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ABSTRACI .

Normally ductile metals become brittle when exposed to specifie
chemical environments; one example is the dramatic effects observed when |

ductile &olid metals are exposed to certain surface active liquid metal

eavircnments. Polycrystalline as well as single crystal specimens loaded
' in air tc¢ some critical stress below the fracture stress, fracture almost .
instantly when contacted or '"wetted" by an appropriate liquid uetal. 1In |
liquid metal environment, the fracture mode changee from ductile to brittle

1 either intergranular or transgranular. In some instancesa, propagation of

cracks in liquid metal environments occurs at speeds of order 100 cm. per %

e P R

sec. or greater. Such effects are generally recognized as the phenomenon

of "Liquid-Metal Embrittlement,"

P2 PG NE TN

Liquid metal embrittlement is presently considered to result from

a chemisorption-induced reduction in cohesion of atomic bonds at regions

I AAT S a2V LSS,

of high stress concentrations in a solid, such as at the tips of cracks or

at the sites of crack nucleation. It is not considered to occur by either

Ay o
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diffusion dependent penetration of liquid or corrosion type of processes.

PO VPO

Moreover, adsorption-induced embrittlement is considered a special case of
; § brittle fracture.

This paper reviews the results o> a number of investigations of liquid

metal embrittlement and discusses the prerequisites and possible mechanisms
for its occurrence. It also reviews the effects of variables on the sever-
; ity of embrittlement that normally influence the fracture behavior of a solid.

These variables include grain size, alloying, strain rate, temperature, ¢

-
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metallurgical structure, cold work, etc. Additionally this paper describes
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effects on the occurrence and severity of embrittlement caused by the liquid
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‘{ k phase. These include time and temperature dependent diffusion or penetration
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of the liquid into the solid, preserce of liquid at the crack tip, composition
of the liquid phase, etc. The effects of these variables on liquid metal
embrittlement are discussed in terms of the effects of adsorption of the :
liquid metal atoms on the cohesive and shear strength of the solid at, or

in the vicinity of the crack tip. Other topics discussed are the possible

correlation between the severity of embrittlement and the electronegativities

of the solid and liquid metals, the use of the coucept of "inert carrier"

liquid metals and possible means for enhancing or inhibiting embrittlement.
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Fizure » Scress-strain curves for (a) unamalgamated and (b)
amalgamated Zinc monocrystals at room temperature.
X, = 48° (after Likhtman and Shchukinl), 3

2 g
O e

1 % Figure 2 Illustrating (schematic) displacement of atoms at the
i tip of a crack. The bond A-A, constitutes the crack
: tip and B is liquid metal atom. 15

. Figure 3  Schenatic potential energy, U(a) and U(a)g, and resulting

| stress, 0(a) and 0(a)g, versus separation distance

curves for bonds of type A-A, (Fig. 2) in the absence

an. presence of chemisorbed atom B. For spontaneous
chemisorption of B, ac=ay. For strain-activated
‘hemisorption, ac > a, (after Westwood and Kamdar®) . 16

figure 4 Effects of tempevature and liquid mercury enrivonment
¢n the cleavage crack propagation energy, ¢P, for the
{0001) ;.lanes of zinc. The inset shows the formula
and type of specimens used to determine ¢p (after
Westwood and Kamdar®). 22

Figure 5 A comparison of the fracture energy involved in the
propagation of a plauscically blunted cleavage crack
in air, ¢P,Zn’ and in mercury, ¢P,Zn-H , from a double

: propagation experiments. A line of sloje 0.61 is

1 drawn through the data (after Westwood and Kamdar?) . 25

Figure 6 Schematic illustration of an "equilibrium" crack in
a solid, subjected to an increasing force F. The
Bond A-A, constitutes the crack tip. B is a surface
active liquid metal atom. 32

Figure 7 ‘Demonstrating cleavage of cadmium monocrystals at 25°C
. following coating with mercury — 60 at.pct indium
solution (after Kamdar and Westwoodl08 and Kamdarlo). 6

Ex Rohnticy)

Figure .8 Orientation dependence of shear strain at fracture for
(a) amalgamated lmm dia. zinc monocrystals (after
Shchukin et s1.71} (b) uncoated or partially amalga-
mated 6mm square zinc monocrystals (Kamdar and Westwood?). 43

Figure 9 The cleavage step paitern reveals that failure of this
amalgamated zinc monocrystal was initiated at one of the
dislocavion walls which constitute the boundaries of the

. kink band K. Twins arc visible at T (after Kamdar
and Westwood?) . 44

Figure 10 Illustrating the formation of cleavage cracks at kink
bands in amalgamated zinc monocrystals X, = 25°. The
kink band is denoted by arrows in (b) (after Kamdar
and Westwood?). 45
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Orientation dependence of the normal stress, Oyp,

and shear stress, Ty, at fracture for Type 1 asym-

metric zinc bicrystals in the partially amalgamated

condition. For comparison, the theoretically con-

structed curves correspond to £gs. (22) (sclid lines —
Likhtman-Shchukin or XKamdar-Westwood criteria) or

Eqs. (24), (dashed lines) when Kj=K, -178 gm/mm and

K=148 gm/mm? (after Kamdar and Westwood ). 52

Same data as Fig. 11. The solid lines, B, correspond

to Eqs. (18) (Bullough' 62 aralysis); the dashed lines,

S, to Eqs. (23) (Stroh' 86l analysis), and the other line,

S-B, to Eq. 520) (SmiLh-Barnby 865 analysis) when Kg=

Kg=178 gm/mm and K4=359 gm/mm (after Kamdar and

Westwood?) . 53

Orientation dependence of (a) the strain at fracture,

and (b) the product of the normal stress, Oyp, shear

stresa, Tp, and slip plane length, Lp, at fracture for
asymmetric zinc bicrystals grown bv the seeding technique,

and tested in the pattially amalgamated condition (after
Karxdar and Westwood?). 56

Effect of solute content on the room temperature

fracture stress, Op, of polycrystalline zinc in liquid
mercury. The grain diameter of the zinc wasa ~1 mm,

and its engineering flow stress ~1.9 kg/mmz. The strain

rate was 4 x 10~ per sec. (b). Variation of critical
resolved shear stress, Tg, with solute content for zinc
monocrystals. Range of values for asymmetric bicrystals

of Zn~0.05 at. Z Cu and Zn-0G.2 at. 4 Cu are given by bars
(after Kamdar and Westwoods%), 57

Orientation dependence of {a) the shear strain at

failure, €p, and (b) the energy to initiate cleavage

failure on the basal plane, ¢1, for asymmetric bicrystal

of 7u-0.2 at. Z Cu in the partially amalgamated condition

it 273%K (after Kamdar and Westwood?). 6C

Illustrating linear relationship between tiie product

[(Tp-t c)onFl/? and (Lp)~1/2 for partially amalgamated
aaymmettic bicrystals of zinc and it's alloys tested in
tension at 298%°K. The correlation shown is equivalent to

the Petch fracture stress-gtain size relationship (after
Kamdar and Westwood?4,9), 61

Illustrating the variation of the energy to initiate basal
cracks in zinc monocrystals at 779K with Xo #nd crystal
iameter (after Kamdar99.72), 65
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correlation shown is equivalent to Petch fracture-
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Orientation dependence of i) the shear strain at
fractuze, €p, Fig. 19(a) and ii) the energy to
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liquid mercury at 298%K (after Kamdar®9).

Summary of experimental results on fracture of
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polycrystalline speciuens, Of Zn» and fracture stress
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(a) unamalgamated, and (b) amalgamated zinc mono-
crystals of ~1lmm diameter (after Rozhanskii et al.41),
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Illustrating the absence of the effect of environ-
ment on the yield stress and strain hardening rate
on various iron-aluminum s3lloys tested in mercury-
indium solutions (after Stoloff et al.3?),

Illustrating the effects of aluminum additions to
iron on Zt's susceptability to embrittlement in
mercury and mercury-indium solution (after Stoloff
et al.39). .

Illustrating the effects cf nickel additions to iron

L

98

99

on the susceptability (reduction in area, RA) of smooth
tensile specimens tested in liquid mercury environments

(after Hayden et al.33).

Fracture toughness parameter, Gg of doubly notched
annealcd specimens broken in mercury versus nickel
conten* (after Hayden et al.33),

Correlation for aluminum alloys between {dark circles)
fracture strength in air and in (Hg + 3% Zn) amalgam,
and (open circle) yield strength in air and elongation
at failure in (Hg + 3% Zn) amalgam (after Rostoker

et a1,100),

Variation with grain size of effects of prestrain in a
on fracture stress of 70-~30 brass in liquid mercury at
259C (after Rosenberg and Cadof£48),

Effects of grain size and prestrain on fracture stress
of amalgamated A% 5083 alioy specimens. Note that the
data from prestrained specimens do not conform to a
Petch relationship (after Roscokerl00),

Influence of prestrain on fracture stress of amalga-
mated polycrystalline AL 2024 alloy specimens in aged
condition 6100°C for 20 min.) (after Nichols and
Rostoker100),

Varistion of time to failure with applied stress for
zinc at room temparature. Curves (&) and (b) for un-
amalgamated and cmalgamated monocrystals (x, = 50°,
~lmm die.), respectively; curves (c) and (d) for un-
amalgamated and amalgamated polycrystals, respectively
(after Bryukhanova et al.42),

Strain rate dependence of the shear strain at fracture
for (1) lower curve, lmm dia. zinc monocrystals coated

100

102

104

ir

106

107

108

with Ga (after Shchukin et al.107), Note "plasticizing"

effect at low strain rates. (ii) upper curves, 6mm

square zinc monocrystals partially coated with Ga (black

circleg) or urcoated (open circles) (Kamdar and
Westw=od9).
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Figure 39 Variation in ductility of polycrystalline cadmium

é specimens with indium content of mercury-indium

3 ) surface coatings at 2989K (after Kamdar 0 and

Kamdar and Westwoodl08), 123

Figure 40 Embrittlement of polycrystalline pure aluminum by

t various mercury solutions, Note apparent correlation

1 between Pauling electronegativity of solute element

A and severity of embrittlement (Westwood et al.”). 130

Figure 41 The variation of fracture stress of silver and
cadmium with composition of the mercury indium
environment (after Preece and Westwood%3). 132

Figure 42 Fracture stress of polycrystalline aluminum or 70-30
brass as a function of time of exposure to liquid
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Ichinose?) - 136

Figure 43 Fracture strength of polycrystalline zinc as function
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E to testing in this environment (ii) ratio, C,, of
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4 c-2x10"3; d-3x10"3; e -7 x10~3; £ -1 x 10-2
(after Fiegontova et al.l18), 137

Figure 44 Delayed failure of coppar -2% beryllium allcy at room
temperature wetted with mercury -2% sodium amalgam. The
alloy was initially aged for one hour at 700°F (yield
stress ~ 150000 psi) (after Rinnovetore et al,120y, 140

Figure 45 Effects of applied stress and (lig~In) environments on
the time to failure of statically loaded polycrystalline
cadmium at room temperature. (Grain diam. = 1.0mm.)
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1. INTRODUCTION

When an oxide~free solid metal is coated with a thin film of a liquid
metal only a few microns in thickness and then immediately deformed in
tension, its yield and flow behavior are not significantly affected. Its
fracture behavior, however, can be markedly different from that observed
in air, In many instances a reduction ir fracture stress or strain re-
sults, Figure 1, the magnitude of which is dependent on various chemical
and mechanical parameters of the solid metal-liquid metal system. Under
certain experimental conditions, embrittlement can be quite dramatic;
specimens stressed above some critical value appear to feil "instantly" on
wetting or contacting with an appropriate liquid metal. The polycrystalline
metals usually fail by an intergranular mode in 1liquid metal environments.
However, it is also possible to cleave monocrystals of otherwise ductile
metals such as cadmium in certain liquid metal environments (See Table 1
and Figure 7). Also, brittle crack propagation rates of order 50-500 cm per

sec. have been reported for ductile aluminum alloys in liquid mercury

environments. Such effects occur only in specific solid metal-liquid metal
couples and belong to the class of environment-sensitive fracture phenomena
known as liquid-metal embrittlement.

Embrittlement by liquid metals can also occur in the absence or the
presence of stress, by corrosion or by diffusion controlled intergranular
penetration processes. Such time and temperature dependent processes,
however, are not considered responsible for the occurance of liquid metal
embrittlement. For example, in most cases of liquid metal embrittlement,

lictle or no penetration of liquid metal into the solid metal has been
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Table 1 ] |
Examples of Transgranular Failure
3 Solid Liquids
F Cd Ga, Cs, In
Zn Ga, Hg, In
Al Ga
Al-Cu Hg
¥
5 Fe-S1 Li, Hg, Hg-In, Ga :
: Cu-42 Ag (aged) Hg 2
Examples of Intergranular Failure
Cu-4% Ag (quenched) Hg
Cu and alpha Brass Hg, Bi, Li
Ni Li
Pd Li J
Al Hg, Ga :
Fe Hg, Hg-In ‘
Ag Hg,Ga 4
s
g
3
2 3
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Figure 1.  Stress-strain curves for (a) unamalgamated and (b} amalgamated zinc monocrystals
at room temperature. X, = 48° (after Likhtman and Shchukin').
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observed.2 The tengile fracture stress of the solid metal coated with the

Y AR,

iiquid metal does not depend upon the time of exposure to the embrittling

liquid metal prior to testing,3 or upon whether the liquid metal is pure or

LA O

presaturated with the solid metal. Severe embrittlement of the solid metal
: occurs near the freezing temperatures of the liquid metal environnents.4
The presence of a grain boundary is not a prerequisite for the occurrence of

embrittlement, since monocrystals of ductile metals such as z:lnc5 and
5,6

: cadmium are known to fracture by cleavage in liquid gallium and other

liquid metal environments. Accordingly, this paper will not be concerned
1 with embrittlement effects by liquid metals which are caused by corrosion
or diffusion controlled processes, it will instead concentrate on those examples

of liquid metal embrittlement of a solid metal presently considered to

result from liquid metal adsorption induced brittle fracture.

% Two reviews of liquid metal embrittlement have appeared, one by %
Rostoker et al.,2 in 1960 and the other by Lichtman et al.,5 in 1962. 3

E The former is an excellent book which deals extensively with various aspects ;%

ﬁ of the liquid metal embrittlement of useful industrial alloys. The later ’

review reports work performed in the Soviet Union and is particuvlarly
concerned with the embrittlement of zinc monocrystals and other metals in
I; various liquid metal environments. A recent review by Westwood et al.7 :
summarizes the work performed prior to 1967. Subsequent to the writing of
these reviews, many investigations of liquid metal embrittlement have

{ appeared in the literature. These investigations have utilized model well

characterized embrittlement systems, (e.g. embrittlement of mono and bi-

P O P

crystals by liquid metals, such as zinc in 1iquid mercury and gallium), and
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they have studied the effects of one variable at a time under controlled
experimental conditions. This approach has resulted in a significantly
better understanding of the phenomenon of liquid metal embrittlement.

It is considered that embrittlement results from a liquid metal
chemisorption-induced reduction in the strength of atomic bonds at the
regions of stress concertrations in a solid wetal such as at the tip of a
ctacka’8 or at the head of a dislocation pile up near an obstacle in the
surface of the aolid.9 Embrittlement in liquid metal environments may
be considered as a special case of brittle fracture, and that the effects
of mechanical, metallurgical, physical and chemical factors on embrittle-
ment may be explained rationally in terms of the principles of brittle
frac:ure.9 The important problem of the specificity of liquid metal
embrittlement, i.e., only a certain liquid metal embrittles a certain solid
metal still remains primarily unsolved. Nevertheless, experiments with
simple well characterized embrittlement couples and the development of the
concept of the "Inert-carrier," i.e., embrittling species being dissolved in
a nonembrittling liquid carrier metal have provided fracture data which indi-
cate an interesting correlation between the severity of embrittlement and
the electronegativities of the participating solid and the liquid metal.7’10

The purpose of this paper is to document advances made in the understanding

of the phenomenon of liquid metal embrittlement and also to discuss these
by considering embrittlement as a special case of brittls fracture and in
terms of the prevalent "adsorption-induced reduction in cohesion" mechanism

of enbrittlenent.é’s’9
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. 2. OCCURANCE OF LIQUID METAL EMBRITTLEMENT ,;
E 5 2.1 Eubrittlement by Liquid Metals ;
S One of the most intriguing aspects of liquid metal embrittlement is
1 g its apperent specificity. It is often stated that only certain liquid :
. 4
metals embrittle certain solid metala (Table 2). For example, liquid gal- g
‘ lium embrittles aluminum but not magneszium; liquid mercury embrittles zinc %
* 3
3 3
| Table 2
3 3
i 3 Occurence of Embrittlement %
; § 2 1 b
_ (After Rostoker, et al.” and Stoloff, N.S.” ) g
Hg Ga Cd 2n Sn kb BL Li Na Cs 1In ;
9 3
3 Aluninum X X x X x x ;
3
i ¢ Bismuth x !
- Cadmium x x x }
Copper x x X P 3
1 Iron x x x x %
¢ 3
'j‘ Magnesium X x :
b b Silver x %
33 Tin X x %
£ & Titanium X x !
if; Zinc x X x x i

x denotes occurance of embrittlement.

,.
Caarts

AN

but nct cadmium. An inspection of the equilibrium phase diagrems of most

Srain

known embrittlement couples has revealed following empirical rules which

permits one to guess possible embrittlement systems:z’S (1) If two metals

FUTIRENERY 2R S WL PPV SV SCE T YN S B S SELLY L SR PROPE v

involved from stable high melting point intermetallic compounds in the solid
state, then it is unlikely that they will constitute an embrittlement couple,

! (2) embrittlement rarely occurs in systems in which the two metals exhibit
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significant mutual solubility. It 1s not known, however, whether limited
mutual solubility represents a genuine chemical prerequisite. It could be
related merely to the difficulty of propagating a brittle crack in a solvent
environment because dissolution processes will tend to blunt the crack.

Such effects ave called "Joife Effects” and have been observed in brittie
ionic crystals tested in a solvent environm=nts. Alternatively, embrittlement
may not be observed in a possible embrittlement ccuple because the solid is
quite ductile at or near the freezing temperature of the liquid such that a
brittle crack cannot be initiated or propagated in the solid. For example,
consideration of the empirical rules suggests that solid cadmium (m.p. 329°C)
may be embrittled by liquid indium (m.p. 165°C). However cadmium is quite
ductile at the melting temperature of indium and hence embrittlement is

not observed in this couple. It is sometimes stated that a very limited
anount of solubility of a liquid metal in a solid metal is required to facil-
itate "wetting".z’12 On the other hand embrittlement occasionally occurs

in systems in which two component metals are so mutually incompatible in

the equilibrium state that they form immiscible liquids on melting (e.g.
cadmium in liquid gallium and iron in liquid cadmium). Nevertheless, the

*
liquid must be in intimate contact with the surface of the solid to initiate

*One of the most critical conditions which must be achieved to obtain embrittle-
ment is good intimate contact between the surface of the solid and the liquid
phase. For this purpese, first the surface of the solid should be cleaned by
chemical, ultrasonic or some such means to remove the thin oxide film which
invariably intervenes between the gsolid substrate and the liquid phase. Secondly,
if the pure liquid metal does not spread readiiy on the solid substrate, then
small additions of certain elements may be made to the liquid phase which are
known to promote good wetting and spreading of the liquid without affecting the
embrittling effeccs of the base liquid metal. The specific details of cleaning
and wetting techniques differ for various embrittlement couples and are des-
cribed in greater detail elsewhere.2 1In addition to good wetting, some measure
of plustic fleow, tensile stress and a barrier to plastic flow in the surface of
the solid at sowe point of contact with the liquid are also required for the
occurrence of embrittlement in a sclid by liquid metal. Besides these initial
conditions, factcrs that induce brittle bechavier in a solid such as the presence
of a stress raiser or a sharp notch, increase in strain rate, large grain size,
alloying add{tions, microstructure of the solid and test temperature are known
to prouote or increase the susceptibility of a solid to embrittlement by a
liquid metal or liquid metal solutions.
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embrittlement and subsequently be present at the tip of the crack to cause
failure. Liquid usually spreads quite readily on a clean metal surface such
as the fracture surfaces of the solid. Thus, although absence of mutual
solubility between the solid and the liquid metal suggests no chemical
affinity apparently some measure of affinity or chemical interaction nust
exist between the solid and the liquid metal. It is possible that stress
or lattice strain plays a role in inducing chemisorption in such aystema.a
Furthermere, the importance of chemical interactions in the embrittle-
ment process 1f also suggested by the observation that the severity of
embrittlement of a solid is related tec the chemical nature of the embrit-
tling species (Table 2). For example, zinc is more severely embrittled by
liquid gallium than by liquid mercury.lo Attempts have been made to relate
the severity of embrittlement of a solid by various liquid metals with the
relative position of the liquid metals in the electromotive force series,
with atomic diameters of the liquid metal atoms, and with the dihedral con-
tact angle that the liquid makes with the surface of a solid. None of these
paranmeters have been found to provide a satisfactory correlation with the
occurrence or the severity of embrittlement of a solid by liquid metals.13
Thus, neither the fundamental factors which determine whether or not a
given liquid metal will embrittle a particular solid metal, nor the

severity of embrittlement that will be induced are clearly understood.

2.2 Embrittlement by Vapor Phase
A relatively new phonomenon of embrittlement has been obgerved in

which when two solid metals are in intimate contact with each other, pre-

sumably the vapor phase of the solid metal with the lower melting temperature
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causes severe embrittlement of the other solid. Speciiic examplee are the
embrittlement by solid cadmium of titaniumla and steel alloys.15 The frac-
ture mode in a tension test changes from ductile in air to brittle inter-
granular or transgranular cleavage in the presence of solid cadmium. A

rapid change from no cmbrittlement to maximum embriitlement occurs as the
strength level of the alloys is increased. Furthermore, the susceptibility
to embrittlement inc tases with an increase in temperature (below the m.p. of
the embrittling solid). An investigetion with a microprobe revealed that

the embrittling phase namely, cadmium was present at. the crack tip located
within the tulk of the embrittled solid. This indicates that embrittlement
is caused by the vapor phese and is limited by thc surface diffusion to the
crack tip of the cadmium vapor. It should be noted that both steel and
titanium alloys are known to be severely embrittled by liquid cadmiun2’16

(See Table 2), This and the above cbservations suggest that the phenomenon of
embrittlement of steel and titanium alloys by asolid cadmium is similar to

the embrittlement of these alloys by liquid cadmium and occurs by the same
"adsorption-induced reduction in cohesion" mecbanism of liquid metal

4,8,9

embrittiement. The principal difference is that embrittlement by

vapor phase is temperature dependent whereas embrittlement by the liquid
phac- 48 . latively temperature insensitive.

