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SURFACE PHENOMENA IN SOLIDS DURING THE COURSE OF THEIR DEFORMATION

AND FAILURE

P. A. REBINDER and E. D. SHCHUKIN

Institute of Physical Chemistry, USSR Academy of Sciences

Usp. Fiz. Nauk 108, 3-42 (September, 1972)

The fact that deformation and failure are facilitated by the reversible physico-chemical influence of
the medium has been established by now for all types of solids: for metals (and also certain covalent
crystals) in contact with liquid metals, for ionic crystals and inorganic glasses in the presence of
molten salts, water, alcohol, or other polar media, and for molecular crystals of organic compounds
in contact with nonpolar and low-polarity organic liquids. In general these phenomena facilitate the
breaking and realignment of the interatomic bonds in the presence of certain foreign atoms or mole-
cules (which have sufficient mobility to ensure their penetration into the bond-breaking zone) and can
be described as a lowering of the free surface energy of the given solid under the influence of the
surrounding medium. The main condition under which the medium exerts a strong influence on the
mechanical properties of the body (in cases of reversible adsorption interaction not connected with
dissolution, corrosion, or other chemical processes) is that the solid and the medium be of related
nature, to make the surface energy low on the boundary between the solid and liquid phases. At the
same time, the form and degree of manifestation of these effects depend in a complicated manner on
the real structure of the body (defects) and on the deformation conditions (stresses, temperature,
strain rate, time of contact, etc.) An optimal combination of these factors makes it possible to use
the influence of the medium to facilitate dispersion and treatment, particularly of solid materials
that are difficult to work. To the contrary, by eliminating individual factors that lower the strength
by adsorption it becomes possible to protect against the influence of the medium.
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1. INTRODUCTION tion of the medium is combined with a definite stressed
_ state. Of course, real failure processes are always out

OURFACE effects in solids become particularly clearly of balance in one degree or another. Nonetheless, we
and uniquely manifest in the deformation and failure of are speaking of reversible participation of the medium
the solids in surface-active media, as shown in a num- in these processes, bearing in mind primarily the
ber of papers published since 1928 [ l 7 ] . This includes presence of thermodynamically stable interfaces be-
various effects of facilitated plastic flow and reduced tween the given solid phase and the medium, and also
strength as a result of reversible physico-chemical the possibility of complete vanishing of the considered
action of the medium, which lowers the specific free effects when the medium is removed, say by evapora-
surface energy of the solid, i.e., the work of formation tion. It is the physico-chemical reversibility and the
of new surfaces in statu nascendi in deformation and obligatory participation of mechanical stresses that
failure processes. A distinguishing feature of these distinguish such effects from the numerous manifesta-
phenomena is that they are observed only when the ac- tions of chemical or electrochemical processes, cor-
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rosion, or dissolution of the solid in the ambient
medium.

This review, in accordance with the authors' scien-
tific interest, is devoted only to the reversible effect
of the medium. This reduces to a partial cancellation
of the intermolecular forces on the newly produced
surfaces, and can be called an adsorption effect, al-
though it is due to the formation not only of an adsorp-
tion monolayer, but also of a liquid-phase layer, which
can lead to still stronger changes in the mechanical
properties corresponding to very low values of the in-
terphase energy.

The combined effect of mechanical and physico-
chemical factors on deformation and failure are in-
vestigated by the methods of physico-chemical mechan-
ics, which serves as a basis of the physico-chemical
theory of strength of solids. In this borderline region,
there are two engineering problems:

1) Facilitation and improvement of processes of
mechanical finishing by pressure, cutting, fine grind-
ing, increase of productivity and quality of the formed
surfaces (and also control of friction and wear by using
lubricants).

2) Production of solids and materials with specified
finely dispersed structures, with an optimal combina-
tion of mechanical and other properties, and with high
strength and endurance under real operating conditions.

Indeed, the formation of new surfaces during the
course of plastic flow and failure remain the basis of
the processes of deformation, working, and dispersion
of solids. At the same time, any high-strength and
high-endurance material must be highly dispersed—
fine-grained or fine-filament, with dense and uniform
packing of the particles. Such are the modern alloys,
structural materials, and materials based on polymers
with fillers, finely crystallized glasses, and composi-
tion materials. In all these bodies, the internal inter-
phase surfaces are developed to the limit and the ad-
hesion interactions on these surfaces are of primary
importance. Accordingly, the control of the physico-
chemical phenomena on the interface between phases in
solids and dispersed systems, using correct combina-
tions of physico-chemical and mechanical effects, un-
covers effective ways of solving the two indicated
problems.

