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ABSTRACT

Adsorbed surface-active species can influence the strength of
materials by affecting cohesion and dislocation behavior at the surface,
and possibly by affecting dissoluticon behavior in milidly corrosive environe
zents, In this paper, these and other possibilities are discussed in
connection with such phenomena as liquid metal embrittlement, stress-
corrosion cracking, complex-ion embrittlement, Rebinder effects, the
adsorption..iocking of dislocations, and the photo- and electromechanical

effectis.

To be published in the Proceedings of the U.S. Armmy Materials Research
Conference on "Strengthening Mechanisms - Metals and Ceramics", Sagamore,

New York, August 1965.




1. INTRODUCTION

The materials scientist's approach to the problem of proaucing in-
creasingly strong materials, or materials of improved strength-to-weight
ratio, has been largely confined to manipulation of the metallurgical
variables, composition and structure. However, the strength of a material
also can be significantly affected by the chemical variable, envirormentl.
This paper will be particularly concerned with some of the intriguing and
important variations in mechanical behavior associated with the adsorption
of certain surface-active species on stressed materials. In many instances
the mechanisms involved are not fully urderstood, so that some of the hypo-
theses to be presented must Le considered speculative in nature. In brief,
however, there appear to be three ways in which an adsorbed surface-active
species can affect strength (i) by reducing the surface free energy, or the
cohesion of & sclid locally (1i) by adsorbing at and affecting the behavior
of dislocations at *he surface, and (iii) by affecting dissolution behavior
in a corrosive environment.

The first of these possibilities has received most attention in the
past. 1In particular, several workers‘?'l+ have proposed that the phenomenon
of liquid metal embrittlement* is associated with a reduction in the surface
free energy of the solid metal by the adsorbing liquid metal species. Since

surface free energy is defined as the work necessary to form unit area of

*
Throughout the text, the term embrittlement is used to denote a reduction
in strength or ductility; it is not meant to imply that the fracture process

necessarily occurs in a completely brittle manner.
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surface by a process of division5, such a proposition is undoubtedly correct,
but it also is not particularly 1nfomative6. It does not provide any in-
sight into the mechanism of embrittlement on an atomic or electronic scale,
nor does it account for the specificity* of the observed phenomena.

In view ot tne llmitaticnc of the reduction-in-surface free energy
hypothesis, it has been suggested that it might prove more worthwhile to
consider that embrittlement is associated with a localized reduction in co-
hesion in the vicinity of certain chemisorved species6'8, and then to seek
an understanding of the manner in which such an effect could come about.
Cohesion could be reduced locally by irducing a redistribution of the bond-
ing or valence electrons between nearby ions in the surface layers. Such a
rhenomenon might be expected to influence dislocation motionl, and also the

initiation »10 and propagation6’8’ 1,12

of cracks. Some evidence for such
effects will te presented beluw., However, the electronic interactions in-
~olved in the chemisorption of various species on metals are oot et all
underst.ood:Lj , and only recently have attcmpts been made to understand such
effects in the semiconductor m&teria.lalh.

The second possibility is based on the hypothesis that, since the
mechanical behavioi of most crystalline solids is governed by the generation
and motion of dislocations, tiic most direct manrer in which an adsorbed

species could affect mechanical behavior would be by interacting with the

dislocations where they meet the aurfacelﬁ. As a result, cne might expect

*
For example, gallium embrittles cadmium but not magnesium; mercury emurittles

zinc but not cadmium, etc.
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the operation of surface sources’”’ , the core structure of dislocations
at the surfacel5’ 17, and the cross-gliding of screw dislocations near the
m.era.cels“l8 to be affected, with ccnsequent variation in the ylelding be-
Lavior of the material,

The third poseibilitv is based on observations of the effects of
edsorbed step-poisons on the dissolution behavior of solids in mildly
corrosive environments, and in particular of their ability to cause tunnel

corrosion, i.e., the formation of "etchotunne 18" 0?20

, Fig. 1. This fom
of dissolution may be relevant to stress-corrosion cracking in certain
metallic alloysl, and the presence of such stress concentrators in notch-
sensitive (high-strength) materials would certainly be deleterious.

These possibilities will now be considered in connection with recent

experimental observations on environment-sensitive mechanical behavior.