Ancther -xeudle of embrittlement occuring below the freezing temperature
ol * .= embrittling liquid metal is the iron-liquid lead couple. In this case,
steele containing 0.3 w/o lead in the matrix becomes embrittled at
temperetures 200°F below the freezing temperature of lead.23 It is sug-

gested that this constitutes evidence for the embrittlement of steels by

hY

- 29 s

caags LA RS ANE YKL L

JYRPESYOTRIIPNIE LIRS PR XY

S IAL a2t

vy rd MIPIR e ik FL RIS A e 4 e

XL Xr et oS 2 Sneld

ﬁ%&
B ALY SFA S e S P




TP T TS i DU T S B ST IRTR TV .« s 1 S (AORPOTENR I 8 7 g MEST PR TSR 20 Aovity KR T8 L7000 o m T i o RN

lead vapor. While this is possible, it is also conceivable that impur-

s £ L,

ities in the steel may lower the melting temperature of lead. Thus, the low

temperature emtrittlement of steels may be caused by impure liquid lead

(it S YRS S
’

rather chan by the lead vapor. For example, when solid zinc is in contact
with solid gallium (u.p- 30°C), impure liquid gallium appears at the inter-
facc at temperatures below the melting temperatuve of gallium with the

conpoquence that zinc is severely embrittied by inpure liquid gallium at

20°C. The embrittlement by vapor phase and the mechansim of embrittlement
rouid be better evaluated if one investigates crack propagation in these

metals in the presence of the vapor phase. ¥

Embrittlement of steel by gaseous hydrogen is & well-known example of

embrittiement of a solid metal by a gaseous phase. The hydrogen embrittle~

N LR LT

) ment of steel may also occur by the "adsorption-induced reduction in }

cohegion'' mechanism purposed for liquid metal embrittlement. In this

it

case, however. the embrittlement process could be controlled either by the

rate of diffusion of hydrogen to the crack tip or by the rate of reaction

i s g il KA SRS

g S o

of hydrogen at the crack tip. The embrittlement of a solid metal in
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liquid metal or gaseous or vapor phase envirorment may be considered to
occur by the "adsorption-induced reduction in cohesion' mechaniem which
will be described in greater detail in the next section. The embrittlement
may be a temperature sensitive time dependent reaction rate controlled

or a temperature insensitive process depending upon the specific embrittle-

; ment system under congideration. 1In this regard, a systematic study of

W A

the embrittlement of titanium or steel in liquid cadmium and cadmium vapor
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environments witl temperature would be most interesting.
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3. MECHANISMS OF LIQUIL METAL EMBRITTLEMENT

3.1 Reduction in Surface Energy Model
Several workers have proposed that liquid metal embrittlement is
assoclated with a reduction in the surface free energy of the solld metal

1,2,17,5 This is otvious since

by the adsorbing liquid metal species.
embrittlement effects must originate at the solid-liquid metal interface
and hence energy considerations of the interface must be important.

It is unlikely, however, that effects of adsorptions and associated energy
considerations which are short range in nature will be important at depths
greater than a few atomic layers below the surface of the solid. There-
fore it is by no means clear how reductions in the energy of few surface
atomic layvers of the solid will cause catastrophic embrittlement to occur
through the bulk of the solid. Horeover, experimentally determined values
of total energy involved in crack propagation, ¢P’ are frequently several

18,19 greater than the surface energy of the solid.

orders of magnitude
The above hypothesis does not suggest any manner by which ¢P (i.e. plastic
contribution) can be reduced, so that brittle crack propagation may be
accomplished in a liquid metsal environment. In other words, such a
thermodynamic approach is not particularly informative because it does not

provide insights into the mechanism of embrittlement on an atomic or

electronic scale.

3.2 Adeorption-Induced Reductior, in Cohesion Model
In view of the limitation of the abrve approach, it is suggested that

one should focus attention at the crack tip and consider the effects of the
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adsorption of the liquid metal species at or in the vicinity of the tip

before attempting to understand the mechanism of the embrittlement

ptoce-s.7 In this regard, it hus been suggested thit embrittlement is

asgociated with a localized reduction in the strength of atomic beads at
,; the crack tip or at the surface of the solid metsl by certain chemisorbed
‘5 speciea.“’a With this possibility in mind, consider the crack shown in
Figure 2. Creck propagation will occur by repeatedly breaking of bonds of
~ha type ArAb, ArAl, erc. Such bonds wight be expscted to have potential
energy-scparation distanca curves of the form U(a) indicated in PFigure 3,
2 a being the equilibrium distance between atoms across the fracture plane.

The resulting stress, O, between atoms A und Ab as they are separated,

varies as (dU/da) from 0o = 0 at a = a, to a maximum value of g = Om at the

 Rlakad e w mn n

point vf inflection Ul of the curve U(a). It follcws that a tensile stress

AR e N

of magnitude O acting at the crack tip would cause the bond A—Ao to break.
Assuming that the actusl 0(a) curve can be approximated by one-half of a

sine curve, and that its half wavelength, A, represents the effective range

of the interatomic forces, it can be shown thatzo

R A SrfCe A LR e R AL

s Xy

Iy

o, " (EA/ﬂao) . (1)

- If the work done %n treaking ArAb bonds is then equated to the surface free

s

enargy of the subsaquently created fracture surfaces, Yy, it can also be shown
thatZ‘J

1/2
o, = (Ey/ao) . (2)

*
Next asaume that the liquid metal atom B at the crack tip reduces

the strength of the bond Arab, The chemisorption reaction presumably

SR AL ALY £ DL ATIVES & MBI INAL et 2 NS L

y
A vapor phase or an elemental gas such as stomic or molecular hydrogen
may also provide the embrittling atom B.
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Figure 2.  INustrating (schematic} displacement of atoms at the tip of a crack. The bond A-A
constitutes the crack tip and B is a liquid metal atom.
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Figure 3. Schematic potential energy, U(a) and Ula)g, and resulting stress, ola) and ola)g,
4 -sersus separation distance curves for bonds of type A-A | (Fig. 2) in the absence
P and presence of chemisorbed atom B. For spontaneous chemisorption of B,
a =a,. For strain-activated chemisorption, a_ > a, {after Westwood and Kamdar?).
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invcived in such a process may occur sponteneously (i.e. in time less
i - than that required in a mechanical test), or only after atoms A

and Ab have been strained to some critical separation distance, a. In

; any event, as a result of the electronic rearrangement involved in this
process the bond ArAb becomes inherently weaker, and thus the form and dis-
placement of its potential energy-separation curve may now be considered
gimilar to U(a)B, Figure 3. As the appiied stress is increased, the stress
acting on bond ArAb eventually exceeds its now reduced breaking stress,
om(B)’ the bond bzeaks, the crack propagates to Y, Figure 2, and atom

B becomes stably chemisorbed on the freshly created surface. This procedure
} is then repeated until the specimen fails. The cracking process is limited
£ by the arrival of liquid metal atoms at the crack tip and it is assumed that
liquid is able to keep up with the propagating crack tip.

According to this hypothesis, crack initiation at the surface will also

LT RNABURY L O FIYET)

3 be facilitated by the adsorption of liquid metal B atoms. Moreover, if

' chemisorption is strain-activated, it will occur preferentially at sites

as i et L LEPAAT R

of stress concentration, such as in the vicinity of piled-up groups of dis-

locations at high angle grain boundaries.

T U S,

Theoretical studies of the interactions between single adsorbed atoms
21,22

PIICR2N

and metal surfaces, and experimental investigations of the nature of

Ldren uarvakene

the bonding ({.e. ionic, covalent, etc.) between adsorbed alkali metals
and such refractory metals as tungsten,za are now being undertaken. Unfortu- %
k nately, however, these studies are not yet sufficiently advanced to provide
predictions of specific embrittlement behavior. An alternative left is

- é to devise experimental techniques to determine the bond stremgth at the

P R e L o
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crack tip of the solid in the presence of adsorbed liquid metal apecies.
Ideally, the experimental technique ghould be capable of detecting any
adsorption-induced variaticn in electron distribution in the surface
bonds which may lead to weakening without applying a stress; but since
any such effect would be confined to the immediate surface layer of
atoms, it would not be readily observed in studies involving some
variation in the physical properties of the specimen as a whole. Recent
studies cf variations in electrical conductance, ferromagnetic moment

and ferromagnetic anisotropy of W, Fe and Ni with chemisorption of
oxygen, carbon monoxide and nitrogen have nevertheless bcen interpreted
as indicating that these species weaken the binding of the metal surface
atono.zs It is possible, therefore, that these or similar techniques could
be applied advantageously to the problem of liquid-metal cmbrittlement in
certain systens.

An alternative approach ie first to determine the true fracture surface
energy for the cleavage plane of a particular solid metal, y, which is
directly related to o(oc = % in Equation (2)), and then show that vy is
reduced in the presence of an active liquid metal. With this in mind,
consider the propagaiion of a semielliptical crack of length c in a thin

plate under the action of tensile stress g, acting perpendicular to the

length of the crack.26’27 The maximum tensile stress acting at the creck
tip, Oc, is
1/2
= 9
o, = 20, (c/R) (3)

where R 1s the radius of curvature at the tip. The minimum radius of curva-

ture having physical significance is given by R = a°.28 For such an

18
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‘atomically sharp' crack to propagate, o, must exceed o, (Equation (2) and
Figure 3), and the applied stress necessary to achieve this, o, = Op» from
Equations (2 and (3) 1is

¢, = (Ev/4c) /2 . (%)

In practice, most cracks are not atomically sharp, but sve blunted by plastic
relaxation in the vicinity of the crack tip. Thus the radius of curvature
at the tip becomes increased from R = a, to some larger value, R = Rl'
Nevertheless, to propagate a plastically blunted crack the stress acting
on the bond A-A  at the tip must exceed 0 . Now, if Rlla° = p, then
from Equations (3) and (4) it can be shown that
OP(blunted crack) = (l!coylloc)l/2 . (5)

In other words. the energy ¢P involved in propagating a blunted crack is
simply (pY), where p is a dimensionless, variable ratio (Rliao) dependent
upon the amount of plastic relaxation at the crack tip, and therefore upon
temperature, procpagation rate, yleld stress, metallurgical composition and
structure, etc.

Note that this analysis* suggests that the crack propagation energy,
¢P’ ic related directly to the surface free energy, Y, and should not be
thought of as the sum of the surface free energy plus a plastic relaxation
erergy term, p. It will be appreciated that if ¢P is equated to (y + p),
and p >> Y - as 18 ordirarily the case for ductile metals — it is difficult
to see hcw the magnitude of ¢P could be significantly affected by the testing

environment.

20

*
Also presented by Gilman™ and Stoloff and Johnston.a
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Consider next the situsticn depicted in Figure 2. It will be noted
that to propagate the crack from X to Y under a reduced stress, because of
the presence of embrittling liquid~metal atom B, it is only necessary that
the strength of the bond ArAb be affected. In other words, the embrittling
action of B is independent of the radius of the crack tip. This possibility
leada to the suggestion that it might be useful to define a coefficient
of embrittlement for crack propagation, Nps relating the energy adsorbed
in breaking bonds at the crack tip in the presence and absence of an

embrittling phase. A convenient definition is

N, = ¢ /éys P= 1=y /Y (6)
P pA(B) P, A(B) Ta

The total energy involved in the propagation of a crack in a metal, ¢P’

can then be written as:

¢p = (npY) o)

where n and p are simple and independent ratios, n being an environmental
variable, and p a plastic relaxation variable.

Equations (6) and (7) suggest that embrittlement may occur by "liquid-
metal adsorption-induced reduction in cohesion mechanism" if the coefficient
~f embrittlement, Nps determined for both atomically sharp and plastically

blunted cracks is less than unity, i.e. Y A(B) < Y(A), or ¢P A(B) < ¢P(A).

A double cantilever cleavage technique has been used by Gilman29 and

4,30

others to introduce cleavage cracks in crystals and to determine the

energy to propagate cracks on the cleavage plane of ionic monocrystals,
CaCo3, KCl, LiF, Mg0, etc., covalent monocrystals namely germanium and

silicon and metallic monocrystals such as zinc“ and betyllium.31 For these

20
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crystals, the experimentally determined values of ¢P are in good agreement
with the values of the cleavage surface energies derived from theoretical
consideration|.32 This experimental technique therefore provides a possible
method for determining cleavage surface energies of metal single crystals
when the liquid mwetal environment is present at the crack tip. Accordingly,
Westwood and Kamdar have used this technique to examine the validity of the
above approach bty studing cleavage crack propagation on the basal plane cf

zinc monocrystals in liquid mercury, liquid gallium and inert environments.

3.3 Crack Propagation in the Zinc-Mercury and Zinc-Gallium System
3.3.1 Determination of Cleavage Fracture Energies

Westwood and Kamdara used the double cantilever cieavage technique to
determine values of ¢P for zinc from liquid nitrogen temperature to 60°C,
and for the zinc-liquid mercury embrittlement couple from the melting peint
of mercury, -39°C, to 60°C. A diagram of the type of specimens used is
included in the inset in Figure 4. Following Gilman,29 the cleavage frac-

ture energy, ¢P’ was computed from the relationship
¢p = (6F2L°2/Ew2:3) (8)

vwhere F is the load to propagate a pre-existing crack of length Lo (intro-
duced at -196°C), and w and t are the specimen dimensions designated in the
figure. The results are presented in Figure 4. It can be seen that the
value of ¢P for zinc, 90 * 10 ergs/cmz, is essentially independent of
temperature. This value is in fair agreement with that of ~185 ergs/cm2

32 from

for the cleavage energy cf the basal plane in zinc derived by Gilman
theoretical considerations. This value is therefore regarded as the true

fracture surface energy for cleavage on the basal plane of zinc, i.e. Y(Zn).

21
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When liquid mercury was present at the crack tip, however, ¢P was reduced
to 53 8 erga/cnz. The coefficient of embrittlement of z2inc mercury couple,
nP(Zn-Hg) - ¢P(Zn-ﬂg)/¢P(Zn), p=14is 0.6l £ 12, It wilil be shown in
Section 4.5 that this value is identical with that for the energy to initiate
a crack in zinc in the presence of liquid mercury (50 * 3 ergs/cmz) as is to
be expected since both crack initiation and propagation occur in the basal
plane and involve the breaking of zinc-zinc bonds across the fracture plane.

Similar experiments were also performed using liquid gallium as the
embritrliing liquid metal for zinc. In this case, ¢P(Zn—ca) was 42 * 13
ergs/cm2 and np = 0,48 * 0.17, indicating that liquid gillium 18 more
embrittling then is liquid mercury for zinc. Several tests were made in
which 1iquid mercury presaturated with zinc was used as the embrittling
environment. Again ¢P was ~ 53 etgs/cmz, thus providing support for the
view that liquid metal embrittlement does not involve a simple dissolution
effect.z

It may be concluded from this work that the values of ¢P observed in
the presence of lfquid mercury or gallium, which are less than y for ‘e
basal plane of zinc, provide support for the reduction-in-bona-strength
model for liquid metal embrittlement. The theoretical estimates of the
reduction in cohesion of zinc in liquid mercury and gallium environments
are not available at the present time. The variation in the values of
"o observed in liquid mercury and gallium suggest, nevertheless, that the
severity of embrittlement is probably related to the chemical nature of

these species.

3.3.2 Effects of Plastic Deformation and Environment on ¢P

In studies similar to those described above, Westwood and Kandar“ also

23
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investigated the effecta of plastic blunting of the crack tip on crack

RN

pconagation and determined ¢P and p fer zinc in liquid mercury and lnert
environments. Following double-propagation technique was adopted for

most of the experiments. A long crack was initiated in zinc monccrystals

s vl

at room temperature in air, and the load to propagate this crack a small

distance was determined. Following propagation of the crack the specimen

was unloaded and a drop of mercury introduced in the crack. The specimen
was reloaded and fracture was completed. The values of ¢P(Zn, 298°K) and

@P(Zn-ﬂg, 298°C) were computed using Equation (8). The experimental data

AL

are presented in Figure 5. It was observed that ¢P(Zn-Hg)/¢P(Zn) = 0,61 *

iy

.07, and a line of slope 0.61 drawn in Figure 5 illustrates a good fit :

to the data. Thus, for plastically blunted cracks nP(Zn-Hg) at 298°K 1s

0.61 and 18 the same as that determined for atomically sharp cracks. The

results provide support for the validity of Equation (6) when p > 1 and in

addition indicates that in the case of plastically blunted cracks, embrittle-

REERPLIE SR SVERT S PO ) SN SR Y]

ment may also be considered to occur by the adsorption-induced reduction in

rad ey

cohesion mechanism. Thus, due to the reduction in cohesion of atomic bonds
at the crack tip, a iower stress concentration at the tip is required to
propsgate a blunted crack in a liquid metal than that in an inert environment.
Similar reascning can readily be applied to most embrittlement couples where

plastic flow invariably precedes embrittlement.

Eiffects of plastic blunting on crack propagation in zinc also provide
a rational explanation for the considerably high values ( ~ 575 erga/cmz for

Y(Zn) and ~ 245 ergo/cm2 for y(Zn-Hg) for the cleavage surface energies of

L RRAU U, AP R PR ST A L T TPR. ¥o Y 2 SN R T T VLN VI SPX W TPV S T

zinc in an inert and liquid mercury environment determined by Maitland and

B Fa
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33,34 sing the spark discharge technique of Hull.>> Figure 5

Chadwick

shows that when ¢P (Zn~Hg) 1is ~ 250 erga/cmz, the corresponding value

of ¢P(Zn) in air is about the same as that reported by Maitland

et a1.33 This concurrence is not surprising since these workers used the

Hull technique to introduce cracks in ziuc at low temperature (i.e. 77°K).

TR T B

However, the crack repropagation test to determine ¢P was carried ocut at
room temperature, i.e. 298°K. Thus, y(Z1:) should correspond to that for

room temperature. In zinc plastic flow occurs readily at 298%. Algo, the

fracture stress to repropagate cracks introduced by Hull technique were

(3000 gm/mn2 or more) an order of magnitude greater than that (~ 300 gn/nnz)

required to repropagate cracks introduced by the double cantilever cleaavage
1 technique. At these high applied stresses, zinc is known to deform by

i secondary-prismatic clip.36

This suggests that cracks introduced at low
temperature by the Hull technique probably become blunted by plastic flow
at the tip and give values nigher than the true lower values for the surface

energles of zinc,

Effects of plastic blunting are most important when one considers

o

embrittlement of most solid-liquid metal couples where plastic flow invari-
{; ably precedes embrittlement. In this instance, one should consider the

. effects of liquid at the tip of a notch-insensitive and a notch-sensitive
.é - solid. For notch-aensitive solids, e.g. the face centered cubic metals

or duccile hexagonal closed packed metals such as cadmium, the liquid must
continuously migrate to the crack tip to maintain crack propagation at

] reduced stress levels. This may occur by a second monolayer diffusionb or

7

capillarity.3 if the crack advances a short distance ahead of the liquid,

it becomes blunted and stops as observed in polycrystalline cadmium

P 26
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tested in liquid gallium.  On the other hand, a crick nucleated in notch- ?4

sensitive metzls such as body centered cubic metals, may propagete one »r

two grain diameters in the presence of liquid metal when it becomes

sufficiently long so that it is mechanically unstable (i.e. brittle under

applied load), it then propagates across the specimen in the absence of liquid
13,39

[PV SR |

at the tip. The latter behavior is manifested by zinc in liquid mercury

P LT

and by iron -3%7 Si monocryst&ls in mercury, gallium, merzury-indium i
38

GEIREVER TSR L

and by polycrystalline jron tase solid
39

solutions and in liquid indium

solution alloys in mercury and mercury-indium solutions.

3.4 Stress-Assisted Dissclution Model

LE NP R PV PN TP RN

e

In addition to the models involving reductions in surface energy or
cochesive strength, an obvious possibility is that embrittlement may be due
to very rapid stress-assisted localized dissolution process occurring at
the crack tip. Robertaon40 has presented detailed analyses of crack

propagation through a solid in the presence of a liquid. The craci: is

[P B S 1 SR T P  PE THRR N Y PO

assumed to propagatec by solution of the solid in the liquid under the

influence of an applied stress, with volume diffusion of the dissolved

solute through the liquid controlling the propagation. He concludes that

EAEL e ¥ ke

crack velocities in the order of tens of centimeter per second could be
achievad simply by the increased solubility of the solid at the tip cauxed

by the increased chemical potential at the strevsed crack tip. Such a

Ve AT R A L AR s

kinetic process should be thermally activated. While it is conceivable
3 that stress could aid the dissolution of a solid metal into a ''solvent"
é . liquid metal environment, it is difficult tc see how it could affect disso-

lution into a "nonsolvent' liquid meta), since stress is unlikely to affect

PRI

E the solvating ability of the liquid environment. In addition, tinere is

27
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overwvhelming evidence against the time and temperature dependent dissolution
or diffusion controlled process envisioned in this mechanfsm. It is well
known that most embrittlement couples exhibit very limited mutual or no
solubility, while solids which are highly scluable tend to be 1nunc.2’5

Fox example, the solubility of iron in liquid cadmium is only 2 x 10~“ vw/o
at 400°C but iron is severely embrittled by cadmium. Also cadmium is
severely embrittled by gallium in which it is insoluble in both the solid
and the liquid state while it is unaffected by liquid mercury in which it

is highly soluble. The severity of embrittlement of most solid 1iiuid

metal couples is unaffected either by teating in liquid presaturated with
the host solid or by testing near the freezing temperature of the liquid.

