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! SUMMARY

Metallographic and fractographic studies of crack growth in
aluminium alloys, nickel, magnesium, titanium alloys B-brass iron-
silicon, and high-strength steels 1in 1liquid-metal, aqueous,
hydrogen, and inert environments are reviewed.
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ENVIRONMENTALLY ASSISTED CRACKING:
OVERVIEW OF EVIDENCE FOR AN ADSORPTION-INDUCED LOCALISED-SLIP PROCESS

ABSTRACT

Metallographic and fractographic studies of crack growth in aluminium
alloys, nickel, magnesium, titanium alloys, B-brass, iron-sllicon, and
high-strength steels in 1liquid-metal, aqueous, hydrogen, and inert
environments are reviewed. Studies of transcrystalline cracking in single
crystals are emphasised but some observations of interecrystalline cracking
are also included. Remarkable similarities between hydrogen-assisted
cracking, stress-corrosion cracking, and adsorption-induced liquid~metal
embrittlement were observed for all the above materials. For a given
material, not only was the detailed appearance of fracture asurfaces
similar but the crystallographic fracture planes and directions, and the
active slip planes, were also the same for crack growth in the different
embrittling environments. These and other similarities suggest that
hydrogen-assisted cracking and stress-corrosion cracking as well as
liquid-metal embrittlement are due to adsorption at crack tips for the
materials and conditions studied. Embrittlement of aluminium alloys,
nickel, titanium alloys, and magnesium in aqueous or hydrogen environments
was also observed at such high crack velocities (under certain conditions)
that there was insufficient time for diffusion of hydrogen ahead of
cracks, further supporting a mechanism based on adsorption (of hydrogen)
at crack tips. The metallographic and fractographic observations shcwed
that environmentally assisted cracking occurred by a more localised
plastic-flow/microvoid-coalescence process than that which occurred in
inert environments. Dislocation processes occurring during ductile and
brittle fracture are dlscussed, and it is concluded that environmentally
assisted cracking occurs because adsorption facilitates the injection of
dislocations from crack tips and thereby promotes the coalescence of
cracks with voids ahead of cracks, Recent high-voltage transmission-
electron microscopy studlies, surface-science observations, and theoretical
work, which support an adsorption mechanism or a localised-slip mechanism

(or both) for environmentally assisted cracking, are also reviewed,
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1. INTRODUCTION

The resistance of many materials to the {initiation and growth of
cracks is often substantially lower in liquid-metal, aqueous, and hydrogen
environments than in inert environments [1-8], This effect is known in
general terms as environmentally assisted cracking and, for specific
environments, is known as 1liquid-metal embrittlement (LME), stress-
corrosion cracking (SCC), and hydrogen-assisted cracking (HAC). LME is
undoubtedly the most dramatic of these processes, with crack growth In
liquid-metal environments occurring at velocities as high as ~100 mm/s at
stress-intensity factors, K, as low as ~10% of the critical K for fracture
in inert enviromnments (Fig. 1) [9,10]. Moreover, LME can produce
cleavage~-like fractures in metals which would normally fail by ductile
rupture in alr (Fig. 2) [11-:21].

LME does not occur for all combinations of solid and liquid metals
(Appendix I) [16] but the reasons for this 'specificity' are not w21l
understood. However, as a general guldeline, LME is likely to occur when
there are limited mutual solubilities and 1little tendency to form
intermetallic compounds between solid and liquid metals [13-16].
Solid-metal and metal-vapour environments can also produce embrittlement
but crack growth is slower in these enviromments than {n liquid-metal
environments since surface-diffusion and vapour-transport of metal atoms
to crack tips are much slower than capillary-flow of 1liquid metals to

crack tips.

It is generally accepted [11-15] that rapid fracture in embrittling
liquid-metal environments 18 caused by adsorption of environmental-metal
atoms at crack tips since there is neither the tendency nor the time for
other reactions to occur.t Workers studying LME in the 1960's and early
1970's [11-13, 17] concluded that adsorption lowered the stress required

tThere are some liquid-solid metal couples where either diffusion of
embrittling atoms along grain boundaries or other reactions during pre-
exposure of unstressed specimens can lead to subsequent embrittlement [15]
but none of the examples of LME considered in the present report fall into
this category.
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for tensile separation of atoms ('decohesion') at crack tips, but did not
affect the stress required for slip around crack tips, so that (1)
decohesion in intrinsically brittle materials such as zinc single crystals
occurred at lower stresses in liquid-metal environments than in air, and
(1i) decohesion occurred in preference to slip in normally ductile
materials such as aluminium single crystals tested in 1liquid-metal
environments, However, detailed metallographie and fractographic
observations to substantiate this mechanism were not made during these
early studies. Subsequent observations supported a decohesion process
for LME in zinc [18] but indicated that LME of aluminium and other ductile
materials occurred by an adsorption-induced localised-slip process
(18-211.

Similarities between LME and HAC/SCC were observed as long ago as
18784 by Johnson [22] who noted that the embrittlement of steel by hydrogen
and by liquid zinc had some common characteristics! More recently, the
similar effects of microstructure (e.g. grain size, extent of cold
working), grain-boundary segregation, yield strength, slip mode,
temperature, and other variables on the degree of embrittlement produced
by aqueous, hydrogen, and liquid-metal environments have been reported by
a number of workers [14, 19, 23-28]. The form of crack-velocity versus
stress-intensity factor (v-K) plots is also similar for HAC, SCC, and LME,
with a strong dependence of v on K at low K, and little or no dependence
of v on K at high K (Fig. 1). The propensity for brittle intercrystalline
cracking in aqueous, hydrogen, and liquid-metal environments has also been

noted on numerous occasions [23-27].

The above similarities between LME, SCC, and HAC led a number of
workers to suggest that these processes occurred by a common mechanism
[23-27]. However, this ldea was not widely accepted since {t was argued
that the similarities could be explained in other ways, For example,
embrittlement would generally bLe greater in higher 3strength materials
regardless of the mechanism of crack growth since most ‘racture processes
occur more readily when less plastic relaxation (blunting) occurs at crack
tips. Similarly, featureless intercrystalline fracture surfaces could be
produced by adsorption-induced fracture, fracture of thin hydride films at

grain boundaries, or localised dissolution. In other words, the
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similarities between HAC, SCC, and LME listed above, are not by themselves
convincing evidence for a common mechanism although, of course, they are
consistent with one.

The remarkable metallographic and fractographic similarities between
LME, SCC, and HAC, when there are distinctive slip distributions around
cracks and when fracture surfaces exhibit distinctive features, on the
other hand, are more persuasive that the same mechanism is applicable to
all these processes [28-36]. Observations of embrittlement in aqueous and
hydrogen environments at high crack velocities, and other considerations,
also suggest that adsorption is responsible for SCC and HAC as well as for
LME [28-35]. In the present report, these observations for aluminium
alloys [28-31]1, nickel [32], magnesium [33, 34], titanium alloys [28], and
high-strength steels [36], are reviewed. Some unpublished work [35] for
these materials and for Fe-Si and B-brass i3 also summarised. Comparisons
of LME, SCC and HAC in single crystals are emphasised since the appearance
of fracture surfaces is generally uniform, and crystallographic fracture
planes, crack directions, and active slip planes are easily determined in
single crystals, An adsorption-induced localised-slip process which

accounts for the observations is then discussed.

2. EXPERIMENTAL PROCEDURE

Only a brief description of the experimental techniques is given
here — further detalls for particular materials can be found in the
references cited in the respective sections. Single-crystals (notched
along one edge) or material with large (10-20 mm) grain sizes (notched
along one edge so that crack growth occurred within 2 single grain) were
used to study crack growth in many of the materials. Specimens were
generally fatlgue-precracked, and then tested in cantilever bending under
either sustained or dynamic loading; for the latter, deflection rates of
0.0006°/38 up to 60°/s were used. The high deflection rates were used to
determine whether environmentally assisted cracking could occur at very
high crack velocities, For commercial alloys, bolt-loaded double-

cantilever-beam specimens were tested under sustained loading.
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Scanning-electron microscopy (SEM) and transmission-electron
microscopy (TEM) of secondary-carbon replicas were used to study fracture
surfaces. Replicas were prepared and examined under optimum conditions
[37, 38] (Fig. 3) in order to resolve smaller, shallower features than
could be detected by SEM., Prior to examination of LME fractures, liquid
or solid metals were removed from fracture surfaces as follows: Mercury
was evaporated from fractures in a vacuum at ~100°C, alkali metals were
dissolved in alcohols, a low-melting-point (47°C) bismuth alloy (44.7%Bi
22.6%Pb 19.1%In 8.3%Sn  5.3%Cd) (on aluminium) was dissolved in
concentrated nitric acid (which does not attack aluminium), and gallium

was removed by stripping plastic replicas from fractures,

3. COMPARISONS OF HYDROGEN-ASSISTED CRACKING AND STRESS~CORROSION
CRACKING WITH ADSORPTION-INDUCED LIQUID-METAL EMBRITTLEMENT -—
TRANSCRYSTALLINE CRACKING