2. EFFECTS OF ADSQRPTION ON COHESION

Recent thinking on the mechanism of liquid metal embrittlement has
been based on the hypothesis that embrittlement results from a localized
reduction in cohesion of the so0lid metal due to chemisorption of the liquid
metal at regions ¢f strain in the lntticeé'B, e.g., at a stressed crack tip.
While it is difficult to devise experiments to evaluate this reduction-in
cohesion hypothesis directly, studies utilizing the Jouble cantilever cleavage
technrique demonstrated that whereas some 90 ex-gﬂ/cm‘:2 is required to propagate

& cleavage crack in zinc immersed in liquid nitrogen, only some 50 ergs/-::m2 is




Fig. 1- Illustrating tunrel-corrosion in litniur fluoride. (a)
platelets and a negative-whisker in cross-section (b) tunnels associated
with a sub-btoundary. Transmitted light. The etchant vdas 2-5 x 107N
stearic acid in water. (After Westwocd and Rubin'd,)

Negative -
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required to propagate & similar crack at room temperature in thc presenct
of mercury, Fig. 26. Since the value of 90 ergs/cm2 is considered to be the
true surface free energy of the basal plane in zinc, this result suggests
that a genuine reduction in cohesive strength of the "bonds" across the
basal plane does occur in the presence of mercury*.

The same investigation6 also provided evidence to support the view
that in ccrtain adsorption-induced embrittlement phenomena, the total energy

involved in prcpagating a crack, ¢_, ~an be represented as the product of

P)
the terms Yor Py and 7 ; Ty being the true surface free energy of the frac-
ture plane; p being defined as (ap/ao), ap being the actual ra.diu§ of the
crack tip and aO the interatomic distance across the fracture p,].a.ne - thus

p is a dimensionless variable dependent upon the degree of plastic relaxa-
tion in the vicinity of the crack tip; ani - teing termed a "coefficient of
embrittlement", and defired as the ratio of the energies rcquired to separate
base-petal atoms at a crack tip in the presence and absence of the emorittling

species. The significance of this relationship is that ¢_ is a multiple of

P

J‘bRecent studies of the variations in electrical couductance, ferromagrctic
moment and ferromagnetic anisotropy of tungsten, iron and nickel with chewmi-
sorption of cxygen, carbon monoxide and nitrogen have indicated that these
species weaken the binding of the metal surface atoms; hydrogen dees notn.
It is pcssitle thet such techniques could b advantageously applied Lo the
protiem of liquid metal embrittlement in certain systems. Incidentally, the
citservation that hydrogen did not reduce swrface coieslion suggests that the

adsorption of hydrogen may st be an important factor in thé hydrogen embrittle-

ment of steels.
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Yo’ and not the sum of two independent terms of Yo and pe; 2 being the
energy disipated by plastic relaxation in the vicinity cf the crack., Thus
if y_ 1s reduced by the factor 7 (v, veing < 1 for an embrittlinrg environment),
then QF i1s reduced in proportion. For the zinc-mercury couple at 2980}(,
n was determined to be ~ 0.0, and for the zinc-galli'm ccuple at the same
temperature, n was (.43,

The value of the ratio - can alsc be estimated from crack initiation
studies on liquid metal-coated, coarse grained specimers oy means of the
relaticnship (oF ‘/of )-2 = 7; where g, is the trittle fracture stress of

TALD
specimens of metal A when coated with liquid metal B, and o, 18 the flow

f
3 A

stress of solid metal A Froo. such studies, the valwe of 1 for the zinca-

mercury couple at roci *rmperatwre was again found to be ~ U.H0,
cl
Recently JStcleff ¢t al. = have =stimated the value of 7 for the
Fe420-24V alloy-mercury >cuple ty means of the mletionship
= uq},k {o K ; O velng the appropriate fracture stress, and « thne
air’ °F
grain size Jdependencze of the flow strss. For this system,n was = .77,
Ouservaticns o several liquid metal embrittlement couples have
esta.lisned that the "mechanical” prerequisites for vatrittlement am a
nsile res. Wd eltier Fre-existiingeg oracg, ¢or sume measure o iastic
tensile st , and eit 8 % isting orack, 5 a8 {f plasti
defermation and the presence ¢f 8 statle costaci~ te dislocation zmotion in the
lattice 2", In ~ther words, a concentratod tensile stress resulting in
nighly strairned tonds across the {reacture plan:. It (s alsc known that metlals
which under cquiliiriwe (wnstressed} coniiticns oxnirit very limited mutuai
affinity - c.g., 2ittle or nc soldd solutilit - and an atsonce of inter-

pmetallic compound f-routicr - under stressed coniiticns oftern zenstitute
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z
embrittlement couplesgj . The cadmium-gallium and iron-cadmium systems pro-

vide examples of this behavior. Whether from this it may be inferred that
the embrittiement mechanism involves a "strain-activated" chemisorption
process6 s as yet uncertain,