A particular example is that deacribed previously (see Section 3.2.1) in
which the snergy to propagate cracks in zinc monocrystals at -32°C vas

found to be the same whether one uses liquid mercury or mercury presaturated
w.th zinc,a. The Robertson model also leads to the expectation that embrit-
tlement will increase with increase in test temperature due te higher diffusion
rete of the solid from the crack tip into the liquid. Contrary to this
deduction, the observed behavior of most embrittlewent couples is that the
susceptibility to embritticament decreases with increasing temperature, for

example i: 1ron-aluninu-,39 zincal

and alpha brass tested in nerc,ty.z
Rostoker et al.z have reported that aluminum undergoes hrittle to ductile
transition with increasing temperature when tested in indium, lead-tim or
mercury. Similar transitions have also been observed for iron-aluminum
alloys39 tested in uercury and commercial titanium alloys tested in liquid
cadmium.16 Time dependent kinetic processes are also unimportant in the

embrittlemont process since a #so0lid stressed at an appropriate high stress

28
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fails in an instartaneous and catastrophic manner when contacted with a

suitable embrittling liquid metal, e.g. zinc in liquid metcury"2 and cedmium
13 38,43,7

SRR Y T AT

in gallium ™ or cadmium and silver in mercury-~indium solutions.

Furthermore, embrittlement by liquid metal environments appears to be a

TIPS

special case of brittle fractuse and occurs in accord with the principles
of brittle ftacture.9 The above mentioned observations are untenable with
) a dissnlution dependent mechanism for liquid metal embrittlement. Thus,
the mechanism of liquid metal embrittlement involving stress assisted

1 dissolution dependent processes appears an unlikely pogsibility.

29
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4. BRITTLE FRACTURE IN LIQUID METAL ENVIRONMENTS

4.1 A Criterion for Ductile-Brittle Fracture and Embrittlement

(R Y Bl A i ey

At the present time, it is considered tht the phenomonon of liquid
metal embrittlement and effects of various factors (mechanical, metallurgical,
physical and chemical) on embrittlement can be interpreted rationally by

considering the interaction of the embrittling species at or in the vicinity

of the crack tip., Ue have discussed embrittlement as a consequence of

257 i S S & L R L R

the chemisorption induced reduction in cohesion (actually reduction in the

tensile stress) at a crack tip. This assumption together with consideration

3 of the effects of the short range nature f the interaction between the

; adsorbed species and metallic surfaces on shear strength (actually
plastic deformation or stress to move or multiply dielocations) at the
crack tip, surgests that liquid metal embrittlement may be considered a
special case of a general criteriorn for predicting the ductile or brittle

-3 behavior of golids presented cearlier by Gilmanzo

and discussed in detail
recently by Kelly et 31.46 The argument presented by the latter is

fﬁ essentially as follows: An equilibrium crack in a solid subjected to an
increasing force F, Figurve 6, will propagate in a fully brittle manner by

*
cleavage, 1if the ratio of the largest tensile fracture stress, 0, in the

| *It is suggested here that the term "cleavage' may be used in connection
? ; with brittle crack propagation by either transcrystalline or intercrystal-
s % line pathe. In the latter case, the bond A-A, under discussion would be
E L oriented across a grain boundary, but the arguments prejented are equally

| applicable. In practice, failure in liquid metal environments frequently
- occurs in an intercrystalline manner — presumably because less energy is
L required than for transcrystalline cleavage in most ductile metals. For
sy - anisotropic metals such as zinc, howzver, failure of polycrystalline speci-
1 mens occurs predominantly by cleavage on basal planes.
3

17 Preceding page blank
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/ vicinity of the crack tip to the largest shear stress, T, on the most

g . favorable oriented slip plane S-P near the tip is greater than the ratio of

. ae ideal cleavage stress, omax’ to the ideal shear stress Tmax' If the
converse is the case, then the crack propagation will be accompanied with

some plastic flow. As a rough approxiwation, for metals, if the ratio

! Umax/Tmax is <10, then failure will be predominantly by cleavage. If oﬁaxlrmax

is > 10 failure will be predominantly by shear. The appropriate values of

these ratios are determined by the type of bonding in the solid (i.e. ionic,

X I o

metallic etc.), by its crystal structure and the Poisson's vatio, v. The

values of these ratios for some typical solid metals which are embrittled

by liquid metals are given in Table 3.

N O T R T T

Table 3"
Values of ratios of J/T for some typical solid metals

which are embrittled by liquid metals

4 Material o/t oﬁax/rmax
Cu 12.6 28,2
aAg 14,4 30.2
: Au 24,7 32.8
. ui 7.9 22,1
Fe 8.5 6.75

. *
3 After Kelly et al.%4

fi Considcr now the effect of a surface-active liquid metal atom B at the
crack tip of A—A0 in Figure 6. As a consequence of the chemisorption of
this atom, and for reasons discussed earlier, it is suggested that some
variation in the strength of thetbond between the atoma A and Ab will

; . result, and hence the magnitude of omax will be changed. On the other hand,

because of free electron screening effects in a metal caused by the presence

33
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45,46

of high concentration of mobile conduction electrons, the effects of

such a chemisorbed liquid-metul atom will not be felt at depths greater than
a few atom diumeters from the crack tip, S. Thus the chemisorbed atom will
be unlikely to influence the strength of bonds across the slip plane S-P for
a distance from S sufficient to significantly affect the ease of dislocation
motion in the vicinity of the crack tip. As far aes plastic deformation in
the vicinity of the crack tip is concerned, if follows that the magnitude

of Tmax should be considered unaffected by the presence of atom B.

If the adsorption of liquid-metal atom B leads to a reduction in omax
while Toax is unaffected, then the ratio cmaxlrmax will be decreased. This
effect will be manifested as an increased tendency to cleavage, i.e. as
some degree of liquid-metal embrittlement,* the severity of which will be
related to the magnitude of the reduction of 0. Alternatively, the ratio

/T could be increased by adsorbing some liquid-metal species which

g
max max

interacts at the bond A-Ab Figure 6, to produce and increase in omaa' An
element known to form high melting point (strongly honded) intermetallic
compounds with the solid metal element might be expected to act in this way.
The above reasoning may be used to explain liquid metal embrittlement
of normally ductile face centered cubic metals such as copper, silver, gold
and aluminum. For most embrittlement couples, the yield stress and stress-

strain or flow hehavior of the solid metal tested in air or in an inert

environment remains unaffected when tested in an embrittling liquid metal

*
Providing there is an adequate supply of liquid metal atoms, and their
diffusion rate is sufficient to allow them to keep up with the propagating
crack tip.
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1,2,9,39,10,16

environment, Figure 1. This indicates that as postulated

Tmax and T are not affected by .ae adsorption of the liquid metal on the

LYdEE

surface of the solid. However, experimental determination of the cleavage

fracture energy of zinc, Y(Zn) in an inert and liquid mercury or gallium

TP e

environment indicate that in liquid metal environments, A decrease

by some 40 to 50X. Such measurements are difficult to make for most metals,

TERT

because they are ductile and difficult to cleave. Nevertheless, let

us assume that for these metals, liquid metal adsorption may reduce omax
by about 40 to 50Z%. Since Tnax is not affected, the value of the ratio
omx/‘rmax for Cu, Ag, and Au in liquid metal environments will be about half
of the values listed in Table 3 for these metals in inert environments.

Note that the decreased values are about the same as the value of the ratio,
o/t given in the same Table 3. Thus, in accord with Kelly et al's. criterion,
in liquid metal environments one would predict a transition from ductile to

brittle behavior for these metals. Similar reasoning may be used in a

qualitative manrer to explain the transition from pure shear type failure in

inert environment at l.quid helium temperature to brittle cleavage in liquid

metal environments at elevated temperatures observed in aluminum and cadmium

monocryscals.s’10’47 Aluninum monocrystals failed by (00l) type cleavage in
liquid gallium at 30°C47 where as cadmium monocrystals failed by basal g:

cleavage in liquid galliums and in mercury-indium solutions at 30°c,10

Figure 7.
From the foregoing, it may be suggested that while considering the
phenomenon of liquid metal embrittlement, it is a convenient first approxi- ;

mation to think of o as the environment-sensitive parameter, and T as the
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mercury ~ 60 at. pct indium solution (after Kamdar and Westwood 198 and Kamdar '9).
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metallurgical structure-sensitive parameter. These parameters are not alwuys
independent, alloying can affect both 0 and T, but where appropriate, this
simple approach will be adopted in the present paper.

Only pure liquid metals thus far have been mentioned, but apparently
substantial variations in the severity of embrittlement can be induced by
changing the chemical composition of the embrittling liquid metal environ-
ment by adding minor quantities (less than 5Z) of other elements in

2,48,49,50

golution. It is not yet clear whether effects due to minor

n2,12 characteristics or rates

additions are caused by changes in "wetting
of surface diffusion of the liquid meta1,51 or whether thcze effects can

be related to some fundamental interactin parameter between the solute
element and the solid metal. However, systematic variation in the suscept-
ibility to embrittlement of a solid over a wide range of variation in the
composition of a liquid metal has been observed (i) by dissolving a possible

embrictling phase in a nonembrittling carrier liquid metallo

and (ii) by
dissolving a possible Inhibiting phase (i.e. reducing embrittlement) in an
embrittling carrier liquid meta1.43 From a consi- _ation of such studies,
one would anticipate that if embrittlement does involve chemisorption, then
the severity of embrittlement should be related to some electronic parameter
of the solid metal-liquid metal system. This possibility is under active
consideration,52 but as far as the autho: is aware, no such correlation
has yet been confirmed. A possible correlation with electronegativity will
be discussed later in this paper.

The severity of embrittlement observed is also dependent upon the

metallurgical-etructure dependent factors which determine T. Thus embrittle-

ment observed in a solid in a pure liquid metal depends also upon
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factors that affect the solid e.g., alloying additions, cold work,
temperature, grain size, the microstructure and the mechanical variables.

The effects of these factors on embrittlement may be interpreted by con-

TEF TR

sidering the ease or the difficulty with which relaxation of stress con-

centrations via plastic deformation may occur at the tip of the crack during

TP

crack nucleation or crack propagation. The effects of these factors on
embrittlement therefore are related to the magnitude of the structure-

sensitive parameter, T. Increase in T will decrease the ratio, o/T, thus

causing an increase in the susceptibility to embrittlement conversely a

E decrease in T(e.g. by an increase in temperature or grain size and decrease
in strain rate) may increase thie ratio, o/tT, and thue causing a decrease in
the susceptibility to embrittlement.

In addition to the above considerations, there should also be a sufficient
supply of the active liquid to ensure adsorption at a crack nucleation site,
and subsequently at the propagating crack tip. It is possible however
that if fracture in a liquid metal environment is nucleation controlled, then

once initiated the crack may propagate tr failure regardless of the presence

of the liquid at the tip as for example was noted in the case of Fe-3% Si

monocrystals tested in Hg-In solutiong. On the other hand, if fracture in a
liquid metal environment is propagation controlled, a crack may not nucleate
in a liquid metal environment in a smooth specimen, (i.e. embrittlement will
not be chserved). But in a notched specimen a sharp crack will propagate to

failure in the presence of the liquid at the tip, i.e. embrittlement will be

noted if a stress raiger is present. Such a behavior was obgerved in

Iron-Nickel alloys tested in a liquid mercury environmenc.53
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It is realized that certain factors such as alloying, temperature,

etc. may vary the magnitude of both ¢ and T, and that various mechanical,
physical and chexical factors not only operate simultaneously but are
interrelated. Nevertheless, the above simple approach appears to provide a
rational interpretation for embrittlement effects that have beesn observed
wvhan one variable was investigated in a simple well characterizad system.
Some of the important factors on the severity of liquid metal emb:” “i.ment
will be considered in more detail in other sections utilizing examples of

well characterized simple embrittlement couples taken from the extensive but

unfortunately not always reliable liter-.ure on liquid metal embrittlement.

WA IN ST TS

The above considerations and available experimental evidence do in fact
suggest that embrittlement in a liquid metal environment may be considered a

special case of the general criterion which Kelly et 81.44 have developed

for predicting the ductile-brittle behavior of solids.

Concerning brittle fracture however, Kamdar and Westwood9 have used

AR LA Y 3T NI (e 2 S

liquid metal environments to demonstrate that the prerequisites for

liquid metal adsorption-induced brittle fracture are the same as that for
brittle fracture in inert environments and that such environments may be
used instead of low temperatures and inert environments to test the validity
of several fracture criteria. The objective of such investigations was

to show that adsorption induced embrittlement is truly & specilal case of

MR ta o L

brittle fracture and is not a corrosion or dissolution dependsnt phenomena.
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3 With this in mind, in the next few sections we wi!ll present and discuss

WHEr 1 dwr2 Py

'1 the extensive investigations by Kamdar and Westwood9 on brittle fracture

i the zinc in liquid mercury environments.
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4.2 Prerequisites for Embrittlement

Certain prerequisites must be fulfilled before fracture can initfiate in
a crystalline solid in liquid metal environment. For a ductile, unpre-
cracked metal specimen these are (i) an applied tensile stress, (ii) some
measure of plastic deformation, and (iii) the existence in the specimen of
some stable obstacle to dislocation motion, capable of serving a3z a stress
concentrator; this obstacle can be either pre-existing (e.g. a grain
boundary) or created during deformation (e.z. a kink band). In additionm,
there should also be a sufficient supply of the active liquid metal to ensure
adsorption at this obstacle, and subsequently at the propagating crack t?p.
A specimen which is normally brittle when tested in tension in ¢ .ayu! .
environment is found to be immune when tested in compression or ps
e.g. zinc in mercury. Also, fracture in an amalgamated specimen te.
a three point bend test invariably initiates in the face under tensile
stressl3 but not in the face which was under compressive stress. These
observations are in accord with prerequisite (i). Also, in accord with
prerequisite (ii), fracture in most embrittlement couples is invariably

preceded by yielding.2’9’39’48

towever, fracture initiated below the flow
stress in coarse grain polycrystalline zinc, tested in liquid mercury
environment.sa Nevertheless upon examination, the apparently undamaged
specimen loaded just below the fracture stress revealed the presence o¢f
microcracks oniy in the grains in which local yielding had occurred.13
Thus in some instancea, local yielding can be a sufficient prerequisite for

the initation of fracture. If the specimen contains a pre-existing crack,

the prerequisites (i11i) and (iii) are no longer necessary. If the solid is




S ", PRSI S & 0D R TR N CRITIC S T RIRAM | stvs T . : R
T T ST TR T AR i o T R AR TR T RN PRI 7 5 S g SR R 50 R ARG AT WA P L

notch brittle, it may not be necesaary for the liquid metal to keep up
with the propagating crack once it is greater than critical size. The

presence of a stress concentrator in a solid, such as a grain or a twin '

NPT

boundary, or a kink band, etc. from which the crack may initiate in a

liquid metal environment is an important prerequisite for the initiation of

TP O

brittle fracture. Since most fractures occur by intergranular wmode, a

Pt

pogsibllity exists that diffusion, penetration or corrosion of liquid into

the bouw:.daries wmay be responsibie for embrittlement. We will accordingly

Lo b Mk
e

discuss in greater detail the validity of this prerequisite for fracture

i in the following section.

Qe i s

4,3 The Stress Concentrator Requirement
. The necessity for the presence of some stable o. - - .. to dislocation
motion in order to observe liquid metal embrittlement in a ductile, unpre-
cracked metal has been demonstrated by a number of workers, e.g. for a-brass
: in liquid mercury by Nichols and Rostoket,17 and Rosenberg and Cadoff48 and
g ) for copper in liquid bismuth by Mntgan.ss A good example of such an obstacle
.é is zinc monocrystals which are known to deform by basal siip only and con-
sequently do not contain any pre-existing obstacles to slip. In these crystals,

indented to introduce obstacles such as a twin or a kink band and sub-

i

b £ sequently chemically polizhed to remova surface damage, fracture in liquid
| mercury invariably initiated from the twi: or the kink band.9 Nevertheless,
M ¥ Likhtman and Shchukin et 31.1’56 have reported that undamaged zinc

monocrystals, oriented for a single slip, can be significantly embrittled

[ SR USRI AR LA L

by liquid mercury or gallium. According to Likhtman and Shchukin,1 the

s Ve

room temperature stress and strain at fracture of lmm dia. crystals of
*
crientation X = 48° were reapectively reduced from ~ 1400 gm/rnm2

*y 18 the angle between the (000l) basal plane and the tensilz axis of
the specimen before testing, and x° is this angle at fracture.

41
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and 260% in air, to 200 gm/mm2 and 104 in liquid mercury Figure 1. This

result is unexpected because the existence or nature of any stable obstacle

to dislocaticn motion in monocrystals of pure zinc oriented for single siip
3

3 is not evident, either from this work or that of Garber and Gindin.57
Kamdar and Wes:wood9 have recently investigated this apparent anomaly using

considerably larger zinc monocrystals, 6mm square in section. These were

handled with extreme care to prevent accidental bending or surface

damage. Moreover, since it ig known that deformation in.zinc occurs in
a warkedly inhomogeneous fashion in the vicinity of the grips, usually

with the formation of kink banda,58 the crystals were cozted with liquid

mercury over the center portion of their length only, and not within a
- region approximately 1.5 cm long in the vicinity of the grips ('partially-
coatzd' specimens). Thus for specimens of orientation 15° < X < 70%, the

embrittling liquid mec’.l was confined to that portion of the nrystal for

which slip nmight be expected to occur predominantly on the basal plane.
Scme of the results obtained in this work are preseated in PFigure 8(b).
The difference between this data and that of Shchukin et al.56 (Figure

. 8(a)) is readily apparent. In direct contrast to the previous work, it was

BTN

found that crystals of orientation 15° < X. < 70°, for which deformation
(o)

occurs predominantly by single slip in the basal plane, are not significantly

ey
St e

embrittled by liquid mercury. However, crystals of orientation X, > 75°

b were embrittled; values of the resolved shear stress and strain at fracture

ITPRTpTRy

Q were respectively some 5 and 25 times lower than those for similar but 1
uncoated specimens. Fracture always occurred in these specimens at a kink

3 band formed during deformation in the amalgamated gauge section, Figures

% 9,10. Likewise, crystals of 15° < Xy < 70° which were amalgamated
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Figure 8. Uriuniation 2ependence of shear strain at fracture for (a) amaigamated Tmm dia. zinc
monocrystals (after Shchukin et al. 7'} (b) uncoated or partially amalgamated 6mm
square zinc monocrystals {(Kamdar and Westwood?).
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; Figure 9. The cleavage step pattern raveals that failure of this amalgamated zinc monocrystal
was ini:iated at one of the dislocation walls which constitute the boundaries of the
kink band K. Twins are visible at T {after Kamdar and Westwood?).
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Figure 10.

Wlustvating the formation of cleavage cracks at kink bands in amalgamated zinc
monacrystals X, = 25°. The kink band is denoted by arrows in (b) {after Kamdar

and Westwoodg).
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ovecrall, faile’ by cleuvrge nucleated at a kink boundary located in the
vicialty of the g..ps. Crystals having X, < 5°, on the other hand, deform
vvedominantly by twinning, ard both amalgamated and unamalgamated crystals
failed after only a few percent strain by secondary cleavage on the (0001)
plenes of a twin,

It is apparent from these studies that the experiments performed by
earlier workers with zinc had utilized either accidentally deformed crystals,
or specimens amalgamated in the vicinity of the grips where deformation is
not homogeneous and kink bands provide the necessary obstacle for crack

initiation.

4.4 Criteria for Crack Initiation

Several criteria have been proposed for crack initiation in sclids
which slip and cleave on the same plane, and also contain a suitable obstacle
to slip. Such criteria, of cours.:, apply to brittle failure in general.
However, by optimizing the conditions for brittle behavior, deformation in
active liquid metal environments has proved to be a very convenient method
of examining both their qualitative and quantitative validity. The various
criteria are summarized below, and are then comparcd with experimental data
obtained from studies on the zinc-liquid mercury system.

The first criterion is that due to Likhtman and Shchukin,l namely

2
S T k“Gy 9)

where 0., and T,, are normal and the shear stress at fracture, respec-

NF F
tively, k is a dimensionless coefficient of order unity, G is the

shear modulus, and Y is the fracture surface emnergy. In several published

56,5,42

applications of this criterion to fracture in zinec. L is equated

46
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to the crystal diameter. However, in the original derivation of Equation

fﬁ% ’ (9), L is the maximum dimension of the slip plane along a slip direction,

: . If the angle between the slip direction and the tensile axis, A = ¥, then
L= Do/sinx, where D° is the crystal diameter or side dimension and is
assumed constant for a given set of experiments. If only a limited amount
of deformation occurs in the material before fracture, so that x can be

tzken as equal to X» then Equation (9) becomes

ONr'p - (kzcylno)ain X ™ Kl2 sin X, ¢ (10)

o g
CpAsite i D SRy p i N <

Tnus the product of the normal stress and shear stress at fracture is not
constant, as is often stated in the Russian literature, but instead is
orientation dependent.

Gilman59 has proposed that the condition for cleavage fracture in the
1 basal plane of zinc is given by

1/2

n = 4y[E(1-V)/G] /O‘NFb (11)

where n is the number of edge dislocations held up at some stable obstacle
and b is their Burgers vector, Y is the surface energy of the (0001) plane
‘f; in zinc, E is Young's modulus and v is Poisson's ratio.

Now the shear stress required to hold n blocked edge dis)ocations in

a slip plene of length L is given by Eshelby, Frank and Nabarto.60
T = Gbn/m(1-V)L (12)

and if such a pile-up nucleates a crack, T can be regarded as T When

F'
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Equations (11) and (12) are combined, the following criterion for fracture

is obtained:*

1/2
- - . 13
ONgTF 4y[EG/(1-V) ] "/ 13)
Putting L = DO/slnx° as before, Equation (13) can be written

2
= 14
onple = Ko sinX, (14)

where K,> = loy[EG/(l-\))]l/2

2 /ﬂDO. Equation (13) is of the same form as

Equation (9) derived by Likhtman and Shchukin,l and similarly Equation (14)
may be compared with Equation (10).