3.1 Aluminium and Al-Zn-Mg Single Crystals (19-21, 29, 30, 35]
3.1.1 LME

Aluminium single crystals (-99.99% purity) cracked in liquid-metal
environments exhibited cleavage-like fracture surfaces macroscopically
parallel to {100} planes (Fig. 2). Unlike classical cleavage cracks,
crack-tip-opening angles were large (~10-20°), extensive slip occurred
around cracks, especially on {1%11} planes intersecting crack tips, and
dislocation-cell structures were observed just beneath fracture surfaces
(Fig., ). Furthermore, crack fronts were parallel to <110> directions,
i.e. parallel to the line of intersection of slip planes with the crack
plane, and slip lines parallel to crack fronts were observed on fracture
surfaces, For many crystal orientations, crack growth occurred in two
<110> directions so that crack fronts were a V-shape or zig-zag shape
(Fig. 5). Examination of fracture surfaces at high magnifications showed
that they were microscopically dimpled (Figs 6, 7), indicating that crack

growth involved the nucleation and growth of voids ahead of crack tips.

LME in high-purity Al 6%Zn 3%Mg single crystals also produced {100}
cleavage-like fracture surfaces with crack growth in <110> directions for
all crystal orientations. Furthermore, the slip distribution and

approximate strains around cleavage-like {100} cracks could be determined

i immen et A na 2




-~ -

&N

(5)

in the interior of specimens by ageing after crack growth (to 'decorate'
dislocations), then sectioning, polishing, and etching, The slip
distributlion in specimen interiors was similar to that on the side surface
of specimens, and considerable slip on planes intersecting crack fronts
was observed (Fig. 8). Electron-channelling patterns from fracture
surfaces could not be obtained and Laue X-ray back-reflection spots from
fracture surfaces were severely distorted, further confirming that large

strains were associated with crack growth,

The degree of embrittlement in Al-Zn-Mg was greater than that in pure
aluminium, and increased with increasing strength produced Dby
precipitation~hardening; greater degrees of embrittlement were
characterised by smaller crack-tip-opening angles and more-~localised slip
around crack tips (Figs 8,9). Furthermore, the size of dimples on
fracture surfaces increased with increasing degree of overaging -~
consistent with dimples resulting from formation of voids around ageing
precipitates ahead of cracks. Crack growth in inert environments also
involved void formation around ageing precipitates (and around more widely
spaced lnclusions) but the appearance of fracture surfaces produced by LME
and by overload in air was quite different, At low magnifications, LME
fractures were cleavage-like whereas overload fractures were covered with
large, deep dimples; at high magnifications, small, shallow dimples were
observed on {100} cleavage-like facets while small, stretched dimples

within large, deep dimples were observed on overload fractures (Fig. 10).

3.1.2 Rapid Fracture in Aqueous Enviromments

Cleavage-like fracture surfaces macroscopically parallel to {100}
planes with crack growth in <110> directions were also produced by
fracture of precipitation-hardened Al-Zn-Mg single crystals in aqueous
environments — even at crack velocities as high as 10 mm/s produced by
rapld dynamic loading (Fig. !'1a}). The detailed appearance of cleavage-
like fracture surfaces produced in aqueous environments was also similar
to that produced by LME In that dimples, whose size w«nd spacing depended

on the ageing conditions, were observed.
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For an overaged condition (HV-100 - the minimum Vickers hardness at
which embrittlement occurred during rapid cracking i{n water), small
dimples associated with ageing precipitates could be faintly resolved on
fracture surfaces by SEM (Fig. 11b) but were more clearly apparent on TEM
micrographs (Figs 11¢,d). Many Y-shaped ridges, which match peak-to-peak
on opposite fracture surfaces and ‘'point' in the direction of crack
growth, were also observed on fracture surfaces of overaged specimens.
These ridges were produced when cracks intersected larger-than-average
voids nucleated by small inclusions ahead of cracks, although the
'leading' edge of the dimple, and inclusion within the dimple, were only
clearly visible in some cases (Fig. 11e¢). For peak-aged specimens
(HV ~160) cracked rapidly in water, isolated large dimples associated with
inclusions were observed on cleavage-like fracture surfaces by SEM (Fig.
12a), but TEM of replicas was necessary to resolve extremely small
depressions which were probably dimples associated with larger-than-

average ageing precipitates (Fig. 12b).

Crack-tip-opening angles produced by rapid fracture in water were
larger than those produced by LME (for equivalent ageing conditions) but
the distribution of slip around cracks was similar, with slip occurring
particularly on planes intersecting crack fronts (Fig. 13). Laue X-ray
back-reflection spots from fracture surfaces were extremely diffuse,

confirming that crack growth was assocliated with large, localised strains.

3.1.3 Slow SCC

Sustained-load cracking of peak-aged (HV -160) Al-Zn-Mg single
crystals at high K in distilled water and moist-air (208 relative
-3

humidity) environments occurred at crack velocities ~10 mm/ s

and 10—7 mm/ s, respectively. Cleavage-like {100} <110> fracture
surfaces, covered with isolated large dimples and extremely small dimples,
similar to those produced by rapid fracture in aqueous and liquid-metal
environments were observed after slow SCC (Fig. 14). Crack-arrest
markings, which are indicative of discontinuous cracking, were not
observed, There were also no signs that significant dissolution had
occurred during SCC. Crack-tip-opening angles produced by slow SCC were

much smaller than those produced by rapid fracture in water but the

W SN - L
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distribution of slip around cracks was similar, with slip occurring

particularly on planes intersecting crack fronts (Fig. 15).

3.2 Nickel Single Crystals [32, 35]

Embrittlement of nickel single crystals (~99.5% purity) in gaseous
hydrogen environments under rapld dynamic loading was observed at crack
velocities as high as ~! mm/s. Under these conditions, the appearance of
fracture surfaces was identical to that produced by rapid fracture
(~1 mm/s) in liquid mercury. Furthermore, the appearance of fractures
depended somewhat on the orientation of crystals but was the same in
hydrogen and mercury environments for each orientation. For crystals with
specimen axes near <100>, fracture planes were approximately parallel
{100} planes, with crack growth 1in <110> directions, wherecas for
orientations such that {100} planes were steeply inclined to specimen
axes, deviations of up to ~25° from {100} planes and a higher density of
steps were observed (Figs 16 - 18).

The degree of embrittlement produced by rapid cracking (-1 mm/s) in
gaseous hydrogen (101kPa) and liquid mercury was also approximately the
same, with crack-tip-opening angles ~45°, However, embrittlement in
hydrogen was greater at lower crack velocities (crack-tip opening angles
for HAC were ~30°¢ for crack velocities ~10'3 mm/s) whereas embrittlement
in mercury was not affected by crack velocity.t Fracture surfaces
produced by slow crack growth in hydrogen (Fig. 19a) were similar to those
produced by rapid cracking except that there were fewer coarse slip lines
(produced by slip behind crack tips), and more steps and Y-shaped ridges,

for the former.

TEM of replicas of fracture surfaces revealed that the areas between

the tear ridges and coarse slip bands had a 'rumpled' appearance due to

tThe degree of embrittlement probably decreases with increasing crack
velocity for HAC but not for LME because gaseous diffusion of hydrogen is
much slower than capillary flow of liquid metals to crack tips. The
surface coverage of adsorbed atoms at crack tips, which probabdly
determines the degree of embrittlement, therefore decreases with
increasing velocity for HAC but not for LME,

R N1 _ - 2 SRSt
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the presence of fine slip traces and very small depressions (Fig. 19b).
Laue X-ray back-reflection patterns could not be obtained from fracture
surfaces showing that strains beneath fracture surfaces were very large.
Extensive plastic zones, with slip occurring particularly on planes
intersecting crack fronts, were also observed on the side surfaces of
specimens after both HAC and LME (Fig. 20).

