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REDISTRIBUTION DE L'HYDRURE ET CROISSANCE
DES FISSURES DANS LE Zr A 2.5% EN POIDS
DE Nb SOUMIS A DES EFFORTS DE TORSION

par

M.P. Puis et A.J. Rogowski

RESUME

On a étudié expérimentalement et théoriquement l'effet de
l'effort de cisaillement appliqué sur la solubilité d'un hydrure de
zirconium dans un alliage de zirconium. Les récentes études de
G.J.C. Carpenter ont montré qu'il est probable que les précipités
d'hydrure de zirconium forment des germes et croissent grâce à un méca-
nisme de transformation par cisaillement. Nous avons postulé qu'il y a
une influence réciproque entre ces efforts de cisaillement de transfor-
mation et les gradients d'effort de cisaillement appliqué de même qu'il
y a une influence réciproque entre les efforts de dilatation et le
gradient d'effort de dilatation - ce qui produit une force tendant à
provoquer l'accumulation de l'hydrure, sa fragilisation, et la pro-
pagation des fissures. Pour vérifier ceci, on a effectué des essais de
croissance de fissures dans des conditions de charge (de torsion) de
Mode III sur des êprouvettes (barres rondes à entaille) à hydrure de Zr
à 2.5% en poids de Nb travaillé à froid, découpées dans le matériau des
tubes de force type Pickering. L'examen métallographique de la distri-
bution de l'hydrure dans ces échantillons qui a suivi ces essais a
montré que, dans bien des cas, l'hydrure semble s'être réorienté par
suite de l'effort de cisaillement appliqué et qu'il s'est produit une
accumulation d'hydrure réorienté au sommet de l'entaille. Toutefois,
sauf dans quelques cas, le taux d'accumulation de l'hydrure réorienté au
sommet de l'entaille du fait des efforts de cisaillement appliqués était
bien plus faible que celui résultant des efforts uniaxiaux appliqués
correspondants. De plus, le processus de cisaillement semble être plus
sensible à la dimension initiale de l'hydrure. Des tentatives pour
élucider le mécanisme de fissuration à l'aide d'un examen fractogra-
phique par exploration et microscopie électronique des reproductions
transmises sont restées peu concluantes du fait de la faible netteté de
la surface de la fissure.
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HYDRIDE REDISTRIBUTION AND CRACK GROWTH
IN Zr-2.5 wt.% Nb STRESSED IN TORSION

by

M.P. Puls and A.J. Rogowski

ABSTRACT

We have experimentally and theoretically investigated the
effect of applied shear stress on zirconium hydride solubility in a
zirconium alloy. Recent studies by G.J.C. Carpenter have shown that
zirconium hydride precipitates probably nucleate and grow by means of a
shear transformation mechanism. We have postulated that these transfor-
mation shear strains can interact with applied shear stress gradients in
the same way that the dilatational strains can interact with a dilata-
tional stress gradient, providing a driving force for hydride accumula-
tion, hydride embritdement and crack propagation. To test this propo-
sition, we carried out crack growth experiments under Mode III (torsional)
loading conditions on hydrided, round notched bar specimens of cold-
worked Zr-2.5 wt.% Nb cut from Pickering-type pressure tube material.
Postmortem metallographic examination of the hydride distribution in
these samples showed that, in many cases, the hydrides appeared to have
reoriented in response to the applied shear stress and that hydride
accumulation at the notch tip had occurred. However, except in a few
cases, the rate of accumulation of reoriented hydrides at the notch tip
due to applied shear stresses was much less than the rate due to corres-
ponding applied uniaxial stresses. Moreover, the process in shear
appears to be more sensitive to the initial hydride size. Attempts to
elucidate the fracture mechanism by fractographic examination using
scanning and replica transmission electron microscopy proved to be
inconclusive because of smearing of the fracture face.
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1. INTRODUCTION

The mechanism of hydride-induced cracking in zirconium alloys

has been investigated extensively in the last few years (see, for example,

the reviews by Perryman and Dutton ). This study was prompted by

the appearance of cracks in a number of Zr-2.5 wt.% Nb pressure tubes of

two CANDU* reactors at Pickering, Ontario. Subsequent investigation

showed that under high tensile loading the growth of these cracks was

caused by the stress-induced redistribution of hydrides to the crack

tips. After sufficient accumulation of hydrides near a crack, the

locally embrittled region fractured and the process of hydride redistri-

bution and fracture repeated itself. A theoretical model was developed

to describe this process. This model assumes that the kinetics are

controlled by the diffuse growth of crack-tip hydrides at the expense of

those in the bulk of the tube. The principal driving force controlling

the diffusion is the difference in local hydrogen concentration between,

hydride platelets close to and remote from the crack tip. This boundary

condition is dominant due to the large (12-17%) volume expansion accom-

panying the precipitation of hydride. In the earliest version of this
(3)model the volume change was assumed to be an isotropic expansion.

The expansion was quantitatively expressed as the difference between the

molal volume of hydrogen in the zirconium matrix and in the zirconium
(A)

hydride. A later modification included the effect of anisotropic

misfit strains and their interaction with the applied stress. In addi-

tion, a term expressing the possibility that misfit strains between

matrix and precipitate can cause an increase in the elastic strain

energy of the system was included in the diffusion rate expression.

The above models considered only the solubility of hydrides as

affected by applied non-deviatoric stresses. However, a more detailed

look at the hydride precipitation process revealed that, at sufficiently

CANadian Deuterium Uranium
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low temperatures, shear strains and, hence, shear stresses are also

likely to play a role }, because the zirconium hydride precipitate has

a different crystallographic structure than the phase from which it

forms. Thus, provided self-diffusion of the parent phase is sufficiently

slow, shears are necessary to provide the required change in crystal

structure. These transformation shear strains can interact with shear

stress gradients in the same way that the dilatational strains can

interact with a dilatational stress gradient, providing a driving force

for hydride accumulation, hydride embrittlement and, possibly, crack

propagation at a crack tip.

To investigate this possibility, we have carried out crack

growth experiments in hydrided Zr-2.5 wt.% Nb Pickering pressure tube

material under Mode III or torsional-loading conditions. In Mode III no

hydrostatic stresses are present in the sample and any effect of prefer-

ential hydride accumulation at the crack tip would seem to be attributable

solely to the presence of the shear stress gradient. To our knowledge,

this is the first time a Mode III testing configuration has been used to

investigate hydrogen-induced failure in a hydride-forming material.

There have been a number of investigations using a Mode III

configuration to elucidate the cracking mechanism in non-hydride forming

metals (such as steel )• In these materials, a Mode III configura-

tion was expected to yield a null result if hydrogen embrittlement was

the cause of the crack growth, since hydrogen in solution would have

only a negligible interaction with shear stresses. Hence no increase in

hydrogen concentration was expected to occur at the crack tip. As

expected, under hydrogen embrittlement conditions, negative results

were, in fact, observed under Mode III testing.

The present report shows that such a negative result should

not generally be expected in a hydride-forming metal such as zirconium.

In Section 2 a brief summary is given of the mechanism for zirconium

hydride precipitation when the particles are small. In Section 3
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theoretical relations are derived relating the effects of stress on

hydrogen solubility in the presence of hydrides. An expression for the

rate of hydrogen accumulation dn/dt at crack tip hydrides is given.

