
AECL-6181

ATOMIC ENERGY m j S & L'ÉNERGIE ATOMIQUE
OF CANADA LIMITED E B 9 DU CANADA LIMITÉE

A FRACTOGRAPHIC DISTINCTION BETWEEN HYDRIDE CRACKING

AND STRESS CORROSION CRACKING IN ZIRCALOYS

by

B. COX

Presented at NACE Corrosion Research Conference Corrosion '78

Houston, Texas, March 6-10, 1978

Chalk River Nuclear Laboratories

Chalk River, Ontario

June 1978



A F "iac tua •lapli i c Distinction Be tu) a en Htjdnide Cn.ac.kinq
and Sfii'ib Con id ion Cn aching in 2in.caH.oyi

by

B. Cox

Presented atNACE Corrosion Research Conference

Corrosion '78

Houston, Texas, March 6-10, 1978

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

June 1978

AECL-6181



û'i^i.ir.i i s,>n fr.ii-lu^r.-iph iqjiy ih's__f i ss_ura_t ions_p_nr l i v d r u r a t i o n

•t iii' i i ' l l r s j'.a' l ' o r r o s i o i i sous l'ont rai ntt1 dans lu>s_ _a_l 1J :IJJOK de_ 7. i_r_'"ilJLo.i'*

B. Cox

Résumé

On compare les détails fractographiques de défectuosités causées
par des fissurations dues soit à la corrosion sous contrainte' soit à
l'hydruration retardée. Cette comparaison est faite par balayage et par
microscopie électronique des répliques. On montre que la fracture des
plaquettes d'hydrure donne lieu à des caractéristiques distinctes qu'on ne
trouve pas dans les fractures dues à la corrosion sous contrainte et qui
les distinguent de celles attribuables à des fissurations par hydruration
retardée.

*Rapport présenté au Congrès de recherche sur la
corrosion de la NACE (National Association of Corrosion
Engineers) CORROSION '78, tenu à Houston, Texas, du
6 au 10 mars 1978.
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ABSTRACT

The fractographic details of SCC and delayed hydride
failures are compared by Scanning and Replica Electron
Microscopy. It is shown that there are distinct features
ascribable to the fracture of hydride platelets which are
absent from SCC fractures and which distinguish them from
fractures produced by delayed hydride cracking.
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There has been much argument in the stress corrosion
cracking (SCC) field during the past few years as to whether
SCC in many metal/environment systems is merely a special case
of hydrogen-induced cracking. In many instances, the fine
details of the fractography of the two processes have not been
compared, and the evidence for an identity between the two
phenomena has been circumstantial. Recently, more detailed
fractography (as typified by the study of titanium alloys [1]
by Pugh et al) has shown that, at least for Ti-8 Al-1 Mo-1 V
in 3% aq. NaCl, the fractography is indistinguishable from
that produced by slow-strain-rate hydrogen embrittlement (SSRHE).

In the zirconium alloy system, the close similarity both
metallurgically and chemically with titanium might lead to the
expectation of a similar identity of SCC and SSRHE processes.
However, circumstantial evidence has already been adduced [2]
to show that hydrogen absorption at the crack-tip is, if anything,
an inhibitor for SCC in iodine vapour at 300°C; and does not
influence some room-temperature SCC processes [3].

More recently, the delayed hydride cracking (DHC) of
zirconium alloys has been studied because of the commercial
importance of this phenomenon in Canadian nuclear reactors [4-12].
Here the description DHC rather than SSRHE is used because of
the evidence that the fracture of a precipitated hydride particle
is an essential part of the crack propagation step [13], and
the long incubation times observed prior to crack initiation.
A comparison of the crack velocity vs. K3 curves (Figure 1) for
SCC and DHC shows, in this instance, a very large difference
between the two processes. Because DHC has been a problem
only with pressure tubes (Zr-2.5% Nb)[4] , whereas SCC is observed
in fuel cladding (Zircaloy)[2] in CANDU* reactors, the two curves

*Canada Deuterium Uranium.



arc not strictly comparable. However, sufficient work has been
done on the III It! of Iircaloy-2 [?] to show that it is more
difficult 1o crack than Zr-2.5» Nh, and that, if anything, crack
velocities arc lower at comparable stress intensities (Figure 2).