In addition to our laboratories at the Institute of
Physical Chemistry of the USSR Academy of Sciences
and in the Chemistry Department of the Moscow State
University, the effects of surface-active media on the
mechanical properties of solids are being diligently
studied by a number of other scientific groups and
schools: by S. T. Kishkin and Ya. M. Potak and co-
workers in Moscow, by G. V. Karpenko and co-workers
in L'vov, by W. Rostocker, J . Westbrook, and A. West-
wood and co-workers in the USA, and others; the re-
sults have been reported in various publications^8"151.
It would be impossible to describe in a single review
the entire extensive material accumulated in this field.
The purpose of the present article is to describe only
the main ideas and trends that have developed in our
studies, illustrating them by individual examples
from [ 4- 7 ' i e" 2 0 ] and others.

Π. UNIVERSALITY AND CHEMICAL SELECTIVITY OF
EFFECTS OF LOWERING THE STRENGTH AND
PLASTICITY BY ADSORPTION-ACTIVE MEDIA IN
SOLIDS WITH INTERATOMIC INTERACTIONS OF
VARIOUS TYPES

In the case of interest to us, that of the participa-
tion by foreign atoms (ions, molecules) in the failure
process, these atoms of the surrounding liquid medium
penetrate into the pre -destruction zone and begin to
interact at the instant when the bonds become broken
or restructed, thus exerting a definite influence on this
interaction and cancelling the new bonds that become
exposed. At the present time it is still impossible to
solve this problem directly on the basis of the interac-
tion potentials of the components.

The difficulty in calculating the strength P c of real
solids, all the more under the influence of an external
medium, are due to a considerable degree to the fact
that the structure-sensitive quantity P c is not a
thermodynamic characteristic. To the contrary, the
free surface energy σ of the solid phase, appropriately
lowered on the boundary with a liquid phase that can-
cels more or less completely the bonds that become
uncovered on the surface, remains a thermodynamic
(structure-insensitive) parameter and can be calculated
in principle for phases of given chemical compositions
by starting from their interatomic-interaction charac-
teristics (for the chosen model of the boundary struc-
ture), and can also be measured directly in experi-
ment."

On the other hand, it is possible to establish a con-
nection between the free surface energy and the
strength. In the simplest cases of brittle damage, the
well-known Griffith relation can be satisfied

where Ε is the elastic modulus and c is the dimension
of the defect (crack). In more complicated cases of
ductile failure, the real work of formation of new sur-
faces ("effective surface energy") σ* includes the work
of plastic deformation and the energy w of the distor-
tions in the region of the crack:

σ* = σ -f- w.

1)rThe theoretical strength Pjd of an ideal crystal in vacuum (or in its
own vapor) is obviously as much a thermodynamic characteristic as is the
elastic modulus E; like the ratio σ/b (b is a linear parameter of the order
of the atomic dimensions) or Q/V (Q is the sublimation energy and V is
the molar volume) they have the same physical meaning of maximum
energy density, and are accordingly of the same order of magnitude. On
the other hand, under conditions when the uncovered bonds are compen-
sated for by foreign atoms or molecules that enter into the failure zone
from the surrounding medium (or are adsorbed from a solution in the
given solid), the situation is different: the quantities Ε and Q/V are in
essence volume characteristics and remain practically the same, whereas
the strength and the surface energy can change appreciably, thereby re-
flecting the fact that they pertain not to all the bonds but only to those
that become uncovered on the produced surface. At the same time, the
use of the parameter σ does not prevent us from taking into account the
kinetic non-equilibrium features) of the breaking of the bonds upon si-
multaneous penetration of foreign atoms, and one can hope that the
thermodynamics of the non-equilibrium processes will subsequently be-
come applicable in this case (a similar attempt was made by A. A.
Zhukhovitskii and co-workers [ 2 1 ]).
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FIG. 1. Elongation of pure zinc single crystals (a, b) and of crystals
coated with a thin film of mercury (c, d) [2 6].

The value of w can exceed the t r u e value of σ by
s e v e r a l o r d e r s of magnitude. For a c o r r e c t under-
standing of this relation, however, it i s necessary to
b e a r in mind that the work w itself (corresponding to
that degree of distortion that must be introduced in the
region of the failure surface to reach the l imiting
state) i s closely related to the value of σ and accord-
ingly d e c r e a s e s sharply when w is greatly reduced;
this indeed i s the phenomenon of embri t t lement by a
s trong surface-active medium.