This result is then applied to the case of a crack subjected to antiplane

shear (Mode III) and specific expressions for dn/dt for various hydride

orientations are derived. The next two sections summarize the experi-

mental conditions of Mode III testing and present the results of the

experimental findings. These are evaluated and discussed in the con-

cluding section.

2. MECHANISM OF HYDRIDE PRECIPITATION

Hydrogen in zirconium can precipitate as either the face-

centered-cubic (fee) 6-phase, having a composition varying from ZrH.. ,_

at the eutectoid temperature (i> 550°C) to ZrH- ._ at room temperature,
X • Do

or the face-centered-tetragonal (fct) 7-phase of composition ZrH. This

latter phase is believed to be metastable with respect to the equilibrium

(9)
S-phase. Although a multiplicity of habit planes has been reported ,

the most reliable and detailed investigations have settled on the (0001)

as the habit plane for either hydride. Both hydrides are less dense

than the matrix and, consequently, generate a volume misfit. The uncon-

strained dilatational misfits are anisotropic and have been calculated

by Carpenter , as summarized in Table 1. Formation of the hydrides

requires transformation of the a-Zr hexagonal-close-packed (hep) lattice

to an fee or fct structure. At the low precipitation temperatures of

interest, the lattice zirconium atoms diffuse much more slowly than the

interstitial hydrogen atoms. Thus lattice shears are necessary to

effect the phase change. This was recognized by Bradbrook et al.

who suggested that the hydrides may form via a martensitic reaction. As

support for this, the observations of surface relief effects, internal

twinning and irrational hydride habit planes were cited.



- 4 -

However, Carpenter ' has suggested that fairly simple

shears may be responsible for the transformation. Based on his electron

microscopy investigations ' of small Y-hydride precipitates,

Carpenter proposed that the hydrides are formed by a cumulative shear

involving a/3 <10l0> Shockley partial dislocations on alternate a-Zr

basal planes. Although this may occur homogeneously, the large nuclea-

tion barrier involved makes it more likely that intragranular hydrides

form heterogeneously on existing 1/3 <1120> dislocations. These may

dissociate to the required Shockley partials by means of a ratchet

mechanism. Based on this model, and the observed shape and orientation

of the hydrides, the hydride-matrix interface will thus consist largely

of embedded dislocations, making the interface semi-coherent. Unfortu-

nately, attempts by Carpenter to observe these interfaoial dislocations

proved unsuccessful. The shear dislocation loops observed in the matrix

around the hydrides, on the other hand, were thought by Carpenter to be

created primarily to relieve the misfit, but might also be emissary

dislocations, formed to reduce the interfacial energy. Carpenter con-

cluded that, in general, the above mechanism should also apply to small

6-hydrides (if formed at low enough temperatures). However, as the

hydrides get larger, the transformation mechanism evidently becomes more

complex as indicated by the frequent observations of twinned precipitates.

Based on the above analysis, the shear plane for the formation

of hydrides is thus the (0001) plane and the shear directions are along

<10l0>. The calculated magnitude of the transformation shear s = 0.36.

Strain energy calculations suggest that, due to the anisotropy of

the lattice misfit and the requirement for a transformation shear,

6-hydrides are plates lying on (0001) planes, whereas y-hydrides are

flattened needles, again with their habit on (0001) planes. These con-

clusions are in rough agreement with experimental observations

A shearing mechanism also appears to play a role in the forma-
(12)

tion of hydrides in other hydride-forming metals. Thus, in titanium '

shearing of the lattice appears to be required as in zirconium, although
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the process seems to be more complex. A well documented case of a

martensitic transformation is (3-vanadium hydride * . On the other

hand, niobium hydride can change its structure simply by a dilatation of

the lattice brought about by ordering of the hydrogen atoms. Hence a

shear is apparently not needed in this transformation.

3. THEORETICAL

3.1 HYDROGEN TERMINAL SOLID SOLUBILITY

A general account has been given previously by Puls of the

factors influencing hydrogen solubility. In the applications section of

that report, emphasis is placed on the effect of dilatational misfit

strains on terminal solid solubility. In a recent paper, Simpson and
(4)

Puls indicated briefly how misfit shear strains, combined with applied

shear stresses, could also influence this solubility. This is expanded

upon in the following.

The general expression for the hydrogen concentration C,,(cr )

at terminal solubility in the presence of coherency strains and applied

stresses is given by:

CH(a
a) = cjj exp ( [W-H-WJ/RT) exp([w/"" + w^/xRT) (1)

where

c
C = terminal solid solubility of hydrogen at zero (applied

and coherency) stresses

Wu = total work done per mole addition of hydrogen in solution
n

at surfaces where the stresses are applied
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wu = change in strain energy of solid per mole addition of

hydrogen in solution

w = change in strain energy of solid per mole conversion of

hydride

w = change in strain energy of solid per mole conversion of

hydride in the presence of an applied stress (interaction

energy)

x = number of hydrogen atoms in hydride, e.g., ZrH

Detailed general expressions for Wu and w are given by Li, Oriani and

Darken . The strain energy w is a consequence of coherency

strains between matrix and hydride and is given by :

where* the integral is over the volume, V, transformed (the hydride), the
I T

0.. are the stresses in the hydride *>nd the e.. are the transformation (or
1J ±Junconstrained) strains. Expressions for the w for the most commonly

observed y- and 6-hydride shapes are given in Table 2. The expressions

contain a contribution due to a transformation shear which will be

discussed in more detail further on. Assuming that the elastic constants

of hydride and matrix are equal and that the applied stress is uniform

over the hydride, the interaction energy is written ' :

w^ = - V, ... a., e.. (3)
t hydride i] ij

Repeated indices in this and the following expressions imply
summations.
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where

V.hydride = molal volume of hydrides assuming a hydride compo-

sition ZrH where x = 1.0 or 1.66 depending on

whether we are dealing with the y- or 6-phase,

respectively

a.. = applied stresses (positive when tensile)

The above relation applies to ellipsoidal particles coherent

with the matrix. Under those conditions, the interaction energy is

independent of the shape of the particle. It is also possible for shear

stresses to give a non-zero contribution if the corresponding transfor-

mation shears are non-zero. On the other hand, full loss of coherency

means that only the diagonal (dilatational) terms can contribute to the

interaction energy. The question of whether shear stresses can influence

the solubility is thus strongly linked to the state of coherency of the

hydrides with respect to the zirconium matrix. This differs from the

case of dilatational strains where, when coherency is lost, although the
— i.tic

term w goes to zero, the diagonal terms of the stress tensor can

still do work at the specimen's boundary as a result of the overall

volume change. Thus the term w will always give a non-Eero contribu-

tion under these conditions.

3.2 HYDROGEN ACCUMULATION RATE

Based on the above expression for the solubility, the number

of hydrogen atoms per second, dn/dt, diffusing towards the crack tip

region is given by :

dn
dt exp (L)/xRTxRT| (L)/XRTJ

- exp w t
: m c U)/xRT exp wt («,)/xRT (4)
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where

DJJ = diffusion coefficient for hydrogen in zirconium

L = distance from crack tip to source hydrides

Jl = distance from crack tip to center of plastic zone

$(L,X.) = function of L and £, usually ^ In L/JJ

fi_ = atomic volume of zirconium

This equation assumes cylindrical symmetry,, That is, it gives the

number of hydrogen atoms flowing into a cylinder centered at the crack

tip of radius H and unit depth. In deriving this simple expression, the

stress distribution surrounding the crack tip is assumed to be inde-

pendent of angle.

