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ALLIAGES DE ZïRCOMUIM DE RESISTER À LA FISSURATION PAR L'HYDRURE

par

C.E. CnLenan, S. Sagat et K.F

RESUME:

La rTuercstructure de l'alliage Zr-2,5 Mb a été modifée de trois façons pour
t°nte" d'augmenter la capacité de l'alliage de résister à la fissuration
retardée onr l'hydrure, à savoir:

la décomposition de la p'nase ß a réduit Ta diffusivité de l'hydrogène et
ji'nïnué la vit-3s.se de fissurât ion;

''utilisation d'un élément capteur (yttrium) réduit la susceptibilité à
li f"ir.--\nrat[on bien que l'alliage d'yttriun ait une palble dureté et une
mauvaise résistance à la corrosion;

la reduction du nombre de perpendiculaires au plan basai dans la
direction principale d'application des contraintes améliore la résistance
à la oropagation des "issi.
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ABSTRACT

The microstructure of Zr-2.5 Nb has been altered in three ways in attempts
to increase the alloy's tolerance to delayed hydride cracking, namely:

- breaking up the /3-phase reduces diffusivity of hydrogen and decreases
crack velocity,

- a gettering element (yttrium) reduces susceptibility to cracking although
the yttrium alloy has low toughness and poor corrosion resistance, and

- reducing the number of basal plane normals in the main stressing
direction improves resistance to crack growth.
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CONTROL OF MICRO3TRUCTURE TO INCREASE THE TOLERANCE
OF ZIRCONIUM ALLOYS TO HYDRIDE CRACKING

by

C.E. Coleman, S. Sagat and K.F. Amouzouvi.*

INTRODUCTION

Zirconium alloys are susceptible to hydrogen ambrittlement when brittle
hydride precipitates are present. Two distinct phenomena are observed:

- a time dependent process called delayed hydride cracking (DHC), and
- a reduction in toughness.

This paper will be mostly concerned with DHC. In this form of cracking,
hydrogen preferentially dissolves from hydrides in the zirconium alloy
matrix and migrates up the stress gradient to the tip of a stress
concentrator, such as a surface defect, then reprecipitates. If the stress
is large, at some critical condition (perhaps hydride size) the first
hydride will crack, the process is then repeated and the crack grows in a
series of steps. The life history of a crack is shown schematically in
Fig. 1 in which crack velocity, V, is plotted as a function of stress
intensity factor, Kj. Between the values of Kj, called KJJJ and Kj^, cracks
are stable and grow by DHC. The DHC region is characterized by a threshold
value, KJJJ, below which cracks do not grow and a crack velocity, Vc, which
is nearly independent of Kj. Above KJQ cracks are unstable.
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Fig. 1. Schematic diagram of the dependence of crack velocity on stress
intensity factor.

When evaluating a component for its probability of failing by DHC we must
consider several parameters:



- hydrogen concentration; hydrides are necessary to provide a source of
hydrogen and the agent for embrittlement. Thus, to prevent DHC, the
hydrogen concentration must not exceed the solubility limit,

- tensile stress; stress is necessary to fracture the hydrides and to
induce the hydrides to precipitate during cooling with their plate normal
parallel to the stress; such hydrides, called "reoriented hydrides", are
very harmful because they provide an easy route for crack propagation and
thus reduce both K j H and Kj C. The larger the stress the higher the
probability of reorienting and fracturing the hydrides.

- flaws; at moderate stresses flaws are needed to provide stress
intensification, the critical size depending on stress and K j H ,

- time; time is required for the hydrogen to diffuse to the flaw and for
the hydride to grow. The rate of the attainment of the critical
condition for cracking is a complicated function of temperature and
loading history.

- microstructure; crystallographic texture, phase distribution and grain
size and shape all affect cracking.

In previous papers we have specified methods for preventing cracking by
controlling the hydrogen concentration, the tensile stresses and the size
and number of flaws (Cheadle, Coleman and Ambler, 1987) and have
recommended appropriate loading and temperature manoeuvres to minimize
cracking (Coleman and co-workers, 1985). Thus these solutions involve the
design, fabrication, construction and operation of components. In this
paper we discuss possible methods of changing the microstructure of
zirconium alloys to increase their tolerance to DHC. Desirable properties
are high values of Kj^ and low values of Vc; in extruded and cold-worked
Zr-2.5 Nb alloy and Zircaloy-2 (essentially a Zr-1.5 Sn alloy) the minimum
value of Kju is about 5 MPa7m (Cheadle, Coleman and Ambler, 1987) and
reference values of V c are shown in Fig. 2 as a function of temperature.