1. Meta l s . For hard meta l s , the liquid media that
a r e close in chemical nature and d e c r e a s e strongly the
surface energy on the interphase boundary a r e other
molten metals with lower melting points [ 7> 1 6~ 1 8 ] . Many
metals and alloys experience a large d e c r e a s e in
strength, increased br i t t l eness , manyfold decrease of
endurance, cracking, e tc . , when they come in contact
with liquid meta l s , as observed in the course of so lder-
ing and welding, in the case of superheating and melt-
ing of antifriction alloys and ant icorrosion coatings
under the influence of contact with l iquid-metal heat-
t rans fer agents, e tc f 8 ' 9 ' 1 1 " 1 5 ' 1 8 ' 2 0 ' 2 2 ' 2 3 1 . The strength is
decreased by a factor 2—3 and m o r e , and in some
cases by a factor of s e v e r a l t imes 10. 2 ) A c h a r a c t e r i s -
tic example is provided by the data on zinc single
crys ta l s in the presence of thin (on the o r d e r of s e v e r a l
microns) liquid films of tin, m e r c u r y , and gal-
l i u m [ 7 ' 1 6 " 1 8 ' 2 4 ^ 6 1 (Figs . 1 and 2; see also Fig. 19 below).

A several-fold d e c r e a s e in strength should c o r r e -
spond to a lowering of the free surface energy by
roughly speaking one o r d e r of magnitude: whereas in
the init ial s tate σ is ~ 1 0 3 e r g / c m 2 for meta l s , when
the strength is sharply decreased by contact with mol-
ten metal it can be assumed that σ d e c r e a s e s to values
on the o r d e r of 102 e r g / c m 2 .

Theoret ica l calculations of the surface energy on
the interface between a solid and a molten m e t a l ^ 7 ] ,
including quantum-mechanical approximations, show

2)Very large effects appear when the metal is highly plastic in the
initial state and becomes very brittle on coming in contact with the melt;
on the other hand, if the initial state is one in which the plasticity and
strength are low, for example under conditions of low-temperature brit-
tleness, then the strength is decreased by the melt by not more than sev-
eral times in comparison with the given state.

FIG. 2. Dependence of stress Ρ
on the strain e for pure zinc single
crystals and those with mercury
coating [ 1 7 · 2 5]. /

0.Z

at. %

FIG. 3. Binary systems in which embrittlement of the solid phase
(y) under the influence of the liquid phase (x) is observed: a) simple
eutectic (Zn-Sn), b) with unlimited solubility (Sb-Bi), c) with an inter-
metallide(Sb-In)[18·32].

that actually, the free surface energy on the interface
can actually be lowered by one o r d e r of magnitude for
the pairs of in teres t to us, such as Cd-Ga, Zn-Hg,
Zn-S, or Cu-Bi. Such calculations, however, a r e
mostly approximate. It is therefore useful to employ
also the local-coordination ( " q u a s i - c h e m i c a l " ) ap-
proximation developed by Pines and Geguzin [ 2 8 > 2 9 ] . For
m e t a l s , of course , such an approximation cannot give
more than an order-of-magnitude es t imate , but i t s
undisputed advantage is i t s universality, since it i s
applicable to a great variety of sys tems^ 3 0 ' 3 1 1 .

The local -coordination approximation makes it
possible to establish a s imple connection between the
c h a r a c t e r of the phase diagram of the system A-B, or
the ar rangement of the liquidus [x(T)] and solidus
[y(T)] curves, and the p a r a m e t e r s describing the inter-
atomic interact ions of the components, such as the in-
teract ion energies of like and unlike atoms (UAA,
U B B > U A B ) . o r the melting t e m p e r a t u r e and entropy of
the components ( T ^ , T g , qA, qfi)· W e shal l hence-
forth a s s u m e usually that the component Β has a
higher melting tempera ture than A; h e r e χ and y a r e
the molar fractions of the higher-melting-point com-
ponent Β in the liquid and solid coexisting phases,
respectively (Fig. 3). A part icular ly important role is
played in such a descript ion by the "mixing e n e r g y "