Under Mode III loading, with the coordinate system oriented in

the usual way, as shown in Figures 3 and 4, only shear stresses are non-

zero. The elastic stresses near the crack tip are:

K T T T

- ^ cose/2 (5)

Iii
a., = - -^±± sine/2 (6)
1 ^

with all other stresses equal to zero.

As indicated in detail in the next section, the experiments

were carried out on round notched bar specimens cut out of flattened

pressure tube material, as shown in Figure 5. Hydride distribution was

determined metallographicaJ.ly by sectioning the sample, revealing either

the radial/tangential (R/T) or axial/tangential (A/T) sections. The

pressure tube material has a very anisotropic grain structure and a

preferred texture. This means that a large percentage of the a-Zr
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crystal basal poles are oriented along the tangential, with a smaller

percentage oriented along the radial direction. There are very few

basal poles oriented along the axial direction. The 6- or y-hydrides
(9)

appearv ' to be plates or flattened needles, respectively, which lie on

a-Zr basal planes. The tubes are manufactured in such a way that the

majority of the hydride plates are formed with their face normals in the

radial direction (these are called tangential hydrides).

As indicated in Section 2, we assume that when the matrix

transforms to hydride, the hep matrix is transformed to the fcc-6 or

fct-y precipitate structure by a cumulative shear involving a/3 <10l0>

Shockley partial dislocations on alternate basal planes. The shear

plane is thus the (0001) plane with the shear direction along <1010>.

The calculated magnitude of the transformation shsar s = 36. For the

present study, we also assume that the above simple transformation

applies to larger precipitates, including 6-hydrides which are more

generally observed in zirconium alloys. Of course, for these very large

precipitates, it is unlikely that the very large transformation shear

strain calculated above will be realized. For instance, hydrides are

frequently ob-erved to be twinned. We approximate the 5-hydrides as

plates lying on basal planes and consider the following cases.

In Case 1, shown in Figure 3, the crack is propagating in the

radial direction of the pressure tube. The origina. hydrides, labelled

i, are plates lying with their face normals oriented along the crack

growth direction. "Reoriented" hydrides, labelled ii, are lying with

their face normals in the x--direction. In this case, only the a..,

shear interacts with the original hydrides. Since a... is zero for

6 = 0 ° , no driving force exists for concentrating the original hydrides

at the crack tip along the crack plane. However, "reoriented" hydrides

can interact with a,-. Thus if we assume, upon application of the

stress, that "reoriented" hydrides will form at the crack tip, that

w (L) = w («.), and that the effect of a,, at other angles is

negligible, then equation (4) becomes
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dn (7)

In Case 2, shown in Figure 4, the crack is propagating in the

axial direction of the pressure tube. The original hydrides, again

labelled i, are plates with their face normals oriented in the x.-

direction. The "reoriented" hydrides, labelled ii, are oriented as in

Case 1. Either the a., or a._ stresses could now interact with the type

i hydrides. Which one would apply would depend on the orientation of

the a-Zr grains with respect to the crack configuration. However, at

6 = 0 ° , a,2 = 0- Again, assuming negligible a... at angles other than

0°, equation (4) for this orientation becomes:

dn
dt

C | exp[wt
inC/xRT]

flZr

e X p'-Vd °13(L)

- exp -\ a^/xRT (8)

This relation holds regardless of whether the hydrides at 1 or L are of

type i or ii. This differs from the Mode I case where the "reoriented"

(type ii) hydrides have a slightly greater interaction with the stresses

at the crack tip than the unreoriented (original) hydrides. This is

presumably the reason for the observed reorientation in Mode I.

It is of interest to compare dn/dt in Mode III and Mode I.

Assuming T = 4 2 3 K, a v = 649 MPa, T
T

= 0.0458 and ^

518 MPa*, e ^ = 0.072, e,^
T TTT

= 0 . 3 6 , we h a v e t h a t d n / d t (Mode I ) = d n / d t (Mode

JF

This was determined experimentally for our specimens by plotting
angular rotation (shear strain) versus load (shear stress) for
round unnotched bar pressure tube samples.
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T
III). On the other hand, assuming e,_ = 0.0036 (this is two orders of

III

magnitude lower than the maximum possible) reduces dn /dt by approxi-

mately two orders of magnitude compared to dn /dt.

The above calculations indicate that hydride growth at a crack

tip in Mode III should be observable at a rate which, at most, will be

the same as the corresponding Mode I rate. At least, however, the rate

may be substantially reduced, or even zero, if the hydrides precipitate

incoherently or have some means of significantly reducing their cumulative

transformation shear (such as, for instance, by internal twinning). In

addition, even if the full transformation shear is available, interaction

with the applied shear stress, in the case where the crack is propagating

in the axial direction, does not favour the "reoriented" over the unreori-

ented hydrides, in contrast to the case in Mode I.

4. EXPERIMENTAL

A.I MATERIAL

All experiments were conducted on cold-worked Zr-2.5 wt.% Nb

samples taken from flattened pressure tube material of the type used in

the Pickering 3 and 4 CANDU reactors. After flattening the tube, the

material was cut into long bars. These were stress relieved for 24

hours at 400°C in argon and subsequently machined into round notched bar

(RNB) specimens, as shown in Figure 6. Almost all the tests were per-

formed on specimens hydrided gaseously at 400°C to between 50-100 ug/g

and homogenized at that temperature for two weeks. After homogenization

the samples were bench cooled. The annealing and hydriding temperature

of 400°C was chosen to minimize microstructural and property changes

prior to testing. The samples were subsequently sealed in capsules

containing an inert gas and annealed either at 350°C for two hours or at

450°C for one hour. They were then quenched by one of four different
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methods to give four different cooling rates: (i) ice-water quenched

(WQ), (ii) oil-quenched (OQ), (iii) bench-cooled (BC) and (iv) furnace-

cooled (FC). The oil and water quenches were carried out by breaking

the sample container the instant it was inserted into the bath. Most of

the samples tested were heated to temperature under load and most cool-

downs occurred under load. Cool-downs were achieved by simply shutting

the furnace off. Since the furnace is quite small such a cool-down was

quite rapid, approximating, in terms of the above heat treatments, more

a bench rather than a furnace cool. Main emphasis in the post-testing

examination was placed on a metallographic investigation of the hydride

distribution. Some fractography, using optical, scanning and replica

transmission electron microscopy, was also carried out.

4.2 APPARATUS

All samples were tested in torsion, as shown schematically in

Figure 7. The first version of this apparatus used a Teflon-covered,

aluminum, circular plate resting freely on Teflon-covered bearing pads.

To reduce the bearing friction further, this arrangement was subse-

quently replaced with one consisting of a plate supported over the

entire circumference by ball bearings. All samples were tested in air,

usually in a furnace at temperatures of 150 and 200°C.

4.3 TESTING PROCEDURE

The purpose of the experiments was to determine whether shear

stresses and, in particular, shear stress gradients can cause hydride

redistribution. Since these experiments appear to be the first of this

kind for a hydride-forming metal, the main emphasis was to determine,

fairly broadly, the conditions which might favour a shear stress inter-

action. Thus we concentrated our initial effort on varying the hydride

size and the crack tip stress state. As indicated in the theory section,

if there is any interaction with applied shear stresses at all, some
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degree of coherency must exist between hydride and matrix. This would

be a function of hydride size and testing temperature (which should be

low enough to favour coherent precipitation). Too low a temperature,

however, means that the rate of the process is too slow. As a compromise

between these opposing tendencies, most tests were carried out at either

150°C or 200°C. The specimens were usually given an initial thermal

cycle by raising the temperature to 200°C, holding it there for four

hours and then lowering it for the remainder of the test to 150°C.

