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EFFECT OF ENVIRONMENT ON FRACTURE - MECHANISMS OF LIQUID-METAL
EMBRITTLEMENT, STRESS-CORROSION CRACKING AND CORROSION-FATIGUE

S. P. Lynch*

INTRODUCTION

Many environments induce sub-critical crack growth resulting in fractures
1ssociated with less ductlllty, and often different fracture paths and modes,
than fractures in inert environments. Proposed explanations for these effects
are discussed in reviews of liquid-metal embrittlement (LME) [1], stress-
corrosion cracking (SCC) [2] and corrosion-fatigue [3]. In the present

paper, a new explanation for LME is proposed on the basis of metallographic
and fractographic studies. Evidence suggests that this proposed mechanism
could also be relevant to SCC, hydrogen embrittlement (HE) and corrosion-

fatigue.

EXPERIMENTAL PROCEDURE

High-purity aluminium single crystals and Al-Zn-Mg (6.27 wt.-%Zn, 294
wt.-%Mg) polycrystals were studied. Aluminium specimens (Figure 1) were
notched, using a fine saw, in the presence of liquid metal and then immed-
iately tested in cantilever bending. (There was insufficient time for sig-
nificant diffusion of liquid-metal atoms into the crystals). Crack growth
in Al-Zn-Mg polycrystals was studied using bolt-loaded, double- cant11ever~
beam (DCB) specimens (Figure 2); spe01mens were solution-treated at 430°C,
quenched in bo111ng water, aged at 100 °C for (A) 2 min. and (B) 60 min.,
then aged at 180°C (in oil) for 120 min. These heat treatments (H.T.)
produce (i) fine dispersions of n-phase precipitates in grain interiors,
(ii) n-phase precipitates at grain boundaries and (iii) prec1p1tate free
zones (PFZs), (A)~0.2um and (B)~ 0.05um wide, adjacent to grain boundaries.

Environments used were (i) a 11qu1d alloy** (44.7 wt.-%Bi, 22.6%Pb 19.1%In,
8.3%Sn, 5.3%Cd) (Melting point ~ 47°C), (ii) saturated aqueous potassium-
iodide solution, and (iii) water vapour/air at 20% relative hum1d1ty (RuH.}s
Tests were performed at ~ 50°C in the liquid alloy and at ~ 20 °C in the
other environments. Liquid alloy was removed from fractures by a jet of
hot water; fracture surfaces were cleaned further by immersion in concen-
trated nitric acid for 1 min. and by stripping plastic replicas from the
surfaces.

*¥T1quid mercury and liquid gallium produced similar results; using the
liquid alloy facilitated experimentation.
*Aeronautical Research Laboratories, Department of Defence, Box 4331,
.P.0., Melbourne 3001, Australia.
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under certain conditions, cracks can grow by alternate shear with the
Observations on Al-

production of cleavage-like {100} fracture surfaces).
=My polycrystals following critical (overload) and sub-critical crack
growth (IME) indicate that fracture involves the concentration of deforma-
tion in PFZs causing microvoid coalescence (MVC). Crack growth, in liquid-
Thus,

wiial cnvironments, by MVC was also observed in other materials [9].

it 13 concluded that fracture in embrittling liquid-metal environments gen-

vally occurs by plastic flow (shear movement of atoms) rather than by ten-

“ite separation of atoms at crack tips.

{Mll could be explained on the basis that chemisorption of liquid-metal

itoms facilitates nucleation and movement of dislocations on slip planes
There is evidence [10] that, since atoms at sur-

intorsecting crack tips.
faces (in vacuum) have fewer neighbours than atoms in the interior, the

ek

tattice-spacings in the first few atomic layers differ from those in the
interior. It has been suggested [11] that such 'surface-lattice distortion'
hould hinder the nucleation and egress of dislocations at surfaces. Since
chemisorption of environmental species at surfaces should reduce this 'sur-
face-lattice distortion' [12], nucleation and egress of dislocations at
surfaces (crack tips) should be facilitated by adsorption.