The emplrical rule that systems which fcrm stable intermetallic com-
pounds tend not to exhibit embrittlement phenomentztg3 also is in accord vith
the reduction-in-cohesion theory of embrittlement, for the adscrption of
liquid metal atoms which were capable of forming strong intermeteallic bonds
with s~1id metal atoms at, for example, a crack tip, would be unlikely to
reduce the energy required to propagate this crack and thereby induce brittle
behavior. Indeed, the converse wculd appear more likely. This conclusion
suggests o possible means of inbibiting liquid metal embrittlement in cer-
tain systems. Suppose that it were expedient to use a cerfain liguid metal
B as a coolant for a component of solid metal A - but that wider conditions
cf stress these twe metals constituted an embrittlement couple. It s
suggested that the addition of a soluble element C to the liquid metal B,
element C being chosen because of its known tendencies to fom high melting
point (strongly-bonded) intermetallic compounds with solid metal A, might
inhibit embrittlement i - stem., Inhibition could result eitner f'rom
the simple screening of A frce B by C, caused by preferential adsorption of
C on A; or as a result of the formation of "strong" A-C bonds at, for cxample,
a crack tip, effectively reducling the ability of the crack to propagate under

the applieu stress.
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Preliminary experiments to evaluate this possibility have been en-
couraging. For example, barium is slightly scluble in liquid mercury at
mom temperatwre, arnd is known to form stable intermetallic compounds with

2l

zinc, such as anBBB . Thus the addition of a small amount of barium to

mercury might be expected to reduce or inhibit the embrittlement of zinc by
percury. Such an effect has veen observedzs. The fracture stress of poly-
crystalline zinc specimens amalgamated with pure mercury was 0.59 + 0.15 Kgﬂmmz;
the fracture stress of similar specimens coated with mercury containing 0.3

a/o barium was 0.98 + 0. % Kg/bm? - about a 70% improvement,

Embrittlement phenomena apparently involving a localized reduction
in cohesion associated with the adsorption of an active species also have
been observed for non-metallic materials. For example, when polycrystalline
silver chloride is exposed to environments containing highly charged complex
ions, such as 6N sodium chloride containing AgClE- ions or concentrated
> ions, its fracture mode changes from

5
.y s . 10 "12, 26
dunrtile and transcrystalline to brittle and intercrystalline . Both

hydrochloric acid containing CuCl

positively and negatively charged complexes can cause brittle benhavior, and
it has been found that the degiee of embrittlement increases with concentra-
tion of the critical complex species present in the environment; increases
with charge on the complex-ion; is a function of the distribution of charge
on the complex; and for negatively charged complexes, is very sensitive to
the appiled stress, Fig. 3. Embrittlement by silver chlorocomplexes can be
prevented by the addition to the environment of such inbibitor-ions as Cs+

\ + + 2+
and K+ (Fig. L), Zn2 » Cd2 and Hg“ etc. Such ions either interact with
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BRITTLE FAILURE |DUCTILE FAILURE
l

0,000 }5 ¢ AIR

]

v 2N NaCl
V1IN CsCl

0 3N NaCl
A11.8N HCI

A 6N NapsSo03
O 6N NaCl
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Q
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!
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TIME TG FAILURE, tg, IN SEC
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1 | | ] | 1

600 800 1000 1200 1400
STRESS IN GM/MM?2

Fig. 3- Effects of applied stress and enviromment on the time to failure of
polycrystalline silver chloride at room temperature. Note variation in degree
of embrittlement with concentration of aqugous sodium chloride, the effect of
presaturating 6N sodium clloride with AgCly™ complexes, and the stress
sensitivity of the phenomenon in the latter enviromment, (Westwood, Goldheim
and Pughl?,)
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Fig. 4- Inhibition of embrittlement in a 6N chloride environment resulting
from the replacement of Na‘t ions by K' Oi Cs ion3a. The applied stress was
600 g/amf. (Westwood, Goldheim and Pugh
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(screen) the negatively charged'complex ions, effectively reducing their
charge, or cause a chemical breakdown of the critical complexes, forming
less embrittling species. Monocrystals also can be embrittled, providing
that they contain a pre-existing crackll.