The tests done so far can be conveniently divided into three

main groups. In the first group, the samples were tested with the

as-machined notch only. In the second group, an attempt was made first

to extend the crack from the notch by overloading the samples for a few

minutes. In the third group, the notched samples were fatigue pre-

cracked prior to testing. The conditions for these tests are summarized

in Tables 3, 4 and 5. For the first set of tests summarized in Table 3,

two samples were tested simultaneously. Thus in the table, the samples

indicated in brackets are the second samples in the string. This method

of testing was discontinued for the other experiments.

5. RESULTS

5.1 METALLOGRAPHY

For all samples, post-testing examination first involved

checking whether any permanent rotation of the sample had occurred.

After this, the samples were examined metallographically to determine

their hydride distribution. Two faces were usually looked at. Figure 5

is a schematic of a section of a cold-worked Zr-2.5 wt.% Nb pressure

tube showing the typical microstructure and preferred orientation of the

a-Zr grains. Although not indicated, some grains were also oriented
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with their basal plane normals along the radial direction, but practi-

cally none were oriented along the axial direction. Since the RNB

sample was cut out of the flattened tube with its axis along the cir-

cumferential (tangential) direction, any crack growth would be in the

radial/axial plane. Regardless of the crack growth mechanism, the

highest crack growth generally occurs in the axial direction. The usual

hydride distribution in the pressure tube, whether hydrided or as-

received, has the hydrides (which, idealized, appear to have a pancake-

like shape) lying on axial/tangential planes. Thus a face at right

angles to this, showing the radial/tangential plane, will reveal the

hydrides on edge as stringers running in the tangential direction perpen-

dicular to the crack growth direction. In a typical Mode I, hydride-

cracking experiment, the hydrides near the crack tip reorient onto the

radial/axial plane. Thus, in the radial/tangential section, the traces

of the "reoriented" hydrides are stringers running in the crack growth

direction. This Mode I morphology is shown in Figure 8a.

The second face examined was the axial/tangential plane. In

this plane, the original hydrides were not visible as distinct stringers,

since the hydride plane was parallel to the plane of section. On the

micrograph the original hydrides have an indistinct shape, having an

appearance somewhat like water marks. The "reoriented" hydrides should

again appear as sharp stringers running in the crack growth direction

which, in this section, was the axial direction. This is shown in

Figures 8b and 8c where Figure 8b shows both types i and ii hydrides and

Figure 8c, only type ii hydrides*. Most of the published optical micro-

graphs from Mode I tests done with compact tension specimens show this

face. Unfortunately, in the axial/tangential plane, identification of

"reoriented" hydrides is ambiguous. This is because, if the plane of

section is at an angle to the habit plane of the unreoriented hydrides,

or if the original hydrides are not lying with their normals fairly

The type i hydrides were eliminated by annealing the specimen under
zero applied stress at 400°C for two hours.
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close to the radial direction, then the unreorilented hydrides may appear

in this section as long stringers running in the axial direction, i.e.,

as if they had reoriented. To guard partially against this possibility,

we have compared the appearance of the hydrides in the stressed and

unstressed parts of the sample*. After a Mode III test, with the samples

sectioned in the two ways indicated in Figure 5, evidence of distinct

hydride stringers running in the crack growth direction should be strong

indication that applied shear stresses, similar to applied tensile

stresses, are capable of causing hydride reorientation.

Of the samples listed in Table 3 most showed some evidence of

hydride reorientation. Only the furnace-cooled sample, PT19, showed no

evidence at all of hydride reorientation. In most of the other samples,

hcjwever, the total amount reoriented, particularly when viewed in the

radial/tangential plane, was small. The notable exception was PT17

which, as shown in Figure 9a, had a large region of reoriented hydrides

and considerable crack growth. The central region of this sample,

between the crack tips, is shown at higher magnification in Figure 9b in

which both the grain boundaries and the hydrides are visible. The

picture shows the reoriented (radial) hydrides clearly crossing the

grains which are elongated in the tangential direction. This is of

interest because of the possibility that the hydrides may have been

reoriented by a plastic flow, rather than a diffusional growth, process.

The picture shows that this is clearly not the case. The sample didn't

break because the applied torque reached a limiting value when the load

came to rest on the bottom platform. The most remarkable feature of

PT17 was the shore time (less than four hours) over which the reorien-

tation and crack growth had occurred. Upon removal from the apparatus,

the sample retained an approximately 60° rotation about its axis. PT18

and 22 also showed evidence of hydride reorientation and crack growth.

As shown in Figure 7, the RNB sample was torqued between the square
sections. Threaded sections extended beyond these which could be
used to attach to grips for Mode I tests. This part of the sample
remained stress-free during the torsion tests, but received the
same thermal treatment.
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This was visible in both the radial/tangential and the axial/tangential

faces, as shown in Figures lOa-c. On the other hand, the hydride redis-

tributions revealed on the radial/tangential faces for specimens PT20,

23 and 42 were quite different in character. An example is shown in

Figure 11. This shows a very small fan-shaped region, originating from

the notch, consisting of small black dots. These dots appear to be

small hydride precipitates. K.. Nuttall (private communication) observed

similar hydride distributions at the edges (shear zones) of compact

tension specimens tested in Mode I. Compared to PT17-19 and PT22,

samples PT20. 23 and 42 were subjected to a greater number of thermal

cycles under load. The small hydrides may have precipitated in the

plastic zone during the various cool-downs. In all these samples,

hydride reorientation was, however, evident on the axial/tangential

faces. A puzzling feature, however, is that these reoriented hydrides

appeared everywhere in the stressed parts of the samples and not just at

the crack tip.

In the second set of tests, summarized in Table 4, all the

samples, once they were at temperature, were given a stress large enough

to initiate a crack at the notch tip. In addition, some of the samples

were subsequently given a number of thermal cycles. The object in these

tests was to determine whether the large plastic deformation which was

used to initiate a crack could also directly cause some reorientation of

the hydrides or, alternatively, whether the presence of the newly formed

crack facilitated any subsequent hydride reorientation and crack growth

by the hydride-cracking mechanism. Viewed on the radial/tangential

plane, no large-scale reorientations of the existing hydrides, of the

type observed for PT17, were obtained. Instead, as with PT20, 23 and 42

of Table 3, there was frequently a small fan-shaped region of what could

be hydride precipitates, originating from the notch. The best example

of this is shown in Figure 12a for PT37. Repolishing this section two

or three times, however, resulted in the gradual disappearance of the

small hydrides in this region. Figure 12b gives a view of the notch tip

of sample PT37 in the axial/tangential section. A small crack coming
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from the notch, presumably due to the overload, is clearly visible but

there are no large reoriented hydrides either attached to the crack tip

or throughout the sample. An interesting result occurred with sample

PT41. After a standard one-week test under a small load, the test was

restarted with the applied load gradually increased over a period of a

few minutes once the sample had heated up to 200°C. Despite the fact

that the applied load was actually slightly smaller than in all the

other tests in this series, crack growth was fairly rapid, as evidenced

by the rotation of the torque plate, at a load giving a nominal K-.j =

19.6 MPav'm. This was slowed down by reducing the load to a nominal

K.J..J = 13.1 MPa/m. Nonetheless, slow crack growth continued until the

load was removed about 90 hours later. Unfortunately, the sample broke

upon disassembly making metallographic examination of any possible

hydride reorientation at the crack tip more difficult. Certainly no

hydride reorientation was visible in the radial/tangential section.