3.3 Fe-Si Single Crystals [35]

The degree of embrittlement of Fe 2.6%Si single crystals in gaseous
hydrogen environments depends on the hydrogen pressure, temperature, and
strain rate [39]. Environmental effects at ambient temperature are only
observed at low crack velocities since high strain rates induce extremely
rapid unstable fracture. For crack growth in gaseous hydrogen (101kPa) at

250C at a crack velocity ~1072

mm/s, the crack-tip-opening angle (-~8°%)

was approximately the same as that produced by rapid crack growth (~1mm/s)
in 1liquid indium at 160°C and liquid 1lithium at 210°C, and fracture
surfaces produced by HAC and LME were essentially the same (Fig. 21).
Fracture surfaces were macroscopically parallel to {100} planes with crack
growth in <110> directions, and steps parallel to these directions formed
herringbone patterns similar to those observed for Al-Zn-Mg and nickel.
Crack growth in dry air, under equivalent testing conditions to those used

for hydrogen and liquid-metal environments, produced ductile fractures.

Examination of cleavage-like fracture surfaces at high magnifications
by SEM showed ragged steps, tear ridges, slivers of material projecting
from the fracture surfaces, and isolated small dimples (Fig. 21b,d). TEM
of replicas of fracture surfaces revealed closely spaced slip lines and
small depressions between the tear ridges and steps (Fig. 22). Electron-
channelling patterns from fracture surfaces could not be obtained showing
that strains just beneath fracture surfaces were at least ~10%. Extensive
slip, particularly on {112} planes intersecting crack fronts, was observed
on specimen side surfaces after crack growth in hydrogen and liquid-metal

environments (Fig. 23).

3.4 g-Brass Single Crystals [35]

For g-brass (48.8%Zn 51.2%Cu) single crystals, cleavage-like {100}

fracture surfaces were observed after rapid crack growth (>10 mm/s) in




(9

liquid gallium and slow crack growth (~10-u mm/s) in distilled water.
Crack growth occurred in two <110> directions so that herringbone
patterns, similar to those observed for Al-Zn-Mg, nickel, and Fe-Si, were
produced (Fig. 24). Detalled observations of fracture surfaces and of
slip distributions around cracks were not made, but slip lines parallel to
crack fronts were observed on fracture surfaces, and Laue X-ray back-
reflection spots from fracture surfaces were diffuse, showing that

appreciable, localised strains were assoclated with crack growth.

3.5 Pure Magnesium {33,34)

Environmentally assisted cracking in magnesium crystals (99.99%
purity), occurred at crack velocitlies as high as ~50 mm/s in aqueous
environments under dynamic loading. 'Brittle!' fracture surfaces
macroscopically parallel to pyramidal planes of the type {101X} (where X
was commonly 1) were observed after crack growth in aqueous and inert
environments but the detailed appearance of fracture surfaces produced in
inert and embrittling environments was significantly different. Fracture
in dry air produced deep flutest (elongated dimples) with more equiaxed
dimples within the flutes, while rapid fracture in an aqueous environment
produced shallow flutes containing very small dimples. Cleavage-like
facets and secondary cracks parallel to basal planes were also observed
after rapid fracture in aqueous environments but not after fracture in dry
air. River lines, twin traces, and tongues produced by crack growth along

twin/matrix interfaces, were observed on basal-plane facets (Figs 25,26).

Fluted fracture surfaces parallel to pyramidal planes, and basal
cleavage~like facets, were also produced by slow crack growth in aqueous
environments and by rapid fracture in liquid-metal environments (Na, K,
Rb, Cs). Fracture surfaces were similar to those produced by rapid

racture in aqueous environments except that (i) flutes were smaller and
shallower, and (ii) twin traces and tongues on basal facets were fewer,

after rapid LME and slow SCC (Figs 27, 28).

tFlutes are produced by the coalescence of tubular voids which nucleate
along slip-band intersections ahead of cracks [33, 40, 41],

oA b, .
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3.6 a -Titanium Alloys [28,35]

SCC of titanium alloys in aqueous environments can also occur at high
crack velocities, although not as high as observed for Al-Zn-Mg and
magnesium, nor as high as for LME, The 'plateau’ crack velocity at high
stress-intensity factors in a mill-annealed T{ 8%Al 1¥Mo 1%V alloy in a
10M HCl environment is ~0.4 mm/s — approximately two orders of magnitude
lower than the plateau velocity in 1liquid mercury (Fig. 1) [9].
Embrittlement of a mill-annealed Ti 6%A1 4%V alloy in an HC1l + NaCl
environment under dynamic loading was also observed at crack velocities up
to ~0.4mm/s [35]. SCC of a Ti 63%A1 0.3% O alloy in a KCl solution at a
velocity ~3mm/s has also been reported [9]. Cleavage-like fracture
surfaces parallel to basal planes (or possibly 10-17° from basal planes
{42]), and fluted regions roughly perpendicular to cleavage facets, were
produced by SCC at both high and low crack velocities and by rapid
cracking in liquid mercury (Fig. 29). Overload fractures in dry air were
completely covered with equiaxed dimples. At high magnifications, tear
ridges and small, shallow dimples were observed on cleavage-like facets

(Fig. 30).

4. COMPARISONS OF HYDROGEN-ASSISTED CRACKING AND STRESS—CORROSION
CRACKING WITH ADSORPTION-INDUCED LIQUID-METAL EMBRITTLEMENT —
INTERCRYSTALLINE CRACKING

4,1 Aluminium Alloys [31,35]

Intercrystalline fracture surfaces, produced by rapid cracking

(~10 mm/s) in liquid-metal environments and by slow SCC (—10'“ mm/a) in

aqueous and moist-air environments in Al 6%Zn 3%¥Mg bicrystals with 'wide'
precipitate-free zones (PFZ) at grain boundaries, were covered with small,
shallow dimples; intercrystalline fractures produced in dry air were
covered with large, deep dimples with small dimples within them (Figs 31,
32). Striations (crack-arrest markings) were sometimes observed on
fracture surfaces produced by SCC (but not by LME) suggesting that SCC was
sometimes discontinuous. Intercrystalline fracture surfaces produced by
sub-critical cracking in Al-Zn-Mg bicrystals with narrow PFZ, and 1in
commercia; T0°715-TH51 aluminium alloys, in liquid/solid metal and
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aqueous/moist~air environments were relatively smooth, although isolated

areas of dimples and tear ridges were evident (Fig. 33).

4.2 Pure Magnesium [33,34)

Environmentally assisted intercrystalline cracking, like
transcrystalline cracking, was observed at crack velocities as high
as ~50 mm/s in aqueous environments. Specimens partially cracked in
aqueous environments and then cracked in dry air under dynamic loading
showed transitions from 'brittle' to 'ductile' intercrystalline fracture
surfaces similar to those observed for Al-Zn-Mg. Examination of 'brittle'
regions at high magnifications by SEM revealed small, shallow dimples in
some areas while other areas appeared relatively smooth except for fine
slip and twin traces; 'ductile' regions were covered with large, deep
dimples with smaller, shallower dimples within them (Fig. 34). TEM of
replicas showed that the 'smooth' areas observed by SEM on 'brittle'
fractures were covered with shallow flutes, small dimples, and closely
spaced slip lines (Fig. 35). Brittle intercrystalline fractures were also
produced by slow crack growth in aqueous environments and by rapid
cracking in liquid-metal environments (Na, K, Rb, Cs), and small, shallow

dimples were evident in some areas at high magnifications (Fig. 36).

4.3 High-Strength Steel (D6ac) [36]

The fracture path and appearance produced by HAC and LME in Dé6ac
steel (0.46%C 1.2%Mo 1.14Cr 0.12%V 0.8%Mn 0.24%5i 0.004%P 0.002%S), heat-
treated to produce a lath-type, tempered-martensitic structure, depended
on the tempering temperature. Nevertheless, the fracture path and
appearance after sub-critical cracking in gaseous hydrogen (101kPa) and
liquid mercury environments were similar for each tempering temperature.
For example, specimens austenitised, step-quenched, and double-tempered
for 1 + 1 h at (i) 290°C, (ii) 400°C, and (iii) 650°C, and then cracked in
hydrogen and mercury environments, exhibited (i) dimpled fractures
predominately along martensite - lath boundaries (Fig. 37), (ii) 'brittle'
intercrystalline fractures along prior-austenite grain boundaries (Fig.
38), and (iii) dimpled intercrystalline fractures along prior-austenite
grain boundaries (Figs 39, 40), respectively. Overload fractures produced
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in dry air were transcrystalline and dimpled for all tempering
temperatures; dimples were generally larger and deeper than those observed
after HAC and LME, although small dimples within large dimples, were
observed on overload fractures, The change {n fracture path and
appearance with specimen tempering temperature for HAC and LME is largely
assoclated with the segregation of embrittling elements such as phosphorus
to prior-austenite grain boundaries during tempering in the range 350° -
650°C and there appears to be a similar interaction between grain-boundary

segregants and hydrogen, and between segregants and mercury.