THE ROLE OF MICROSTRUCTURE

The principles of the improvements in microstructure depend on reducing the
mobility of the hydrogen and causing the hydride to precipitate in a less
damaging form.

Mobility of Hydrogen

The flux of hydrogen to the crack tip is proportional to the diffusivity of
hydrogen, D, the amount of hydrogen in solution, C, and the stress
gradient, S, (Dutton and co-workers, 1977). Both D and C have temperature
dependencies through their activation energies while S is controlled by the
yield stress. In zirconium alloys, second phases may affect mobility. In
Zr-2.5 Nb, depending on heat-treatment, a /3-phase may be present. The
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Fig. 2. Temperature dependence of crack velocity in cold-worked Zr-2.5 Nb
and Zircaloy 2. Lines represent typical range of values.

diffusion coefficient and solubility of hydrogen in /?-phase is greater than
that in the Q-phase (Sawatzky and co-workers, 1982) and if the /S-phase is
continuous it provides an easy pathway for hydrogen movement. When the
alloy is in the extruded and cold-worked condition the /S-phase is in the
grain boundaries surrounding the a-grains. The presence of this grain
boundary /?-phase is partially responsible for greater crack velocities in
Zr-2.5 Nb than in Zircaloy-2, which contains no /3-phase, Fig. 2. In this
paper we examine the effect on Vc of decomposition and redistribution of
the /3-phase.

A second way to affect mobility would be to add an alloying element that
had a more stable hydride than zirconium and thus getter the hydrogen. If
the alloying element had a low solubility in zirconium and did not form
intermetallic compounds, it would be present in the form of discrete
particles that would act as internal sinks but not otherwise interfere with
the alloy. For nuclear applications the getter should also have a
reasonably low capture cross-section for thermal neutrons. Yttrium appears
to fulfill all three requirements:

- yttrium hydride has a free energy of formation of between -75 and
-'12 kJ/gm.atom of hydrogen whereas that of zirconium hydride is about
-62 kJ/gm.atom of hydrogen (Mueller, Blackledge and Libowitz, 1968),

- the maximum solubility of yttrium in /3-zirconium is 2 to 4 at%. The
transformation from the /3-phase to the ar-phase is by a peritectoid



reaction at about 0.6 at% yttrium at 1160 K. Below about 970 K most of
the yttrium is out of solution and exists as particles of yttrium in a
matrix of a-zirconium (Elliot, 1965),

- the macroscopic capture cross-section for thermal neutrons of yttrium is
3.8 nr/wr. Adding 1 at% yttrium would raise the cross-section of
zirconium from 0.78 nr-/nr to 0.81 nr/m-1.

Pieces of yttrium have been shown to be effective getters in nuclear fuel
(Spalthoff and Wilhelm, 1969). Zirconium alloys with greater than 5 at%
yttrium have been proposed (Patent Specification) as getters for residual
gasses in hermetically sealed containers although the alloys also reacted
strongly with oxygen. In this paper we report on the ability of small
yttrium additions to increase the tolerance of Zr-2.5 Nb to DHC.

Less Harmful Hydrides

During DHC, hydrides at the crack tip are often reoriented. If
reorientation is difficult then cracking is difficult. Hydrides tend to
reorient easily if the grains are equiaxed and if their basal plane normal
is parallel to a tensile stress (Cheadle, Coleman and Ipohorski, 1984). In
cold-worked materials the grains are often elongated but the basal planes
tend to be oriented in similar directions. If the crystallographic texture
can be arranged so that the basal plane normal of each grain is nearly
perpendicular to the direction of the major tensile stress then DHC will be
reduced. For example, in extruded and cold-worked tubes of Zr-2.5 Nb the
resolved fraction of basal plane normals in the circumferential direction,
FQ, is usually high, about 0.6, Fig. 3a. Thus the basal plane normals tend
to be parallel to the hoop stress, the highest stress in a pressurized
closed end tube. Consequently, cracking is relatively easy on planes with
normals parallel to the circumferential direction. Conversely, in the
longitudinal direction , the resolved fraction of basal plane normals, F^,
is usually low, <0.1, and cracking is very difficult (Coleman, 1982). In
this paper we report progress on exploiting this effect of crystallographic
texture.