The results of metallographic studies of this phenomenon are parti-
cularly interesting. Figure 5, for example, illustrates the observation
that when a polycrystalline specimen ie¢ deformed in an embrittling environ-
ment, cracks are formed only where slip bands are arrested at a grain boundary,
and that they then propagate in an intercrystalline and relatively brittle
mannerlo'12’26. Other observations revealed that cracks were not formed when
the stress field assoclated with an arrested slip band was relieved by slip
in the neighboring grain—-! -2,

On the basis of these and other observations, and bearing in mind

that bonding in silver chloride is partially covalent27’28

10,12

, 1t has been
proposed that embrittlement is associated with the adsorption of complex-
ions of high charge in the vicinity of strained swrface bonds. More speci-
fically, when & highly charged complex-ion adsorbs at the site of an ion of
opposite charge, the distribution of shared or bonding electrons butween this
ion and its neighbors is likely to be considerably perturbed. If che pertur-
bation is such that cohesion is reduced locally, as seems to be the usual
case, then, in the presence of an applied tensile stress, embrittlement will
result. This essentially simple hypothesis 1s consistent with all the
experimental observations made so far, and also successfully predicted that
complex-ion embrittlement phenomena would not be manifested by relatively

"pure" ionics, such as sodium chloridelP, since there are no "shared" elec-

trons to be affected.
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Fig. 5- Polycrystalline silver chloride stressed at 300 g/m2 in solution of
3.8N CuCl, in 11.8N HC1 containing copper chlorvcomplexes (probably CuCl<~);
demonstrating that cracks are initiated where slip bands are arrested at’a
grain boundary, as at A, and propagate in a brittle, gntercrystalline manner,
as &t B. Transmitted light. (Westwood and Goldheim<©.)
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Recent studies have also demonstrated that adsorbed water can play
a more significant role in detemmining such surface-sensitive mechanical
properties as microhardness and fatigu: strength than hitherto credited.

For example, Westbrcok and Jorgensen29 » 0

have studied the time dependent
microhardness observed when such covalent or ionic materials as germanium
(Fig. 6), alumins, titanium carbide, magnesium oxide and lithium fluoride
are tested in (moist) air. They found that this dependence dirappeared
when the specimens were pre-heated to desorb water films and then tested
under "dry" toluene. Metallic materials, such as copper, NiAl or tin, did
not exhibit such effects.

Westbrook also has demonstrated that such phenomena as ihe photo-
mechanical (Fig. 7(a)) and electromechanical (Fig. 7(b)) effects in semi-

conductors are also related to the presence of adsorbed water filmsx) .

The mechanisms of these phenomena are not yet clear. HoltlT has
suggested that they involve an adsorption-induced change in the core struc-
ture of dislocations in the surface layers; this possibility will be dis-
cussed in section 3. Another possibility is that an adsorption-induced re-
duction in surface cohesion is involved. For scmiconductor materials, the
chemisorption process is considered to involve the localization of electrons

or holes in chemisorption bonds at the surface 51. Since either illumination

by light of some characteristic frequency, the prescnce of an external field,

’The photomechanicel effect is the change in surface hardness cf & material
when it is subjected to illumination; the electromechanical effect is the

change in surface hardness of & material when a small pctential (< C.1V) is
impressed between the indentcr and test surface, or a low current (< 10C MA)

is passed through the specimen.




HARDNESS IN KG/MM?2
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) ] 1 |
1 5 10 50 100

TIME IN SECONDS

Fig. 6~ Illustrating the time dependence of hardness (anml%p creep inden-
tation effect) of germanium in (moist) air. (After Westbroox™.)
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(a¢) PHOTOMECHANICAL EFFECT IN Ge
pv—e - —0
900} ¢
® IN "DRY" TOLUENE
800} o iN MOIST AIR
700
N
b
2 600}
‘Q - —O— o
P4 1 ] 1 1 1 1 1
< 500
w O 50 100 , 150
a LIGHT INTENSITY IN LUX x10
<
e (b) ELECTROMECHANICAL EFFECT IN Ge
< S -@ °- .
T g900f d
e IN "DRY" TOLUENE
800{- o IN MOIST AIR
700}
600 —O0— O
] 1 1 i 1 1 1 1
500% 0.2 04 06 08

CURRENT IN M.A.