This is perhaps as expected, since across this section (as shown later

in Figure 17) no crack growth had occurred at all. On the other hand,

there was also no clear cut indication of reorientation on the axial/

tangential section.

In the third series of tests, summarized in Table 5, the

samples were first fatigue pre-cracked in tension at room temperature

before being tested at 150°C or 200°C in torsion. They were also held

at test temperature much longer than in the previous series, and the

torsional load was applied after the samples had reached the test tem-

perature. This was done because we thought that small compressional

stresses may have been generated in the previous tests as a result of

the thermal expansion of the sample and because of the possibility that

the sample may be less able to slide past its grips, due to increased

friction, once the torsional load is applied.

Of the three samples tested, PT40 gave the most dramatic and

convincing evidence that shear stresses are able to alter the hydride

distribution. Figure 13b, the axial/tangential section, shows that
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extremely large hydrides had formed. As in previous examples, however,

reorientation is not restricted to the notch tip region but is found

throughout the stressed part of the sample. It is significant that all

the large hydrides are near or start from the outside of the round bar

specimen, where the torsional stresses were the greatest. In contrast,

no large reoriented hydrides are seen in the unstressed, threaded part

of the sample. A puzzling factor is that in the radial/tangential

section, shown in Figure 13a, no reoriented hydrides are visible through-

out any part of the sample. To investigate the orientation of the long

hydrides further, the portion of the sample shown in Figure 13b, which

had been polished to show the axial/tangential section, was subsequently

repolished at right angles to this, starting at the outside edge. The

results of this procedure are shown in Figures 14a-c. Note that in this

section, which is again radial/tangential as in Figure 13a but in a

different quadrant, the original, small hydrides should have their

traces running parallel to the tangential direction. It is evident,

however, that at the top outside edge the traces of many of the small

hydrides now are aligned parallel to the radial direction. On the other

hand, the long hydrides are oriented at an average angle of approxi-

mately 30° to the tangential direction. The micrograph, Figure 14c,

suggests that these massive hydrides may have achieved this orientation

by linking up into a staircase-like string with hydrides growing alter-

nately across or along grains.

Of PT57 and 58, only PT58 seems to have reoriented hydrides

visible in the axial/tangential section. These are located in the

region around the notch with some hydride concentration at what appears

to be the tip of the fatigue crack. As in PT40, no hydride reorienta-

tion is visible in the radial/tangential section. One of the notches of

PT58 has a small fan-shaped area of small black dots visible at the

notch tip.
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5.2 FRACTOGKAPHY

5.2.1 Scanning Electron Microscopy

A number of samples were pulled apart in tension and the

fracture surface examined using optical, scanning and replica trans-

mission electron microscopy. In previous studies of hydrogen-induced

delayed cracking (HIDC) in Mode I, fractography provided important clues

to the fracture process. Unfortunately, the present studies proved to

be considerably less illuminating. This is principally because many of

the fracture features produced in torsion seem to be obscured due to the

rubbing of the fracture surfaces against each other as fracture proceeds.

This is clearly seen in Figure 15a, showing a scanning electron micro-

scopy (SEM) micrograph of the fracture surface of PT17. Qualitatively,

this fracture face does not appear too different from the fracture face

of sample PT25, shown in Figure 15b, containing as-received amounts of

hydrogen and which was simply overloaded and broken in torsion at 200°C.

A detailed study was made of the fracture face of PTA1. This

sample cracked slowly over a period of a few days after an initial

overload. Metallography gave no indication that the cracking was due to

an HIDC mechanism since reoriented hydrides were not observed.* A

feature to note about the fracture face of PT41 is its non-uniformity.

This can be seen in an optical micrograph at low magnification by the

colour of the surface oxide. Figure 16b shows a black and white photo-

graph of the fracture face. The colours have been indicated schemati-

cally in Figure 17a.

The metallogrB"'-j does not, however, provide conclusive evidence that
no reorientation occurred, since the sample broke in half during
dismantling. In such a case, it is always more difficult to observe
possible reoriented hydrides concentrated along the crack tip. This
is particularly true in fairly low-temperature tests such as this
one where the reoriented hydrides are likely to be small.
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These figures also illustrate the high degree of directional

anisotropy associated with the crack advance. This anisotropy is much

more pronounced in the Mode III tests as compared to the Mode I tests.

Thus the crack velocity is much slower in the radial direction than in

the axial direction. One consequeree of this is that as the cracking

proceeds and the fracture front becomes more elliptical in shape, most

of the crack front will experience a mixed Mode Ill/Mode II loading.

Similarly shaped crack fronts could also be seen in other samples which

had been broken open and in which cracking had clearly occurred; for

instance, samples PT17, 18 and 22. In particular, PT17 showed a fracture

front which was very similar to that of PT41. Note that the observation

of a very small crack along the radial direction is consistent with the

frequent metallographic observation of negligible hydride reorientation

in this section.

SEM micrographs of the fracture face of PT41 showed two note-

worthy features. One was a region, shown in Figure 18a, of what appear

to be long ledges running perpendicular to the twisting direction. The

other was a region, shown in Figure 18b, which apparently contained

small cracks running perpendicular to the twisting direction. These are

reminiscent of the secondary cracks frequently observed in Mode I HIDC

experiments . The location of these cracks and ledges is indicated

in Figure 17. Figure 19 shows SEM micrographs of PT56, 57 and 58, each

of which had been pre-cracked by fatigue. PT57 and 58 were subsequently

stressed in torsion. All samples were finally pulled in tension to

reveal the fracture face. Unfortunately, the extent of crack propaga-

tion during fatigue is not known. Clearly the flat part of the fracture

face of PT56 must represent the fatigue fracture, since no torsional

testing was carried out on this sample. Yet this region has a different

appearance than the flat parts of PT57 and 58, which reveal ledges

contained in grooves running perpendicular to the crack growth direction.

These ledges and grooves seem to be a common feature of all torsional

fracture faces. The fact that some are observed in a sample (PT25)

which, because of the experimental conditions, could not have fractured
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via a HIDC mechanism and on fracture faces such as PT57 and 58, which

were probably formed during fatigue cracking in tension, suggests that

these features are probably not characteristic of HIDC.

5.2.2 Transmission Electron Microscopy

Replica transmission electron microscopy (TEM) was used to

study the fracture surfaces of PT17-19,. 41, and 56-58. Since the metal-

lography had already given us strong indications that PT17 cracked by

the hydride-cracking mechanism, it was of particular interest to examine

the fracture surface of this sample. We anticipated that it might serve

as a useful guide to the appearance of hydride-cracking fracture features

in futura samples cracked in torsion. The four micrographs in Figure 20

show the most representative features. Figure 20a mostly shows a series

of closely spaced ridges. Although the orientation of these ridges with

respect to crack growth direction is usually as shown in Figure 20a,

other orientations have been observed. Figure 20b also shows ridge-like

features, but these have a slightly different appearance and are more

widely spaced than the ones shown in Figure 20a. In Figure 20c a very

smooth, smeared-out area is shown. Numerous, smoothed-out, crater-like

depressions are visible in Figure 20d.