Uo = AUAB - lh(UAA + UBB)\

which i s essential ly the only p a r a m e t e r character iz ing
the difference between the interact ions of the like and
unlike atoms (i.e., the deviation of the system from
ideal); h e r e ζ is the coordination number since the
values of UAA> U B B > and U^B pertain to a single
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b o n d , a n d U o p e r t a i n s t o t h e a t o m . U s i n g p r i m e s a n d

d o u b l e p r i m e s t o d e n o t e t h e l i q u i d a n d s o l i d p h a s e s ,

r e s p e c t i v e l y , w e c a n w r i t e t h e e q u a t i o n s o f t h e l i q u i d u s

a n d s o l i d u s c u r v e s i n t h e f o r m

ί/;·(1_ χγ _ a; (1 - yf = - kT In (xly) + q {T - TB);
( 1 )

(in the s i m p l e s t c a s e it i s a s s u m e d that both so l id

p h a s e s have ident ica l s t r u c t u r e s and accord ing ly q ^

« Q B = q).
At the s a m e t i m e , t h i s s c h e m e e n a b l e s us to e s t i -

mate approximate ly a l s o the free s u r f a c e e n e r g i e s of

the individual components a s we l l a s the in terphase

energy σ of the interface (under definite assumptions
concerning the structure of this boundary):

σ = - Vjn'zi IU'AA (1 - *i) + U'BBX, + (2/z') U'oxt (1 - x t )

- V*'*; [U"AA (1 - Vi) + U"BByl + (2/z*) i^jii (1 - yt)]

ι (1 - *i)]} + »' Σ {ΑΓ [*ί In (H/*) + (1 - ii) In {(1 - *,)/(! -

+ η"

(2)

. ! In (!/,/!/) + (1 - y,) In {(1 - j,,)/(1 -y)}\
- Ul (y, - y)* + (zl/z") Ul (yM - yf);

here η is the number of atoms per unit surface in the
layer parallel to the interface; z^ is the number of
neighbors of the given atom in the neighboring layer;
xi and yi are the concentrations of the component Β
in the liquid and solid phase in the i-th layer, respec-
tively, measured from the interface (this takes into
account the adsorptions of the components and the
"smearing" of the interphase boundary), while χ and
y are the average values of the volume concentration
far from the boundary. The quantities pertaining
directly to the interface (and having certain averaged
values) are marked with asterisks.

We can assume in the simplest case (bearing in
mind the highest possible estimate of σ) that the con-
centration changes jumpwise on the interface, i.e., that
xi = χ and yi = y. We assume also that U ^ ^

= UBB> u o = Uo', and let finally n 'z b = n"zb' = η*ζ£, i.e.,
there are no "broken" interatomic bonds on the inter-
face. Then expression (2) can be reduced to the follow-
ing form, which makes it possible to estimate approx-
imately the surface energy on the boundary between a
solid metal and a molten one [ 3°5:

(Qma/Q,B) y + (n"zblz" (3)

where QmA a n d QmB a r e the changes of the energy
upon melting, QVA a n < ^ QvB a r e the changes due to
evaporation, and σΑ a n d σβ a r e the surface energies
of the pure components (in the liquid state).

The quadratic terms, which contain the mixing en-
ergy as a factor, are due to deviation of the given sys-
tem from ideal. It is easy to separate the following
three characteristic cases [ 3 0 ' 3 1 ' 3 3 ] .

1) The mixing energies of the components (in both
phases, as well as the "averaged" value UJ on the
boundary) are positive and large:

u-0, u;, u* > kT

(for the considered temperature interval). An analysis
of the presented relation shows that the value of σ is
large in this case and tends in the limit to the sum of

the f r e e s u r f a c e e n e r g i e s of the c o e x i s t i n g p h a s e s . T h i s
obvious r e s u l t m e a n s that if the components do not i n -
t e r a c t not iceably (and accord ing ly t h e i r mutual s o l u -
bi l i ty in the c o e x i s t i n g p h a s e s i s very low), then no
signi f icant lower ing of the f ree s u r f a c e energy of the
s o l i d phase can o c c u r in the s y s t e m when contact i s
made with the liquid phase, t h e r e can be no " c o m p e n -
s a t i o n " of the bonds that a r e uncovered, i . e . , t h e r e
should l i k e w i s e be no reduct ion of the s t rength. The
phase d iagram usual ly s h o w s laminat ion into two non-
mix ing liquid p h a s e s in t h i s c a s e .