Fig. 7- Demonstrating the influence cf adsorbed water on (a) the photomechanical
effect, and (b) the electromechanical effect in & germanium crystal. The
"woist™ air vas of 40% relative humidity. (After wegthrook D, )
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or the passage of a current is likely to affect the relative surface concen-
trations of these electron and holes, these factors also will affect the
degree and type of chemisorption occurring. If, in turn, the chemisorption
process affects cohesion, then it seems reasonable that in the presence of
water vapor some variation in surface microhardness would occur with type
of illumination or the passage of a current through the specimen,

Adsorted water molecules also can affect the strength of metallic
materials. For example, Nichols and Rostoker have recently investigated
the effects of adsorbed organic ligquids on the fatigue life of high strength
steels? . A systematic variation in lifetime with chain length of the
organic molecules was noted, Fig. 8, but water was found to be the most
effactive embrittling envirorment evaluated. Moreover, vhen a strong de-
hydrating agent (CaSOh) was added to the organic environments, reductions in
strength were no longer observed - compare the data for ethyl alcohol in Fig. 8.
On the basis of these and other chservations, it was concluded that the reduc-
tions in strength observed in the organic liquids were in fact related to the
adsorption of weter on the surface of the test specimens, and not to the
adsorption of crganic polar molecules as earlier proposed by Xarpenko ard co-
vorhers} 3 . The relationship between chain length of the alcohol and fatigue
life i1llustrated in Fig. 8 cen be interpreted in terms of the known decrease
in solubilsty of water with increasing molecular weight of the alcchols.

The decreases in the mechanical propertics of metals apparently asso-
ciated with ihe adsorption of long chain fatty acids, amines and alcohols
I'rou organic solvernts have long been a ource of controversy among 2xperi-

15, 333

menters Such phenoTens are Wsua. .y m:i’rred to as Rebinder effects,
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Fig. 8- Variation in fatigue 1if¢ of a'modified AISI-4 30 steel when tested in
several primary alcohcls, and in wvater. Note effect of dehydration with CaSQj
on fatigue life in ethyl alcohol. {After Nichols and Roatoker X, )
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and Rebinder and his co-workers have suggested that they are a consequence

of the decrease in surface energy which accompanies adsorptionﬂ’ jh.

Several workers>? >'?% have unsuccessfully attempted to reproduce the de-
crease in yield stress reported to occur in a surface-active mediun”’uo.
However, some variations in the rate of work hardening of aluminum and copper
crystals when tested in paraffin oil containing different concentrations of
stearic acid have been observed)9 . These results exhibited marked similari-
ties with othcirs obtained in solvent enviromments, and thus it has been
suggr*stedy tbat fatty acid molecules react at the surface of the metal to
form metal soap molecules, and that these then desorb into the environment.
The rate of surface dissolution is thus a furction of the concentration of
fatty acid molecules in the enviromsent, the rate of reaction at the surface,
and the rate of desorption of the soap molecules. Significantly, no effects
wer= cbserved when the pareffin oil was presaturated with the appropriete
metal stearate, and no effects were cbserved with gold crystals. It is known
that gold soaps are not no'mally formed because the free energy required is

too large“l .

3. EFFECTS GF ADSORPTION ON DISLOCATION HEHAVIOR

A freshly-cleaved surtace of lithium fluoride is clean, oxide-free,
and contains the half-loop surface sources which are known to control sut-
sequent ylelding behavior. Thus it i{s an idecal zaterial for examining the
nyjvthesis tnat if adsoroed surface active moleci'es affect mechanical te-

335 %

tavicr, as suggested ty Retinder and co-workers , they may do 80 by inter-

acting with disiccations where the latter meet the b\;rf&:el5. From
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considerations of the model’ illustrated in the inset to Fig. 9, it war
concluded:L5 that in the presence of adsorbed polar molecules, such as

the fatty acids, the operation of half-loop sources should be hindered,

and that the yield stress of lithium fluoride should therefore be increased
(not decreased as suggested by Rebinder and Likhtmanho). This restraining
effect has been termed "alsorption-locking", and an estimate of the magni-
tude of such locking can be made by use of the relationship AT = 2H/b2-z_:
where, Fig. 9, AT is the increase in stress required to move the screw com-
ponent A-B of a half loop because of its adsorbed polar molecule; b is the
Burgers vector of the dislocation; f is the length A-B; and H is the heat of
adsorption of the fatty acid molecule on lithium fluoride 15. Assuming

b = 2.85 x 10'8cm, L =10p and H = 14 x lO"3 ergse (~ 20 K cal/mole), AT is
estimated to be of order 35-40 g/mmz.