The ridge-l^ke features shown in Figure 20b of PT17 are also

evident in Figure 21 near the edge of the machined notch of PT18. This

sample, as shown metallographically, had also started to crack by the

hydride-cracking mechanism. The fracture surface of PT41, on the other

hand, appeared considerably smoother than the surfaces of the other

samples shown so far. Except for the central region, which failed on

disassembly and had the usual appearance of ductile failure in tension,

most of the remainder of the surface appeared rubbed over and contained

varying amounts and types of ridges, as shown in Figures 22a-d.
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Representative micrographs of the fracture faces of PT56, 57

and 58 are shown in Figures 23a-c. As stated earlier, in these samples

an attempt was first made to initiate a crack from the notch by fatigue.

PT57 and 58 were subsequently tested in torsion whereas PT56 was not.

This is clearly evident in the micrographs of Figure 23 which show that

the face of PT56 lacks the smeared-over appearance visible in the faces

of PT57 and 58 and in the fracture faces of other samples broken in

torsion shown in earlier figures. There are also subtle differences

between the surfaces of PT57 and 58. The surface of PT57 looks much

more rounded and smoothed over. Metallography suggests that no hydride

cracking occurred for PT57 whereas PT58 might have cracked in this way.

The TEM replicas of Figure 23 are at least consistent with this sugges-

tion.

6. DISCUSSION

As indicated in Section 3, an examination of the factors

influencing the solubility of hydrides suggests that applied shear

stresses may, under suitable conditions, affect hydride solubility.

Coherent hydrides which require a shear transformation strain are less

soluble in regions of high shear stress and thus might be expected to

concentrate there. We have undertaken to examine this proposition

experimentally by subjecting hydrided, cold-worked Zr-2.5 wt.% Nb RNB

samples to torsional loads and examining the concentration and orienta-

tion of hydrides in the samples after many hours under a static load.

In particular, in Section 3 we showed that increased shear stresses near

the notch tip could concentrate hydrides there in much the same way as a

tensile stress gradient promotes hydride accumulation at a crack tip

loaded in tension. The theoretical analysis nevertheless suggests that,

although redistribution seems possible, the factors which would favour

hydride accumulation near a notch in pure shear may be more restrictive

than for the corresponding Mode I case. This supposition is borne out

i
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experimentally. Thus, most of the samples tested showed some hydride

redistribution due to shear stresses, but only a few, samples PT17, 18,

22 and 40, showed evidence that the hydride distribution was signifi-

cantly affected. Samples PT17, 18 and 22 showed evidence of crack

growth, plus reoriented hydrides, near the notch tip in both the radial/

tangential and axial/tangential planes. For PT40, reoriented hydrides

were visible only on the axial/tangential planes and no crack growth, in

addition to the original fatigue crack, had occurred. The reoriented

hydrides were much more massive than the original hydrides and were

present not only at the notch tip, but also near the outer edges (where

the shear stress is highest) throughout the stressed part of the sample.

This suggests that these shear reoriented hydrides are found only in

certain regions of the sample. The reason for this may be related to

the orientation of the texture of the material in relation to the applied

shear stress, which varies continuously in going around the circumference

of the RNB sample. In most of the other samples, reoriented hydrides

were observed only in the axial/tangential plane. In the radial/tangen-

tial section there was frequently a fan-shaped region of what appeared

to be small hydride precipitates. Generally, any sample exhibiting this

feature also appeared to have reoriented hydrides in the axial/tangen-

tial plane but these hydrides appeared to be present throughout the

section and not concentrated just at the notch tip.

The susceptibility of the hydrides to shear stress interac-

tions was studied as a function of both the hydride size and the crack

tip stress state. The hydride size was controlled by heat treatment.

The above results suggest no clear-cut trend. There are indications

that perhaps small, finely dispersed hydrides obtained by fast cooling

conditions and large ?lusters resulting from very slow cooling condi-

tions are least susceptible to shear stress interactions. In particu-

lar, the latter condition seems most firmly established (PT37, 38, 19

and 57 showed no reorientation, although PT58 can be cited as an excep-

tion to this trend). Attempts to vary the crack tip stress state in a

controlled and reproducible manner proved to be difficult and probably
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contributed to the variability of the results. The first set of tests

was done with as-machined notches cut to a specified root radius. A

metallographic examination, however, indicated that not all of the

notches had the same radius. In the second set of tests, a crack, was

formed at the notch by plastic deformation (overload). This procedure

inevitably resulted in cracks of varying length and crack tip sharpness.

In the third set of tests, cracks were formed by fatigue cracking in

tension. Because of the geometry of the specimen, it was difficult to

tell when the fatigue crack had started and how long it was. In addi-

tion, the crack would initiate on only one half of the notch, creating a

very anisotropic initial crack front. A further problem with the

fatigue pre-cracked specimens could be that a zone of compressive
(A)stresses may exist at the crack tip as a result of the unloading .

This zone would remain upon loading in Mode III and could have inhibited

hydride accumulation at the crack tip.

Finally, a detailed examination was made of the fracture

surface to determine the fracture mechanism in torsion, particularly in

samples where metallography had shown that hydride reorientation had

occurred. These fractographic examinations proved difficult to inter-

pret, however, because fracture surfaces formed in shear tend to be

smeared as a result of opposite fracture faces rubbing against each

other. Most of the fracture surfaces, as revealed by SEM and TEM, had a

series of flattened ledges contained within concentric rings or grooves

that circled the face of the sample. However, whether this can be

uniquely attributed to hydride fracture could not be firmly established.

A final observation is that the fracture surfaces were always very flat

and at right angles to the applied shear. This suggests that the sample

cracked in shear rather than in response to tensile stresses, which

would be at a maximum at 45° to the applied shear stress.
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7. CONCLUSIONS

A theoretical investigation based on a thermodynamic analysis

of the terminal solid solubility of hydrides in a stressed solid indi-

cates that shear stress gradients near a notch under torsional (Mode III)

loads can provide the driving force for the preferential growth of

hydrides at the crack tip. The rate of growth depends on the magnitude

of the transformation shear strain and the orientation of the hydrides

with respect to the stress axes. Under the most favourable conditions,

the hydride growth rate at a crack tip loaded in torsion is calculated

to be comparable in magnitude to the growth rate at a crack tip loaded

in tension. However, these favourable conditions are unlikely to be

realized in practice and a more realistic estimate is that the hydride

growth rate at the tip of a crack loaded in torsion is about an order of

magnitude slower compared to the hydride growth rate at a crack loaded

in tension.

The results of the experimental investigation are in broad

agreement with the above theoretical considerations. That is, a number

of samples tested showed clear metallographic evidence both of hydride

reorientation and growth and of crack growth in response to the shear

loadings. However, in comparison to delayed hydride-cracking rates

under corresponding tensile loads, the rate at which this process occurred

was quite slow. It was not clear from the results whether this reduced

susceptibility was due to a difficulty of the hydrides to reorient and

subsequently grow at the crack tip or due to a smaller tendency for the

hydride crack tip region to fracture in shear.