Stroh's61 analysis of this problem is based upon the consideration that
large iocal tensile atresses exist at the end of any dislocation tilt
boundary terminating within a crystal. It is postulated that fracture
is initiated when a complete tilt boundary is converted into a pair of
terminating tilt boundaries by basal slip. Assuming that the original tilt
boundary lay perpendicular to the slip planes, and that the length of the
longer of the created pair is W, then W oax =rD5/cosx° = L tany . Stroh's
criterion for fracture by this mechanism is then

OwF'F ™ K32cosxo (15)

where K3 = (Acy/ﬂno)llz. Alternatively, Equation (15) may be written

ONFTF L = (4Gy/T) coty (16)

*
In an earlier derivation of this crizerion,9 Equation (1) was taken as

T = 3Gnb/27L, which is valid if v = 0.33. This led to the following
version of Equation (113): UNFTFLF = 67[Ec(l-v)]1/2/ﬂ. However, v for

zinc is actually 0.26,59 and as a result, the values of the fracture sur-
face energy of zinc in liquid mercury previously published by Kamdar and
Westwood are in error by about -92. Equation (13) represents a generalized
version of the Kamdar-Westwood criterion.
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Bullough62 has criticized the Stroh model on the grounds that it seems
unlikely that such a maximum length sub-boundary would exist in every
crystal. Instead, he has proposed an alternative criterion based on the

é ’ Bullough63-Gilman59-Rozhansk1164 model for the formation of cracks in the

slip plane, as follows:
3
P, = 4y[(1-cosx )/sin”x_ ]}/nb a7

where PF is the tensile fracture stress.

From Equation (17), he derives
Oyp = K4[(1-cosx°)/sinx°] = Kaltan(x°/2)
" KA[(1~cosx°)cosx°/sin2x°] » Kalcosxol(lfcosxo)] (18)

where Kb = 4ylnb.*
Smith and Barnby65 have recently proposed a shear stress criterion for
crack initiation in a plane containing a pile-up of edge dislocations.

They suggest
Tp = (omy/2u(-0 12 (19)

Again putting L = Dolsinxo, Equation (19) may be written

*
Recently Heald®® has suggested that Equation (13) derived by Kamdar and
Westwood is in error. He suggested that the appropriate fracture criterion

is vy or ¢I - ‘TF - ‘l’o)oNF . LF(1+cosx°)n(1—v)/6G sinxo which following Kamdar

and Westwood he derived as a modification of Equation (17) of Bullough.

Here ¢7, the energy to initiate a crack is used instead of Y, the surface
energy. It should be noted that the criterion suggested by Heald is identi~
cal to Equation (18) derived by Kamdar and Westwood as a modification of
Equation (17) by Bullough. Since the fracture data are found to be in good
agreement with the curves represented by Equations (18) and (13), compare
Figures 11 with 12, it is apparent that the improvement to Equation (13)
suggested by Heald is marginal and within the scatter of the experimental
fracture data.
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where

1/2
KS = [Gny/ZDo(l-v)] .

The variations of the theoretically derived values of Te and o5

F
with crystal orientation can also be simply derived for the criteria of

Likhtman-Shchekin, Kamdar-Hestwood and Stroh. For the small deformations

expected to occur in a brittle or embrittled material, it can be assumed
that ¥ ~ Xg? and thus
TF - PF sinx° cosxo,
and
O, =P sinzx
NF F o’

go that

O'NF/TF = tany . (21)
Combining Equation (21) with Equations (10), (14), and (15), and assuming
Do constant throughout, one obtains
(i) For the Likhtman-Shchukin and Kamdar-Westwood criteria:

Tp ™ (K1 or Kz)(cosxo)l/2

2 1/2
Opp ™ (Kl or Kz)(sin xo/cosxo) / . (22)
(i1) For the Stroh criterion:

Tp = K3(coszxo/sinxo)1/2

oy = Kylatnx )/ (23)
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Equations (16), (20), (22), and (23) may be used to axamine the validity
of proposed fracture criteria, provided that the comparative experiments are
performed on specimens of constant Do’ and that fracture occurs after only
a small amount of defocrmation such that the approximation x = Xo is valid,
When specimens of constant Do are not available, however, then the Likhtman-
Shchukin and Kamdar-Westwood criteria can be examined by means of Equations
(6) and (13), where L is taken as LF’ the length of the fractured slip plane
as determined after failure. If these criteria are valid, then the product
(ONFTFLF) should be constant. For the Stroh criterion to be wvalid, the
product (GNFTFLF tanxo) must be constant; for the Smith-Barmby criterion to

1/2

be valid, the term [TF/(sinxo) ] must be constant.

4.5 Crack Initiation in Pure Zinc

Studies of the fracture behavior of asymmetric bicrystals of zinc in
liquid mercury at room temperature have provided a convenient means of eval-
uating the above ctitetin.g The boundary in such crystals (see insert in
Figure 11) provides a strong barrier to the emergence of edge dislocations frcm
one of the component crystals,59 and failure occurs after only 0.5-4Z strain.
Tensile experiments were performed with two types of asymmetric zinc bicrys-
tals: Type I was grown by electron beam welding two monolrystals together
(Do constant). Type II was grown by seeding (D° not constant). Both types
were Smm x 10mm in section and 7-9 cm in length, and were amalgamated over
the center part of the gauge section only. On testing, cleavage cracks
were initiated at the grain boundary, and these propagated completely
through the crystals of orientation such as B in Figure 11.

Experimental data points presented in Figures 11 and 12 are from crys-

tals of Type I. The solid curves drawn in Figure 11 correspond to
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l, Figure 11. Or‘entation dependence of the normal stress, OnF » and shear stress, Tg. 8t fracture
', for Type 1 asymmetric zinc bicrystals in the partially amalgamated condition. For
comparison, the theoreticaily constructed curves correspond to Eqs. (22) {solid
1 lines — Likhtman-Shchukin or Kamdar-Westwood criteria) or Eqs. (24), (dashed
i 4 fines) when K, = K, = 178 gm/mm? and K = 148 gm/mm? (after Kamdar and

Westwoodg).
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Figure 12. Same data as Fig. 11. The solid lines, B, corresnond to Egs. (18) (Bu'lough's62
analysis); the dashed lines, S, to Egs. {23} (Stmin’s61 analysis), and the other line,
S-B, to Eq. (20} {Smith-Barnby's 65 analysis) when K, = K. = 178 gm/mm? and
K, =359 gm/mm? {after Kamdar and Westwood?).
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Equation (22), asswming X = %o and putting Kl = K2 = 178 gn/mmz. It can
be seen that the theoretical values c¢f T and OyF calculated from Equation
3 (22) are in good agreement with experimentally determined values, with the
‘ excaption of thogse from crystals of Xo ™ 25° for which a relatively large
amount of plastic deformation occurred before failure (~4XZ compared with
~0,5% for crystals of Xo ™ 60°.

Now if L in Equation (9) is equated to the specimen diameter (width)
Do, and this is assumed constant, and if A = ¥, and X = X, then

/2

/2 (24)

T AT T AT

3 1
: Onp ™ K(tanxo)

' 1
: Tg K(cotxo)

The dashed curves in Figure 11 correepond to Equations (24), putting
K = 148 gm/mmz. It can be seen that 1f L is equated to Do’ the analysis
does not fit the data quite as well as when L iz taken as the slip plane
length.

Figure 12 presents the data again in order to compare it with the
F Stroh61 (s), Bullough62 {(B), and Smit:h-Barnby65 (S-B) theoretical estimates
of Tp OF ONF' obtained by means of Equations (23), (18), and (20), and
E with Ky = K¢ = 179 gm/mnz and K, = 358 gm/mmz. Bullough's estimatec are

in fair agreement with the experimentally determined values except for

crystals having X, > ~170° However, neither Stroh's nor that of

Smith and Barnby's analysis are in accord with the data.

X For bicrystals of Type 1I, grown by seeding, D° was not constsnt from
specimen to specimen, so that it is not possible to analyze the test data
3 in th2 manner just presented. Accordingly, it was examined in terms of the

product (ONFTFLF), Equations (9), {13), and (16), for specimens of various
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orientations. The data are shown in Figure 13. It can be seen that the
strain at fracture for these specimens remained essentially constant at
0.5%4, regardless of orientation, Figure 13. Moreover, in accord with the
fraciture criteria of Likhtman-Shchukin and Kamdar-Westwoed, Equations (9)
and (13), the product of (ONFT L) was constant over the range of orienta-

FF
tions for which slip might be expected to occur predominantly on the basal

KR T et i S ey

ik o

plane, and failure by a Bullcugh-Gilman-Rozhanskil type mechanism. Since

L

3 the product of (UNFTFLF) was independent of orientation, it is apparent
that the Stroh c.iterion, Equation (16) is not valid for these experi-

E ments. Taking (ONFTFLF) = 30,250 * 2,000 gm?'/mm3 from Figure 13,

E = 2,54 x 101? dynes/em?, G = 3.84 x 10! dynes/cm?’®7 and v = 0.26,57 the

cleavage fracture surface energy for the basal plane of zinc in the

AN

presence of liquid mercury was calculated from Equation (13) to be 53 * 3

Fakk st

ot

2
ergs/em .

4.6 Crack Initiation in Zinc Alloys
2 Sma21l alloying additions (less than 0.5 a/o gold) increase the

critical resolved shear stress of zinc monocrystals by an order of magni-

3 tude to abcut 100 g/mmz. Figure 14, vhich is of the same magnitude as the
‘2 fracture stress of unalloyed zinc in liquid mercury, TF ~ 95 g/mmz, Table
. 4.°* 1In such alloys the fracture stress and hence Oy and Tp will be

3 Table 4

- *

E. Summary of Test Data on Amalgamated Asymmetric Zinc Bicrystals
_;1 Tc ¢1 in )

2 ) TF 2 ergs/cm

; { Material X (g/ma”) (g/mm®) via Equation (25)

E Zinc 22°-75° 10+ 3 35-95 45 + 5

: Zn-0.05 at %Z Cu 40° or 70° 61 * 7 80-105 61 £ 5

3 Zn-0.2 at 7% Ca  169-80° Y5 + 10 120-180 60 + 7

9,54

S e

*
After Kamdar and Westwood,
g . 55
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Figure 13. Orientation dependence of {a) the strain at fracture, and (b} the product of the
normat stress, OnE shiear stress, Tg. and slip plane length, L, at fracture for
asymmetric zinc bicrystals grown by the seeding technique, and tested in the
partially amalgamated condition {after Kamdar and Westwood?).
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higher than the c.r.s.s8. Since flow must precede ftacture;19 it can be

readily seen that using such high values of %% and Tps the values of ¥y

P
derived from Equation (13) for zinc alloys will be unreasonably (several
times) higher than that for pure zinc. It is reasonable to ei.pect that for
additions of less than 0.5 a/o of solute fracture initiation in 2inc alloys
on the average should involve the bieaking of zinc-zinc bonds across the
fracture plane rather than the zinc-sclute atom bonds. Thus, ¥ for zinc
alloys should be about the same as for pure zinc. 1In order to reeolve

this question, the variabvles in Equation (13) were re-examined. In the

derivation of Equation (13) it w.3 assumed that T, truly represented

F
the stress acting on the piled up group of dislocations which nucleated

the crack. In fact, however, the effective stress acting on the dislocations
in the pile up at fracture is somewhat less than Tps namely ('rF - 10)60 and

thi term should replace T, in Equation (13). There then arises the problem

F
of deciding -shat value of stress to assign to Ty On this point the work of
Ku and Johnston68 on crack initiation in Mg0 bicrystals is relevant. These
workers found that their fracture data was capable of rational interpretation
if To was equated with the dislocation multiplication stress, TC’ but not if
T, was equated with the much smaller astress at which dislocations first becou.e
mobile. These workers suggested that the plastically induced stress concen-
trations which lead to crack initiation arise only after a slip band is
formed. Thus the critical threshold event ie dislocation multiplicaticn, not
nerely dislocation motion.

For pure zinc T

>> TF’ so that T, may be neglected without serious

c c

error. However, for alioyed cry;tals, TC is a significant fraction of Tp
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For example, for Zn-0.2 a/o Cu crystals, the ratio 1c/'tF = (0.7, (Table 4)

" EEO

: . and in this case, TC
%

are to be derived. Accordingly, in their studies of the embrittlement

must be taken into account if meaningtul values of ¥y

e e e g

behavior of asymmetric bicrystals of dilute zinc alloys in liquid mercury,

Kamdar and Westwoodsa have equated To to T,., the critical rasolved shear

c

2 etress (c.r.s.s.) for monocrystals of the appropriate alloy. The value of

% To was taken as that stress at which the first deviation from linearity

occurred in the tensile siress-strain curve. The modified form of Equation

(13) is then

1)t Ly = 4y (E6/ (2=v) 1Y % /m

O © (Tp = T

or

1/2/"*

O (TF - rc) Tlp - 4¢I[EG/(1—V)] . (25)

This equation has been used to analyze the frscture data from Zn-0.05

a/o Cu, Zn-0.2 a/o Cu crystals (20° < X < 80%) and the earlier data from

35 et
5o pmma %

'; i unalloyed zinc bicrystals, Figure 13. The value of ¢I obtained for both

‘ alloys was 60 * 7 etgs/cmz, (Figure 15); that is. about 25% greater than the
value obtained for pure zinc bicrystals cested in liquid mercury (~ 48

i i ergs/cmz), Table 4. It is not yet clear whether this is a significant in-
crease. The important conclusion to be drawn, however, is that although the

solute element additions raised the c.r.s.s8. some 6-9 times and, as a conse-

quence raised the fracture stress some four to five times (since flow is a prere-

s et e

quisite for fracture), the cleavage fracture energy remained approximately

x
Here, ¢I is the energy to initiate a cleavage crack and includeg the energy

TR

expended by plastic relaxation processes during crack nucleation, i.e. when
the radius of curvature of the crack tip, p >> 1. However, ¢I = y, when
p.lo

7
2 iad



AR A 2 R TRERONEEIRETE Y Ty I TR RARERRE S L LT IR "W;W«BT«TE’E}YI;":{:T T T

2 15F (a) Zn-0.2a/ Cu
Z 10+ 'S
u ¢ ¢
V. oosp ————t——
0 1 1 ) L .| )
" (b)
75+
® o
NE { ] ® L ]
(®) 60" L4
~ ® ®
7)) e ° |
&
5 45
pd
P 30
154
1 \ 1 L \

0] 5 30 45 60 75 90

Figure 15. Orientation dependence of (a) the shear strain at failuve, €g. and (b) the energy to
initiate cleavage failure on the basal pfane, é. for asymmetric bicrystal of Zn-0.2
at, % Cu in the partisily amalgamated condition at 298°K ({after Kamdar and
Westwood®).
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constant and about the same as chat for unalloyed zinc, Table 4. 1In other
words, the fracture process for these dilute alloys remained effectively
controlled by the energy required to break zinc~zinc bonds across the basal
plane. It should be noted that the data presented in Table 4 and Figure 16
provide support for the validity of Equation (25) when various additions
(0.05%2 and 0.2 a/o) of copper are made to zinc.

Geometric considerations dictate that the value of L, the slip plane
length, should vary considerably with orientation Xo For example, for a
6 mm square crystal, L varies from about 6 to 18 mm ax Xo varies from 80°
to 20°. From Equation (25) the product [(1:F - Tc) . UNF]I/Z, in unit of
stress, should be inversely related to the square root of the fracture
8lip piane length, LF. -nd the -urve should pass through the origin. Data
from fracture studies with amalgamed alloyed zinc bicrvstals and from
earlier studies with pure zinc9 are presented in this form in Figure 16,
and are seen to be in accord with the predictions. Such a relationship is
equivalent to the well known Petch fracture stress-grain size relationship
commonly observed for polycrystalline solids. Examples of the validity of
the Petch relationship for values of LF a8 large as 12 mm (LF = 0.29) and

for single or bicryatals are uncommon.

4.7 The Coefficient of Embrittlement for Crack Initiation in ‘. Hg System
In Section 3.2, a coefficient of embrittlement for crack propagation

Np was defined as the ratio ¢P,A(B)/¢P(A), om1l ™ YA(B)/Y(A)' For

zinc-mercury embrittlement couple, Np = ¢P(Zn-ug, 298°K)/¢P(Zn, 77°K or

298°K) = y(Zn-Hg, 298°K)/y(Zn, 77°K) was 0.61 * 0.12. This value which is

62
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less than unity was taken to indicars that crack propagation in zinc on the
basal plune occurs in accord with the adsorption induced reduction in
cohesion mechanism. Since crack nucleation and propagation both occur in

the same plane (0001) over the temperature 77%K to 298°K, above observation
and a consideration of the mechanism of crack nucleation in the presence and
in the absence of an adsorption active liquid metal atoms at or near the
obstacle suggested that a coefficient of embrittlement for crack initiation,
ny for a zinc-mercury embrittlement couple may also be defined as the ratio
of the energy to break atomic bonds across the fracture plane to initiate a
cleavage crack in liquid mercury enviromnments, ¢I(Zn-Hg, 298°K) to that in
th- absence of mercury in an inert environment (e.g. liquid nitrogen) at

low temperatures, ¢I(Zn, 77°K).69 Thus, n, = ¢I (Zn-Hg, 298°K)/¢I(Zn, 77°K).
If crack initiation in liquid mercury and in inert enviromments at 77%
occurs in « truly brittle manner such that plastic relaxation processes
during crack nucleation are minimized; then Ny should be equivalent to the
value of the ratio of the cleavage surface energies, y(Zn-Hg, 298°K)/y (Zn,
77°K). In this case, Ny would be less than unity. Crack nucleation in

zinc in liquid mercury therefore may be considered to occur in accord with the
"adsorption-induced reduction in cohesion" mechanism of liquid metal embrittle-
ment. Also, Ny = Mp» since cleavage in zinc is known to initiate and
propagate in the same basal (0001) plane.9 It is generally agreed that
fracture in liquid metal environments initiates in most cases by the adsorp-
tion~induced reduction in cohesion mechan:lgml"8 (Section 3.2 and 3.3). However,
no quantitative evidence is yet available in support of the possibility

that fracture in these environments may be initiation controlled. Recently,
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Kamdat69 has made & quantitative evaluation of the coefficient of embrittle-~

E ment for crack initiation, Nygs in a zinc-mercury couple by determining
.S

reliable values of ¢I(Zn, 77°K), the fracture initiation energies of zinc

: in an inert environment at 779K & -I(Zn-ﬂg, 298°K) by reanalyzing the
fractur- data from amalgamated zinc bicrystal presented in Figure 13. Since
fracture nucleation in zinc in liquid mercury and in an inert environment at

3_¢t1men’®-

Ce LI AR o

77°k occurs by basal cleavage and presumably bv the same Bullough6

RozhanskiiGa mechanism, it is appropriate to use Equation (25), which is a

5 modified verrion of Equation (13) to derive values of the fracture initiation

energies. Accordingly, the tensile cleavage fracture date of Deruyettere

and Greenough7° and Shchukin and Likhtman7l

72,73

for zinc monocrystals and of
Kamdar for asymmetric bycrystals of various orientations, xo(vhere Xe
is the angle between the tensile axis and (0001) cleavage plane at fracture)
and different diameters in conjunction with Equation (25) were used to
derive reliable values of ¢I(Zn, 77°K) and provide support for the wvalidity
of Equation (25).

In agreement with the prediction from Equation (25), it is seen that

s e e A v o B e ¥ e AR 3B &

¢I does not vary significantly with X, ©F @ 8ixfold change in crystal

: diameter, Figure .7, the fracture data is represented by a Petch type

E | fracture streas-grair size relationship, Figure 18, (note that similar
relationship was also observed for zinc in mercury envircnments, Figure 16)
i and that ¢I(Zn, 77°K) = 100 + 20 ergs/cmz, Figure 17. Using Equation (25)
and fracture data from Reference 9 and Figure 13, ¢I(Znnﬂg, 298°K) and its
variation with X, was redetermined. ¢I(Zn~ﬂg) 298°K was ~ 48 ergs/cmz,

Figure 19. This valud is about the same as the (~ 53 etga)/cm2 determined

3 64
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of zinc, Fig. 19(b) in liquid mercury at 288°K (after Kamdar ©9),
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earlier in Section 4.5. The value of N, the ratio ¢ (Zn-Hg) 298°K/¢(2n,
77°K) 1s ~ 0.50 in agreement with that of 0.61 * 0.12 for n,, the coefficient
of embrittlement determined by Westwood and Kamdar,a (Section 3.3.1). Thus
nI x> l’lp.

The values ~ 48 ergs/cm2 derived for ¢I(Zn-ﬂg, 298°K)* and ~ 100 ergs/
cn’ for ¢I(Zn, 77°K) are in good agreement with those of ~ 53 and 90 ergs/
cm2 for ¢P(Zn-ﬂg, 298°K) and ¢P(Zn, 77°K), respectively, determined by
3 Westwood and Kamdat4 using the double cantilever cleavage technique. The

value of ~ 100 ergs/cm2 computed for ¢I(Zn, 77°K) and ¢P(Zn, 77°k) is in fair

agreement with that of ~ 185 ergs/cm2 for v(Zn), the cleavage surface energy

of (0001) plane in zinc derived by Gilman29’32

from theoretical consider-
ationg. Therefore, both ¢I(Zn, 77°k) and ¢P(Zn, 77°K) are considered to be
equivalent to Y(Zn, 77°K), the cleavage surface energy of the basal plane

in zinc in inert environments at 77°K.72 This suggests that crack initiation

in zinc in liquid nitrogen environments (i.e., at 779K) occurs at energies which
3 are equivalent to that required to break atomic bonds across the fracture plane,
3 and that only small amount of energy is absorbed by plastic deformation pro-
cesses which cause relaxation of stress concentrations at a barrier during

crack. initiation. The singificant observations, however, are that

¢, (Zn-Hg, 298%k) < ¢ (Zn, 77%) = Y(Zn, 77°K) and the ratio of these energies,
I I

Ny is ~ 0.50. Now, y(Zn, 77°K) = 90 * 10 ergs/cm2 is about the same as

Y(Zn, 298%K) = 87 + 5 ergs/cm2.4 Y(Zn) does not vary significantly

with the temperature in the range 77°K to 298°Kk. Therefore, the energy to

Yreak bonds across the fracture plane in liquid mercury environments at 298°K
This suggests that for pure zinc since T¢ << Tp (Table 4), the values of
fracture initiaticn energies derived by using Equation (25), a modified

3 version of Equation (13), are essentially the same as that derived by
4 using Equation (13) in Section 4.5.
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is less than the cohesive strength of atomic bonds in an inert environment

°K.69 This suggests that adscorption of mercury atoms at

at 77°K and 298
the grain boundary in zinc or at the sites of high stress concentrations
near a barrier causes reduction in cohesion of atomic bonds across the
fracture plane, thereby facilitating crack nucleation in zinc in liquid
mercury environments. Therefore, crack initiation in a zinc-mercury
couple can be considered to occur by the "adsorption-induced reduction ‘n
cohesion" mechanism.

The result, ¢I(Zn, 77°K) = ¢P(Zn, 77°K) ~ ¥(2Zn, 770K), is in good
agreement with the condition for nucleation controlled fracture, namely

74 and Snith75 from theoretical considerations.