2) The mixing e n e r g i e s a r e apprec iab le in abso lute
magnitude, but a r e negat ive (strong negat ive deviat ion
from an i d e a l s y s t e m ) . T h i s i s the c a s e of i n t e n s e
c h e m i c a l in teract ion and formation of i n t e r m e t a l l i d e s
(or other compounds if we do not confine o u r s e l v e s to
binary m e t a l l i c s y s t e m s ) . The negat ive va lues ob-
tained in th is c a s e from (2) and (3) for the in terphase
energy ind icate that the two-phase s y s t e m with an
inter face i s not in equi l ibr ium; the c h e m i c a l i n t e r a c -
tion can b e c o m e mani fes t in d i sso lu t ion, c o r r o s i o n ,
e t c .

In a c c o r d with the range of phenomena c o n s i d e r e d
in the p r e s e n t a r t i c l e , we do not dea l with s u c h " i r -
r e v e r s i b l e " in teract ions with the m e d i u m . A few
r e m a r k s a r e in order , h o w e v e r . Th is group of phe-
nomena i s c h a r a c t e r i z e d by the fol lowing f e a t u r e s .
F o r the medium to damage the s o l i d d o e s not c a l l in
th is c a s e , g e n e r a l l y speaking, for part ic ipat ion of
m e c h a n i c a l s t r e s s e s . T o change not iceably the c r o s s
s e c t i o n of a s o l i d ( a r t i c l e ) it i s n e c e s s a r y in th i s c a s e
that the med ium (its a c t i v e component ) have usual ly an
apprec iab le m a s s , s i n c e the interact ion p r o c e s s i s e s -
s e n t i a l l y of the bulk type, affecting a m o r e o r l e s s ap-
p r e c i a b l e part of the vo lume of the g iven s o l i d . A c c o r d -
ingly, the p r o c e s s d e v e l o p s usual ly s l o w l y , a s the bulk
c h e m i c a l r e a c t i o n p e n e t r a t e s into the i n t e r i o r of the
so l id . F ina l ly , a s in a l l c h e m i c a l i n t e r a c t i o n s , a c h a r -
a c t e r i s t i c feature h e r e i s the i n c r e a s e d damaging ef-
fect of the medium with i n c r e a s i n g t e m p e r a t u r e . The
situat ion i s just r e v e r s e d , in a l l t h e s e r e s p e c t s , for
the phenomena of " r e v e r s i b l e " d e c r e a s e of s t rength
by contact with a med ium, which a r e c o n s i d e r e d in the
p r e s e n t a r t i c l e .

Incidental ly, such a c o n t r a s t i s s o m e w h a t arb i t rary
and perta ins to idea l i zed " e x t r e m e " c a s e s ; actual ly
t h e r e i s no sharp boundary h e r e . The l a r g e range of
phenomena in which a med ium a c t s on the m e c h a n i c a l
p r o p e r t i e s of s o l i d s i n c l u d e s , in part icu lar , an e x t e n -
s i v e group of p r o c e s s e s that a r e predominantly c h e m i -
c a l (or e l e c t r o - c h e m i c a l ) , but requ i re m e c h a n i c a l a c -
t ivat ion before they c a n p r o c e e d with a not iceab le ra te ;
t h e s e a r e the wel l-known p r o c e s s e s of c o r r o s i o n under
s t r e s s , c o r r o s i v e crack ing, c o r r o s i v e fat igue [ 1 0 > 1 2 ) (it
should be noted, inc identa l ly , that in a l l t h e s e c a s e s the
c h e m i c a l in teract ion act i s usual ly p r e c e d e d by an ad-
sorpt ion act^8·1). On the o ther hand, such typ ica l ly " a d -
s o r p t i o n " c a s e s (when the e n t i r e in teract ion with the
medium i s l o c a l i z e d on the s u r f a c e and d o e s not affect
the vo lume at a l l ) a s the e a s i e r deformat ion or the
fai lure of a m e t a l in the p r e s e n c e of fatty a c i d s ( s o l u -
t ion of o l e i c ac id in nonpolar o i l , e t c . ) can include the
a c t of c h e m o s o r p t i o n of a c t i v e m o l e c u l e s of the
med ium (saponif icat ion); it i s p r e c i s e l y th i s which
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Table I