5. DISCUSSION
5.1 Evidence for an Adsorption Mechanisa for Hydrogen-Assisted Cracking

and Stress-Corrosion Cracking
5.1.1 Similarities between HAC/SCC and LME

The remarkable metallographic and fractographic similarities between
LME, SCC, and HAC obviously suggest that the mechanism of embrittlement is
the same for the materials and testing conditions studied : Different
mechanisms of crack growth are unlikely to produce fractures with the same
crystallographic fracture plane, same crystallographic direction of crack
growth, same distribution of slip around crack tips, and same fine details
(e.g. dimples, tear ridges, slip lines) on fracture surfaces, as was
observed. The fact that such similarities occur in a wide variety of
materials (fec, bece, and hep) which fail by a number of different fracture
modes is also striking. The similar effects of microstructure, strength,
slip mode, and other variables on HAC/SCC and LME are also consistent with
a common mechanism, as mentioned in the introduction. Thus, these
observations suggest that adsorbed hydrogen atoms, produced by
dissociation of water or hydrogen molecules, are responsible for HAC and

SCC in the same way as adsorbed metal atoms are responsible for LME.

5.1.2 HAC/SCC at High Velocities

Observations that HAC/SCC can occur at high velocities in materials
with low hydrogen diffusivities demonstrate that adsorbed hydrogen can
produce HAC/SCC. The distance that hydrogen adsorbed at crack tips can

diffuse ahead of growing cracks has been calculated [43] using the
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equation C/C, = erfe (vx/D)%, where C, i3 the concentration of nhydrogen
at the crack tip, C 1s the hydrogen concentration a distance x ahead of
the crack along its line of prolongation, v 1is the steady state crack
velocity, and D is the diffusivity of hydrogen. For C/C° ~0.1, x = D/v,
and for €/Cy ~0.005, x = 4D/v, Interatomic distances are ~3x10'3cm and,
hence, this analysis shows that there should not be significant hydrogen
diffusion ahead of cracks for D/v ratios of less than ~10°Scm, as is the
case for environmentally assisted cracking at the maximum observed
velocities for magnesium, Al-Zn-Mg, nickel, and a-titanium alloys (Table
1). For steels (with D~1076 em2/8), diffusion will produce a hydrogen
concentration of 0.5C, at a distance of about 10 atomic spacings ahead of
cracks moving at 1 cm/s.

TABLE 1
Maximum Observed Crack Velocities, v, for Environmentally Assisted
Cracking and Hydrogen Diffusivities, D, for Various Materials and
Environments at 20-25°C [34].

Material:Environment v D D/v
(em/s) (cm2/s) (cm)
Pure Mg : NaCleK,Cr0y solution 5 [33,34]  ~107% [45)  -2x107'0
Peak-aged Al-Zn-Mg : H,0 1 (29-311 <1070 [us,u71 ~10710
Martensitic steels : H,S(100kPa) 1 (441  1075-108  [ug) $107?
a - T{ alloy : KCl solution 0.3 [9] 1079-10712 {49-52] SIO"8
Ni 200 : H, (100 kPa) 0.1 [32) 2-5x107'0 [53,54] s5x1079

Hydrogen can be transported more rapidly by mobile dislocations than
by lattice diffusion [55-57] but the {nitial velocity of dislocations
injected from rapidly growing cracks (assuming that crack growth involves
dislocation injection) is probably too high for atmospheres of hydrogen to
form around dislocations. The velocity of dislocations Injected from
rapldly growing cracks 1s not known but should be at least as high as the
crack velocity since dislocations nucleated at crack tips will be pushed
into the material by succeeding dislocations nucleated at crack tips. For
a dislocation velocity ~tem/s, the time, t, for a dislocation to move one

atomic distance, a, ahead of a crack is ~3x10'8s, and saturation of the
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dislocation core would require a wminimum diffusivity, (D-32/2t),
-10-8 cmss (57]. Dislocation transport of hydrogen ahead of cracks
would therefore not be expected during environmentally assisted cracking
at the maximum velocities observed for magnesium, Al-Zn-Mg, nickelt, and
titanium alloys. Even if dislocation transport of hvdrogen did occur,
hydrogen would be swept along slip planes steeply inclined to crack planes
and would not accumulate directly ahead of cracks unless hydrogen was
subsequently transferred to other dislocations moving towards the region

ahead of cracks.

The values of D (Table 1I) were generally obtained using
polycrystalline specimens but reflect the rates of lattice diffusion since
possibly faster diffusion along grain boundaries would generally not be
detectable, Studies for nickel [59] suggested that grain-boundary
diffusivities of hydrogen were up to one hundred times faster than lattice
diffusivities but 1t 1is not known whether such an effect (and its
magnitude) is a general one. Thus, diffusion of hydrogen ahead of rapidly
growing intercrystalline cracks cannot be completely discounted. The
values of D were also obtained using unstressed specimens but experimental
data suggest that an elastic stress either has no effect on D [60] or
produces only a small lincrease in D [61]. Theoretical studies also
suggest that a hydrostatic stress gradient (and assoclated gradient in
lattice dilatation) should not significantly increase D for fcc metals,

although large increases would be expected for bcc metals [62].

Lattice spacings in the first few atomic layers at surfaces are
sometimes different from bulk spacings due toc the presence of the surface
and adsorbed atoms at the surface (see 5.4.2). Whether such surface-
lattice perturbations occur at growing crack tips and influence hydrogen
diffusivities in the first few atomic layers i{s not known. However, the
possible presence of hydrogen one or two atomic spacings beneath the

surface, as well as at the surface, does not affect the conclusion that

tHAC in nickel has alsc been observed at temperatures as low as 77K where
neither lattice diffusion nor dislocation transport ahead of cracks should
have occurred [58].
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HAC/SCC at the high crack velocities in Mg, Al-Zn-Mg, Ni, and T{ alloys
must involve weakening of interatomic bonds at crack tips, as discussed in

section 5.3.2.

5.1.3 Absence of an Efiect of Solute Hydrogen on Fracture

The case for an adsorptlon mechanism for HAC/SCC at low velocities,
when hydrogen undoubtedly does diffuse ahead of cracks, is supported not
only by similarities between HAC/SCC at low and high velocities (and
between SCC/HAC and LME) but also by observations which suggest that the
presence of solute hydroger does not produce embrittlement. For example,
the presence of solute hydrogen can produce hardening or softening in iron
and nickel depending on the material purity, temperature, and strain-rate
[63,64] but HAC is observed regardless of which effect occurs, suggesting
that HAC 1s not assoclated with the effects of solute hydrogen on
dislocation activity ahead of cracks [32]. Furthermore, Al-Zn-Mg and
nickel single crystals, thermally or cathodically charged with hydrogen
and tested in air at slow strain rates so that hydrogen would be present
as solute ahead of cracks but not adsorbed at (oxide covered) crack tips,
exhibited ductile behaviour during fatigue precracking and subsequent
overload fracture (Figs 41, 42) [29, 32].

The embrittlement observed in many hydrogen-charged materials tested
in air at slow strain rates can be explained by diffusion or dislocation
transport of hydrogen to, and adsorption at, internal cracks or
interfaces. For example, such processes would account for the small areas
of brittle cracking observed around large voids some distance ahead of
fatigue precracks in hydrogen-charged nickel single crystals (Figs 43, 44)
[32]. Hydrogen diffusion to, and adsorption at, internal cracks may also
be necessary during SCC if hydrogen adsorption at external cracks is
inhibited by oxide films. In such cases, crack growth may be
discontinuous since crack growth may stop until sufficient hydrogen
accumulates at internal cracks. Crack-arrest markings indicative of
discontinuous cracking were sometimes observed on intercrystalline
fracture surfaces produced by SCC in Al-Zn-Mg but were not detected on any

of the other fracture surfaces examined.




(16)

Considering (i' the absence of an effect of solute hydrogen on
fracture, (ii) the lack of evidence for hydride formation and localised
dissolution (in the materials/environments where such reactions are
possible), (ii1) the observations of HAC/SCC at high velocities, and (iv)
the similarities between HAC/SCC and adsorption - {nduced LME, there can
be little doubt that hydrogen adsorbed at the ti{ps of internal or external
cracks 1s responsible for SCC and HAC for the materials and testing

conditions studied,

5.2 Evidence for a Localised-Slip Mechanisa for Enviromnmentally Assisted
Cracking

5.2.1 Metallographic and Fractographic Observations

Strains assoclated with environmentally induced 'brittie' fristures
were smaller and more localised than those associated with ductile
fractures, Nevertheless, slip occurred on planes intersecting crack
fronts, strains just beneath fracture surfaces were substantial (generally
at least -10%), and small, shallow dimples were generally observed on
fracture surfaces produced by environmentally assisted cracking. Large,
deep dimples, with small dimples within them, were generally observed on
ductile fracture surfaces. These observations indicate that
environmentally assisted cracking occurs by a more localised microvoid-
coalescence process than that which occurs in inert environments — a

conclusion first made by Beachem (b6 some time ago for HAC in steels.