¢I = ¢? = Yy, derived by Stroh
Thus, fracture in zinc in an inert environment at 77% is shown to be
nucleation conttolled.72 Theoretical estimates of y(Zn-Hg, 298°K) are not
available. Neverthelees since ¢I(Zn-Hg, 298°K) -~ ¢P(Zn-ﬂg, 298°K) and
Ny = Mp» it is suggested that fracture in zinc ir mercury environments wmay
be considered te be nucleation controlled.

Extensive investigations with the model embrittlement couple, zinc
and its alloys in liquid mercury envirorments and at low temperatures
in an inert environment discussed in these sections provide convincing
support for the ideas that liquid metal embrittlement is a special case

of brittle fracture and that the embrittlement process occurs by the

"adsorption~induced reduction in cohesion" mechanism.69
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S. EFFECTS OF METALLURGICAL AND PHYSICAL FACTORS

In the previous section, it was concluded that adsorption-induced
liquid metal embrittlement can be regarded as a special case of brittle
fracture. It is apparent therefore that those factors (e.g. grain size,
strain rate, temperature, alloying additions etc.) which tend to induce
brittle behaviour in a metal in an inert environment also increase the

7,39

susceptibility of a solid to liquid metal embrittlement. The effects

of these factors on variations in susceptibility to liquid metal
embrittlement can be better appreciated by considering the signifi-

cance of the observation described in the previous section that fracture
in zinc-mercury system can be considered brittle and nucleation controlled
as defined by ¢I = ¢P = Yy, the theoretical condition for nucleation con-

trolled fracture derived by Sttoh74 and Smith.75

Under ideal experimental
conditions, therefore, the relief of stress concentrations at the sites of
crack nucleation or at the tip of a crack occur by the nucleation and
propagation of a sharp crack to fracture rather than by plastic deformationm.
This suggetts that maximum embrittlement has occurred. The severity of
embrittiement cannot be increased further in a pure solid-pure liquid metal
couple except by selecting a new liquid metal environment thereby altering
the magnitude of reduction in the cohesive strength of atomic bonds at

a crack tip, i.e, by changing the magnitude of the environment sensitive
parameters, ¢, described earlier (Section &4.1). However, it 1is possible to
decrease the severity of embrittlement of a solid by increasing tb~ - agni-

tude of the ratio G/T by decreasing the magnitude of the structure ‘ensitive

parameter t, without significantly affecting the magnitude of ¢. As

Preceding page blank
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discussed earlier in Section 4.1, an increase in the magnitude of this ratio

may cause a decrease in the susceptibility to embrittlement (i.e. it may in-

£

crease the stress or strain at fracture or change the fracture characteristics

i g i

from being nucleation to propagation controlled). If the decrease is high
enough, a brittle to ductile transition may occur in the solid with the
result that inhibition of embrittlement will occur. The maximum shear

3 stress, Tmax’ oit a slip plane near a crack tip should be related to the

NSy

yield stress, oy of the solid. T increasing or decreasing with similar

ot S N

changes in oy. oy is known to vary with grain size, temperature, strain

% rate and other factors such as Taylor orientation factor m, the number of
'f available slip systems tc satisfy Von Mises criterion for ductility in
polycrystals, etc. A quantitative relationship between oy and grain size
relating to the ductile-brittle transitions in a solid can be described
by the well known Cottre1176~Pe:ch77’78 eguation (Iyl(ydll2 > Buy.* A
modification of this equation has been made by Armstrong79-1chinose and
Robertsonl6 to include the effects of strain rate, temperature and other
factors. Thus, the variation ir oy and hence that in the susceptibility

to embrittlement of a pure solid can be related to all :these factors. In

o it AN S

addition, to these factors, the magnitude of T or oy can be significantly

affected by solute additions to solid via solute locking of dislocstion

sources,54 solid solution hatdening,39 orde~-disorder reactions39 and the
5; presence and dispersion of second phases. The magnitude of 0 however,
3 may also be affected when large additions of solute are made.

in any event,

the effects of some of these factors are simultaneous and interrelated. In

. <

*
‘4 Here ky is the slope of the linear piot of 0, against grain size, B,

is a factor expressing state cf stress, U is the shear modulus and Yy
the effective fracture-surface energy.
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this section . ever pussible we will use the above coneiderations while
3 TN discussing . « uffects of these various metallurgical and physical factors

4 on the susceptibility cf a solid to liquid metal embrittlement.

5.1 Effectse ¢~ Grain Size

! Theories of fracture in metals have been based primarily on the

dependence of rracture strength on grain size, d. The significance of

grain boundaries {s that ey constitute an obstacle to plastic flow (i.e.

PYrY

sites for pile up of dislocations) and therefore potential gites of stress

concentrations. The magnitude of stress concentrations is related to the
pile up lengtus or the grain size. The central feature of all pile-up
models of brittle fracture is the linear dependence of fracture stress with
d-llz. The chief results of investigations of fracture strength of poly-

crystals in inert environmeats are summarized in Figure 20. For grain

sizes in range I, fracture 1s nucleation controlled, i.e. once initiated

B

a microcrack propagates to final fracture. In range II, however micro-

cracke form when the y.eld stress is reached, but they do not cause failure

until the stress reaches a much higher value. A linear depende..ce of
-1/2
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e A TR AR -

™ L Dren
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fracture stress with ¢ in the liquid metal embrictlement of a solid will

constitute further strong evidence that liquid metal -mbrittlement is a
special case of brictle fracture. It is unlikely that penetration or dis-

golution of liquid into the grain boundary will result in a linear dependence

of GF and vs. d_l/z. Hosrever, such evidence wil! bhe in acéotd with reduc-

tion in cohesiun meche:nism of liquid metal embrittlecent discussed earlier.
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In agreement with results summarized in Figure 20, the fracture data
irom pure zirc polycrystals of various grain sizes tested in tension in a

liquid mercury environment provide evidence,82 that Cp did indeed vary

1/2, Figure 21. 1In addition, an examination prior to final

linearly with d
failure of specimens having grain sizes in ramnge II revealed the presence

of unprcragated cleavage microcracks, one or two grain diameters in size, only
in grains in which local yielding had occurred.13 Such microcracks couid

pot be detected in specimen having grain 3izes in range 1.13 Thus, in range
I, fracture is nucleation controlled whereas in range IIL, it is propagation
controlled. From Figure 21, it is seen that the fracture stress is lower

than the flow or yield stress of zinc polycrystals. The presence of micro-
cracks only in those grains in which local yielding had occurred indicate

that the prerequisite for embrittlement in this case appears to be yielding

ir favorably oriented isolated grains which corresponds o yielding in a
monocrystal rather than general yielding of the polycrystalline material.

Tae values uf fracture surface energy derived from the OF vs. d'-]‘/2 plot

was ~ 95 ergs/cm2 and that derived by usingz Equation {25) (assuming fracture
initiated in grain oriented at 45° to tensile axis and d = L) was several
times larger than this value. Note that these values are considerably

higher than the value of (~S50 ergs/cmz) rzported earlier for (Table 4) zinc
bicrystals tesced in liquid mercury environment. The significance of this
value of fracture energy, and fracture occurring below the flow stress on the

fracture nucleation process in zinc poulycrystals, will be discussed later

while discussing the effects of dilute alloying additions on the embrittle~

ment of zinc in “iquid mercury.
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In contrast to the fracture behavior of zinc-mercury couple, Stoloff
et 81.8 obgerved that the fracture stress of cadmium in liquid gallium was

= the same or higher than the flow stress. This behavicur is in agreement

: with the general prerequisite that yielding must precede brittle fracture

(See Section 4.2). The fracture stress, however, did vary linearly with

-1/2

d and the fracture mode was predominantly transgranular supplemented

by intergranular fracture.8 Fracture in liquid gallium environment appears

to oe propagation controlled. & crack initiated in liquid gallium runs
ahead of the liquid, stops and becomes blunted. The blunted crack repro-~
pagates only when the liquid arrives or is present at the crack tip. These
observations are taken to provide evidence in support of the adsorntion-

induced reduction in cohesion mechanism.8 Thus, adsorption of liquid at the

4 crack tip r~duces cohesion at the tip such that a lower stress concentra-

tion and hence a lower applied tensile stress is required to propagate a

blunted crack in liquid metal environment than that in air.
Ancther example of propagation controlled fracture is that of

copper — 4 w/o silver alloy tested in liquid mercury — 5% zinc solu:ions.83

In this alloy, cracks v2re found to develop below the fracture strzss but

only after general yielding had occurred. The frequency of such cracks

increased with incrcasing stress level and final fracture occurred by the

linking up of such nonpropagating cracks.
When tested in air, many ductile metals, e.g. copper, alpha brass,

E cadmium, nickel, etc. reveal no gr « size dependence of fracture, if indeed

é’ the latter can be weasured at all. However, when each of these metals is

E tested in appropriate liquid metal ervironment (iithium or mercury on

77




BRI bt Sl b © SRR S G KR il AT FACEETRS e e e e N

copper, mercury on brass, gallium on cadmium and lithium on nickel) the

fracture stress OF becomes proportional to d'llz snd obeys the well known

il

4
P,
3
g
3

Petch relation.

VP rE

5.2 Effects of Temperature
: Temperature can affect the susceptibility to liquid metal embrittle-
ment of a solid (i) by causing the crack tip to become blunted at elevated

3 temperatures either due to increased ductility (T decreases) of solid or

due to dissolution at r4e tip in the liquid metal environment and (ii) by
controlling the rate of arrival or diffusion of the lijquid metal atoms to
the propagating tip. It is possible that temperature may have little effect
2 on the susceptibility to embrittlement. The observation that suscepti-
bility sometimes increases with decreasing temperature41 Figure 22, or that
3 embrittlement can occur near the freezing temperature ot a liquid saturated
with host eolid4 (See Section 3.3.1) 1is often times taken as an evidence

b that embrittlement does not involve thermally activated diffusion or dis-

A AR (A kb G s iz s

A golution dependent processes. It is generally considered that at low

L ar A

temperatures (i.e. temperatures in the vicinity of the melting point of the

ke .

liquid metal) liquid metal embrittlement is a relatively temperature
insensitive phenomenon and that diffusion in the conventional sense may not
be an important factor. However, it is known that in wany embrittlement
couples the liquid metal must be present at the crack tip to sustain pro-

pagation of a brittle crack in a ductile metal, as for example, was noted

PP PPN R YWY AUPPITR STIOMIC S TOIOLTY XA IR e

in polycrystalline cadmium embrittled by liquid gallium.8 Thus. the effects
of temperature on the transport of liquid phase to the crack tip in control-

ling the susceptibility to euwbrittlement should be important, however,

. I
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Figure 22, Dependence of strain at fracture on temperature for (a) unamalgamated, and ;
{b) amalgamated zinc monocrystals of ~Tmm diameter (after Rozhanskii et al*?).
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concerning such effects little theoretical or experimental work of sufficient
precision is available at the present time. In most instances, embrittle~
ment is not observed below the freezing temperature of the iiquid indicating
that embrittlement by the vapor phase or atoms transport by vapor phase is
not responsible for embrittlement.* In one instance, however, the embri:tie-
ment of steels containing 0.3 w/o lead in the matrix was observed at 200°F
below the freezing temperature of lead. Such effects may arise due to
impurities in the steel which lower the melting point of lead.

At an elevated temperature, commonly termed the transition temperature,
TC, a metal may undergo sharp transitions from brittle to ductile bzhavior
when tested in a liquid metal environment. Metals, such as btass,sa

80,81,84

aluminum and titanium16 when tested in appropriate liquid metal

environments are known to undergo such transitions. The example of brittle-
ductile transitions occurring in aluminum tested ip mercury — 3% zinc solu-
tions in shown in Figure 23. It is seen that above TC fracture stress in
mercury is the same as that in air. Following an analysis of the effects of
time and temperature, on the fracture stress of brass and aluminum both in
liquid mercury and in air, the absence of variation in the fracture stress
of aluminum in liquid mercury from that in air above Tc may be taken as an
evidence that diffusion of liquid into the grain boundary can be neglected
as the cause of embrittlement at elevated ';emperatures.3 The transit’lon
temperature increases with a decrease in grain size or an increase in strain

1/2 /2

rate, é, Figure 23, 7T, varied linearly with -d" and d—l

C
zinc and mercury~3% Zn solutions, respectively. Such changes in Tc with

grain size (i.e. Tc o d-ll2 or —d-ll

in tin-10%

2) are shown to be in agreement with a

*
Except _for those examples of embrittlement by the vapor phase which are
discussed in Section 2.2,
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modification of the Petch -Stroh analysis of the ductile-brittle transi-

tions in metals. This analysis however, is not in agreement with either the
Petch analysis or its modification by Armstrong79 where it was shown that

TC should vary linearly with log d or should be invariant with grain size.
In brass tested in liquid mercury, TC did in fact vary linearly with

log d,84 Figure 24. The change in TC vith log € for aluminum tested in

mercury 3.0Z Zn and tin-~10.0Z zinc is in accord with the Petch77’78

Robertson16 has shown that the Tc for titanium tested in liquid cadmium

analysis.

varies linearly with log €, Figure 25. The slope of the line which
separates brittle behavior from ductile behavior in Figure 25, is -75°%C per

unit change in log €. This change in T, with € ia about the same as that

c
of -38°C per unit change in log € observed in the variation of the yield

stress of titenium with temperature and strain rate. In either case the

change is about (ne same. This means that at T,., if the yield stress is

c?
at a critical value — this value being achieved by selecting a proper com-
bination of the temperature and strain rate — equal to or greater than the
fracture stress, then a change in test temperature by ~ 60°C and a unit
change in strain rate cause the yield stress to remain at the critical value
necessary for the occurrence of fracture, i.e. for the transition to occur
from ductile to brittle fracture. These results then support Petch's

hypothesis that ductile brittle transition cccur when o Uy’ assuming

Fe
of course that GF is relatively insensitive to variations in temper-
ature, and that Uy varies linearly witn temperature. Such results for

the bvittle-ductile transitions in metals in liquid metal environments indi-

cate that embrittlement arises due to liquid metal adsorption induced

82
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reducticu in atomic cohesion at the crack tip. The inhibition of
embrittlement at elevated temperature is caused by the fact that it is
difficult to initiate or propagate a brittle crack in a solid whose yield
stress had decreased singificanily with increase in temperature. In some
instances, it is possible that crack blunting is caused by dissolution at
the crack tip st elevated temperatures and this then is responsible for

the inhibition of embrittlement. Here also, the stress necessary to
propagate a blunted crack is hiéh such that yielding at the crack tip is
preferred to fracture.

At temperatures between the freezing temperature and the transition
temperature, however, it does appear that the severity of embrittlement is
relatively insensitive to temperature, except in situations where the rate
of diffusion of the liquid metal atoms to the crack tip is a controlling
factor. When the liquid metal is already at the crack tip before the
material is stressed, then the magnitude of the energy to propagate a crack,
¢P, is not markedly affected by variations in temperature of, say, 60°C,
Figure 4. Studies of the rate of crack propagation through poiycrystalline
sheet, on the other hand, have revealed various effects.85 For Al 2024-T4
plate wetted with liquid mercury, Figure 25, the rate of crack propagation
increases with temperature. The variation is small, however, and leads to
apparent activation energy of only about 0.05 eV. Rhines et a1.85 comment
that it seems doubtful that this value could be associated with any chemical
reaction process, but it may be associated with a change in visuosity of
the mercury with temperature. An alternate possibility is that this value

represents the activation energy for second monolayer diffusion of mercury

85
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to the crack tip. For pelycrystalline 7U~-30 brass, the cracking rate at
first increases and then decreages, Figure 26. Rhines et al.lS suggest that
the decrease at temperatures above 50°C i brass is associoted with the
formation of infermetallic cowpounds with components of the brasy which
"choke off" the mercury flow to the crack tip. However. the solubility of
copper in liquid mercury is very small at 50°C, and zinc, which ls soluble
to about 10 a/o in liquid mercury at SOOC, does not form compounds with
mercury which are stable at this temperature. 4n alternative possibility is
that the reduced rate of crack propagetion is associated with an increased
rate of "sideways' interqjranular penetration. Studies with bicrystals
could clarify the actual cause of this effect,

One of the major points of concern in understanding the nature of
liquid metal embrittlement has been to explain the high ratee ‘f cracking
sometimes obgerved in otherwiee ducti.: metals in view of the requirement
that the liquid metal bs. continuously present at the propagatiig crack tip.
There is evidence that the fluid mechanics of the system controls the rate
at which the bulk liquid metal travels to the vicinity of the crack tip.85
However, there is some discussion of how ..ose the bulk liquid metal can
get to the tip before transport by some other process, such as mono- or
bi-layer diffusion, is required. Rostoker et al.2 suggest that a driving
force of 105 atmospheres would be required for "bulk" liquid metal to be
present at an atomically sharp crack. However, it has been poinced out that

4 5

capillarity effects could provide ''negative' pressures of order 10 - 10

atmospheres which would >ull the liquid metal into very small cracks, aiding

transport to the tip.ac’37
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1f it is assumed that the liquid metal atoms proceed from the bulk
liquid phase to the crack tip by menolayer diffusion, say of liquid mercury
on zinc, then the observed crack propagation rates may be difficult to

: explain because this can be rather a slow process. On the other hand, since

Aderisr

it is known that liquid metal atoms are expendable in the embrittlement
process — presumably because they become stably adsorbed on the freshly

created fracture surfaces — it can be argued that tranport to a propagating

PYSRSEE ST RS

; crack tip probably occurs by a secoad monolayer process, e.g., by mercury 3

atoms over mercury atoms, and not meicury atoms over zinc atcms.a While
the actual value of the activatf. energy, Q, for the second monolayer
1 diffusion of mercury on mercury has not been determined, Q for cesium on

oc.86

3 cesium is ~ 0.1 eV, and D° ~ 10"2 cmz/sec at about 30 These values

suggest that seccnd monolayer diffusion should be capable of maintainiung a

sufficient supply of liquid metal atoms at the crack tip to explain observed

rates of crack propagationm.

Robertson40 has also considered the problem of high rates of crack
3 propagation on the basis of a dissolution model for liquid metal embrittle-
ment. He estimates that the diffusion of solid metal atoms away from a

crack tip via the liquid metal phase can occur sufficiently rapidly to

produce crack propagation rates of 10-4000 cm per sec.

5.3 Effects of Alloying
Pure metals are embrittled by liquid metals, for example, zinc by
liquid mercury and cadwium by liquid gallium. However, in many instances

*
pure metals such as iron and copper were considered immune when tested in

*
Course grain copper has been showa to be embritrled by mercury.ll

88




liquid mevcury although iron and copper base alloys, particularly brasses,
are known to be significantly embrittled by liquid mercury and the embrittle-
ment of brass by mercury constitutes a classic example of liquid metal

k embrittlement.

with increasing solute content (e.g. iron and coprer base alloys in liquid

mercury environment48’39987

) provided that grain size and extermal test
conditions are kept fixed. An increase in the yield stress with solute
content caused by solid solution hardening is considered responsible fer the
increased susceptibility to embrittlement.48 This alone, however, does not
constitute a sufficient condition for embrittlement, The effects of alloy-
ing on the specific factors that affect yielding are important and should

be considered, while discussing the susceptibility of the solid to embrittle-

3 39,87

3 ment., These factors are the ability to deform on a sufficient number

of slip systems to satisfy Von Mises criterion for ductility in polycrystals,
reduced tendency for cross slip caused by lowering of stacking fault energy,
the occurrence of urder-disorder reaction, and dislocation source locking by

inpurities when applicable.

5.3.1 Embrittlement of dilute zinc alloys

When polycrystalline zinc is alloyed with small amounts of copper or
gold in solid solution, its susceptibility to embrittlement by liquid
mercury is markedly increased.54 Specifically, additions of 0.2 at .7 of
either copper or gold to polycrystalline zinc of 1 mm grain diameter do not
change its flow stress significantly from 1.9 kg/mmz, but reduce the tensile

fracture stress of amzigamated specimens from 1.4 kg/mm2 to 0,46 kg/mmz,

8|9
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In general, the susceptibility of a pure metal to embrittlement increases
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Figure 14; that is, to 25% of the flow stress of such alloys. The fracture

stress of alloys is not sensitive to a temperature variation of ~ 60°C,
Figure 14, whereas the fracture stress of pure zinc in the presence of
mercury is reduced from 1.4 Kg/mm2 to 1.1 Kg/umz, i.e. approximately 30% by

decreasing the temperature frowu 298%K to 24001(.”88 Since it is known that

the stress to propagate a crack in zinc in the presence of mercury is not
affected by temperature in this range, Figure 4, it must be the

crack initiation process which is temperature sensitive for pure zinc in

liquid mercury environmente. Also, it can be gseen from Figure 14 that the

fracture stress of amalgamated polycrystalline zinc is reduced from 1.4 Kg/
mm2 to 0.46 Kg/mm2 by the addition of 0.2 at % of sclute, and that this value
is not reduced further by greater additions. This suggests that 0.46 Kg/mmz

may be the minimum stress for crack initiation in zinc alloys of ~ 1 mm

grain size. It is of interest to apply Equation (25) and compute a value for

the energy to initiate failure in such specimens. Assuming that fracture

nucleates by cleavage on a basal plane oriented between 35° and 65° to the
tensile axis, nd taking To to be 95 g/mm2 the average c.r.s.s. for
Zn-(0.2~0.4 at .%Z) Cu alloys, Figure 14 and LF = 1 mm., ¢I(Zn-0.2 to 0.4 a/o
Cu-Hg, 298°K) is computed to be between 52 and 66 ergs/cmz. Considering

the assumptions, this value is in remarkable agreement with that of 60 ergs/
cm2 derived from the studies with alloy bicrystals (see Table 4, Section 4.6).
This suggested that since fracture in alloyed bicrystals is nucleation con-
trolled the same should be true for the polycrystalline alloys. Metallo-

graphic examinations of the alloy polycrystal specimen loaded to a stress
Just below the fracture stress did not reveal any microcracks indicating

thereby that fracture is indeed nucleation controlded.
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A possible explanation fer the effects of alloyi.g on the suscepti-
bility to embrittlement by iiquid mercury of zinc- mono-, bi-, and poly-
crystals described earlier in Sections 4.5, 4.6, and 5.1, may be developed,
however, by consideriug the influence of alloying on T Figure 14. For
the zinc mono~ and bi-crystals, dislocation multiplication, slip band
formation, and macroscopin plastic flow occur at the c.r.s.s., Tc' Since
fracture is considered to be a consequence of ithe priling-up of dislocations
at some stable lattice barrier such as a kink band or bi-crystal bourdary,
fracture must be preceded by flow. Thus, the fracture stress T, must be

F
greater than T It follows that since alloying increases L it must also

increase TF as observed (Table 4).