Β - A

A g - B i

A g — C u

A g - P b

A l — S n

A l — Z n

B e - A l

B e - S i

Co — B i

C r — N i

C r — P d

10-13 e

1 . 5 9

1 . 6 8

1 . 4 6

1,90
2 . 5 4

4 . 7 8

4 . 8 1

0 . 1 4

0 . 6 7

2 . 9 4

r g / a t o m

1 . 8 7
2 . 9 0

3 . 8 9

5 . 7 3
3 . 5 1

2 . 4 4

8 . 2 9

erg/cm 2

1 3 0

9 0

1 9 0

2 6 0

6 0
360

130

110

1 3 0

220

B~ A

C u - A g

C u - B i

C u — P b

G e — S b
G e — A g

N i - C r

P d - C r

S n — Z n

Z n — S n

Z n — G a

t o - 1 3 e

2 .0r t

2 . 7 0

4 . 0 8

0 . 6 8

2 . 2 4

1.36

0 . 8 4

0 . 8 9

1 . 2 2

0 . 6 0

g / a t o m

4 . 5 6

5 . 8 1

4 . 6 7

1 . 5 9
1 , 1 0

3 . 3 1
4 . 8 1

1 . 8 4

σ,
erg/cm!

180
220
350
280
210
150
110
40

150
110

Pc, kgf/mm'
WOO

SOO

η

\ o

\

sa

\

Ν
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a
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\
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FIG. 4. Temperature dependence of the strength P c (a) and of the

maximum deformation e c (b) when pure polycrystalline samples of t in

(1) and samples coated with a thin film of zinc (2) are stretched [ x ]

( T m = 232°C is t h e melting point of t in).

c a u s e s , i n s u c h a n " i r r e v e r s i b l e " p r o c e s s , t h e l a r g e

d e c r e a s e o f t h e e f f e c t i v e s u r f a c e e n e r g y ( a s t h e w o r k

o f f o r m a t i o n of t h e n e w s u r f a c e ) , a n d a c c o r d i n g l y p r o -

d u c e s c o n s i d e r a b l e c h e m i c a l e f f e c t s .

If a n i n t e r m e t a l l i d e i s f o r m e d i n t h e g i v e n b i n a r y

( m e t a l l i c ) A - B s y s t e m , t h e n t h e i n f l u e n c e o f t h e m o l t e n

p h a s e A o n t h i s i n t e r m e t a l l i d e i s v e r y i m p o r t a n t . D i f -

f e r e n t c a s e s a r e p o s s i b l e h e r e a p r i o r i , r a n g i n g f r o m

v e r y s t r o n g e m b r i t t l e m e n t t o c a s e s w h e n t h e m e l t p r o -

d u c e s n o e f f e c t . P a r t i c u l a r l y i n t e r e s t i n g a r e t h e v a r i -

o u s p h e n o m e n a o b s e r v e d w h e n a t h i r d c o m p o n e n t C

that in teracts actively with Β is introduced into the
liquid phase (component A). This can greatly reduce
the strength of the solid metal , increase the rate of
corros ion cracking, e tc . (for example in contact be-
tween s tee l and liquid alkali metals containing oxy-
gen [ 2 3 1 ) or, to the contrary, a weakening of the effect,
thus revealing prospects for protection against i t . An
example of a model system corresponding to the last
case is the Cu-Bi pa i r . As shown in our laboratory by
V. S. Yushchenko, when tin, which produces in termedi-
ate compounds with copper, i s introduced into the
liquid phase (even at low concentrations of the t in),
bismuth is prevented strongly weakening the copper,
whereas introduction of lead, which i s " i n a c t i v e " with
respect to copper, is effective only in melts with large
lead c o n t e n t s [ 1 1 ] .

3) The mixing energies of the components A and Β
a r e s m a l l in absolute magnitude; in this case the liquid
phase (with the l a r g e r content of A) and the solid phase
have related and s imi la r chemical c h a r a c t e r i s t i c s and
s t r u c t u r e s . The principal difference between this case
and the preceding one i s the presence of a thermody-
namically-stable two-phase system with an interface
having a finite (possibly very low, but positive) free
interphase energy.

Of course , the " s i m p l e s t " example of such an in-
teract ion is that between a solid and liquid phase of
the same meta l . Calculations show that the interphase
surface energy can d e c r e a s e in this case quite
strongly, by one o r d e r of magnitude or more in com-
parison with the free surface energy of the given con-
densed p h a s e s [ 2 8 ] . Such cases a r e of interes t in con-
nection with the analysis of nucleus formation, for
example in crystal l izat ion from a melt; they may be
the cause of the observable and hidden cracks in weld-
ing of s t r e s s e d mechanical p a r t s . Contact with water
(if the appropriate kinetic conditions a r e satisfied) can
facilitate the breaking of i c e .