The fracture-surface dimples Indicative of a microvoid-coalescence
process for environmentally assisted cracking were sometimes clearly
evident when fracture surfaces were examined by SEM at relatively low
magnifications (<1,000X). In other cases, examination of fracture
surfaces at high magnifications (>5,000X) by SEM was necessary to resolve
small dimples, and often dimples were resolved only in some areas. In yet
other cases, SEM examination at high magnifications revealed predominantly
smooth areas except for isolated dimples and tear ridges. Examination of
such 'smooth' areas by TEM of secondary-carbon replicas, shadowed at low
angles and examined at high tilt angles (Fig. 3), showed they were often
covered with small depressions and sometimes also by closely spaced slip

lines.
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For overaged Al-Zn-Mg single crystals cracked rapidly in aqueous
environments (Fig. 11), the small depressions are undoubtedly dimples
since there were a high density of incoherent precipitates (void nuclel)
and high strains associated with crack growth, The extremely small
depressions observed on cleavage-like fracture surface of peak-aged
Al-Zn-Mg s3ingle crystals (Fig. 12), containing a finer dispersion of
precipitates than overaged specimens, are therefore probably also dimples
since the general characteristics of fracture were similar for overaged
and peak-aged specimens. Accepting this, the observations foér peak-aged
specimens indicate that the microvoid-coalescence process can occur on
such a localised scale that dimples can only just be resolved on fracture
surfaces by TEM of replicas prepared and examined under optimum
conditions — a procedure which i3 rarely used. The small depressions
observed on other cleavage-like fracture surfaces are similar to those
observed for Al-In-Mg and, hence, are probably also dimples, although
voids are probably nucleated predominantly at dislocation-cell boundaries
or slip-band intersections {n materials not contalning a nhigh density of

second-phase particles [67, 68].

Further evidence that the microvoid-coalescence process can sometimes
occur on such a localised scale that dimples are difficult to resolve on
fracture surfaces was obtained from studies of intercrystalline fracture
of Al-Zn-Mg bicrystals in inert enviromnments [31]., Fracture of apecimens
with 'wide' precipitate-free zones (PFZ) at grain boundaries produced
large deep dimples on fracture surfaces, but decreasing the PFZ width,
increasing the area fraction of gralin-boundary precipitates, and
increasing matrix strength, resulted in a progressive decrease in the size
and depth of dimples on fracture surfaces until dimples could not be
resolved in some areas by either SEM or TEM techniques (Fig. 45). There
were undoubtedly dimples which could not be resolved since the above
changes in microstructure should change only the scale of the fracture
process and not change the fracture mode. Clearly, some fracture surfaces
must be closely examined at high magnifications by TEM to determine (f
fracture has occurred by a localised microvold-coalescence process and,
even il dimples cannot be detected, such a proceas cannot be discounted.

Small dimples on fracture surfaces produced in aggressive environments may
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also be subsequently obscured by corrosion or film formation after
fracture. Thus, one cannot conclude, as some workers have done, that
fracture has occurred by decohesion on the basis that fracture surfaces

appear to be flat when examined at hlgh magnifications.

5.3 Dislocation Activity During Ductile and 'Brittle' Crack Growth

The occurrence of a more localised plastic-flow/microvoid~coalescence
process when adsorbed metal or hydrogen atoms are present at crack tips
must be due to an effect of adsorption on dislocation activity. The range
of influence of adsorption is only several atomic distances for metals
and, hence, adsorption can only affect the nucleation of dislocations at
crack tips and the movement of screw dislocations intersecting crack
tips. Such a 1localised effect can, nevertheless, explain all the

experimental observations, as discussed below.

5.3.1 Ductile Crack Growth

Ductile behaviour in inert environments can be explained on the basis
that numerous dislocation sources ahead of crack tips are activated at
lower stresses than that required for dislocation nucleation at crack
tips. Only a few dislocations nucleated at sources ahead of crack tips
egress exactly at crack tips to produce an increment of crack advance (and
opening) — most either egress behind the crack tip producing only crack
opening or just contribute to the general strain ahead of cracks (Fig.
46). Thus, crack-opening displacements are accommodated largely by
blunting at crack tips and by the development of large strains ahead of
cracks, The latter results in the nucleation and growth of volds at
second-phase particles ahead of cracks, and macroscopic crack growth

occurs by coalescence of blunt cracks with blunt voids.

The strains required for nucleation of voids (by fracture of
particles or separation of particle/matrix interfaces) depend on the size,
shape, and type of particle and, other things being enual, voids nucleate
at .ower strains around larger particles. In many materlals, there are
widely spaced large particles with smaller particles between them, and

volds form preferentially around large particles some distance ahead of
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cracks. Coalescence of these large voids with crack tips then involves
formation of smaller voids around smaller particles so that small dimples
between and within large, deep dimples are produced on fracture surfaces
(Fig. 47). Egress of dislocations at and behind crack tips generally
occurs in rather a chaotic fashion so that fracture surfaces are not

usually macroscopically parallel to a low-index crystallographic plane.

5.3.2 Brittle Crack Growth

The occurrence of a more localised microvoid-coalescencé process in
liquid-metal, hydrogen, and aqueous environments than in inert
environments can be explained on the basis that adsorption weakens
interatomic bonds at crack tips, thereby facilitating the nucleation of
dislocations from crack tips so that crack-tlp sources are now actlivated
before extensive dislocation activity occurs ahead of cracks.
Dislocations injected from crack tips on suitably inclined slip planes
produce crack advance (and opening) and, hence, crack-opening
displacements are accommodated mainly by crack growth (Fig, 48a,b).
Dislocation nucleation from crack tips often occurs in roughly equal
amounts on s8lip planes on either side of cracks because any imbalance
would produce a larger back-stress from dislocations previously injected
on the more active slip plane, thereby promoting subsequent dislocation

nucleation on the other slip plane.

This alternate-slip process is accompanied by sufficient dislocation
activity ahead of cracks that some blunting occurs at crack tips and voids
form just ahead of cracks. The coalescence of cracks growing by
alternate-slip with voids just ahead of cracks essentially re-sharpens
crack tips so that macroscopically brittle (transcrystalline) fractures
are produced along a low-index crystallographic plane bisecting the two
active slip planes (Fig. u8c). Crack fronts parallel to the line of
intersection of the crack plane with the slip planes, i.e. <110>
directions in f.c.c. and b.c.c. metals, are also produced by such a
process, 1f crack growth occurs in two <110> directions, steps parallel
to these directions form herringbone patterns (Fig. 49), as discussed In

detail elsewhere [69].

bt
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Smaller strains and smaller plastic zones will obviously be developed
when crack growth rather than crack blunting predominates. Thus, large
second-phase particles some distance ahead of cracks are not enveloped by
the plastic zone until they are close to the crack tip. Preferential void
growth around the larger particles does not therefore occur to the same
extent as occurs during ductile crack growth and, hence, predominantly
small, shallow dimples are produced on 'brittle' fracture surfaces
(Fig. 50). Voids can be nucleated by particles as small as -5nm and there
may well be sufficient very small particles to nucleate a high density of
voids even in high-purity materials [70]. In the absence of particles,
voids are probably nucleated at dislocation-cell boundaries and slip-band
intersections {67, 68].

The proportion of dislocations injected from crack tips relative to
those activated from near-crack-tip sources, i.e. the degree of
embrittiement, will depend on the adsorbed specles since different species
will reduce the strength of interatomic bonds and thereby facilitate
dislocation nucleation to different extents. The electronic interactions
between adsorbate and substrate responsible for weakening of interatomic
bonds are not well understood, although it s known that there are
different kinds of adsorption, e.g. weak chemisorption, strong
chemisorption [71]. Probably only weak chemisorption, which weakens
interatomic bonds between substrate atoms without forming strong
directional bonds between adsorbate and substrate atoms, facilitates

dislocation nucleation,

Disloc~tion nucleation from crack tips should occur to a greater
extent when the surface coverage of embrittling adsorbed atoms is larger
since longer surface dislocation sources which require lower activation
stresses should then operate, The effects of hydrogen pressure,
temperature, and strain rate on the degree of embrittlement are probably
associated with changes 1in surface coverage, The propensity for
intercrystalline environmentally assisted cracking is probably due to
preferential adsorption along the line of intersection of grain boundaries

with surfaces {(crack tips).
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The degree of embrittlement should also be affected by the
mlicrostructure since this will determine, for example, the number and ease
of operation of dislocation sources ahead of crack tips. Obstacles to
dislocations such as precipitates probably inhibit extensive dislocation
activity ahead of cracks more than dislocation injection from crack tips
so that the degree of embrittlement is greater in higher strength
materials. The alternate-slip/microvoid-coalescence process requires
smaller strains in higher-strength materials probably also because there
is a higher density of void nuclel and, consequently, 1less distance

between crack tips and voids in higher-strength materials.