\dsorption-activated dislocation nucleation/movement on slip planes inter-
sgcting crack tips would produce sub-critical crack growth (by shear) and

a4ls0 result in fractures with reduced ductility (less crack-tip blunting)*
Extensive blunting at tips of cracks, in specimens below general yield,
requires a general strain in the plastic zone ahead of cracks, and hence,
generally necessitates slip on at least five independent systems which freely
interpenetrate and cross-slip [13]; crack growth by alternate shear requires
slip on only two slip planes intersecting crack tips. The balance between

crack growth and crack-tip blunting (both relax elastic strain energy
around cracks) should therefore be determined by the relative proportions

of slip on planes intersecting crack tips compared to 'general' slip ahead
of cracks; larger proportions of the former, which is promoted by chemi-

sorption, favour crack growth**

The hydrogen (gas)-iron (solid) couple satisfies most criteria suggested
The mechanism proposed for IME in the

as pre-requisites for LME [14].

present paper could therefore be applicable to HE (although HE is more
complex than LME since hydrogen can readily diffuse into materials). This
proposal is consistent with many characteristics of HE and, in particular,
with observations [15] of iron surfaces in the presence of hydrogen using
field-ion microscopy; this work suggests that nucleation of dislocations

is catalysed by adsorption of hydrogen.

S“tress-corrosion cracking and corrosion-fatigue

Analogies between SCC and LME suggest that similar mechanisms are involved
in both effects [16], e.g., cleavage-like fractures are observed for alumin-

ium single crystals in liquid metals, austenitic steels in boiling MgCl,,
titanium alloys in methanol, and others. Thus, a mechanism of adsorption-
induced alternate shear, producing cleavage-like fracture surfaces, could be
applicable to many cases of SCC. Previous objections [2] to an 'adsorption-
induced cleavage' mechanism of SCC were based on the unlikely operation of a

'hond-rupture' process during SCC.

*An effect of adsorption on flow behaviour of uncracked specimens, with
small surface-to-volume ratios, would not be cxpected and 1S not observed

“*A criterion for ductile versus brittle behaviour based on distributions
of slip around cracks may be generally applicable.
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The case for a common mechanism for LME and scc, in Al-Zn-Mg, is supported
by the following observations, Immersion of Pre-cracked and loaded (to
near K.) DCB Specimens (H.T. 'B') in KI solution resulted in an increment
~1lmm) of very rapid (««lOmm/sec) intercrystalline crack growth within 1
sec. of immersion. This burst of rapid crack growth is sub-criticay crack-
ing induced by the environment since (i) stress intensity decreases with
increasing crack length in the specimens used,

The very rapid initial
rates of sub-critica]l crack growth in KI solution (as in LME) strongly
suggest that adsorption is responsible; other proposed mechanisms of Scc
involving dissolution, diffusion of hydrogen ahead of cracks, oxide film
formation/fracture, are unlikely to have time to occur.

SCC of Al-Zn-Mg (H.T. 'A") ip water-vapour/air (20% R.H.) produces entirely
dimpled fracture surfaces (Figure 8); dislocation nucleation/movement at
crack tips, activated by adsorbed water molecules, would explain this ob-
servation. Dissolution cdannot be involved since there is no liquid electro-

In some instances,
and contribute to,

other mechanisnms of SCC could occur in conjunction with,
crack growth by adsorption-induced slip.

There is evidence that Corrosion-fatigue involves an effect of adsorption
at crack tips [17]. Here, 'brittie: Striations, often on {100} fracture
surfaces and associated with increased rates of crack growth, are observed
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Figure 3 Fractograph (SEM) of Al.
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Optical micrograph shewing slip associated with crack
growth in Al. single crystal in liquid-alloy environ-
ment; except for the first 10-20um, little slip occurs
directly ahead of the crack. Crack profile before COD
was increased has been superimposed (crack is filled
with alloy).

Optical micrograph of crack shown in Figure 5 after
removing liquid alloy, repolishing, and increasing
COD in air showing considerable slip ahead of crack
associated with blunting. Crack profile before
blunting has been superimposed.
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Figure 7 Fractograph (EM)* after sub-critical Crack growth of
Al-Zn-Mg in liquid alloy. Top insert (optical micro-
8raph) shows deformation associated with sub-critical
crack growth Tevealed by ageing after fracture, sec-
tioning, polishing and etching. Bottom insert shows
fractograph (EM) of Critical (overload) crack growth
in air (same magnification as main figure).

Figure 3 Fractograph (EM)* after sub-
'high! Stress intensity) of Al-zn-
-H.) .

*EM - lilectron micrographs

of secondary-carbop Treplicas, ATTOWs shoy
direction of crack growth.
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