Thus, we arc justified on the basis of this evidence
in concluding that SCC and DHC arc two distinct processes,
with different kinetics. Their temperature dependences confirm
tliis conclusion [2,7].

? • Ç. ̂  c t Vf tioni

We are concerned here, therefore, solely with whether
etailed fractography support:' this distinction.

The fractures obtained by both SCC and DHC (Figure 1)
were completely transgranular. There are situations where, at
least for SCC, intergranular fractures are obtained [14]; such
features have not so far been observed for DHC, so that it is
safe to conclude that any intergranular fracture will have been
caused by SCC. Grain boundary embrittlement of commercial
zirconium alloys is not observed at normal operating temperatures.

The primary features of the transgranular fracture of
zirconium alloys either by SCC or liquid metal embrittlement
(LMF.) consist of flat or terraced cleavage planes, interspersed
with areas of near parallel fluting (Figures 3 and 4 ) . The
cleavage planes show river patterns or terracing (Figure S)
depending upon the relative orientation of the crack propagation
plane and the metal basal plane. Replica electron microscopy
(Figure 6) shows no evidence for microductility which would
indicate any plastic contribution to these features.

By contrast, however, the fluting shows a near hexagonal
cross section (Figure 7 ) , and evidence of slip parallel to
the fluting. These features are thought to result from slip
on the three primary prism planes, when the stress in the
c-direction is relaxed as a result of the near-basal cleavage [15]

In practice, the regularity and clarity of these features
are functions of the metallurgical structure (e.g. grain size,
cold-work), alloy content, and the chemical nature of the environ-
ment produced the SCC (i.e. extent of chemical attack on
freshly exposed surface). The most regular features result
from LME of large-grained unalloyed zirconium - for which
conditions figures 3-7 are representatives. However, the same
basic features are observed for finer-grained Zircaloy-2 in
metlianol/iodine solutions (Figure 8 ) , and can still be discerned
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in very fine-grained_cold-worked materials. Closer examination
of the fractures in MeOIl/I2 shows a "feathery" appearance
(Figure 9) not observed after LME. This is thought to result
from chemical attack on the freshly exposed metal surface.
However, the similarity of these features to those observed in
SCC and SSRIIH of Ti-S Al-1 Mo-1 V fl] may indicate that a
non-chemical explanation of them is appropriate.

At high stress intensities (> 17 MPaVm) the fracture
surface of Zircaloy-2 notched-round-bars containing 10 ppm H2
consists of isolated flat "cleavage" areas separated by ductile
failure. As Ki is reduced, the fracture becomes more completely
brittle and shows a much more heavily stepped surface (Figures
10 and 11) than was observed for SCC fractures [7]. Replica
electron microscopy shows fine-scale river patterns (Figure 12)
with orientations which vary from step to step, and are not
related to the metal grain size. Since optical metallography
shows precipitated hydride particles at the crack tips, and
along the crack walls, it is concluded that the snail steps
represent individual fractured hydride platelets, \vhich may
have different (but related) orientations relative to the
matrix [16].

In larger-grained specimens the distinction from SCC
becomes clearer (Figures 13 to 15) and one can even distinguish
grain boundary hydrides (macroscopically curved fracture surfaces)
from intragranular hydride (macroscopically planar fracture
surface), although in each instance the microscopically stepped
nature of the detailed fractography is evident.

It is this stepped fracture on a scale much smaller than
the grain size which distinguishes DHC from SCC fractures.
For very fine-grained alloys such as CW-Zr-2.5% Nb, it might be
expected that the distinction would be more difficult to
establish. However, experience shows this not to be the case.
The small fractured hydride platelets showing river patterns
(Figure 16, area b) are still a feature of the DHC fractures,
whereas SCC fractures show no contrast over areas of many
small grains (Figure 16, area a), presumably because of the
close similarity in orientation of groups of adjacent grains.
In fact, in instances where the stress intensity is such that
both processes are of similar probability, examples of fractured
hydrides within an SCC fracture (Figure 16, area c) can be
observed [17].