The above explanation for ductile versus brittle fracture is
radically different from criteria [72,73] which are based on the relative
stresses required for decohesion at crack tips and for slip on planes
intersecting crack tips. Such criteria lgnore the 1likelihood of
dislocation activity ahead of cracks and predict that brittle fracture
(decohesion) will occur when dislocation injection from crack-tips is
difficult and, conversely, that ductile behaviour will occur when
dislocation injection from crack tips occurs readily. The fracture energy
will, of course, be greater if dislocation injection from crack tips
occurs in preference to decohesion, but whether fracture is ductile or
brittle on a macroscopic scale depends on the distribution of slip around

cracks, as discussed above.

5.4 Other Evidence for a Localised-Slip/Adsorption Mechanisa
5.8.1 In-situ High-Voltage TEM Fracture Studies [(74-79]

Direct observations of dislocation activity during fracture of a
number of materials (e.g. Ni, Fe, Al, Ti alloys) have shown that HAC in
thin folils occurs by plastic flow, not by decohesion. Crack growth in a
high-fugacity, atomic-hydrogen environment and in vacuum occurred by the
injection of dislocations from crack tips, and sometimes involved the
formation of small holes nucleated at dislocation-cell boundaries or slip-
band Intersections just ahead of cracks, However, crack growth occurred
at lower rtresses, and deformation around cracks was more localised, in

hydrogen than {n vacuum, Thus, the introduction of hydrogen around
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stressed folls, containing stable cracks and stable dislocation structures
ahead of cracks, resulted in crack growth involving dislocation injection
from crack tips and intense dislocation activity ahead of cracks.
Fracture occurred predominantly by a mode-III shearing displacement and
involved considerable lateral contraction (thinning) of specimens ahead of
crack tips. Dislocation activity was also 1increased 1in stressed,

uncracked foils when hydrogen was introduced.

It was suggested that the effects of hydrogen on the fracture and
deformation of thin foils were caused by solute hydrogen facilitating
dislocation activity. Various explanations have been proposed [57,7%,80]
for this solid-solution softening but none of them has been definitely
established. For example, segregation of hydrogen to dislocations could
reduce the Peierls-Nabarro stress, enhance the rate of double-kink
formation on screw dislocations, reduce the effectiveness of solutes (such
as carbon) as dislocation pinning points, or produce a chemical driving

force for dislocation motion.

Facilitating dislocation activity ahead of cracks could promote
fracture in foils by facilitating the thinning process which occurs ahead
of cracks. In bulk specimens, on the other hand, where fracture occurs
predominantly by a mode-1 opening displacement, facilitating dislocation
activity ahead of cracks would probably not significantly increase the
proportion of dislocations producing crack growth relative to those
producing blunting, {.e. would not produce embrittlement. Furthermore,
decreases in flow stress in bulk specimens due to the presence of solute
hydrogen are observed only under certain conditions, whereas HAC occurs
under a wide variety of conditions including those where serrated yielding
and hardening are produced by solute hydrogen. Thus, the effects of
solute hydrogen on dislocation activity are probably not significant
during HAC in bulk specimens.

Adsorption-assisted dislocation injection from crack tips, proposed
for HAC in bulk specimens, could also account for HAC in thin foils.
Hydrogen adsorption on foil surfaces (and hydrogen-induced reductions of
oxide films) could also facilitate the movement of dislocations

intersecting foil surfaces for both cracked and uncracked specimens. Most
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probably, both adsorbed hydrogen and solute hydrogen are responsible for
HAC in thin foils, whereas HAC in bulk specimens {s entirely due to
adsorbed hydrogen.

5.84.2 Surface Science Observations and Theoretical Considerations

It was suggested some time ago [81] that dislocation nucleation at
surfaces could be inhibited if lattice spacings in the surface layers were
different from bulk spacings. Recent low-energy-electron-diffraction
(LEED) studies [82, 83] have shown that the spacing of atomsvfor several
atomin layers just beneath clean surfaces i{s often significantly different
from bulk values, i.e. 'relaxation' of the lattice occurs. Occasionally,
the surface lattice even has a different lattice structure from the bulk,
i.e. ‘’'reconstruction' occurs. Relaxation occurs Dbdoth normal to and
parallel to the surface and is generally greater for more 'loosely-packed’
atomic planes where relaxation of the lattice as deep as the fifth atomic
layer has been reported. The spacing of atoms bpelween the first and
second layers is generally contracted (by up to ~22%) compared with the
bulk but subsequent layers may be either contracted or expanded depending
on the material and surface crystallography {84]. Surface relaxations and
reconstructions essentially occur because surface atoms have fewer
neighbours than those in the bulk, and {t is therefore not surprising that
adsorption of some species, by effectively increasing the number of
neighbours around surface atoms, often removes the surface relaxation or
reconstruction. However, adsorption may sometimes produce an expansion of
the surface lattice or induce a reconstruction (82, 85]. Environmental
specles such as oxygen which form strongly bonded compounds with the base
metal are generally incorporated into the topmost or sub-surface layers of

metal atoms, producing an incipient film.

Computer simulations of crack growth [86, 87] have suggested that
dislocation nucleation should be inhibited when the lattice parameter of
several atomic layers around the crack tip is smaller than the bulk, and
should be enhanced when the lattice parameter is large: than the bulk, as
a result of surface stresses induced by the mismatch in lattice
parameters., Thus, clean-surface relaxations at tips of cracks growing in

vacuum or inert gases, and incipient oxide films at tips of cracks growing
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in air, could well be responsible for inhibiting dislocation nucleation
from crack tips so that crack growth occurs by egress of dislocations from
near-crack-tip sources, producing ductile behaviour. (The egress of
dislocations at surfaces is probably less affected by surface relaxations
than dislocation injection from surfaces since the former will be promoted
by an attractive image force and the kinetic energy of dislocations.)
Conversely, the removal of surface relaxations due to adsorption could
well facilitate dislocation nucleation from surfaces so that crack growth
occurs predominantly by dislocation injection from crack tips, producing
'brittle* behaviour. Other theoretical analyses also suggest that
dislocation nucleation from crack tips could be affected by adsorption-

induced changes in the surface stress [88].

Atomistic calculations of crack growth in nickel using an 'embedded-
atom method' [89, 90] indicate that adsorbed hydrogen can weaken
interatomic bonds so that decohesion or dislocation nucleation at crack
tips occurs at a lower stress than that required in inert environments.
Quantum-mechanical cluster calculations for adsorbed hydrogen on beryllium
[{91] suggest that high tensile stresses could be induced in the surface
layers by adsorption thereby facilitating dislocation nucleation. Cluster
calculations have also shown that the presence of impurity atoms can
decrease the electron density between wmetal atoms thereby possibly
reducing their interatomic bond strength [92, 93].

Experimental confirmation that adsorption facilitates nucleation of
dislocations using uncracked specimens is difficult to obtain since
adsorption cannot easily be isolated from other processes. For example,
the stress-strain behaviour of specimens with large surface-to-volume
ratios should be affected by adsorption but removal of oxide films to
enable adsorption to occur, or diffusion of environmental atoms {nto
specimens prior to testing, would themselves influence stress-strain
behaviour, Field-ion-microscopy observations of iron surfaces in the
presence of hydrogen did suggest that adsorbed hydrogen facilitated
dislocation nucleation [94], but other effects may possibly have been

involved.
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Data for the effects of hydrogen pressure, temperature, and other
variables on the kinetics of HAC/SCC have not generally helped determine
the mechanisms of cracking. However, analysis of such data along with
surface-science studies in steels suggest that adsorption of hydrogen
atoms (involving adsorbed molecular hydrogen precursor states) is the
rate-controlling step for HAC, and that there i{s a correlation between the
degree of embrittlement and the surface coverage of adsorbed hydrogen in
some circumstances [95-97]. On the other hand, there are undoubtedly
circumstances where hydrogen diffusion to internal cracks controls the
cracking kinetics [98].

