threshold stress intensity factor with basal pole com-

ponent in plate A and B.

Fig. 5. E�ects of stress relieving temperature on crack growth

rate in plate A.
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(Fig. 4). C2 is very similar for plate A and the warm

cross-rolled plate, whereas the values of C1 are di�erent.

This di�erence seems to be due to the microstructural

di�erence caused by the di�erent thermomechanical

treatments, i.e. the cold-worked and stress relieving

treatment vs the warm cross-rolled treatment.

Coleman et al. [4,9] have reported that crack growth

rate increases with yield strength through the enhance-

ment of the hydrogen di�usion to the crack tip due to

the higher stress concentration. The yield strength at

room temperature in specimens stress-relieved at 640 K

for 24 h increases with the basal pole components, in

plates A and B, as shown in Fig. 7, and the relationship

is as follows:

rYS � 630� 288� F ; �4�
where rYS is the room temperature yield strength in unit

MPa, and F is the basal pole component in the direction

parallel to the tensile axis. Therefore, it is thought that

the increase in basal pole components increases the

crack growth rate through the e�ects of not only hydride

precipitate increases, but also yield strength increases.

Stress relieving treatments at higher temperatures

lowered the crack growth rate. Since Zr±2.5%Nb alloy

pressure tube material is usually used in a two phase

state of a-Zr (HCP) + b-Zr (BCC) [9] and the di�usivity

of the b-Zr phase is about two orders of magnitude

higher than that of the a-Zr phase [15,16], the mor-

phology of the b-Zr phase a�ects the hydrogen mobility

in bulk materials, causing the crack growth rate to

change. Since the b-Zr phase decomposition reaction

occurs through a substitutional di�usion mechanism,

this reaction can be enhanced highly by increasing the

stress relieving temperature. Thus, the e�ect of the de-

crease in crack growth rate with temperature seems to be

due to a reduction in hydrogen mobility through a de-

crease in the number of lattice defects and the mor-

phology change of b-Zr.

Therefore, this treatment can be used to manufac-

ture DHC resistant Zr±2.5%Nb pressure tubes, al-

though the yield strength is somewhat lowered by this

process. However, because Zr±2.5%Nb pressure tubes

in nuclear reactors are exposed to fast neutrons, the

microstructure of the pressure tube material would

change during service, and the crack growth rate would

increase. Thus, this treatment would be very e�ective to

non-nuclear components only. However, starting from

a lower baseline by breaking up the b-Zr in advance

may still provide some bene®t when the material is

irradiated.

4.2. Threshold stress intensity factor (KIH )

The threshold stress intensity factor, KIH decreased

linearly with the basal pole component in the range of

F� 0.07 to 0.53. This is consistent with the results re-

ported by Coleman et al. [9,13]. The KIH values for Zr±

2.5%Nb and Zircaloy-2 [6,9] are plotted together in

Fig. 6. No signi®cant di�erence exists in KIH between

Zr±2.5%Nb and Zircaloy-2. This seems to be attribut-

able to the fact that the major matrix phase is a-Zr in

both alloys.

KIH is one of the necessary criteria for crack initiation

by the DHC mechanism. KIH values are reported in a

small range rather than as a unique value [6,7,9]. This

seems to be due to the microstructural variations be-

tween specimens. However, if conservatism is chosen as

a primary factor in the ¯aw assessment, the lower value

of KIH should be used to decide whether the crack will

initiate or not. In this case, the lower bounding value of

KIH would be important.

Because crack growth by DHC is achieved by repe-

tition of hydride precipitate growth and fractures at the

crack-tip, hydrided Zr-alloys can be thought of as

composites composed of ductile matrix grains where the

basal poles are nearly parallel to the cracking plane, and

brittle grains where the basal poles are nearly perpen-

dicular to the cracking plane. Thus, the decreasing be-

havior of KIH with the basal pole components can be

interpreted as a uniformly dispersed aggregate compos-

ite by the rule of mixture [17]. If F can be used as a

volume fraction susceptible to DHC and (1 ÿ F) can be

used as a volume fraction of the ductile matrix, KIH can

be expressed as follows:
Fig. 7. Room temperature yield strength with basal pole com-

ponent in plate A and B.
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KIH � F � KIC of Zr-hydride � �1ÿ F � � KIC of hydrided matrix;

�5�
where KIC of Zr-hydride is the fracture toughness of Zr-hy-

dride, which is given by KI� 1 to 3 MPa mÿ1, and

KIC of hydrided matrix is the fracture toughness of matrix

grain non-susceptible to DHC. KIC of hydrided matrix is cal-

culated as �18 MPa mÿ1 at F� 0 in Fig. 6, which is

lower than the KIC��25 MPa mÿ1 at F��0.61 re-

ported in references [18±20]. Although the calculated

values are dependent on the KIC of hydrided matrix value, the

decreasing trend of KIH with F can be properly explained

by Eq. (5).

The increase in KIH with F would increase the al-

lowable crack depth in the Zr-alloy components, and

there is a relationship between KIH and the circumfer-

ential allowable crack depth which does not grow

through the DHC mechanism [14]

a � C � �KIH=rH�2; �6�
where a is the crack depth in mm, C is a constant, KIH is

in MPa mÿ1, and rH is the applied stress in MPa. Thus,

an increase in KIH through a texture variation could

provide additional tolerance for DHC in Zr-alloy com-

ponents.

5. Conclusions

1. The texture of plates in which the basal poles are con-

centrated in the transverse direction can be modi®ed

signi®cantly by cross-rolling.

2. The crack growth rate increases exponentially with

the basal pole component, F, and an Arrhenius-type

temperature dependency. Thus the rate can be expres-

sed as follows

da
dt
� C1 exp�C2 � F � exp�ÿQ=RT �:

3. KIH decreases linearly with the basal pole component,

F, and the decreasing behavior of KIH with F can be

reasonably interpreted as a composite concept by the

rule of mixture.
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