For polycrystalline zinc, cn the other hand, macroscopic plastic flow
occurs at stresses considerably greater than Tc' The flow stress of poly-
crystalline pure zinc of ~ 1 mm grain diameter in air, Figure 21, for
example, is some 200 times the value of Tc (~ 10 gm/mmz, Table 4) for zinc
monocrystals. It will thuc be appreciated, nevertheless, that the initiation
of yielding in a polycrystal is a localized event, occurring first in a few
favorably oriented grains.89 When a ductile polycrystal is deformed in an
inert environment, the stress concentrations resulting from pile-ups formed

at the boundaries of isolated yielding grains are relaxed by dislocation

cross slip or climb out of the pile-up, or by plastic flow in the neighboring

grain-leading tc the propagation of yielding throughout the solid. 1In a
brittle or embrittled polycrystal, on the other hand, stress concentrations
at grain boundaries are more likely to be relaxed by the initiation of

cleavage cracks. Stress relaxation by crack nucleation rather than plastic
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flow will be facilitated (i) if cohesion across the cleavage plane is
reduced by chemigsorption of some surface-active species, as is considered
to be the case in liquid-.etal embrittlement, (ii) if dislocation cross
slip or climb is inhibited, or (iii) if the generation of dislocations in
neighbering grains is made more difficult. It seems likely that the
increase in susceptibility of polycrystalline zinc to embrittlement on
alloying is related primarily to the last effect. Specifically it may be
supposed that alloying zinc with up to 0.5 at .%Z of copper or gold locks
dislocation sources at or near grain boundaries without creating alternative
"sources" in the form of second phase particles. As a consequence, the
relaxation of stress concentrations at boundaries by plastic flow is
inhibited, and crack initiation, leading to catastrophic failure in a
mercury environment,7’42 is thereby facilitated.

This hypothesis is suppcrted by the data of Figure 14. The data
reveals that the initially rapid increase of T with solute concentration,
followed by a leveling off at ~ 0.3 at .% solute, is "mirrored" by the
decrease in fracture stress of amalgamated polycrystalline zinc on alloying.
This strongly indicates the existence of some correlation between these
two parameters.

In pure zinc polycrystals of a grain size ( ~ 1 mm) comparable to that
of the alloys, the effects of solute atoms locking dislocation sources will
not be present. Relaxation of stress concentration at the grain boundary
can therefore occur by cross-slip or by dislocations climbing out of the slip
plane. The latter seems a more likely possibility since lightly deformed
zinc moncrystals are known to undergo recovery effects at 298°k occasionally

with the formation of kink bands.go’gl’sa’36 Due to relaxation effects,
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the energy to i-itiate a crack in pure zinc is several times higher (see
Section 5.1) than that of ~ 60 erga/cm2 for the alloys. Nevertheless,
fracture in zirg of ~1 mm groin size 18 nucleation controlled, as discussed
in Section 5.1. Nucleation controlled fracture does not necessarily imply
that maximum embrittlement has occurred. Thus, although fracture in both
pure zinc and its alloys is nucleation controlled the susceptibility to
embrittlement of zinc and its alloys are significantly different, Figure 14.

Thus, nucleation controlled fracture does not necessary imply that waximum

embrittlement has occurred.

5.3.2 Ewbrittlement of solid-solution and age-harderable alloys

The addition to copper of the solid solution elements (i.e. zinc,
aluminum, germenium and silicon) drastically increases it's tendency for
brittle failure in mercury. Rosenberg and Cadoff48 attributed this behavior
to the sulid solution strengithening influence of these elements. Thua it
can be shown, as in Figure 27, that tine ratio oF/oY (OF is the fracture
stress, Oy ig the yield stress) decreases with increasing yield stress of
the alioy system., The yield stress of copper-base alloys, however, is in
turn a function of the stacking-fault-energy, (SFE), with yield stress
39,87

increasing as SFE decrecasges. Therefore, Stoloff et al.39 suggested

that the latter is the fundamental parameter coatrolling the degree of
embrittlement for fco solid solution alloys. Figure 28(a) shows that OF/OY
increagses linearly with increasing SFE over the range 0 to 20 ergs, the
latter being the limit of experimentally determinable energies by means of
direct observation in the electron microscope. 1In a similar manner, the

ductility at fracture increases as SFE increases. Since the pointe for

different solute species fall on a common line, Stoloff et al.39 suggested
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that the nature of the chemical species added to copper was immaterial so
long as a particular SFE was reachod,

The significance of a low SFE is thar dislocations piled-up behind an
obstacle (grain boundary, tilt boundary or precipitate particle) cannct
cross~slip readily in a low SFE material. Heunce stress concentrations in
the latter quickly build up with strain, to levels capable of nucleating
cracks.

In view of the observed relationship in these copper base alloys,
between stacking fault energy and susceptibiiity tc embrittlement, it might
at first bhe thought that alloying additions control embrittlement simply

via the metallurgical parameter, T, and that, as Roaenberg and C.ado;‘:‘f“8

and Stoloff et a1.39’87 have suggesterd, the chemical nature of solute species

has no pronounced effect. It is known, however; that the electron/atom

ratio determines the stacking fauit energy of Cu-Zn, ~A%, -Si or -Ge alloys
94 . 92 93

(Smallman and Westmacott,  Howie and Swann, Foley et al.” "}, &nd also

affects their elastic constants, For example, the observed decreases in

{(cll- cl9)/2) witl additions of solutes of valency higher than that of

9
copper are related to the electron/atom ratio of the alloyzs.‘5 It is apparent,

then, that alloying can also affect the bond strength of an alloy, =o that
in some instances, it mey te this factor which actually controls susce, tibility

to embrittlement, With this pessibility in mind, it ie of interest to note

that the data of Stoleff et 31.39 shown plotted against stacking fault energy

in Figure 28{a), exhibits an equally good relationship with electron/atom
ratio, Figure 28(b). It may be suggested therefore, that the chemical

rature of the solute species does play a role in the embrittlement of certain

copper alloys because it detearmines the electron/atom ratio of these materials
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and hence (i) their stacking fault energy and the factor T, and (ii) their
elastic properties and hence the parameter G,

Iron-base alloys also exhibit enhanced susceptibility when certain
elements, particularly silicon,39 aluminum39 and nickel,53 are present in
solid solution, see Figures 29,30,31. Unalloyed iron is immune to mercury
embrittlement, but alloys containing more than 2 at %Si or 4 a/o AL or
8 w/o nickel are increasingly susceptible, Figures 29,30,

The dcminant feature of the solute addition appears related to
restrictions in the number of slip systems or ease of cross-slip. Trans-
mission electron microscopy and surface observations have revealed that
both silicon and aluminum are very effective in suppressing cell formation
or wavy glide, and consequently incidence of secondary slip in iron.39

Optical microscopy of deformed iron-nickel alloys revealed that up to 8 w2

nickel content, the structure was ferritic with wavy slip lines whereas at

higher nickel content the structure was martensitic with coarse slip 11nea.53

Stralght or coarse slip leads to increased likeiihood of hignh stress concen-
tration at grain boundaries with enhanced possibility of crack nucleation.
The change in slip character on alloying may not always represent a
necessary condition in determining the effects of solute additions on the
susceptibility of a solid to liquid metal embrittlement. It is conceivable
that the absence of embrittlement in a mercury environment (noted in a
tension test with a smooth specimen having nickel contents of up to 7% w/o
Figure 31, or aluminum contents of up to 4%, Figure 29), is due to the fact

that fracture is nucleation limited. Thus, although embrittlement may be

anticipated for these alloys, the stress concentrations at the surface of the
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Figure 30. [llustrating the effects of aluminum additions to iron on it's susceptabitity to
embrittiement in mercury and mercuiy-indium solution (after Stoloff et a.39),
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in area, RA) of smooth tensile specimens tes*~d in liquid mercury environments
(after Hayden et a1.53),
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solid are not sufficient to nucleate a crack in the presence of mercury.

1f a stress raiser, such as a notch or a sharp crack is present in the
specimen, however, then the presence of mercury at the crack tip may cause
brittle crack propagation or embrittlement in these alloys. A study of

crack propagation in notcned specimen demonstrated that mercury will
embrittle iron-nickel alloys at all composition levels, i.e. from 2 to 8%
nickel and up.53 Specifically it was found that for all alloys the plain
stress crack opening force, Gc’ calculated from the measurements of the crack
opening displacement in mercury environments was about one order of magnitude
lower than that calculated from the energy absorbed in a charpy impact test

E carried out in air, Figure 32. In addition to the presence of a notch,

“ the strain rate of the test also may be an important factor. In aluminum
monocrystals tested in liquid gallium at the crack tip, embrittlement was

1 not observed when test was carried cut at a low strain rate (e.g. lo-acm/sec.).
But, when the strain rate was increased by several orders of magnitudes

(e.g. 5 in/min), the monocrystal failed in a brittle manner and th: fracture
surfaces were identified as (001) cleavages.47 The results with iron-nickel
alloys and aluminum monocrystals indicate that slip character alone may aot
represent a sufficient condition for determining the effects of alloying on
embrittlement. Consequently other factors which enhance or increase hrittle-
ness in a golid-such as the presence of a stress ralser or a notch, strain

rate of test, grain size, etc. — must be taken into consideration.

When slip character does not change significantly with alloy composition,
or for very dilute alloys, it appears that flow stress determines the

severity of embrittlement. For exarple, commercially pure aluminum extends
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gome 25% in air, and this strain at fracture is reduced to about 12% when
the specimen is amalgamated. Nevertheless, an AL 2024 alloy specimen (4.5%
Cu, 1.5% Mg, 0.6%Z Mn) in the solution treated and in a naturaily aged
condition, and normally exhibiting some 177 elongation, breaks below its
flow stress when amalgamated.96

It is generally observed that high-strength alloys are more severely
embrittled than low strength alloys based on the same metal. Rostoker
et al.2 have demonstrated this for both steels and a wide variety of
aluminum alloys. For the latter materials, a comparison was made between
the fracture stress in air and that in mercury containing 3% zinc in solution,
these data are shown replotted in Figure 33. Below about 65 kpsi, the frac-~
ture strength in this solution and in air is not significantly different.
Above this critical stress, however, the liquid mercury environment causes
increasingly severe embrittlement. That is, the greater the intrinsic
strength of the alloy, the weaker it becomes when exposed to mercury -3.0%
zinc sclution. The data also indicate, however, that this environment has
significant effect on the ductility of even the weakest alloys. For
materials of strength greater tnan 65 kpsi, failure occurs below the flow
stress. The effects of precipitation hardening on embrittlement has been

studied in a number of fcc systems, notably 2024 aluminum,2 AR-47 Cu,17

23,97 and Cu-2% Be.98 In all cases the maximum susceptibility to

Cu~4% Ag
liquid metal embrittlement coincides with peak strengch of the allcys Tests
involving various combinations of prestrain and aging show that fracture can be
induced at stress levels well below the yield stress.

One of the more interesting aspects of embrittlement in age hardenal.le

alloys is that a change from the characteristic intergranular failure to
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transgranular failure is observed in the hardened condition for 2024 AL,
Cu-4% Ag and Al-4%Z Cu. When tested in solution treated condition, the

fracture mode reverts to intergranular.

5.4 Effects of Prestrain and Cold Work

For ductile pure metals or nonstrain aging alloys, the fracture stress
usually increases approximately linearly with prestrain, while strain at
fracture is decreased (Rosenberg and Cadoff,48 Pargeter and Ivesgg). For
fine grained material, or strain aging alloys, however, the effects of
prestraining are not always those anticipated. For example, note the
peculiar variation in fracture stress of amalgamated, fine grained 70-30
brass with prestrain in Figure 34, Figure 35 presents some data obtained
with a strain-aging aluminum alloy, AL 5083 containing 4.5% Mg, 0.7% Mn,
Rostoker.loo It is apparent that che data for the prestrained and amalga-
mated aluminum alloy specimens do not conform to a Petch-type relationship,
unless the fracture energy is actually negative, Figure 36 illustrates
the effect of prestrain on the fracture stress of AR 2024 alloy specimens
in the aged and amalgamated condition (Nichols and Rost:oker).101 Once
again an unexpected variation is observed. Nichols and Rostoket96 have
attempted an explanation of such phenomena in terms of strain aging effects
and coherency strains, etc., but, as they remark, the explanation cannot
be simple. They conclude that for aluminum alloys (i) fracture in single
phase and nonprecipitation hardened structures cannot be initiated without
measurable prior yielding, even after large degrees of cold work; (ii)

fracture below the flow st-=~ss is peculiar to the precipitation hardened

state, and the severity of embrittlement is greater when precipitates are
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Figure 34. Variation with grain size of effects of prestrain in air on fracture stress of
70-30 brass in liquid mercury at 25°C (after Rosenberg and Cadoff*8),
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Figure 35. Effects of grain size and prestrain on fracture stress of amalgamated Al 5083 alloy

specimens. Note that the data from prestrained specimens do not conform to a
Petch relationship (after Rostoker100),
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108

40

PPN PR APPSR

fd <antn

o 2L AT AN LAY BN Ak b i bt e

s 2,

o s Lo

s Lovss ~-

PITRRYm




= s % = P s RSN AT TR WO IS, | O s RRX T RIS TRV AL
Fﬂ o TRETEIN LT RS T TR T TG ik § SR RIS SR IR, - [aaZink - ™ 4
1

coherent with the matrix; and (iii) small degrees of cold work superimposed

on the aged condition produce the geverest embrittlemnt while lsrge degrees g
of prior plastic strain cause some reduction in susceptibility, g
Recent studies indicate that conclusion (i) also holds fcr Cu-4% AR
: alloys in liquid mercury (Pargeter and Ivesgg). However, Work by weotwoodsz

; and Kamdar and Westwood54 indicates, that conclusion (ii) is not valid

for zinc. Polycrystalline pure zinc specimens in ligquid mercury can frac-

A Y

ture at stresees substantially below those at wihich any marked deviation 3
E from linearity in thz stress-strain curve occurs, Figure 21,

g Effects of cold work and prestrain on the susceptibility of an alloy
t0 liquid metai embrittlement has been investigsted in aluminumz’gs’lo2

and copper base alloys.103 In aluminum alloys tested in iliquid mercury,

ot A sk

atiar i

increased cold worl decreases the susceptibility of the alloy to embrittle-
ment. In age hardenable aluminum alloys, cold working first produces an
increase in the susceptibility and then a progressive recovery with further
cnid work. The effects of tensile prestrain on the erbrittlement of alpha
brass in the presence of liquid mercury showed that susceptibility increases
with presirain. The susceptibility of cold rolled alpha-brass to embrittiement
by mercury-sodium amalgum has also been investigated.loa It was shown that

for w1 ., it 2y cord work (i.e. up to 25% reduction in area) the alloy

E is sever2ly embriitled and the failure occurs by intergranular fracture.

As the amiuat .. .old work increases, the susceptibility to embrittlement

decreases and the mosle of fxilure becomes ductile and transgranular. For
large amounts of cold work (90% reduction in area), essentially no embrittle-

uwent is observed. The elimination of grain boundaries resulting from cold
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work is the dominant factor vesponsible for the observed change in
gugceptibility and the fracture mode. It is apparent that ths effects of

prestrain and cold work on susceptibility to embrittlement are intriguing

but they are not well understood.

] 5.5 Statis Fatigue and Strain Rate Effects

piatie Sty

When & ductile solid metal is subjected to tensile stress oa in an

incrt environment, the relationship usually observed between time to failure,

tpo and Ga is

é tp = to exp(Uo - uoa/kT)
: . 105 -13
(Zhurkov), where to is a constant of order 10 sec, U° is a term

reiated tc the binding en>rgy of the solid and is approximately the heat

Sorwik kel el i A AL B A

of sublimation, & is a structure dependent coefficient, and k is Boltzmann's
congtant. Such a relationship is displayed by the data of Bruyukhanova

et al, ~ for zinc in Figure 37, curves (a) and (c). For amalgamated zinc
crystals, however, once a critical tensile stress is exceeded, a very abrupt
decrease in lifetime occurs over 8 small range of stress, curves (b) and
(d). For example, amalgamated zinc polycrystals fractured instantaneously :

at a stress of 1000 g/mmz; under a stress of 960 g/mm2 they remained un-

4

broken after more than 106 sec. The magnitude of this critical stress was

o

Cantar

rnt S R s e i SR,

not significantly affect2d by temperature over the range 20°-100°c. Similar

PRI

results were obtained for cadmium specimens in liquid grllium,43 for silver

] and cadmium gpecimens in mercury-indium solutions and for aluminum in

mercury gallium solut:ions‘l’3 The latter observations will be discussed in

©brmat 460w o e 1

Section 6. Bruyukhanova et al.l'2 have concluded from their work that in the

presence of a pure, embrittling liquid metal, the fracture process is not
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thermally activated. The catastrophic nature of the failure process further
suggests that fracture under such testing conditions is controlled by the
crack initiation process. This view would seem to be in accord with the
suggestion of Stroh, * later verified by Smith and Barnby,65 that provided
tive effective fracture surface energy for crack propagation, ¢F’ is equal
to (or less than) the true surface energy at all stages, then in an applied
tensile stress field the crack initiation process controls the fracture
behavior of the solid.
It is interesting to note that the critical stress for rapid failure
in static fatigue tests is approximately equal to the dynamic fracture
stress for both zinc in liquid mextcuryl‘2 and cadmium in mercury-indium
solutions.m’43
The effects of strain rate on the susceptibility of a solid to liquid
metal embrittlement have been described in Section 5.2 while discussing the
effects of temperature. In general, increase in strain rate increases
embrittlenent and the brittle to ductile transition temperature. At low
strain rates interesting ''plasticizing" effects have been observed when
zinc monocrystals were tested in various liquid metal environments. 1ln this
connection, Russian workers have reported that the strain at fracture, CF,
of lmm dia. zinc monocrystals coated with liqiid mercury, gallium or tin
is max. edly dependent on strain rate, £ = 10-15% per min, all three liquid
metals reduced €p irom that in air; but at very low strain rates (10-1-10_3%
per min) the ductility of wetted crystals was markedlv increased, Figure 38
(iower curve). These results, however, were not conf.rmed by the more

recent investigation of Kamlar and Westwood,9 in which carefully prepared

and handled 6émm square <irnc monocrystals were coated with liquid gailium or
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Figure 38. Strain rate depenaence of the shear strain at fracture for {i) lower curve, Tmm dia. zinc
monocrystals coated with Ga (after Shchukin et al.’7) Note “plasticizing”’ effect at
low strain rates. {i1) upper curves, 6mm square zinc monucrystals partially coated with
Ga (black circles) or uncuated {open circies) (Kamdar and Westwood?).
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liquid mercury in the center of the gauge length only. These workers
fund that for shear strain rates of 1-100% per min., neither gallium
coatings nor mercury coatings produced any significant embrittlement of
crystals deforming principally by single slip, Figure 38, upper curves.
Moreover, whereas Shchukin et al.107 reported a '"plasticizing" effect for
gallium coated specimens tested at € < 1% per min, the converse effect was
found in the more recent work., Specimens tested at £ < 1% per min deformed
in a markedly inhomogeneous manner, with well developed kink bands forming
in the gauge section. In the presence of liquid mercury or gallium
cleavage fractures initiated at such kink bands at relatively low stresses
and strains. For uncoated crystals deformed at low strain rates on the
other hand, the strains at fracture increased, though fracture stresses
were not significantly affected. Since the experiments performed with
uncoated crystals at initial shear strain rates of ~ 0 4% per min required
more than 12 hours for completion, it is likely that the increased strains
at fracture observed can be explained in terms of simultaneous deformation
and recovery in zinc at room temperature.70’90

The discrepancies between the earlier observa.ions and those of Kamdar
and Westwood9 probably result from problems ir handling the imm dia.
crystals used by the earlier workers. At "high" strain rates, accidentaily
incroduc;d damage causes inhomogeneous defcrmation behavior znd kiunk band
formation in such crystals. Cracks then nucleate at these kink bands at
relatively low strains. At "low" strain rates, however, sufficient time
is available for some of this damage to anneal out, and this results in an

apparent plasticization effect. Even so, the "enhanced" value of Op
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observed for 'pre-damaged" specimens at lcw strain rates (~ 75%), lower
curve of Figure 38 is less than the '"reduced" value obtained at similar

strain rates for undamaged crystals (~ 90%Z), upper curve of Figure 38.
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6. EFFECTS OF LIQUID METAL UNVIRONMENTS

T
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It is generally accepted that liquid metal embrittlement is a '"specific"

ey

phenomenon manifested only by certain solid metal liquid metal couples,

Tables 1 and 2. But the fundamental factors which determine whether or not

TR

a given linuid metal will embrittle a particular solid metal, and the
gegree of embrittlement that will be induced, have not be resolved. The
mechanism of embrittlement has been based on the hypothesis that embrittle-
ment results from a localized reduction in cohesion (i.e. 0 is reduced,

Section 4.l1) associated with the chemisorption of specific liquid metal

T

atoms at strained bonds, e.g. at a stressed crack tip, or in the vicinity

of high concentrations of dislocations9 see Section 3. If this hypothesis

7
PRPEX FLIV 289 TL VAR

is correct, then one might expect to observe some correlation between the
electronic properties of tne liquid and the solid metal atoms, on the one
hand and the degree of embrittlement induced in a solid metal on the other.
However, no such correlation has been reported so far in the literature.