The considerations above generally support an adsorption-induced
localised-slip process for environmentally assisted cracking., However, it
should be noted that the surface-science observations were generally made
using annealed specimens with atomically flat surfaces parallel to low-
index crystallographic planes. The situation at the tips of growing
cracks, where crack-tip surfaces are stepped (due to emergent
dislocations) and not parallel to a low-index plane, 1is probably
significantly different. The theoretical models also necessarily contain
many simplifying features and their relevance to real crack tips is not
known. Nevertheless, further work such as atomistic calculations of the
effects of embrittling and non-embrittling metal atoms (see Appendix I) on
interatomic bonding could provide further insights into the processes
occurring on the electronic scale during environmentally assisted

cracking.

6. CONCLUDING REMARKS

The results reported in the present overview have largely been
concerned with crack growth under sustained or monotonically increasing
loads but similar results have also been obtained for crack growth under
cyclic loading for many of the materials and environments considered
99, 100]. For example, fatigue crack growth of nickel single crystals in
liquid mercury and gaseous hydrogen environments also produces {100} <110>
fracture surfaces with extensive slip on {111} planes intersecting cracks;
the spacing of 'brittle' striations on fracture surfaces produced in

mercury and hydrogen environments was the same and approximately three
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times the spacing of 'ductile' striations produced {n {nert enviromments
(Figs 51,52). Such effects can also be explained on the basis that
adsorption facilitates dislocation injection from crack tips so that crack
growth occurs by an alternate-slip process. For fatigue, deformation
behind the crack tip during unloading resharpens the crack tip and thereby
produces striations [99, 100]. The formation of voids ahead of cracks
(which resharpens cracks growing by alternate-slip under sustained or
monotonically increasing stresses) 1s therefore not essential during

fatigue.

An adsorption~induced localised~slip process for environmentally
assisted cracking could also be applicable to some materials not mentioned
in the present overview., For example, such a mechanism could account for
SCC of (fee) stainless steels where cleavage-like {100} <110> fracture
surfaces, with significant slip on {111} planes intersecting cracks, are
sometimes produced [101,102]. Intercrystalline HAC of austenitic
stainless steels (with hydrogen diffusivities ~10_1‘-10-12cm2/s) in high-
pressure hydrogen can also occur at sufficiently high veloclities
(<1073
first few atomic layers beneath crack tips, are present [103]. An

cm/s) that probably only adsorbed hydrogen, and hydrogen in the

adsorption-induced localised-slip process has also been proposed for HAC
and LME in Fe- and Ni- based amorphous alloys [104,105].

Finally, it should be emphasised that there are many systems where
adsorption is not responsible for HAC and SCC. For example, it is well
established that HAC in hydride-forming materials can occur by formation
and subsequent cleavage of brittle hydrides ahead of cracks [106], and
that intercrystalline SCC occurs predominantly by localised dissolution in
some materials and environments [107]. The formation of brittle films at
crack tips may also result 1in SCC in some circumstances [108].
Combinations of processes or different processes at different stress-
intensity factors (crack velocities) for the same material and environment
may well occur in some cases. Nevertheless, the observations reviewed in
this report show that an adsorption-induced localised-slip process is one
of the more common processes responsible for environmentally assisted

cracking.,
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APPENDIX I

Specificity of LME for transcrystalline (cleavage-like) cracking in
notched specimens of various pure metals and alloys tested in pure liquid-
metal environments at temperatures within 50°C of the melting-point* of
the liquid metal : E - LME observed, although the severity varles widely;

N ~ not embrittled for conditions used [35].

Material Liquid-Metal Environment

Hg Ga In Sn Li Na K Rb Cs
*(-39) (-30) (~156) (-232) (~179) (-~98) (~63) (~-39) (-28)

Ni E N N N E E N N N
Al E E E E

Cu/

a -brass Nt Nt N N

B~brass E E

Fe-Si E E E E

Mg N N E E E E
Ti E N

N.B. Intercrystalline LME occurs in these and possibly other systems
listed as not embrittled. Attempts to understand the specificity of LME
should be based on data for transcrystalline LME since intercrystalline
LME may be complicated by the segregation of (often unknown) impurities at
grain boundaries.
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Figure 1. Graphs of crace Figure 2. Optica. misrogray.
velocity versus stress-intensity of cleavage-ii<e fracturs 3arfase
3 factor for aluminium and titanium of pure aluminium singi-
alloys tested in liquid metal and cracwed  in  1iquaid amilius
aqueous environments, {Replotted ~30°7,
from data in refs 9, 10).
~100nm 60 kv
electrons
AP e =250
’ . e " Small objective apertyre
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not resolved by SEM
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Figure 3. Schematic diagram illustrating the procedures used for the

preparation and examination of secondary=~carbon replicas of fracture

surfaces by TEM, Smaller, shallower features can be detected by this
technique than by SEM,




vapge

Figure 4. ia) Optical micrograph showing extensive slip around 11900;
2leavage-lixke crack {(whicn is filled with the solidified eutectic), and
<y TEM micrograpn of dislocation-cell structure just heneath fracture
surface, in a pure (99.99%) aluminium single crystal cracked in a low-
melting-point liquid Bi-Pb-In-3n-Cd eutectic at ~60°C.

Figure 5. Optical micrograph of fracture surface produced in a pure
aluminium single c¢rystal by crack growth in the liquid eutectic at
-60°C and then by fatigue in air at 20°C, Crack growth in the liquid
eutectic occurred on a {100} plane in two <110> directions so that the
crack front was a V-shape. Closely spaced slip lines parallel to, and
3teps normal to, the crack front are evident,
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Figure 6. TEM of fracture surface for
cracked in tne liquid-alloy environment
and an orthogonal network of slip iines.

a pure aluminium singles crystal
at -o0°Z, shiwing small fimples

Figure 7. SEM of secondary {100} crack, rormal to the primary fracture
surface, in a pure aluminium single crystal cracked in the liquid-alloy
environment at ~60°C, showing dimples on the crack walls.
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Figure 8. Optiecal micrograph of polisned and etcned section showing
slip pattern around a {100} cleavage-like crack in tne interior of a
solution-treated Al-In-Mg alloy (HV-7C) c¢racked in the liguid-alloy
environment at ~-60°C, Estimated strains (determined by comparing the
etched appearance with that 1in specimens given known strains) are
indicated. An optical micrograph of the slip pattern on the specimen side
surface for the same crack {5 shown in the inset.

Figure 9. Optical micrographs of polished and etched section showing
slip pattern around a {100} cleavage-like crack in the interior of a peak-
aged Al-Zn-Mg alloy (HV-160) cracked in the liquid-alloy environment
at ~-60°C,




. orl| S e
;Overload N

Figure 10. (a) 5EM of fracture surface produced by cralk growth in
liquid gallium {at -30"C) and then in alr (when the iinited supply of
gallium Was exhausted) in a grossly overaged Ai-7n-Mg vingle
crystal {(HV-70) , showing river lines and secondary crdacks on the
cleavage-like fracture surface prouuced in gallium, and large dimples on
the ductile fracture surface produced in air, (b) TEM of replica of
cleavage-like area showing small, shallow dimples and in isolated large
dimple, A, which had nucleated a secondary crack, and (o TEM of repiica
of ductile area showing small, stretched dimples within the large, deep
dimples., 1Inset is an optical micrograph =t the precipitate distribution.
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(d) g

Figure 11, SEM and TEM of fracture surface produced in an overags:
Al-Zn-Mg single crystal (HV~100) by rapid crack growth (10 mms! oan
distilled water at 20°C, showing (a) macroscopic, cleavage-~lixe
appearance, and (b-d) microscopic appearance: Y-shaped tear ridges
associated with large dimples, a cracked inclusion (A} within a large
dimple, and very small dimples and closely spaced slip lines between the
ridges are evident. 1Inset is a TEM of a thin foil showing the dispersion
of ageing precipitates.
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Figure 24. SEM of fracture surfaces produced in g-brass single crystals
by {a) s5low crack growth (<1073 mm/s) in distilled water at 20°C, and (h}
rdpii crack  growth (~10 mm/s) in liquid galtium  at -30°C, showing
herringbone patterns,




NaCl + K,CrO,

Figure 25. (a) S¥M of fracture surface produced in a magnesium crystal
by rapid crack growth (~10 mm/s) in a 3.3% Natl + 2% chrou environment
and then by rapid ecrack growth in dry air, (b) and {c¢) areas of fracture
surface At 4 higher magnification tharn in  {a), showing shallow
Ulates/dimples and secondary cracks in are. 5 produced in the salt solution

and large, deep flutes/dimples in areas produced in dry air.