A troublesome aspect of the experiments was that the outcome

of tests on different samples tested under fairly similar conditions

exhibited a rather large variability. Significant scatter in the

results had also been observed in similar Mode I tests of hydrogen-

induced delayed cracking. The present Mode III tests seemed, however,
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to produce somewhat greater scatter. This scatter may be due to the

greater sensitivity of the Mode III hydride-cracking mechanism to two

variables which we found difficult to control: i) the state of coher-

ency of the hydrides and ii) the nature of the crack tip stress field.
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TABLE 1

VALUES FOR THE SELF-STRAIN ENERGIES OF HYDRIDE PRECIPITATES OF

VARIOUS SHAPES AND ORIENTATIONS WITH RESPECT TO THE MATRIX*

Hydride

S

y

Morphology

Plate

Needle

Orientation

Plate normal
parallel to <0001>

Plate normal
parallel to <1100>

Needle axis
parallel to <1120>

Transformation Strains

e<0001> = °-072

e<1120> - °'0458

e<iloo> = °- 0 4 5 8

*<oooi> " °-057

e<1120> = °- 0 0 5 3 1

e<noo> = °'0564

-inc
Wt

J/mol (cal/mol)

4912 (1173)

7737 (1848)

2662 (636)

I

* Expressions for the self-strain energies are given in Table 2

** Directions refer to a-Zr matrix; see Figure 1

*** Using E = 9.5 x 104 MPa, V = 0.3, V* , . = 16.3 x 10~6 m3/mol, V , , = 15.7 x 10~6

3 O-hyd Y-hyd
m /mol and c/a = 0.05 (for the plates)



TABLE 2

EXPRESSIONS FOR THE SELF-STRAIN ENERGIES OF HYDRIDE PRECIPITATES OF

VARIOUS SHAPES MODELLED AS MISFITTING INCLUSIONS

TRANSFORMATION (STRESS-FREE) STRAINS

"-22

- A +

ee23 ee 32

HYDRIDE MORPHOLOGY AND
ORIENTATION

Plate: lying on (0001)
basal plane (see Fig.
2a)

w*nC: TOTAL MOLAL SELF-STRAIN ENERGY(IN AN INFINITE
C MATRIX) OF MATRIX AND INCLUSION*

c/a « 1

rr E 1.2 . 1T cVhyd l ^ j A + 2 I

1 ^ 2 ^ 2])
8 (l+v) 8Jjf o

I

Te 2 2 "
T

e 1 3 *

T
e 2 2 "

T
- 1 1 "

T
e 2 l "

T
*33

T
e 3 1

T
e 3 3

0

Je 32

Plate: lying on (1100)
prism plane (see Fig.
2b)

c/a « 1

s/2

Needle: axis parallel
to <1120> (see Fig. 2c)

hyd
E !
1-v (

1 X

64
1

2(l+v) 64 (l+v)

Assuming equal elastic constants for matrix and inclusion.



TABLE 3

NOTCHED SAMPLES: TORSION TEST CONDITIONS AMD RESULTS

Specimen

PT22 (PT28)

PT17 (PT19)

PT18 (PT19)

PT19 (FT18)

PT2O (PT23)

PT42 (PT43)

PT42

PT42

Nominal
KIIIfMPa/;

13.1

13.1

13.1

13.1

13.1

16.4

18.0

13.1

13.1

16.4

16.4

[H]* ug/g

110

110

110

110

110

110

110

110

Heatt*
Treatment

HT2, WQ

HT1, OQ

HT1, BC

HT1, FC

HT1, OQ

HT1, BC

HT1, BC

HT1, BC

History

200°C - 4 h
150°C - 236 h

200°C - 3.8 h

200°C - 4 h
150°C - 236 h

1. 20O°C - 3.8 h
cooled without load
2. 200°C - 4 h

150°C - 236 h

1. 200°C - 4 h
150°C - 164 h

2. 200°C - 4 h
150°C - 161 h

3. 200°C - 4 h
150°C - 161 h

1. 20O°C - 4 h
150°C - 161 h

2. 20O°C - 4 h
150°C - 164 1]
150°C - 166 h

1. 200°C - 2 h
150°C - 2.5 h

2. 200°C - 2 h
120°C - 17 h

3. 200"C - 2 h
100°C - 22 h

Permanent Twist after
Test, Degrees

None

•x- 60°, PTI7 only

"i. 5°, PT18 only

None

None

None

None

Remarks

Reorientation and crack growth
for PT22; PT28 not sectioned

Massive reorientation and crack
growth for PT17; PT19 not
sectioned

Similar result as PT22 for PT18;
PT19 was not sectioned

No visible effect for PT19;
FT18 was not sectioned

Samples were cooled to room
temperature under load after
runs 1, 2 & 3. Small amount of
crack growth and reorientation
visible in axial/tangential
section for both samples

Samples not sectioned

Sample not sectioned

Same results at PT20 and PT23

The Hydrogen Content and Heat Treatment refer to the samples not in brackets.

HT1: anneal for 1 hour at 450°C; HT2: anneal for 2 hours at 35O°C;
OQ: oil quench; BC: bench cool;

WQ: ice water quench;
FC: furnace cool.



TABLE 4

PLASTICALLY DEFORMED SAMPLES: TORSION TEST CONDITIONS AND RESULTS

Specimen

PT43 (PT42)

PT43

PT38

PT50

PT37

PT41 (PT36)

PT41

K

13
19
20
13
16

13
16
19
20
13

13
in

13
in

16
19
13
13
13

Nominal

13.1

1 - 1 5 mln
6 - 4 min
5 - 3 min
1 - 101 h
4 - remainder

of test

16.4

1 - 1 3 min
4 - 2 min
6 - 1 4 min
5 - 9 min
1 - remainder

of test

1-21.3
6 min
19.6
19.6

1 - 20.5
10 min
13.1

13.1

13.1
4 - 2 min
.6 - 10 min
.1 - 10 min
1 - 72 h
1 < 16 h

H]* ug/g

110

110

50

110

50

77

77

Heatt*
Treatment

Mil, WQ

HT1, FC

HT1, BC

HT2, FC

HT1, 0Q

HT1, 0Q

1.

2.

1.

2.

1.

2.

History

200'C
150 °C
200°C

200'C
160 °C
230°C
20D°C
240"C
200'C

200'C
150°C
250°C
150°C
250°C
150°C

200'C

150'C

200'C

150°C

- 4 h
- 161 h
- 101.3 h

- 25 h
- 10 h
- 0.75 h
- 19 b
- 0.75 h
- 23 h

- 4 h
- 282.5 h
- 2 h
- 2 h
- 2 h
- 13 h

- 222 h

- 234 h

- 3.5 h

- 354 h
To room temperature
200°C

200 "C
150 °C
200 °C

- 118 h

- 4 h
- 164 h
- 90(?) h

Permanent Twist after
Test, Degrees

11.6

13.1
13.4
13.4
13.5
13.5
13.7

6.1
7.9
10.5
11.3

5.2

9.4

4.2

7.7

9.7
16.5
16.7
17.4

5.8
10.3
- 13.5
13.0
- 13.4
- 13.4
- 13.4
- 13.5
- 13.5
- 13.7

6.4

- 6.4
- 7.9
- 10.5
- 13.5
13.5
13.5

- 9.4

9.4
- 11.1

- 7.7

- •>•>

9.1
9.1
5.5
7.0

- 16.5
- 16.7
- 17.4
- 24.0

Remarks

Not sectioned

Mo reorientation in radial/
tangential and axial/tangential
sections. Crack visible ln
latter section