Reduc.ions in chemisorption induced cohesion at a crack tip are difficult to

Cou s ity

estimate from theoreticil considerations. Under these circumstances, it
is difficult to predict the occurence of embrittlement in a given liquid
metal-solid metal couple except by the rough and not so reliable empirical

3 rules described in Section 2. Instead of reduction in cohesion, chemi-

sovption of liquid metal atoms at the crack tip may result in a strengthening
of the bonds. Dissolving such species in an embrittling environment may
result in the inhi™ition of embrittlement. It has been proposed that the
severity of embrittlement of a given solid-liquid metal couple is related

to the electronegativities of the participating liquid and the solid

7,10

metals. It is conceivable that embrittlement is caused by the penetration

Preceding page blank
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of the liquid into the grain boundaries of the solid. Such a process
should depend upon the time and temperature of test and perhaps also on the
ievel of stress applied to the specimen. Such effects of liquid metal
environments may result in penetration dependent delayed failure of the
solid metal. Also, embrittlement process should be limited by the
transport or diffusion of the i1iquid phase to the propagating tip and

thus should be temperature sensitive. Such effects have been described

in Section 5.2. Embrittlement may be controlled, i.e. increased or
decreased, by suitable addicvions to the embrittling liquid pl*lase.z’l‘g’l‘s’l‘3

Alternatively, embrittlement may be induced or controlled by dissolving

certain solid or liquid metal embrittling species in a non-embrittling
10,108

liquid phase. In this section, we will describe and discuss various

effects which liquid metal and liquid metsl solution environments have on

the severity of liquid metal embrittlement of the solid.

6.1 Effects of Minor Additions te the Embrittling Liquid Metal

Most work on the effects of the chemical composition of the liquid
metal phase on the degree of embrittlement induced in a given solid metal,
has customarily utilized an active liquid metal as the embrittling environ-

ment, and then attempted to modify its action on the solid metal by additions

of solute elements.2’48’49’43 Thus, substantial variations in the severity

of embrittlement have been induced by changing the chemical composition of

*
the embrittling liquid-metal environment through addition of minor quantities

*
Small additions are dictated by the low solubilities of most elements in
the embrittling liquid phase at ambient temperatures.
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of other elements in solution, (Table 5). Consider, for example, the 3
fracture behavior of 2024-T3 aluminum alloy specimens in liquid mercur".2 ;

Additions of up to 0.84 at. pct. tin to the mercury reduce embrittlement ;

slightly, and additions of some 3 at.pct. zinc or gallium increase embrittle-

ment markedly, i.e. reduce the fracture stress. Other examples of such

dvat s

iehavior have been reported for copper alloy-liquid mercury couples, and
for the copper-liquid bismuth coupleul‘9 In the former systems, additions

of zinc, cadmium or indium to the mercury reduce the degree of embrittlement,

[EPRICTVY AP vOr

additions of gold have no observable effect, and additions of aluminum
reportedly increase embrittlement. For the pure copper-liquid bismuth
couple at 345°C, minor additions to the molten bismuth of either lead,

thallium, cadmium or zinc reduce the embrittlement of copper somewhat, but

bt e A 1 b e i, Aestn

3 the addition of as little as 0.4 at.pct of antimony produces a considerable

effect, raising the fracture stress of copper in bismuth by some 60 pct:.49

A e .

A posgsibility exists that minor additions of solute improve the wettability

TP T

of the solid by the embrittling liquid either by breaking or dissoiving

P

the thin oxide film which intervenes between the solid and the liquid phase

or by zeducing the surface tension of the 1iquid.2’12 As yet, satisfactory

RIPPRIVICIFE VN

explanations have not been offered for such effects. Minor additions to the
liquid phase have resulted in intriguing effects but have not provided any

improved understanding of the chemical nature of the liquid phase on

SN R

embrittlement. It is possible that large additions of solute to ti:c ~ izl
phase would allow investigation of the embrittlement susceptibility as a

function of the composition of the liquid phase. Such studies may lead to
improve understanding of the chemical nature of the liquid phase on embrit-

ﬁ tlement. In this regard the recently developed concept of "inert carriers"lo

is a very useful approach. It will be discussed in the next section.
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6.2 The Concept of "Inert Carriers"

In some instances, direct investigation of the embrittlement behavior
of a potentially interesting =clid metal-liquid metal couple 18 not feas~-
ible., The reason is that the solid metal at temperatures just above the
melting temperature of the liquid metal is either too ductile to maintain
the stress concentrations necessary to initiate and precpagate a "brittle"
crack, or it is excessively soluble in the liquid wmetal, thus allowing
crack blunting. It is possible, however, that the embrittlement of a given
solid metal by a potentially embrittling "liquid" metal might be achieved
at temperatures much below the melting point of this "1liquid" metal if one
incorporates it, in solution, in an "inert" carrier liquid metal of lower
melting point.lo In this way, the active element can be present "effectively"
in the liquid state, though at some temperature far below it's melting
point. Besides providing a possible means for inducing embrittlement in a
potentially interesting system. This approach, also provides a means of
investigating the variation in the degree of embrittlement induced in a
solid wetal as a function of the chemical nature of several active liquid-
metal species dissolved separately in a common inert carrier.

To examine the validity of the proposition, experiments were performed

with the sclid cadmium-liquid (mercury + indium) systeu.10’107 Mercury is

known not to embrittle cadmiun,56 dissolves up to 70 at.pct of indium in
homogeneous solid solution at 2500,108’109 and so it served as the inert,
low melting point carrier metal. Cadmium and indium do not form inter-
metallic compounds and exhibit only limited mutual solubility at 25°c;1°8’1°9

thus indium is a potentially embrittling species for cadmium (empirical

rules, Section 2).
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Tensile fracture data for cadmium tested in mercury and mercury-

indium solutions are presented in Figure 39, The data demonstrate that

SRS

mercury or mercury 5 at.pct indium solutions do not embrittle cadwmium.

Failure in these environments occurred by necking and ductile shear after
more than 45 pct. elongation. In mercury 8 at.pct indium solutions,

however, intercrystalline failure occurred after only 15-20 pct. elongation,

TP TPURSEGTRE PWE TPWRE P

e

and the degree of embrittlement induced then increased markedly with the

axbars

indium content of the mercury, Figure 39. In solutions containing more

than 40 at.pct. indium, intercrystalline fracture occurred at stresses as

low as 55 pct. of the macroscopic flow stress.

ROV PP PPPRRTOR TR L)

Such results demonstrate,

the validity and usefulness of this approach to embrittlement studies.

In other experiments, chemically polished cadmium specimens were

stressed above their flow stress at -10°C. While under stress they were !

coated with the extremely embrittling mercury -60 at.pct. indium solution. 3

They failed immediately and catastrophically. Further experiments revealed

that the degree of embrittlement observed at room temperature was the same
whether or not the mercury~-indium solutions were presaturated with cadmium.

Such observations imply that the operative embrittlement mechanism in this

system is not dissolution~dependent.

Several experiments were also performed with cadmium monocrystals.

These are normally extremely ductile, failing by shear even at liquid

helium temperature.llo Nevertheless, crystals coated with mercury -60 at.pct.

indium solution and deformed by bending at room temperature failed in a

relatively brittle manner by basal cleavage. Furthermore, monocrystals

coated with this solution could be cleaved at rcom temperature by the

impression of a sharp chisel, Figure 7. Monocryctals coated with pure
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Figure 39, Variation in ductility of polycrystalline cadmium specimens with indium content
of mercury-indium surface coatinigs at 298°K (after Kamdar'® and Kamdar and
Westwood 198 ),
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mercury were extremely ductile and could not be cleaved. These results
indicate that the embrittlement of cadmium By indium at temperacures around
room temperatuie is a genuine manifestation of adsorption — induced liquid
metal embrittlement and does not involve dissolution or intergranular
penetration.

Experiments were also performed to determine the effects of other
liquid-metal solutions on fhc mechanical behavior of polycrystalline
cadmium. The results of this work are included in Table 6. It is seen
that cadmium is embrittled by neither thallium nor tin, and that indium is
a more severe embrittling agent for cadmium than gallium. The significance

of these results will be discussed in the next section.

6.3 Sevaerity of Embrittlement and Electronegativity

Perhaps the most significant development from the work with cadmium-
mercury-indium solutions is that the data reveals a pattern in embrittle-
ment behavior. There appears to be a correlation between the occurrence
and severity of liquid-metal embrittlement in a given system and the elect.ro-
negativities of the active metals involved. Consider the data on the
liquid-metal embrittlement of cadmium, Table 6. The electronegativity” of

u It is most severely embrittled by indium (1.7), less

cadmium 1s 1.7.1
by gallium (1.6), and not at all by thallium (1.8) or mercury (1.9). Thus,
for these systems (i) maximum embrittlement occurs when the solid metal
and active "liquid" metal are of similar electronegativity, and (ii) the

degree of embrittlement induced in the solid metal decreases as the difference

in electronegativity between the active metals increases.

*Pnuling'nlll values for electronegativity are used throughout, and are
given thus: cadmium (1.7).
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In examining the possible generality of this correlation, it is con-
venient to separate the available information on liquid-metal embrittlement
phenomena into two categories, (A) embrittlement by pure liquid metals, and

(B) embrittlement by liquid metal solutions,

Category (A). Several examples may be cited in support of the correlation
described, (i) Aluminum (1.5) alloys are more severely embrittled by
gallium (1.6) than mercury (1.9), Table 7.2 Aluminum also is embrittled
by molten indium (1.7) but not by molten thallium (1.8),2 although the high
melting temperature of thallium (303°C) may be a factor in the latfer
system, (ii) Bismuth (1.9) is embrittled by mercury (1.9) but not by

gallium (1.6).112

(1if) Copper (1.9) alloys are embrittled by both
bismuth49 (1.9) and metcuryas (1.9) but not by gallium (1.6). (iv) lron
(1.8) alloys containing 8-16 at.pct. aluminum are embrittled by mercury
(1.9) but not by gallium (1.6).>° Molter cadmium (1.7) and indium (1.7)
aleo embrittle iron alloya.2 (v) Zinc (1.6) is more severely embrittled

by gallium (1.6) than by mercury (1.9) at room temperature, Table 8.

Cateogry (B). Systems in this category can be separated into two classes,
(1) those in which ewbrittlement is accouplishad by an active element
dissolved in an inert carrier liquid metal, and (II) those in which
embrittlement by an active liquid metal is affected by minor additions of
other elements in solution. Class I includes the embrittlement of cadmium
by mercury solutions described in Section 6.2, No other eramples of class
I type systems are pregsently known. However, several examples may be cited
from class II systems in support of the electronegativity correlation.

(i) Aluminum (1.5). Table 7 shows that the embrittlement of aluminum in
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TABLE 7

Effects of Mercury and Mercury Solutions on tiic Tensile
X
Fracture Load of Polycrystalline 2024-T3 Aluminum
Alloy Specimens at Room Temperature, Data

from Rostoker et al.2

Electronegativity Fracture Load
% Environzent of Solute Elementlll Kg
i Hg + 5.5 at.pct. Ga (Ga present as liquid) 1.6 1008 %
3 Hg + 2.8 at.pct. Ga 1.6 1789 ’
Hg + 3.0 at.pct. Zn 1.6 2565 é
: Hg + 3.55 at.pct. Cd 1.7 3000 g

Hg 1.9 3088

e,
Sl AANDES

*
The electronegativity of aluminum is 1.5.

TABLE 8

*
Fracture Date for Polycrystalline Zinc

Specimens Coated with Mercury or Gallium
and Tested in Tension at 20°C (after Kamdar and Westvoodg’a)

ooy
2% R0 Bk ST

4 Electronegativity of Fracture Stress in

3 3
Environment Environment Elementld Kg/nm2
Gallium 1.6 0.4
Mercury 1.9 0.44

*
The electronegativity of zinc is 1.6.
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TABLE 9

Effects of Bismuth and Bismuth Solutions on the
*
Tensile Fracture Stress of Polycrystalline Copper
at 345°C, Daca from Kraai et al.ag

Environment Electronegativity of Solute Fracture Stress
Element'!? Kg/-nz

Bi 1.9 5.06

Bi + 5 at.pct. Pb - 1.8 5.27

Bi + 5 at.p ;. T1 1.8 5.62

Bi 4+ 5 at.pet. Cd 1.7 5.76

Bi + 5 at.pct. Zn 1.6 5.97

Bi + 0.43 at.pct. Sb 1.7 8.10

Bi + 5 at.pct. Sb 1.9 8.51

*
The electronegativity of copper is 1.9.

Chir s 2R

LI PSS UPUE ST S

g

[pRReer2




TR

e - AR R G e R R A R AR TS T M R TR TR TR F RCLA G
i e - . ST BEs g ;

mercury (1.9) is increased by dissolving in the mercury either gallium (1.6),
zinc (1.6) or cadmium (1.7).2 At similar solute concentrations, moreover,
the order of the effectiveness cf these additions is related to their
electronegativity. (ii) Cadmium (1.7). The embrittlement of cadmium in
gallium (1.6) is increased by additions of indium (1.7) to the gallium,
Table 6. (iii) Copper (1.9). The embrittlemement of copper alloys in
molten bismuth (1.9) is reduced by adding to the bismuth either lead (1.8),
cadomium (1.7) or zinc (1.6), and the effectiveness of these additions is
again related to their electronegativity, fable 9, It has been reported48
that additions of aluminum (1.5) to liquid mercury {1.9) increase the
embrittlement of copper alloys in this environment. Such an effect, if
valid, would be contrary to what might have been expectad on the basis of
the electronegativity correlation. This experimental observation appears
questionable, however, since the maximum selubility of aluminum in mercury
at room temperature is only ~ 0,015 at.pct.lo9 It would appear unlikely
that the presence of such a small concentration of aluminum in mercury

could significantly reduce the fracture strength of ductile copper alloys

in this environment.

High Purity Aluminum: In Figure 40 the stress~strain curve shown is an

"averaged” curve from & number of high purity aluminum (99.999 + %) specirens,
tested under cyclohexane to prevent confusing oxidation effects. The results
from tests conducted in liguid mercury or various mercury sclutions (also
under cyclohexane) are likewise averaged. It can be seen that for equiva-
lent solute element concentrations {~3 a/c), the severity of embrittlement

ls related to the difference in Pauling-electronegativity between aluminum
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POLYCRYSTALLINE 99.999 + % Al {1.5)
IN AIR OR Hg SOLUTIONS é
2 25°C IMAIR :
IN Hg (1.9)
N
= t
s +1.3a/0Sn(1.8) ;
N i
O
X
=
— 2 +30/0Cd (i.7) :
n
U) 3,
L
(- :
o |
o L i;
©
< +3a/0 Zn(1.7) 4
o ,
L
= n
Z
O
2
Ld
+2a/0Ga( 5 VALUES OF PAULINGS
ELECTRONEGATIVITIES
IN BRACKETS
0 | | N | l 1
0 20 40 60 80

ENGINEERING STRAIN IN %

Figure 40. Embrittlement of polycrystalline pure aluminum by various mercury solutions. Note
apparent correfation hetween Pauling electronegativity of soluta eiement and severity
of embrittlement {Westwood et al.”).
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(1.5) and the active species in the liquid mercury namely gallium (1.6),
zine (1.6), cadmium (1.7), thalium (1.8), tin (1.8) or mercury (1.9). Ia
other studies it has been shown that silver (1.8) is severely embrittled
by liquid mercury (1.9), but that additions of up to 70 a/o In (1.7) to
the mercury gradually restore ductility, Figure 41.43 Note thuzt this is
exactly the opposite of that observed for cadmium in these solutions,
Figure 41. Exceptions to the electronegativity correlation alaso can be
found. For example, neither copper (1.9) or iron (1.8) is significantly
embrittled by leadz’49 (1.8). Although their alectronegatitvities are
similar, they do not form intermetallic compounds & .d they do exhibit low
mutual solubility. Such behavior may result from the inability of lead

to wet these metals. There is recently a report of severe embrittlement of
steel by lead.16 Also, despite a large electronegativity differeace,
aluminum (1.5) is embrittled by liquid sodium (0.9),2 and iron (1.8) is
embrittled by liquid lithium (1.0). However, it may be that embrittlement
occurs in thig and perhaps other apparently anomalous systems by mechanisms
involving intergranular penetration or specific dissolution, rather than
chemisorption,

The electronegativity difference is a measure of the tendency for two
elements to form fonically-bonded compounds. The existence of such a
correlation could be regarded simply as a semiquantitative restatement of
the empirical rule that embrittlement does not occur in systems which exhibit
stable, intermetallic compounds. The absence of or little solubility
between the golid and liquid (emphirical rule, Section 2) would suggest no

chemicai affinity. This would predict maximum embrittlement when electron-

negativities are dissimilar contrary to the observed correlation with
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Figure 41. The variation of fracture stress of silver and cadmium with composition of the
mercury indium environment (after Preece and Westwood?3 ).
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electronegativity., However, the fact 1at the liquid must be in intimate

contact with the solid (See Section 2) and that chemisorption may occur under

high local stress. suggest that some chemical affinity must exist under
these conditions and thus appear to be in accord with the electronegativity
correlation. Questions could also be raised regarding the use of Pauling's
values for atomic electronegativity rather than, say, those of Gordy and

Thomas.113 Indeed, there has been much discussion of the whole concept of

electronegativity during the past ten years.ua’ns’116 This more recent
work has not only involved detailed considerations of the electronic inter-
actions between specific orbitals of the participating atoms, but has also
taken into account such factors as the state of hybridization and the self
energy of the molecular orbital of the bond formed, etc. Certainly it
would be preferable to make any prospective correlation with electroneg-
ativity using recently derived values of the electronegativities rather
than the less easily interpreted values of Pauling.u1 It is interesting
to note, however, that the valves of electronegativities derived by recent
workers are, for a wide range of elements in the "atomic" state, related
to those of Pauling by a simple aumerical fomula.7

It appears that the chemical prerequisites for the occurrence of
liquid-metal embrittlement are that the solid metal and the "active" liquid
metal should (i) be of similar electronegativity, (ii) exhibit little
tendency to form stable intermetallic compounds, (iii) liquid should wet
the solid (Section 2.1), and, possibly, (iv) exhibit limited mutual

solubility. The severity of embrittlement then observed is inversely

related to the difference in electronegativity between the component metals.
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The fundamental significance of the observed correlation with electronegativity

is not yet understood, and while insufficient reliable data are presently
available to allow a thorough evaluation of its generality, it does appear

to provide some degree of order in what bad appeared to be a randomly

occuring phenomenon. Under these circumstances, the apparent correlation

between severity of embrittlement and electronegativity difference should
be regarded as interesting, but not established. It's fundamental signifi-

cance remains to be discovered.

6.4 Effects of Exposure to the Liquid Metal Environment Prior to Stressing

Penetration of the solid metal by solid state diffusion of liquid metal

atoms is not fundamental to the occurence of adsorption-induced liquid

metal embrittlement, Section 3.3. If the specimen is left in contact with

the liquid metal environment for a sufficient length of time, however,

variations in subsequent mechanical behavior can result from intergranular

or sub-boundary penetration processes. The occurence of such variations

and the magnitude of the effects observed are dependent upon such factors
as the particular solid metal-liquid metal couple, time, cemperature, grain

size, state of stress and amount cf liquid metal available. No general

rules for praedicting the occurence of such effects appear to have been

developed as yet. Observations on . few systems will serve to demonstrate

the types of phenomena that may result,

(i) Aluminum-mercury-3% zinc and Brags-mercury systems. Ichin0393 has

studied the effects of prior exposure of polycrystalline brass and pure

*
The qualitative definition of electronegativity as the power of an atom

in a molecule to attract electrons to itself is generally accepted. However,

therelis considerable disagreement as to the quantitative definition of the
term.
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aluminum to mercury-3% zinc solution at room temperature, Figure 42. It
is seen that che fracture stress of aluminum and brass is independent

of the time of exposure. His analysis of the behavior of these systems,

based on measurements of the magnitude of decreases in strength with pre-

PRVRPWINPIS SN S

exposure at temperatures between 150° and 250°C and known diffusion con-
stants at 20°c, suggests that times of exposure of the order 875 and 4500
duys, respectively, would be required to produce a 5% reduction in the
fracture stress of the brass or aluminum specimens.

(11) Zinc-liquid mercury or liquid gallium: Flegontova et “.118 have
shown that a variety of effects can be produced at room temperature in
systems depending on the ratio, Co, of the mass of liquid metal available
to the mass of the zinc sample. Specimens of zinc of about 98.7XZ purity
and 50u grain diameter were used, and the variations in fracture stress
obtained with time of pre-exposure and Co are shown in Figure 43. Though
it may not be readily apparent from this figure, the fracture strength of
9.6 Kg/mmz recorded immediately on wetting the zinc with mer ry decreased
f to about 8.4 Kg/mmz after 20-35 min. [For zinc in contact with liquid
gallium the fracture stress decreased from 4.8 Kg/mm2 to about 1 Kg/mm2
in this initial period.j For small values of Co’ say < 0.002, all of the

mercury diffused into the zinc in about 80 hours producing an alloyed

surface layer and consequent strengthening; note that curves a,b, and c cross

over the line to indicate the strength ¢f zinc in air. For much greater
values of Co, €.8., Co'~ 0.C1, despite surface alloying effects, there was
always an adequate supply of liquid Hg to embrittle the crystal. Accordingly,
the fracture strength was not particularly sensitive to time of prior

exposure (curve f).
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Figure 42. Fracture stress of polycrystalline aluminum or 70-30 brass as a function of time of

exposure to liquid mercury prior to testing in this environment (after Ichinose®).
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According to Flegontova et 81.118 the extra reduction in strength

occuring after short exposure times is associated with intergranular (or
sub-boundary) penetration. These workers suggest that this process results
in an "adsorption drop" in strength of the boundary. It can be seen from
Figure 43, on the other hand that for small values of Co as time of
pre-exposure increases and the mercury atoms diffuse into the zinc, the
strength acutally increases to values greater than that for pure zinc.
Westwood et 31.7 have suggested that, once in the soiid, the mercury atoms
segregated at the grain boundary would produce boundary hardening, and

that this would result from solid solution strengthening and source locking
rather than from adsorption-induced reduction in strength. This suggests

a more likely explanation for the initial drop in strength nameiy that d:
fusion of mercury into grain boundaries or sub-boundaries at the surface w’

harden (not weaken) these boundaries, thus facilitating crack initiation

at the surface. In view of the recent observations of embrittlement of steel

containing 0.3 w/o lead at the melting temperature of lead23 (Section 2.2),
however, it can be suggested that since mercury is in a liquid state within
zinc, a crack will nucleate in the bulk of the solid upon stressing. Such
a crack may not propagate to failure, perhaps because the supply of the
liquid mercury acr the sites of crack nucleation and subsequently at the tip
of the propagating crack is insufficient and also because crack blunting
may have occured. Thus, fracture in zinc would be propagation rather than
nucleation controlled, as discussed in Section 5.1. Such cracks will link
up and will lead to ultimate failure at a much higher stress in accord with

83,97

the observations of Levine and Cadoff. Metallographic examinations of

specimens loaded to a strcss just below the fracture stress could resolve

this possibility.
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6.5 Effects of Liquid Metal Environment on Static Fatigue

An important aspect of liquid metal embrittlement is the possibility
that grain boundary panetration of the solid metal by the liquid metal
occurs in the presence of applied stress. This penetration then gives
rise to embrittlement cr delayed failure. There hss been no successful
attempt to induce delayed failure in notch-sensitive metals like zinc,éz
cadmium and iron-alluminum alloys in appropriate liquid metal enviromnents.11
For these metals, the typical behavior is that described for the zinc-
mercury couple in Section 5.4. For zinc-mercury couple it was shown theat
fracture nucleates instantaneously at some threshold or critical stress,
Figure 27. Thus, fracturz is essentially nucleatinn contrclled. The
critical stress for failure is generally of the same magnitude a3 -~
dynamic fracture stress of solid metal in the same liquid metal - - . -
ment. Also, crack propagation occurs almost instantly when liquid mercury
is introduced in a partially cracked zinc monocrystal (crack initiated
and stopped on the basal plane) maintained under a constant load.a Crack
nucleation and propagation in notch sensitive zinc therefore occur

instantaneously.