Yu. V. Naidich and co-workers recently used an
organic crystal (salol) as a model system and demon-
st ra ted by an independent d i rect experiment that con-
tact with i ts own melt causes an appreciable lowering
of the surface energy of the c r y s t a l (as revealed by the
wetting angle) and a decrease in hardness (as m e a s -
ured with a pendulum s c l e r o m e t e r ) .

In the case of contact between a solid phase and a
" f o r e i g n " melt , in sys tems with two (and more) com-
ponents, the least deviations from ideal (the smal les t
absolute values of the mixing energies of the compon-
ents) correspond to unlimited mutual solubility in both
the solid and liquid phases , i .e . , in par t icu lar , to a
diagram of the " c i g a r " type. An example of such a
sys tem with in which the solid and liquid a r e very
closely related is the Sb-Bi pair , which undergoes a
noticeable d e c r e a s e of strength of the solid when in
contact with the corresponding liquid phase (with which
it is in equilibrium)1^3 2 1. Incidentally, the indicated
binary sys tems with full mutual solubility in the solid
phase (which come close, in es sence, to being single-
component sys tems) a r e of only limited i n t e r e s t , s ince
the region of t e m p e r a t u r e s and compositions in which
these effects can be observed i s narrow and, principally,
i s not very far from the melting point of the component
that is h a r d e r to mel t . In this c a s e , however, in spite
of the s t rong d e c r e a s e of σ, the strength may not de-
c r e a s e if a change from br i t t leness to plasticity takes
place a lready at lower t e m p e r a t u r e s (see Sec. 2a of
Chap. ΙΠ).

Principal in teres t attaches to binary A-B sys tems
of s imple eutectic type with finite, usually smal l , solu-
bility of the components in the solid phase. It is p r e -
cisely for such sys tems that one observes most f re-
quently a s trong embri t t lement of the solid metal Β in
contact with the molten A (or with the liquid phase of
the eutectic composit ion) C 3 5 ] . The mixing energy Uo of
the components in the liquid phase for such sys tems is
usually close in o r d e r of magnitude to k T e , where T e
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is the eutectic temperature; the corresponding values
of Ui>' for the solid phase are as a rule higher. Ap-
proximate estimates with the aid of relations (2) and
(3) show, in good agreement with the measurements of
the decreased strength, that the free energy on the
interphase boundary actually decreases here strongly,
by one order of magnitude and more [ 3 0 1 . Table I gives
the mixing energies in the liquid and solid phases, Uo
and Uo calculated from Eqs. (1), and the values of the
interphase surface energy σ calculated from Eqs. (2)
and (3), for certain eutectic systems (it is assumed
that the concentration of the component Β is higher in
the solid phase).

Systems with such moderate deviations from ideal
behavior and with simple eutectic diagrams exhibit a
unique symmetry: the easy-melting liquid phase can
be in equilibrium (thereby greatly lowering the free
surface energy) both with the solid phase, which has a
higher melting point (the component B), and with the
second solid phase (the component A). An example is
provided by the data on the lowering of the strength
and plasticity of tin under the influence of tin-zinc
liquid solutions (Fig. 4) f 3 6 ] . This circumstance must
be borne in mind in the analysis of the causes of the
lowering of the heat endurance of alloys containing as
small impurities components that have even higher
melting points. A decrease of the strength of the two
solid metals forming the eutectic system is clearly ob-
served when they come in contact at a temperature
near Te (i.e., under conditions of "contact"
melting)[34>371.

One can classify as eutectic systems also pairs
made up of the component A and the compound AnBm;
for example, we have observed a considerable decrease
in the strength of indium antimonide single crystals
(by 40%) on which drops of liquid indium were
placed f 3 2 ].

Direct measurements of σ for the considered
metal-melt systems are still very scanty, owing to
experimental difficulties. L. S. Bryukhanova and co-
workers [ 3 8 ] of our laboratory performed a series of
investigations of the lowering of the surface energy of
zinc and cadmium in the presence of small additions
of gallium, tin, etc., by the Tammann-Udin method
(zero creep of thin sheets). The value obtained for the
interphase energy σ on the boundary of cadmium with
a gallium film (more accurately, of the corresponding
solutions) was 150—200 erg/cm2, which is several
times lower than that of cadmium itself.

A. Westwood and co-workers [ 1 4 > 1 5 ] used the
Obreimov-Gilman method (determination of the critical
force required to split a single crystal along a cleav-
age plane) to estimate the surface energy of zinc in
the presence of mercury. There are also isolated data
obtained by other methods (relative and indirect) on the
following: the dihedral angle etched out by a drop of
melt from a grain boundary emerging to the surface
(for example, for the copper-bismuth pair), the depend-
ence of the temperature of transition from brittleness
to plasticity on the size of the grain, etc.1·111 In these
cases the authors indicate an appreciable decrease (by
a factor of several times) of σ of the solid metal on
the boundary with the melt (as a rule, the data pertain
just to eutectic systems).