No reorientation ln either
radial/tangential or axial/
tangential sections. Crack
visible ln latter section

No reorientation in radial/
tangential or axial/tangential
sections. Crack visible in
latter section

Fan-shaped region of small
hydrides centered at notch tip
in radial/tangential section.
No reorientation visible in
axial/tangential section

Neither sample was sectioned

Sample broke upon removal from
apparatus. Hydrides very small.
No reoriented hydrides in radial/
tangential section. A few ln
axial/tangential section

N3

See footnotes, Table 3



TABLE 5

FATIGUED PRE-CRACKED SAMPLES: TORSIOH TEST CONDITIONS AND RESULTS

Specimen

PT40c

PT57d

PT58e

Nominal
Kni,MPa/5

13.1

12.1b

13.4b

13.4b

[H], Ug/g

50

50

50

Heata

Treatment

HT3, BC

HT3, BC

HT3, BC

History

1. 200°C - 4 h
150°C - 308.5 h
cooled to R.T.

2. 200°C - 1.6 h
150°C - 1440 h

150°C - 24 h
- 1464 h

150°C - 24 h
- 1464 h

Angular Rotation during
Test, Degrees

6.0
6.5

11.4
11.4 - 12.6

8.9 - 9.7
9.7 - 11.0

6.3 - 6.5
6.5 - 7.S

Remarks

Massive realigned hydrides
visible on axial/tangential
section. No reorientation
visible on radial/tangential
section. No apparent crack
growth

No visible effect

Reorientation visible in
axial/tangential section
at crack tip and through-
out stressed section

HT3, BC: bench-cooled samples from 400°C a f te r a 2-week post-hydriding homogenization period.

Torsional load applied af te r sample had reached test temperature.

Sample pre-fatigued in tension at R.T.: K = 16.6 ± 1.7 HPa/in for ~" 8.5 min

Sample pre-fatigued in tension at R.T.: 16.6 i 1.7 MPa^ for 5.5 min

8.3 1 1.7 MPa*^ for 2 min

4.2 ± 1 . 7 MPa^i for 2 min

I

co
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FIGURE 1: Orientation of Coordinate Axes With Respect to Hexagonal
a-Zr Crystal Used in Calculations Summarized in Table 1
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FIGURE 2: Shapes and a-Zr Habit Planes of Some Zirconium Hydrides:
(a) 6-Hydride Plate on Basal Plane
(b) <S-Hydride Plate on Prism Plane
(c) 6-Hydride Needle Lying along a [1120] Direction
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TANGENTIAL
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FIGURE 3: Showing the Stress Components near a Crack Tip Stressed
in Torsion Which Could Interact with the
(i) Original and
(ii) "Reoriented" Zirconium Hydride Plates and Needles.

The crack is assumed to propagate in the radial
direction of the pressure tube (see Figure 5)
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FIGURE 4: Same as for Figure 3 for a Crack Assumed to Propagate in the
Axial Direction of the Pressure Tube (see Figure 5)



RADIAL DIRECTION

t
TANGENTIAL
DIRECTION

AXIAL DIRECTION

FLATTENED AND
MACHINED INTO RNB
SPECIMEN

SECTION OF
PRESSURE TUBE

to
CD

SPECIMEN SECTIONED
FOR METALLOGRAPHY

FIGURE 5:
Schematic Showing the Orientation with Respect to a Section of Pressure Tube of
the Specimen and Two Sections Taken from It for the Purposes of Metallography.
Also shown is the microstructure consisting of elongated grains and the texture
which has basal poles oriented predominantly in the tangential direction. The
two predominant habit planes of the hydrides, identified by i and ii show,
respectively, the original and the "reoriented" habits. The specimens sectioned
for metallography show the axial/tangential (top) and radial/tangential (bottom)
sections.



2.13mm DIAMETER 3;05mm DIAMETER

25.4mm
THREADED

ENDS i

RADIUS 0.025mm

FIGURE 6: Schematic of the Round Notched Bar Torsion Samples Showing the Dimensions
of the Specimen
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FIGURE 7: Schematic of the Torsion Testing Facility. Not shown is the
furnace which surrounds the specimen(s).
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FIGURE 8: Hydride Distribution near the Notch of a RNB Sample Tested
in Mode I, Showing the Appearance of Both Original and
"Reoriented" Hydrides in (a) R/T and (b) A/T Sections
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FIGURE 9a: Hydride Distribution in Sample PT17 in the R/T Section Showing Considerable
Crack Growth and Hydride Reorientation. The original hydrides are aligned
vertically in this micrograph. The section above the notch has retained
a 60° rotation with respect to the bottom half.
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FIGURE 9b: A Higher Magnification Micrograph of the Central Portion
of the R/T Section of PT17 Given in Figure 9a Showing the
"Reoriented" Hydrides. The sample has been etched to
reveal the grain boundaries. The crack (not shown) is just
outside the left-hf,ad side of the micrograph, running in a
vertical direction.
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FIGURE 10: Hydride Distribution near the Notch of Sample PT18:
(a) R/T, (b) A/T and (c) R/T Sections. The R/T section
of (c) is taken from the same sample previously sectioned
to show the A/T section of (b)
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FIGURE 11: Hydride Distribution near the Notch of Sample Pt42 Shown
In the R/T Section. Note the fan-shaped region of small
dots coming from the notch.
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a

FIGURE 12: Hydride Distribution in Sample PT37 near the Notch
Showing (a) the R/T and (b) the A/T Section
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FIGURE 13: Hydride Distribution in Sample PT40, Showing the
(a) R/T and (b) A/T Sections of the Specimen. Note
the massive hydrides visible at the notch and outside
surface in the A/T section.



FIGURE 14: Hydride Distribution in Sample PT40 at Various Magnifications,
(a) - (d), Showing an R/T Section Taken from the Same Half of
the Sample Shown in Figure 13b in the A/T Section
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FIGURE 14 (continued)
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FIGURE 15: SEM Micrographs of the Fracture Surfaces of
(a) PT17 and (b) PT25
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FIGURE 16: Photograph of the Fracture Face of PT41
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RADIAL

FIGURE 17: Schematic of the Colours of the Surface Oxides Seen on
the Fracture Face of PT41. The colours„ gold to purple,
indicate respectively the increased length of time the
surface had been exposed to air. Surfaces marked "grey"
fractured after testing.



- 53 -

FIGURE 18: SEM Micrographs of the Fracture Surface of PTA1 Showing
(a) Ledges and (b) Cracks
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FIGURE 19: SEM Micrographs of the Fracture Surfaces of
(a) PT56 (b) PT57 and (c) PT58
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FIGURE 20: Replica TEM Micrographs of the Fracture Surfaces of PT17
Showing Representative Features of the Fracture Surface
in Plates (a) - (d)
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FIGURE 21: Replica TEM Micrograph of the Fracture Face of PT18 near
the Edge of the Machined Notch
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FIGURE 22: Replica TEM Micrographs of the Fracture Surface of PT41
Showing Representative Features of the Fracture Surface
in Plates (a) - (d)
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FIGURE 23: Representative Replica TEM Micrographs of the Fracture
Surfaces of (a) PT.56, (b) PT57 and (c) PT58
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