EXPERIMENTAL METHODS

Materials

For the experiments to evaluate the importance of the ^-phase, we used
Zr-2.5 Nb alloy from CANDU pressure tubes. The initial microstructure,
Fig. 4, consisted of a-phase plates surrounded by a thin layer of /9-phase.
To change the distribution of /}-phase, the material was homogenized at
temperatures up to 670 K for up to 10 days.
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Fig. 3. Crystallographic texture of test materials (a value of 1.0
represents random orientation).

a b

Fig. 4. Transmission electron micrographs of Zr-2.5 Nb pressure tube:
a - no heat-treatment
b - 72 h at 670 K.

A plate, 43 mm thick, 89 mm wide, and 600 mm long, of Zr-2.5 Nb containing
1.4 at% yttrium was used for the experiments to assess the efficacy of
yttrium as a hydrogen getter. The material was vacuum arc melted and the
resulting 100 mm square ingot was hot forged at 1270 K to 890 mm square.
This was then hot rolled at 1100 K to a thickness of 56 mm and annealed at
970 K for 30 minutes. The final treatment was warm rolling. The
microstructure was similar to that of pressure tubes except for
longitudinal stringers of yttrium-rich particles 4 to 8 /xm wide and
elongated in the rolling direction up to 20 /um (Fig. 5). The basal plane
normals were weakly concentrated in the thickness direction, Fig. 3b.



Fig. 5. Yttrium rich particles in Zr-2.5 Nb with 1.4 at% yttrium.

To investigate texture effects a Zr-2.5 Nb alloy ingot was forged at 1300 K
to 240 mm diameter, reheated to 1300 K for 30 minutes and water quenched.
A 25 mm slice was warm cross-rolled at 520 K to 18 mm, annealed at 1030 K
for 30 minutes then warm cross-rolled at 520 K to 13 mm. The
microstructure consisted of a uniform basketweave structure and when
hydrides were present they tended to be parallel with the rolling plane
(Fig. 6). The basal plane normals were highly concentrated in the
thickness direction, Fig. 3c.

Hydrogen was added to some specimens by absorbing hydrogen gas for 4 h or
less at 620 or 670 K, then the specimens were homogenized. Except for the
studies of the j9-phase, specimens were homogenized at 670 K for 72 h.

The tensile properties at room temperature of the three test materials are
summarized in Table 1.

Specimens and Testing Techniques

Two types of specimens were used: cantilever beams and compact tension.

Cantilever beams were 38 mm long, 3 mm wide and 4 mm deep. A 0.5 mm notch
was machined in the centre of the specimen and 0.1 mm deep side grooves
were used to guide the crack. The specimens were loaded in pure bending
and Kj was calculated from standard formulae (Brown, 1966). Cracking was
detected using acoustic emission (Sagat, Ambler and Coleman, 1986). Before
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Fig. 6. Microstructure and hydride distribution in the cross-rolled
Zr-2.5 Nb plate on a plane with normal parallel to the rolling
direction.

TABLE 1 Tensile Properties of Test Materials at Room Temperature

MATERIAL

Pressure
Tube

Zr-2.5 Nb-
1.4 Y

Rolled
Plate

ORIENTATION

Transverse

Short Transv.
Transverse
Rolling Dir.

Short Transv.
Transv. (A)
Transv. (B)

Specimen Gauge Length (mm)
Diameter (mm)

HEAT-TREATMENT

24
72
96
168

•

none
h at 670
h at 670
h at 670
h at 670

none
none
none

none
none
none

(a)
16
2.9

K
K
K
K

0.2% YS
(MPa)

775
815
803
818
797

392
520
523

795
582
573

(b) (c)
5 19
2.3 4.

UTS
(MPa)

872
862
858
857
842

595
604
602

871
700
695

1

TOTAL ELONGATION
?

12
15
15
15
15

5
8
14

24
15
14

i

(a)

(a)

(b)
(c)



loading, the specimens were thermally cycled to 570 K. and then cooled to
the test temperature. The average crack velocity was obtained from the
actual crack length and the time of stable growth. The threshold stress
intensity factor, KJ^J , was obtained by reducing load in small steps until
cracking stopped for a minimum of 3 days. The corresponding Kj was assumed
to be KJJ^. Crack velocity was measured at temperatures ranging from 370 to
520 K and at a nominally constant stress intensity factor Kj of 17 MPaym.