Delayed failure has been reported for notch-insensitive aluminum-

copperll’9 and copper—betylliumgs’zo

alloys in liquid mercury environments,
Figure 44. Nichols and Rost:oker119 reported tha* delayed failure occurs

in copper-beryllium alloy only when the alloy is cold worked or age hardened.
Age hardening causes maximum propensity for embrittlement whereas the

solution treated and overaged alloys do not show delayed failure. There is

no evidence of microcreep; cracking apparently occurs only during the last
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Figure 44. Delayed failure of copper -2% beryllium alloy at room temperature wetted with mercury
.2% sodium amalgam. The alloy was initially aged for one hour at 700°F (yield stress
~150000 psi) (after Rinncvetore et al.120),
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minutes under stress. Nevertheless, there is evidencz that a combination

of stress and temperature accelerates failure, It was also suggested that

grain boundary penetration is perhaps related to delayed failure, although

such penetration is considered too small to be detected metallographically.

On the other hand Rinnovatore et a1.98 have shown that unstcessed copper-

beryllium alloy exposed to liquid mercury-sodium amalgam for extended periods

of time exhibited grain boundary penetration and subsequent logs of

strength as a result of such penetration.
120

In other mere extensive studies
these workers noted that grain boundary peunetration occurs in delayed

failure and that a critical depth of penetration is related inversely to

the applied stress. Penetration itself, however, is not sufficient to cause

embrittlement. Although a critical depth of penetration §= lecessary,

Griffith type analysis for crack propagation is not directly applicable

to the phenomenon cf delayed failure. Thus, the roll of liquid metal

penetration on the embrittlement of a solid metal is yet not well understood.
It is suggestiu that delayed failure in these metals should be investigated

in specimens containing sharp notches or cracks. It may then be possible

tc evaluate the effects of local high stress concentrations rather than
over-all applied stress as used in the smoovth gpecimens on grain boundary

penetration of liquid. Conceivably, under such conditions rapid

penctration of liquid into tihe grain boundary of the solid occurs and that

fracture nucleates when the depth of penetration reaches some critical value

corresponding to a Griffith flaw size.

6.6 Effects of Variation in the Composition of the Environment

The effects of wminor additions to the embrittling liquid have been

shown tc cause significant variations in tie susceptibility of a solid to
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embrittlement, Section 6.1. It might be suspected that the influence of
minor alloying additions is a consequence of the “wetting' prcblem (See
Section 6.1) or is caused by the preferential adsorption of the soclute
species at the solid metal surface oy at the crack tip of the solid. If
this were so, however, then once sufficient solute atoms are available to
form a few monolayers near a crack tip or over the surface of the solid,
little or no variation in fracture strength with solute concentrations
wonld be expected. In practice, a continuous variatior in fracture stress
over a wide range c¢f liquid alloy composition has been observed in a
number of systems.43 For example, while pure liquid mercury reduces the
fracture stress oi polycryastalline silver by some 50%Z, increasing additions
of more than 7Z indiu: to mercury gradually restores the fracture stress
of silver to its value in aiy, Figure 41, This means that embrittlement

is inhibited. On the other hand, mercury does not embrittle cadmium but
additions of more then 7% indium to mercury induce embrittlement,lo':ad
Figure 39; in mercury-40Z indium solution the fracture stress is reduced

to the flaw stress, Figure 4l. These results indicate that a wide range

of control over embrittlement can be achieved by alloying the liquid
environment with an appropriate concentration of a suitable solute. Indium
in mercury solutioans containing less than 7% indium is apparently inactive
with regard to its influence on the embrittlement behavior of cadmium and
silver. This can be rationalized in terms of the solute-gsolvent inter-
actions in the iiguid which are thought to be responsible for similar
anomalies in certain physical properties of mercury-indium solutioas such as

r.herxxxopo'«rcr:.l°3 A tentative explanation for such behavior has been offered
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by Mottlzl in terms of the existence of a minimum in the density of states

curve for mercury near the Fermi energy level. Solute additions conceivable
influence the position of the energy level with respect to this minimum

and also eventually blunt and cause the disappearance of the minimum. Thus
mercury-indium solutions appear to exhibit strong solvent-solute inter-
actions which serve in some way to reduce the surface activity of the
solute species; perhaps by providing a solvation sheath of mercury atoms
around indium atoms. The significance of the observations reported in
Figure 41 is that solvent-solute interactions can play an important role

in determining the embrittlement behavior of solid metals in liquid metal
solutions. The important questions regarding the mechanism of the inhibition
or enhancement of embrittlement observed at concentrations higher than 7%
indium in mercury still remain unresolved, It is possible that at large
concenfrations, availability of the active species at thg crack tip or at
the sites of crack nucleation are limited by their concentration; these

factors would then determine the susceptibility to embrittlement.

6.7 Effects of Liquid Metals Solutions on Static Fatigue Behavior

The static fatigue behavior of notch sensitive metals in pure liquid
metal environments have been described. It was shown that in zinc-mercury
and cadmium-gallium couples, fracture initiated in a catastrophic manner.
This indicated that the fracture process was nucleation controlled. Also,
it was suggested that onre a crack is initiated in a notch sensitive metal
subsequent propagation may occur in the absence of the liquid metal at the
crack tip by mechanical means. The role of pure liquid metal in embrittle-

ment may then be limited to the initiation stage of the fracture process.
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It is couceivsble, however, that fallure in liquiéd metal solvtions containing
only lov concentrations of some active species would be controlled by the
rate of arrival of these species at the propagating crack tip, and thererore
would be propagation controlled. Preece and Westwoodq3 have investigated
the effects of liquid metal solutions on the static fatigue behavior of
polycrystalline aluminum in mercury-gallium solutions and cadmium and

silver exposed to mercury-indium soluticms. Their results indicate that
fracture in liquid netal solutions is initiation rather than propagation
controlled. The typical static fatigue behavior of these embrittlement
couples is exemplified by the fracture behavior of cadmium in various
mercury~-indium solutions, Figure 45. Note that failure occurred in a
catastrophic manner at some critical stress, 0 and that this stress varied
with the indium content of the solution, Figuxe 45. The atatic fatigue
behavior of silver in mercury-indium was also found to be identical to that
of cadmium; with the exception that susceptibility to embrittlement decreased
with increasing indium content, i.e. inhibition of embrittlement occurred.
These results are in agreement with the tensile fracture data reported

for silver in indium-mercury solutions, Figure 41, The reasons for this
behavior have been discussed earlier in Sections 6.3 and 6.6. Thus fractnre
behavior under static loading conditions is identical to that observed
under continuous loading., These investigations demonstrate that additiens
of metallic solutes to liquid metal environments can be used to contrcl,
(sometimes over a wide range) the stress %o induce catastrophic failure

in polycrystalline metals under static loading conditions. Additions can

be used to enhance or inhibit embrittlement, The influence of solute
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additii~.+ on the applied stresas is, related to the concentration of the
active gpecies. This indicates that in most cases neither solvent nor
solute elements are preferencially adsorbed at the metal surfaces. If
preterential adsorption were involved, then addition to the environment
of less than 1% solute would provide more than a sufficient number of mon-
olayers of solute on the metal surface to cause fracture to initiate and
propagate, Section 3.2, The applied stress, therefore, would not be
expected to vary significantly with composition of the liquid-metal
environment. The variation of the applied stress with composition indi-
cates, that a dynamic equilibrium exists between metallic surfaces and
liquid metal solution environments.

From Figure 45, it is seen that embrittlement occurs either in a
catastrophic manner or not all. This indicates that the failure is
controlled by the crack initiation process, and that the rate of arrival
of the most active species at the crack tip is sufficient to maintain

crack propagation in a brittle manner, even in intrinsically notch insensitive

solids such as pure aluminum and silver. As discussed earlier in Section 4.7,

such fracture behavior may be anticipated, if the effective fracture sur-
face energy to cause both crack nucleation and propagation in a liquid
metal environment is equal to or less than the true surface free energy, Y,
for intercrystalline failure.74’75

It is possible that fracture in liquid metal solutions would occur
by propagation conrtrolled processes if the concentration of the active
species were sufficiently low, say, one hundredth of one percent. For

example, embrittlement of steel in hydrogen environment occurs by slow
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crack growth when only several parts per million of hydrogen atoma are

present.

6.8 Effects of Liquid Metal Solutions on Brittle-Ductile Tramsitions

The effects of pure liquid metals in causing brittle to ductile
transitions in solid metals were described in Section 5.2. It was shown
that the transition temperature, Tc’ varies with grain size and strain rate.
The variation in Tc with these factors was based on three assumptions,
(i) that the temperature dependence of ylelds stress, Uy’ is the controlling
factor, i.e. T, the metallurgical parameter is affected; (ii) that Tc is
that temperature at which oy = UF’ the fracture stress; and (iii) o, the ;
envircnment sensitive parameter is not affected by temperature. Preece 2
and Westwood122 have shown that brittle-ductile transitions occur in face
centered cubic metals in liquid metal soluticns and that the transition
temperature varies with the composition of the environment. Aluminum, brass
and silver undergo transitions in mercury base solutions (containing 0-4 a/o
gallium and 0 to 70 a/o indium) and the transiticn temperature, Tc, varied
with composition of the environment, Figures 46 and 47. Figure 46 shows
that high purity aluminum is not significantly embrittled by pure mercury
at room temperature. Lowering the test temperature by 40°¢ produces marked
increase in the severity of embrittlement, however, and a sharp brittle to
ductile transition occurs at ~ 10°C. Specimens tested in pure gallium,
on the other hand, dc not exhibit such transitions, Figure 46. The absence
of ductile-brittle transition in gallium is to be expected, because pure
gallivm embritties aluminum by intergranular penetration even in the

123

absence of stress; any diffusion dependent embrittlement process would
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Figure 46. Influence of mercury, gallium or mercury-gallium environments on the strain at fracture 12
of aluminum (grain diam =1mm} as a function of temperature (after Preece and Westwood'<“).
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therefore be expected to increase rather than decrease severity of
embrittlement with temperature. Fracture data for mercury-4 a/o gallium
solutions suggest that gallium dissolved in mercury embrittles aluminum
primarily by an adsorption process rather than by grain boundary penetra-
tion. This is because brittle to ductile transitions are observed and
these occur at temperatures higher than those for pure mercury, Figure 46.
The variation in the transition temperature, Tc, with concentration of
gallium in mercury is shown in Figure 47. Brass and silver are both
embrittled by pure mercury. The transition temperature in these metals
increases with a decrease in the indium content of the mercury solutions.
In silver, the transition temperature was shown to be essentially inde-
pendent of grain size. The effects of grain size, however, were not
investigated in other systems.

The temperature sensitive embrittlement behavior of face centered cubic
metals in liquid metal solutions described above has been interpreted by
Preece and Westvoodlzz as follows: They found that oy, the yield stress
of these 'a¢tals varies but little in the temperature range in which trans-
itions occur and that a significant amount of plastic deformation occurs

4
relevance. Assumptions (i) and (ii) apply to transitions occurring in

before embrittlement, suggesting that oy = 0, at any temperatulre of

pure liquid metal environments. An analysis based on these assumptions
Qeveloped by Ichinose80 and Robertson,16 Section 5.2, for brittle-ductile
transition in pure liquid metals should not be applied to transitions
occuring in liquid metal solutions. Preece and Westwood suggest that O,
the environment sensitive parameter mentioned in assumption (iii), must be
affected by the composition of the environment. They propose that the

effective value of the bond strength in the presence of chemisorbed
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embrittling species, Oe, should be temperature sensitive. The reason is
that adsorption is a dynamic and thermally activated process. Using this
idea they developed a relation, o, = 0(1-88), when B is a constant for a
particular system, 0 is the cohesive bond strength at the crack tip, and

9 is a fraction of the surface sites covered with adsorbed liquid metal
atoms that causes embrittlement. For liquid alloy environments, in which
one of the species is considerably more embrittling than the other, 6 for
these species will increase with concentration. At any given temperature,
a large value of 6 will result in a lower value of Og¢ Because 0 does not
change with temperature, the ratio Oe/T will decrease and conseguently
susceptibility to embrittlement will increase, as discussed in Section 4.1.
Thus, the transition temperature of the metal will increase with the
concentration of the more active species, as shown in Figures 46 and 47.
The magnitude of the constant B determines the maximum degree of embrittle-
ment that can occur in a particular system.

Although, above analysis of Preece and Westwood122 has been shown to
be applicable t¢ face entered cubic metals, the results for aluminum are
not in agreement with those of Ichinose8o for brittle-ductile transition
in pure aluminum in pure liquid mercury, Figure'23. Figure 23 shows that
Tc for one mm grain size aluminum is estimated to be ~180°C compared to
~16°C for the sane grain size material, Figure 46. The reasons for this
variation in 'I'c tested under identical conditions are not known. Of .
particular significance, however, is the result that Tc in aluminum does
vary with grain size and strain rate.

Ichinose80 alsc reports that the yield stress of aluminum varies with

temperature in the range 50 to 180°C and that the fracture stress of
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aluminum in air is about the same as that in mercury at the transition
temperature, Figure 23. 1In the same range of temperatures, Freece and
Westwood observed transitions to occur in sluminum in liquid metal solutions.
Preece and Weutwood however, asaumed that for face centered cubic metals,
oy and Op did not vary with temperature. Using these assumptions, they
developed the analysis for the ductile-brittle transitions in lfquid metal
solutions. These points therefore require clarification.

The brittle-ductile transitions in pure embrittling metals are related
to variations in the property of the solid via factors such as grain size

and strain rate.80’16

Thes.. factors, considered unimportant for the
transitions occurring in li-uid metal solutions, are relaged to variations
in reduction in the effective bond strength with composition of the active
species in the environment.122 It is conceivable that ductile-~brittle
transition would be related to the properties of both the solid and the
tiquid sclutions. It may be that the data shown in Figures 23, 46 and 47
are caused by a particular set of experimental conditions. A detailed
aralysis of such transitions should consider the factors ihat affect both
the solid as well as the liquid. Such an analysis m:y be developed by

substituting the relation for oe for ¥ in the Cottrell-Petch equations ani

its modification by Roberts m. 80
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7. SUMMARY

A brief summary of the review on liquid metal embrittlement presented

in the foregoing sections is given below:

(i) On the basis of some empirical observations, it may be anticipated
that a solid and a liquid metal will constitute an embrittlement couple,

providing that they have little or no mutual solubility and do not form

stable intermetallic compounds.z’5

(ii) It is considered that embrittlement results from liquid metal
adsorption induced reduction in cohesion at the sites of crack nucleation

o

or at the tip of a crack.a’b Embrittlement is not limited by the adsorption

process, apparently adsorption occurs spontaneously. The liquid metal phase
or datoms, however, must be present at the crack tip for continued propaga-

tion of a crack, specially if the metal is notch-sensitive. The transport

of liquid phase to crack tip may occur by diffusion of liquid metal atom over
liquid and such processes apparently are relatively temperature insensitive.
In notch insensitive metals, once a crack is initiated in a liquid metal
environment, and has grown to some critical size, subsequent propagation
may occur in the absence of liquid at the tip by mechanical means.
In general, time and temperature dependant diffusion contrclled pen-
etration of liquid or corrosion type processes are not considered respons~

ible for the occurrence of embrittlement in a solid. However, the former

is a likely possibility when delayed failure occurs in liquid metal environ-

ments. 120

(iii) 1t appears well established that liquid metal embrittlement
is a special case of brittle fracture and prerequisites for its occurrence
are thie same as those for brittle fracture7’9

(see Section 4, for extensive

investigations with zinc-mercury couples)
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(iv) In general, factors that normally induce brittle behavior in a
solid also cause increase in the severity of embrittlement. Such factors
are large grain size, high strain rates, low temperature, metallurgical
structures that lead to high stress concentrations in a solid rather than
relief of stress concentration via plastic flow, e.g. slip character,
presence of stress raisers or a sharp notch in a solld, alloying additioms,
etc,

(v) Embrittlement is a specific phenomenon and the severity of its
occurrence appears to be related to the electronegativities of the
participating solid and 1liquid metal. Maximum embrittlement cccurs when
electronegativity of these metals are identical.1°'7

(vi) The concept of "inert career” liquid metal (Section 6.2) can

108 coa11

be used to induce and control the severity of embrittlement.
as well as lavge variations in the composition of the liquid can cause
significant variations in the severity of embrittlement and in some

43,122 The role of

instances may even cause inhibition of embrictlement.
liquid metal and its solutions in controlliing the severity of embrittle-
ment and the associated mechanism(s) are not well understood.

(vii) A consideration of the effects of adsorption of the liquid
metal atoms at a crack tip on the shear and cohesive strength in the
vicinity of or at the crack tip provide reasonable explanation for the
occurrence and severity of embrittlement.7 Also, these considerations pro-
vide a rational explanation for the effects of variables on the severity
of embrittlement that affect both the solid and the liquid., Theoretical
investigations based on the above considerations have not been made so far

and thus it is not possible to predict embrittlement characteristics, 1i.e,

the occurrence or the severity of embrittlement, in a particular solid

metal 1iquid metal couple.
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8. SUGGESTIONS FOR FUTURE WORK

The foregoing review and the summary pressnted in Section 7 indicate
that significant progress has baen made in the past ten years in achieving
an improved understanding of the phenomenon of liquid metal embrittlement.
This is primarily due to the fact that investigations of 1liquid metal
embrittlement utilized critical experiments and studied the effects of one
variable at a time. Also, these experiments used simple model embrittlement
couples and direct experimental techniques to provide readily interpretable
regults., It is not always possible, however, to design appropriate critical
experiments because (i) lijuid metal embrittlement is a specific phenomena
and occurs but in a limited number of coupl;;, (11) in most imnstunces, the
solubility of active embrittling or nonembrittling species in a carrier
liquid phase is limited to small amounts, and (iii) the temperature range
in which embrittlement studies can be performed is limited before diffusion
or penztration dependent processes become significant., In spite of these
limitations, it is clear that the above approach should be used in f-ture
work in each of the three interrelated areas of liquid wmetal embrittlement,
namely, solid-liquid interaction, clemical natuire of the liquid and its
solutiong, and metallurgical factors that influence the fracture character-
istics of the solid., Some suggestions regarding future work in thesge areas
are given below:

(1) Solid-Liquid Metal Interactions and Embrittlement
Assuming that the phenomenon of embrittlement discussed in this paper

does involive cunemisorption, then theoretical and experimental studies are
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required of the manner in which the electrons in surface bonds are
redistributed during chemisorption such that siguificant reductions in
cohesive strength result.,

Reliable measurements of the fracture surface energies of solid metals
of known band structure, expcsed both to active and inactive lijuid metal
environments, would be of particular use in conjunction with the abcve
theoretical and experimental studies of the chemisorptiou process. ln
addition to fracture studies, investigations are nceded which will make
physical measurements of reduction in chemisorption inducad cohesion using
nondestructive, novel physical experimental techniques.

The search for some parameter of the solid metal~liquid metal system
which 1ill correlate with severity of embrittlement should be continued.
However, this possibility has yet to be investigated by researchers equipped
with boch an interest in embrittiement, and a sufficivnt knowledge of the

fundamentals of surface physics and the band structure approach to

N e

chemisorption,

(ii) Metallurgical Factors and Embrittlement

Considerably improved undersianding of metallurgical factors un severity
embrittlement has occurred. Nevertheless, studies cn simple embrittlement
couples are still required. The;e should te quantitative whznever
possible, preferably irvolving direct determination of changes in the fracture
~izface energy, Studies of cleavage crack propacation in suitable mono-
cry~nels, crack initiation in asymmetric bicrystals, and the propagation of
.nt.rerystalline cracks in suitably oriented bicrystals as a function of

{ ..iperature, composition ot both solid and liquid components, amount of

prestrain, rate of loading, etc. would be most useful.

st
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(1i4) Liquid Metals, Liquid Metal Solutions and Embrittlement
This is by far the most important area of investigation, however,
very little work of any significance has been performed so far. For
exanple, the high rates of crack propagation in ductile metals in the
pieagence of liquid metsl environment are considered limited by the transg-
port of the 1iquid metal atoms tc the propagating tip. However, the precise
mechanism of transport of liquid metal atoms to the crack tip is not yet
known. The severity of embriztlement can be controlled by varying the
composition of the liquid phase (Section 6). This must be related toc
solute~solvent interactions, diffusion of active species, and adsorption
of these at a crack tip. Also penetration of liquid Into the solid and
associated delayed failure in smooth specimens (Section 6) suggest possibloy
embrittlement by time and remperature dependent diffusion controlled
processes. In this regard, penetration of liquid at sites of high stress
concentrations anu its effect, if any, on embrittlement should be
Investigated in specimen containing sharp notches or cracks.
In general, little is known concerning the chemical nature of the
liquid and its solutions on the occurence and severity of embrittlement.
It is necessary therefore to become familiar with the nature of liquid metal
and its solution, 1.e. with the structure and type of atomic interacstion
in the liquid as well as diffusion characterigstics and adsorption kinetics.
Such work in each of the above three areas of liquid metal embrittlie-

ment should aild considerably our understanding of this phenomenon.
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