Experimental confirmation of the existence of adsorption-locking
is shown in Fig. 9; the increases in yield stress observed averaged about
16 g/mma. However, such increases were then followed by a decrease in the
rate ¢f work hardening. Metallographic observations revealed that the latter
effect was caused by difrerences in dislocation distribution between speci-
mense having locked and unlocked surface sources.

In other 3tudies it was found that solutions of fatty acide in water
can serve as disloéation-reve&ling etchants for lithium fluoride, and that
the Clh - ClB acids are particularly useful for they are capable of reveal-
ing the points of emergence of screw aislocations cross-gliding under the

action of residual stresses in the crystalla, Fig. 10. Now according to the
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Fig. 9- Effect of adsorbed caprylic acid molecules on the yleld and flow
behavior of an as-cleaved lithium fluoride crystal. Inset illustrates

adsorption-locking concept. (Westwoodl?,)
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The inset provides an example of the dislocation tracks studied. (Westwood 2.
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adsorption-locking hypothesisl5, 8 dislocation is pinned when & polar mole-
cule adsorbs on its emerging end, but is free to move when the molecule
desorbs. Thus the rate of cross-gliding, or "tracking", should be inversely
proportional to the fraction of time for which the dislocation is locked by
an adsorbed polar molecule. This fraction can be controllied by the concen-
tration of polar molecules present in the environment - the higher the con-
centration, the greater the fraction of time a polar molecule will be ad-
sorbed at the dislocation, and vice versa. Figure 10 presents data from
observations on four individual dislocations, and demonstrates that tracking
rates were greater in the more dilute solution, as predicted. These data
provide an interesting example of the environmental control of an individual
lsttice defect,

Recently, some possible examples of adsorption-locking effects in
metal systems have been observed. During a study of the embrittlement of
copper foils by molten bismuth involving electron transmission microscopy,
Vookb'2 noted that as dislocations were nucleated and moved away from a crack
tip, liquid bismuth was pulled along with them. When the surface tension
forces of the liquid bismuth finally overcame the apparent attraction of the
dislocation, the bismuth film snapped back into the liquid reservoir, and the
now free dislocation moved away at a much greater velocity. 1In other studies

43 has observed that hardening occurs in

on liquid metal embrittlement, Tint
the micro-strair. region when brass is coated with mercury. Such an effort
could result from the pinning of surface sources of dislocations by adsorbed

mercury, although other explanations also may be suggested, e.g., & "hardening"

\L,*;%i:-“ .ﬁ;;,, . PRy S
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of the surface layers to dislocation movement as & result of preferential
removal of zinc by mercury.

The alternate possibility that liquid metal embrittlement involves
inhibition of plastic relaxation in the solid by the liquid metal, for
example at a crack tip, so that an otherwise ductile solid is induced to
behave in & brittle manrner, has been suggested by Meakinl6 and Gilmanuh,
and also considered independently by Westwood and Kamdaru5. In the crack-
tip example cited, the model assumes that crack-blunting dislocations are
generated prima.lly at the surface in the vicinity of the crack tip, rather
than in the bulk ahead of the crack tip, and that the presence of an "active"
liquid metal can severely restrict the generation or operation of such
surface-sources. On this hypothesis, however, one would exwpect that those
liquid metals which are most strongly adsorbed on the solid metal would pro=-
duce maximum source-locking, or inhibition, and hence maximum embrittlemert.
Thus, for example, those systems in which solid metal A and liquid metal B
exhibit relatively low solid solubility, perhaps because of size factor con-
siderations, but an otherwise high mutual affinity, as evidenced by a marked
tendency to form intermetallic compounds, should constitute embrittlement
couples. In practice this is not so - systems which exhibit intermetallic
compound formation rarely exhibit embrittlement phenomenaaj. Indeed, some
of the most severe examples of embrittlement occur in systems where even the
two liquid phases are immiscible, e.g. cadmium-galliuma.