Compact tension specimens, 17 mm wide and 3.8 nun thick, were precracked by
fatigue then loaded in tension at a Kj of about 6 WPaJm. The load on the
specimen was increased by small increments (generally about 1 MPa7m), to
estimate the V - Kj curve. Some specimens were tested isothermally at 370
and 470 K after cooling while others were cycled between 290 and 570 K with
holding periods of 16 h at 370 K. Both acoustic emission and potential
drop were used to monitor cracking.

Cantilever beam specimens were used to evaluate heat-treatment and texture
effects while the compact tension specimens were also used for heat-
treatment experiments as well as for the evaluation of yttrium as a getter.
Some specimens were water quenched to refine the hydrides and enhance
cracking. A valid fracture toughness, KJQ, of the Zr-2.5 Nb-1.4 Y alloy
was determined using the ASTM E 399-81 standard test method.

RESULTS

The Effect of Heat-treatment on DHC

Crack velocities were obtained, using cantilever beam specimens, at various
temperatures for Zr-2.5 Nb pressure tube material in the following
conditions:

- as-received, 20% cold work,
- homogenized at 670 K for 24 h,
- homogenized at 670 K for 96 h with 0.5 to 1 at% hydrogen added.

Tensile properties after heat-treatment are included in Table 1 and the
microstructures are shown in Fig. 4. The measured crack velocities are
plotted versus temperature in Fig. 7. The lines represent linear
regression of a standard Arrhenius plot.

In the second experiment the compact tension specimens containing 0.45 at%
hydrogen were homogenized at 660, 620 and 580 K for 10 days then quenched
into ice water to produce a distribution of small hydrides. Crack velocity
at 470 K was shifted to lower values as the homogenization temperature was
increased, but KJ^J was unchanged, Fig. 8.



Yttrium Getter

Isothermal DHC tests were performed in air and in argon, at 370 and 470 K,
on the as-received material with yttrium addition (containing 0.07 at%
hydrogen) and on the material with 0.9 and 1.34 at% hydrogen added. The
as-received yttrium alloy was also subjected to thermal cycling up to
570 K, at the rate of one cycle a day to further encourage DHC. During
these thermal cycles the temperature was held at 370 K for 16 h.

10'

1000/T, 1/K

Fig. 7. Effect of homogenization on crack velocity in Zr-2.5 Nb. Bars
represent range of data.

TESTING TEMPERATURE: t70 K

Zr-2 5Nb PLUS 0 US a t % H
HOMOQENIZATION TEMPERATURE,

K
580 »
620 °
660 •

I i I i
5 10 15 20 25 30

STRESS INTENSITY FACTOR K, MPaVm

Fig. 8. Effect of homogenization on V-Kj curve of Zr-2.5 Nb.
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Isothermal tests on the as-received material showed no crack initiation
after 350 h at 370 K and Kx of approximately 20 MPa,/m either in
longitudinal or transverse directions. The specimens were broken apart and
metallographic examination of the fracture surface confirmed that no DHC
had occurred. Under similar conditions, initiation times of 20-100 h have
been observed in Zr-2.5 Nb material containing no yttrium.

After 130 thermal cycles under Kj of 20 MPaym in air, the as-received
specimens suddenly failed without any indication of previous cracking.
These specimens were covered with a thick white oxide and cracking was
probably by oxide wedging. Subsequent testing was done in a protective
atmosphere of argon.

DHC was observed in material with a hydrogen concentration of 0.9 at%.
Cracking was more difficult in the transverse direction than in the
longitudinal direction. Even in the latter direction DHC in these
materials generally required very high stresses (KJJJ - 15 MPaym), Fig. 9.
Incubation times of about 200 h were required to initiate cracking in both
furnace cooled and water quenched specimens; incubation times of a few
minutes are observed in water quenched yttrium-free material. The V-Kj
curve obtained for a specimen containing 1.34 at% hydrogen is included in
Fig. 9. The curve is shifted toward a lower KJJJ. Also the incubation time
was reduced to 40 h. The behaviour of the yttrium alloy with 1.34 at%
hydrogen was similar to that of the yttrium free material.

The room temperature fracture toughness was 41 MPa7m for as-received
material and reduced to 29 MPa7m when 1 at% hydrogen was added.

o
I

LLJ

>

<

1 0 " ' ° _ l I I i. I I. I I . . I . . 1 . . 1 J . .