Çri. -SÇÇ in. Me.thq.nql[Hi[dfLqiihlqfLlç: Açid Solution*

The SCC fractures of Zircaloy-2 in MeOH/HCl solutions are
one example where the normal characteristics of transgranular SCC
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seem to be absent (Figures 17 and IS). It is thought that
some of these differences can be ascribed to the extensive
chemical attack on the freshly exposed surface which occurs
in these solutions. At first glance, the distinction (at least
at low magnification) from DHC does not appear to be evident.
At higher magnification, however, it is seen that the details
of the SCC fracjture (Figure 19) are merely a more exaggerated
version of the MeOH/Iz fracture. No regular subdivision of the
fracture into small cleavage steps is evident, such as typifies
DUC. It is concluded that some chemicajl preference for attack
on certain crystallographic planes by MeOH/HCl leads to the
macroscopic differences from the more normal SCC appearance of
McOII/I2 fractures.

3. Conalationi,

DUC in zirconium alloys is observed to proceed only in
the presence of precipitated hydrided platelets. The crack
propagates by fracture of the individual platelets. Thus, the
fractography of DHC in zirconium alloys usually shows cleavage
features on a scale much smaller than the metal grain size,
together with a characteristic stepped appearance, which results
from differences in orientation of adjacent hydride platelets.
By contrast, the cleavage features resulting from SCC show
continuity on a scale comparable with the metal grain size. The
ductile "fluting" which often accompanies these features in SCC
fractures is usually absent from DHC fractures. Thus high magni-
fication electron microscopy, preferably by both scanning and
replica techniques, is able to distinguish between the two
processes. Unusual SCC features, such as those occurring in
MeOH/HCl are also distinguishable from DHC. The circumstantial
evidence indicating that the SCC and DHC processes are distinct
is, therefore, confirmed.
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Figure 1 Crack velocity vs K! for SCC and hydride cracking.
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Figure 2 Comparison of DHC results for Zircaloy-2 and Zr-2.5% Mb.



Figure 3 General aspects of trans-
granular fracture of zirconium
caused by environmental embrittlement.
(x300) .

Figure 4 Higher magnification view
of cleavage and fluting (xlOOO) .



Figure 5 Variation in appearance of
cleavage plane with small variations
in relative orientation of grain and
crack front (x3000).

Figure 6 Two-stage carbon replica of
cleavage plane (x5250).



Figure 7 Fluted area showing roughly
hexagonal cross section of fluting
(x3000).

Figure 8 SCC fracture in Zircaloy-2
fuel cladding tube showing less regula-
rity than previous views of large-grained
zirconium (xlOOO).



Figure 9 Detail of_^cleavage-plane"
produced by SCC in MeOH/I2 (xlO.OOO).

Figure 10 SEM of delayed hydride crack
in Zircaloy-2 round notched-bar
(x4500).



Figure 11 Higher magnification view
of same area (xl6,000).

Figure 12 Two-stage carbon replica of
hydride crack (x7500).



Figure 13 Cracked hydride in Zircaloy-2
fuel cladding (x3500).

Figure 14 Detail of figure 13 (xlO.OOO).



Figure 15 Further high magnification view
ÔT fractured hydride (xlO.000).

Figure 16 Fracture of Zr-2.5% Nb showing
areas of SCC (a); DHC (b); and isolated
fractured hydride platelets within the
SCC fracture (c). (x4000).



Figure 17 Fracture surface produced in
HèOH/HCT~(xl000).

Figure 18 Higher magnification view
of HëOH/HCl fracture (x3000).



Figure 19 Details of fracture surface in
MeOH/HCl (xlO.OOO).
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