Another way in which an adsorbed species might affect strength is by

causing some change in the core structure of dislocations at the surface ard

thereby affecting their mobility. Such a possibility has been considered by
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Hol't;l7 in connection with the photomechanical, electromechanical and anomalous
creep-indentation effects observed in semiconductor materials, Figs. 6 and 7.
Holt's suggestion is based on the hypothesis that dislocations in covalently
bonded crystals contain broken or "dangling" bonds, which can lower their
energy either by acting as electron acceptors, or by becoming involved in re-
arrangements which prouuce dragging points and reduce dislocation mobility.
These are mutually exclusive alternatives; any change in the fraction of
dangling bonds which are occupied by electrons changes the number of dragging
points, the mobili.y of dislocations, and bence hardness. Now it is known
that the adsorption of water induces a negative surface charge in gema.niumlb N
and therefore changes the density and distribution of electrons in the sur-
face stetes. Thus it does not seem unreasonaovle to suppnse that such a
phenomenon might in turn increase the ratio of occupied dangling-bonds to
rearranged~bonds, increasing dislocation mobility, and hence reducing hard-
ness, as demonstrated in Fig. 6. On the other hand, anomalous indentation
creep effects also have been observed in ionic crystals such as lithium
fluoride and magnesium oxidejo « It would appear, theretore, that the mechanism

proposed by Holt cannot be the general mechanism for these phenomena.

L, ADSORPTION AND STRESS-CORROSION CRACKING

At the present time, there does not appear to be any evidence which
suggests, unambiguously, that stress-corrosion cracking involves an adsorp-
tion mechanism of the type thought to be involved in liquid metal or complex-

ion embrittlement, namely, an adsorption-induced reduction in cobesion
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at regions of stress concentration. However this possibility was investigated
recem‘.lyh&)'i8 when, bearing in mind the complex-~ion embrittiement of silver
chloride, it was recalled that complex-ions play a significant role in the
stress-corrosion cracking of q-brass in ammonia environments@ 0, It vas
found that preconcentrating an aqueous ammonia environment with Cu(NH})‘;+

ions reduced the time tc failure of polycrystalline brass specimens at a

given stress by two to three orders of magnitude, Fig. lll“8

(note the similar
effect of preconcentration in complex-ion embrittlement phenomensa; compare
the curves for 6N sodium chloride in Fig. 3). However, subsequent experi-
ments, such as weight loss determinations, revealed that embrittlement in
the a-brass-ammonia system is not adsorption but dissolution controlled, and
that more than one embrittlement mechanism is operative, the specific mechanism
depending on the concentration of Cu°', OH and Ni, ions presentT. For ex-
ample, in environments containing > 3 g/l cut ions, embrittlement is caused
by the repeated formation and rupturing of a brittle surface layer or
"tarnish"™ 1?72, For environments containing < 2 g/l of ont ions, the em-
brittlement mechanism is less certain, but is believed to involve dezincifi-
cation of the brass oy reaction with the copper complexes. This may cccur
preferentially at piled-up groups of dislocations in the vicinity of grain
boundaries, as indicated in the electron microscope observations of Tromans
and l‘mt‘-:.:Lng53 .

However, the presence in solutiorn of certain strongly adsorbing species
may be relevant to stress-corrosion cracking in other systems by virtue of

their significant effect on dissolution behavior. For example, in the mechanisa

proposed by Swann, Pickering and Emburyjufj5 for the transcrystalline stress-
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corrosion cracking of alloys of low stacking fault energy, or which exhibit
short range order, it is postulated that the role of stress is to produce
coarse slip lines which rupture pre-existing surface films, exposing tem-
porarily "clean" slip steps (as proposed earlier by Champion'jA and Loga.n57).
Tunnel corrosion then occurs at these steps, the tunnels occasionally, Lut
not necessarily being nucleated at the points of emergence of dislocations
or stacking faults, and sometimes tending to follow close-packed directions,
Cracking then occurs by the ductile rupture of a slot weakened by many
tubular corrosion pits, as illustrated in Fig. 12. Examples of such tunnels
have been noted in copper - 25% gold exposed to 10% aqueous ferric chloride,
magnesium - 7% aluminum exposed to sodium chloride-potassium chromate solu-
tions, type X1 stainless steel exposed 42% magnesium chloride at 1400C55,
ard aluminum exposed to aqueous sodium chloridess. Now similar tunnels

have been found in lithium fluoride following immersion in a slightly corro-
sive environment (water) containing a strongly adsorbing step-poison, e.g.