10 12 14 16 18 20 22 "_4

STRESS INTENSITY FACTOR
K

Fig. 9. V-Kj curves of yttrium alloy at 470 K:
with 0.9 at% hydrogen addition (•)
with 1.34 at% hydrogen addition (A).
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Crystallographic Texture

Specimens stressed in the thickness direction of the plate (short
transverse specimens) cracked faster than specimens stressed in the rolling
directions (longitudinal specimens), Fig. 10. Both sets of data follow the
standard Arrhenius-type relationship. The threshold stress intensity
factor, Kjj|, was measured at 373, 423, 473, and 523 K. Kj^ in longitudinal
specimens was 13.7 to 20.5 HVaJm and in short transverse specimens it was
9.1 to 10.3 HPaJm. No temperature dependency of KJ_JJ was found in the
temperature range used.

TEMPERATURE. °C

250 200 150
I I i i [_j

100

1.8 20 2.2 2.4 2.6 2.8

1000/T, 1/K

Fig. 10. Effect of testing direction on crack velocity in warm rolled
plate of Zr-2.5 Nb.

DISCUSSION

The Effect of Heat-treatment on DHC

The experiments have shown that heating Zr-2.5 Nb material at moderate
temperatures reduces the velocity of DHC, Figs. 7 and 8, but has little.
effect on K j H , Fig. 8. The slight decrease in tensile strength (Table 1)
is unlikely to contribute much to the change in crack velocity. The main
change in the microstructure after heating is the breaking up of the
/?-phase ligaments, Fig. 4. This decomposition of the /3-phase is probably
responsible for the decrease in crack velocity (Simpson and Cann, 1984).
The extent of this decomposition increases with increasing homogenization
temperature and time at this temperature. Hence the specimens homogenized
at higher temperature and time cracked more slowly. The contributing
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factors are a reduction in diffusivity by reducing the component of
diffusion through the /3-phase by as much as a factor of 5, and partitioning
of the hydrogen between the two phases with concentrations being as much as
twice as high in the /3-phase as in the a-phase (Sawatzky and co-workers,
1982). Although the flux of hydrogen to the crack tip is affected by
/3-phase distribution, the conditions for cracking the hydrides are
apparently not changed because Kjpj is not changed.

Yttrium Getter

The results support the notion that hydrogen can be immobilized by yttrium
acting as a getter. With low hydrogen concentrations, less than 0.1 at%,
initiation of DHC was not achieved in times sufficient to initiate cracking
in yttrium free material. At moderate hydrogen concentration, 0.9 at%, DHC
was observed but only at high Kj values, but when the hydrogen
concentration (1.35 at%) was similar to the yttrium concentration
(1.44 at%), the DHC behaviour was similar to yttrium free material, Fig. 9.
If the yttrium hydride is YH2 the lack of complete gettering may be
attributed to some of the yttrium combining with oxygen; if the hydride is
YH3 then the latter effect is even larger. The effect of gettering can be
thought of as an increase in the solubility limit. Previous work showed
that an yttrium alloy was the only one of several alloys of zirconium with
other elements (Nb, Ti, Hf, In, Pb, Sb, and 0) to show any increase in
solubility limit over that of pure zirconium (Erickson and Hardie, 1964).
Thus once the solubility limit is exceeded DHC is possible just as in
yttrium free material.

Crystallographic Texture

The crack velocity in short transverse specimens was 5 to 8 times faster
than the crack velocity in longitudinal specimens, Fig. 10, The decrease
in crack velocity in the rolling directions can be attributed to:

- mode of hydride reprecipitation, and
- tensile strength.

Hydride reorientation is difficult if few basal plane normals are parallel
to the tensile stress. If the hydrides are forced to precipitate away from
their habit planes by adjusting the texture in such a way that the basal
plane normals are perpendicular to the direction of the applied stress, the
crack velocity will be reduced. In short transverse specimens when
hydrides reprecipitate at the crack tip, little reorientation is necessary
because initially the hydrides are almost parallel with the crack and the
texture is favourable. The converse situation applies with longitudinal
specimens.

The strength of the material also affects crack velocity. By increasing
the strength, the plastic zone at the crack tip is reduced and the stress
concentration is thus increased providing more driving force for the stress
induced diffusion of hydrogen to the crack tip. An application of the
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theory of DHC (Dutton and co-workers, 1977) suggests that in the current
example, strength and reprecipitaticn are contributing similarly to the
crack velocity.

APPLICATIONS

To minimize DHC velocity in components made from extruded and cold worked
Zr-2.5 Nb alloy, they should be heat-treated to agglomerate the /3-phase.
For example CANDU pressure tubes are heated to 670 K for 24 h in steam.
This treatment provides a wear resistant oxide and appropriate
microstructure with little loss in strength.