—t . —




Figure 26. TEM of fracture surface produced in a magnesium crystal by
rapld crack growth (~10 mm/s: in the  agueous ironment, showing
. fluted/dimpled area (A) and cleavage-like area {3)., The latter exhibits
T tongues associated Wwith twins.

PR vwar;n.:v-*v,ufm

s I

of fracture surfaces produced in magnesium crystals by
swth (=6 X 107% mm/s) in 3.3% NaCl « 2%, rd, solution at

o1 %y rapid crack  growth (»10 mms) in  liquid  sodim
bt , v.«iny shallow flutes on pyramidal planes.
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Figure 28. SEM of  fracture surfaces preduced in magnesian
TA SI0W orank groWth o (~40X 1ol mm’s; in 3.3% NaCl + 29 X.,ir2,
it y and 4L rapid crack growth D000 mmSs) oin i

at - showling cledavage-lie fracture on basal planes,
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Figure 29. SEM of fracture surfaces produced in Ti 6%Al 4%V alloy by
(a) crack growth (~1071 mm/s) in a 3.5% NaCl + 1M HCLl environment at 20°¢,
and (b) rapid crack growth (>10 mm/s) in liquid mercury at 20°C, showing
fluted regions {A) and cleavage-like facets (RB).

Figure 30. TEM of fracture surface produced in Ti 5%Al 4V illoy by SCC
in the agueous environment, showing tear ridges and small, shallow dimples
on cleavage-llike areas, and fluted region (B,
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Figure 31. SEM of fracture surfaces produced in Al-Zn-Mg bicrystals by
(a) rapid crack growth {(~10 mm/s) in the liquid eutectic at %0°Z and then
in dry air, and (b) slow crack growth {~10"" mm/s) in distilled water and
then by rapid fracture in dry air at 20°C, showing transitions from
'brittle' intercrystalline to 'ductile' intercrystalline fracture. inset
is a TEM of a thin foil showing the grain-boundary microstructure.

Figure 32. SEM of areas of fracture surfaces shown in figure 31 at a
higher magnification: (a) small dimples on LME area, (b) small dimples on

SCC area, and (c) large, deep dimples, with small dimples within and
between large dimples, on overload area.
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Figure 33. SEM of fracture . o f a3 eaauess in 707 =Tnbl alumingan
1iioy oy fal slow crack growt: Toamssloin moist air (20% delative
Gamidity . ert (R0oGiow o erack o owtn (<170 mmp ) o ot id indiam,  at
AtT, showing tear rideenoand oo, atod timples on interarystalline
frret o
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Figure 34. {a) SEM of intercrystalline fracture surface produced in
magnesium by rapid crack growth (~10 mm/s) in 3.3%NaCi + E%KZCPOu solution
and then by overload in dry air at 20°C, showing transition from 'brittle’
intercrystalline to 'ductile' intercrystalline fracture: (b) and (&) SEM
of 'brittle' and 'ductile' areas, respective.y, showing small dimples and
relatively smooth areas produced by crack growth in the salt saolution, and
large dimples, with small dimples within large dimples, produced by cracx
growth in dry air,
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Figure 35. MLt interarystalline  fracture  sorface JRPIRIEE ol
i . . Switnodin the  aguesus  envizon , ShCwW Ty

shatoow flates (21, Gnsl smald

'
Figure 36, SEMO L intercrystalline  foqcture oo P
L LTty rapld erack growth Dot O mmdsgoon Dagat o s anal '

oW e ol dimples,
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Figure 37. SEM of fracture sur{aces produced in Loa o .
290°C  (HV~570) by (a) rapid crack growt™ 1omm o0 i= Ly mer ey,
crack growth (-1072 mm/s) in gaseous hydrogen “10lwiao, oan . v

fracture in air, at 20°C, Dimples Are generdas .y STaLler ann St
after HAC and LME than after ovrricad,




ey e

Figure 38. JEM of fracture surfaces
D ¥

FERDI R
dimples

4 Uy LA) rapid ordack growth
3 N2 B . . s -2 ; i) .

crace  growtn (19074 mm/s) in

showing tear ridges and isolated
fanets,

produced!

P Dhre o steel Le it
(>iomm/ sy in Llguald e I
Aydrogen  (10ikPai, it

(9341

thrittie’  interorystal.ine




Figure 39, SEM of fracture surfaces prodaced in Ofas st Sempere g

nbO°0 (HV~e00) by f(ai rapld orack growth ! Yig, ,

and ih) cracw growth (<1077 mmSS) in gasegn S, ,
snowing dimpled intercrystalline farets,

=Mool fractuare surface et ! ! o it

Eracking LUl meroae s at i s, gl Hmpoie .

aRre foL cessive sy 1 - i Ay Corl

Laterorystaline oo
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Figure U5, SEM and TeM of intercrystalline fracture suarfaces praoduced
hy averload fracture in dry air at 20°C in Al-Zn-Mg nicrystals with .al
wide  precipitate-free zone (PFZ)  and  widely spaced  gradn=boun tary
precipitates (GBPY, (b) narrow PFZ and more closely spaced GBP, ani -
very narrow PFZ and even more closed spaced GBP. Dimples of variaus 5:i.208
and depth, are evident in (a) and (b}, but only fine slip lines and
impressions of precipitates are clearly visible in {c¢). Nole that the

magnilications are different in “a), (b), and (¢I.
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DISLOCATION EGRESS
AROUND CRACK TiP ;6

Figure 46. Schematic diagram 1llustrating the mechanisn  of
crack growth: Egress of dislocations nucleated from neidr-oracc-tip
(A} exactly on planes intersecting crack Lips produce =an 1
2rack advance, A a, but dislocatinns 2manating from scurces
oroduce anly opening or contribute to the general strain anoad »f
In other words, most disleecations prodiuce cerack Llunting rathes than oraoe
growth. (Disglocdation nueleatioan from crack tips does not ~oogpe o
stgnificant extent).

DISLOCATION EGRESS .~
AT CRACK (AND VOIDS)

" SMALL LARGE
VOI0S VOID
“ £ / ¥ 4

OAg\‘ooo 0

SMALL AND LARGE
PARTICLES

INERT

CRACK ENVIRONMENT

SMALL DIMPLES \
WITHIN LARGE, DEEP DIMPLES
AN

e PLASTIC ZONE -

Figure U7, sehematio A1 ram showing the Peact oo-nef oo
crofcles,  and disteination of  volds  abeend of oyt I
LTt Ly oegress of ddislomations aroand o o
it e it erack btipe and large ol deved g
ot etensive vl mmeleation and geawth e
. A sund e larger partieles, LA, ee iy
Hmples Jitain them arsa tierelore pec bgeed on
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48. senemat o fiagrams Iilustrating  tae adsorption-indume
E Lip oprocess for o environmentally assisted cracking: il
AT AN yarogen  atoms  fand possinly nydrogen atoms oin o tne Dirs
atomin Lavers) wedken lnteratomic bonds and thereby facilitate the
Ty ement F atoms disiocation nunleation) at  or4o< Lips,
diioecativn injection from o the crack tip first on plane 5, and taen
soane L prodazes an increment  of  orack  advaace, 4a, ani 20
disincation activity {not shown) occurs anead of cracks producing voi
And craexks groding by alternate-slip coalesce With voids so that
macruscopiz fracture plane bisects the active slip planes. Cracx fronts
are 4ls0 parillel to tne line of intersection of s5lip planes with
Crack pianc = 30e Flgure 49,
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Figure 49, Diagram illustrating the formation
on fracture surfaces of fcc and hee materials
in two <110> directions, and involves different
side of a central spine. The fracture surf{aces
spine are tilted with respect to each other, and
geometrically  ~e2lated to  the crack-tip-opening p
Tan u/2. Cos 45°)  Cracxk growth by an alternate-slip mechanisn regricagg
tne cracx faces t2 rotate about 4 <110> (2raok-frontd axis 1, wWhen
oraexs in oadjacent areas grow in Lwo mutually ortnogonal direstions, thls
2an only occur 1f the crack front breaks up iato 3mall segnents separ
Ly steps. These steps, pa~allel to the dire2tions >0 o WoOEPOWLT
sihaer side of the splne, are responsinle for the nerringbone fattarns,

nErringhone  pattons
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Figure 50, Senemat b diagram showing the fracture-sarface and orace=40;

oelooe o anes doaneihation of o volds oanerd of  toriltle' aracks grow

Pl oy Ly cotion of disiozations from o ack Lips,  Tompared with

Tt craven Rrgs BTy, less o nlanting ocours at o ordck tips, strains
O B car are dower, ol valdy odre Formed  aaly o ot thead  of
[T manl, shallaw dimplas are theroCore prodacsd an Cegot gee
iU ey
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