19, Fig. 1, or ferric fluoride complexesQo. In the

fatty acid molecules
absence of such poisons, tunneling did not occur. It is possible that tunnel
corrosion in metals also is associated with the presence of strongly adsorb-

ing step-poisons, For example, it is known that the chloride jon is strongly
adsorbed on stainless steel59 . Alternately, the adsorbing species might be

a complex-ion, for example & metal-halide complex. Such complexes would be pro-
duced a8 a result of the initial general dissolution of the material in the

corrosive environment. The metal ion in the complex need not necessarily be

one of the major alloying constituents of the material, for concentrations of
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only 10'6N of a sufficlently uctive step-poison can sigrificently affect the
dissolution behavior of a s011d 2?0, It follows that minor alloying addi-
tions could significantly affect stress corroction behavior - a8 has been
observed with tbe stainless steels °C. It complex-ions can indced act in
this manner o produce stress-corrveion cracking in certain materials, then
th~re are several ways in whi. 21 this d-'eterious effect could b2 reduced,

for example, by the addition of . ‘hibitor .ons to the enviromment, these being
"designed" to screen or cause breakdown of the trouvlesome complex species
(a8 in the inhibition of complex-ion embrittlement, Fig. 4); or by varying
the chem?cal composition .f tbe solid, either (1) eliminating the rzlevant
complexing element (ii) adding an "=xcess" of this complexing clement - which
would have the effect ~f el;lm;mting or considerably reducing the rate of

19, or {iii) adding another element designed to counter the

tunnel corrosion
effect of the trcublesome ion or its compiexes in solution (the "built-in

inhibitor" a-proach).

5. OTHER PHENOMENA OF INTEREST

The problems asscociated with obtaining a mcre fundamental understand-
ing of the 1iquid metal embrittlement of metals have i1ed to a search for
similar, bu hopefully less camplicated phenomena in solids for whichk co-

hesion is better understood, e.g., certain covalent and iordc sclids, 1In

"I"or example, the addition of 1-7% molybdenum significantly incrvases the
susceptibility of a 20¥Ni-20%Cr steinless steel to stress-corroeisn cracking
in boiling 424 magnesium chloride solutions. The addition of 1-2% copper,

on the otber band, markedly reduces amceptitilityw.
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this context some experiments on the fra:ture behavior of gemmanium crystals
coated with liquid metals were recertly w\derta.kenél. It was envisioned
that if liquid metal embrittlement did occur, some correlation between the
electronic properties of the liquid metal phase end the degre= of embrittle-
ment might be observed. Experiments involving liquid metals from Groups II
through V were performed, and significant embrittlement effecis were obscrved.
Figwe 13, for example, illustrates the effects of Jigquid gallium coatings
or. the tend strength of germanium moiocrystals over the temperature range
0-500°C. For temperatures between 100° and 30°C, the fracture siress in
bending was raduced Srom about 120 lsg./mna2 in air, to about 10 kg/mmz in
galliawr. Howsver, 1% was found that this remarkable effect .as rot 8
genulne exampls of adsorption~-induced liquid metal embrittlemernt, but was in
fact caused by a comtination of sclective dissolufian62 and the irtiinsic
rctch brittleness of gormsrdum, for cracks were observed to have initiated

t crystallographic notches (left inset of Fig. 13) etched into the surface
bty the liguid wmetal. This owervatli~n has obvicuws implicaticns for the
wWtrandgh strength materials of the future., Sucl. materials, while intrinsi-

caliy noteh brittle, mre likely to e toc hard to e notched mechanically

under ordinary working conditions. but m8y e notched by chenical means -

AL temperaiuses abtove Laoo
liguid metal 2eirililemont, scaetioes fracturing velow tho upper yleld stress

inset)., The variaticn i«
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solubility of germanium in the liquid metal were then investigated., It

was found that the degree of embrittlement was not related to the solubi-
lity of germanium in the environment, nor did extensive solubility prevent
embrittlement. Group IV liquid metals were least embrittling, but Zr s II,
III and V liquid metals all induced approximately the same degree of em-
brittlement, and there was nn correlation between degree of embhriltlezenc
and electron affinity of the liquid metal. Several other possible c¢ reir-

tions have been examined, but to date none has been found signif.ca~t.

In conclusion, this brief survey has been concerned with only one

of several important aspects of envirconment-sensitive mechanical behavior.
Nevertheless, it has served to demonstrate that environments can play a
significant, and sometimes dominant rcle in determining the strength of
crystalline materials. Tt has been shown, for example, that adsorbed water
can reduce the fatigue l1life of steel by an order of magnitude, or the hard-
ness of germanium by 40%, and that mildly corrosive liquids containing
step-poisons can introduce notches into notch-sensitive materials. It is
also known that, in general, susceptibility to embrittlement by liquid metals
and to stress-corrosion cracking increases with strengthl’ej. It is clear
that the chemical variable,environment,is a factcr which should not be

overlooked in any considerations of the strength and reliability of struc-

tural materials.
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