Yttrium additions to zirconium alloys improve their tolerance to hydrogen
but fracture toughness and corrosion resistance (because yttrium is also an
effective getter for oxygen) are reduced. The rapid oxidation during
thermal cycling tests suggests that this material would need protective
cladding, thus direct application of such alloys will require further
development.

In Zr-2.5 Nb components, DHC velocity can be reduced and the threshold
stress intensity factor increased if the fraction of basal plane normals
parallel to the direction of the applied stress is minimized. In CANDU
pressure tubes, the majority of the basal plane normals are oriented near
the circumferential direction which is also the direction of the principal
applied stress - hoop stress. Alternative manufacturing routes of the
pressure tubes are being investigated to reduce the number of basal plane
normals in this direction.

ACKNOWLEDGEMENTS

We would like to thank L.J. Clegg, B. Ellis, D.E. Foote, R.W. Gilbert,
G.W. Newell, E.E. Sexton and J.E. Winegar for technical assistance.
Valuable discussion with C D . Cann, B.A. Cheadle, R. Dutton and C.E. Ells
is gratefully acknowledged.

REFERENCES

Brown, B.F. (1966). Material Research and Standards. 6, 129-133.
Cheadle, B.A., C.E. Coleman, and M. Ipohorski (1984). Orientation of

Hydrides in Zirconium Alloy Tubes. ASTM STP 824. 210-221.
Cheadle, B.A., C.E. Coleman, and J.F.R. Ambler (1987). Prevention of

Delayed Hydride Cracking in Zirconium Alloys. ASTM STP 939. 224.
Coleman, C.E. (1982). Effect of Texture on Hydride Reorientation and

Delayed Hydrogen Cracking in Cold Worked Zr-2.5 Nb. ASTM STP 754.
393-411.



14

Coleman, C.E., B.A. CheadLe, J.F.R. Ambler, P.C. Lichtenberger, and
R.L. Eadie (1985). Minimizing Hydride Cracking in Zirconium Alloys.
Can. Met. Quart.. 24, 245-250.

Dutton, R., K. Nuttall, M.P. Puls, and L.A. Simpson (1977). Mechanisms of
Hydrogen Induced Delayed Cracking in Hydride Forming Materials. Met.
Trans., 8A, 1553-1562.

Elliot, R.P. (1965). Constitution of Binary Alloys. First Supplement,
McGraw-Hill, New York, 863-865.

Erickson, W.H., and D. Hardie (1964). The Influence of Alloying Elements
on the Terminal Solubility of Hydrogen in a-zirconium. J. Nucl. Mat..
13, 254-262.

Mueller, W.M., J.P. Blackledge, and G.G. Libowitz (1968). Metal Hydrides.
Academic Press, New York, 286 and 451.

Sagat, S., J.F.R. Ambler, and C.E. Coleman (1986). Application of Acoustic
Emission to Hydride Cracking. Atomic Energy of Canada Report, AECL-9258.

Sawatzky, A., G.A. Ledoux, R.L. Tough, and C D . Cann (1982). Hydrogen
Diffusion in Zirconium-Niobium Alloys. In T.N. Veziroglu (Ed.), Proc.
Miami Intern. Symp. on Metal-Hydrogen Systems. Pergamon Press, Oxford.
pp. 109-120.

Simpson, L.A., and C D . Cann (1984). The Effect of Microstructure on Rates
of Delayed Hydride Cracking in Zr-2.5 Nb Alloy. J. Nucl. Mat.. 126,
70-73.

Spalthoff, W., and H. Wilhelm (1969). The Use of Hydrogen Getters for
Prevention of Hydrogen Embrittlement in Zirconium-Alloy Fuel Cans. ASTM
STP 458. 338-344. US Patent 1248 184 (1971) Westinghouse Electric
Corporation.



ISSN 0067 0367 ISSN 0067 0367

To identify individual documents in the series
we have assigned an AECL- number to each.

Pour identifier les rapports mdividuelsfaisant
partie de cette serie noi/s a vons ossigne
un numero AECL a ch.uun

Please refer to the AECL number when re-
questing additional copies of this document

from

Veuillezfaire mention du numero AFCL bi
vous demande/ d'autros exemplaires df; cc
rapport

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
KOJ 1J0

Service de Distribution des Documents Off ICI;
I 'Energie Atomique du Canada Limitee

Chalk River, Ontario, Canada
KOJ1 JO

Price: A Prix: A

•ATOMIC ENERGY OF CANADA LIMITED, 1987

66-88