So far we have discussed the decrease of asi of a
solid metal at the contact with a liquid phase. If the
amount of the easily-melting component does not ex-
ceed its solubility in the solid phase, then only an ad-
adsorption layer can be produced on the free surface
of this solid phase (under thermodynamic equilibrium),
and there is no liquid-phase film31; these conditions
correspond to the possible lowering of σ by adsorption
in the narrow sense of the word. It is important that
we are operating here predominantly with such binary
A-B systems in which both components have compara-
ble values of asv (on the boundary with the vapor).

In the local-coordination approximation, the system
of equations describing the "layer-by-layer" distribu-
tion of the adsorbed component at the surface of the
solid phase was formulated by Pines'·2 8 1 and solved
with a computer by V. S. Yushchenko of our laboratory.
These calculations have shown that at σΑ-ν w σβ-ν t n e

adsorption lowering of σβ-ν by introduction of small
amounts of the component A is connected with positive
deviations of the system from ideal, and usually does
not exceed a value on the order of Δσ ~ 102 erg/cm2,
i.e., 10—20% of the initial value of σ β - ν T n i s rather
obvious result agrees with data obtained by the zero-
creep method1·381 on the adsorption lowering of σ at
low additive concentrations. It should be noted that
adsorption of zinc (a component with a higher melting
point and whose own value of σ is larger) on the sur-
face of solid tin also results in such a relatively small
lowering of the free surface energy.

A large decrease of σ following physical adsorption
can be expected in binary metallic systems whose
components have greatly differing values of σ. It must
be emphasized, however, that under conditions of
activated adsorption (chemosorption) on the surface of
a metal, for example diphilic molecules of organic
acids, the decrease in surface energy can be large,
since the binding energy of the polar group correspond-
ing to the formation of the surface compound (i.e., the
degree of compensation of the surface bonds of the
metal atoms) is large, whereas the free surface is now
a layer of hydrocarbon chains with low surface tension
(Sec. 4 of Chap. ΠΙ). For nonmetallic solids, an exam-
ple of strong adsorption lowering of σ is the adsorp-
tion of water on the surface of an ionic crystal (Sec. 3
of Chap. II).

2. Solids with covalent bonds. Crystals with covalent
bonds, just like solid metals, can experience in the ab-
sence of chemical interactions a strong decrease of
strength under the influence of molten metal. Thus, the
strength of germanium single crystals decreases when
it comes in contact with liquid gallium or copper [ 2 0 > 4 0 > 4 1 1.
A particularly pronounced example is the germanium-
gold pair, the phase diagram of which is that of a sim-
ple low-melting-temperature eutectic.

With increasing temperature, germanium single
crystals acquire an appreciable plasticity when tested
in air; their strength increases accordingly. Under

3)As shown by Frumkin [39], these two states do not have a contin-
uous transition in the presence of a finite wetting angle: with increasing
amount of the easy-melting component, the adsorption layer reaches a
certain limiting concentration, after which sections (drops) of a liquid
phase, with a definite wetting angle, appear on the surface in equilibrium
with the adsorption layer.
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FIG. 5. Temperature dependence
of the strength of pure germanium
single crystals (1) and of those coated
with a thin film of gallium (2), copper
(3), and gold (4) [20·41].
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these conditions, as shown by N. V. Pertsov and co-
workers in our laboratory (Fig. 5, see [ 2 0 '4 1^), contact
with a drop of gold (saturated with germanium at the
given temperature) again returns the crystal to the
brittle state, and the rupture stress decreases. For
this series of experiments—different temperature and
accordingly different melt concentrations—V. S.
Yushchenko calculated the interphase free energy on
the boundary between the solid and liquid phases (in
the local-coordination approximation, in accordance
with the scheme represented by relations (1)—(3)).
Both the results of this calculation and the measured
strength, when plotted in the coordinates Pc and σ1^2,
fall on a straight line passing through the origin (Fig.
6). This confirms the validity of the Griffith relation
(the failure at the contact with the melt has a brittle
character) and at the same time the usefulness of the
macroscopic parameter σ for describing the features
of the interatomic interactions under the described
conditions. We have reported above the decrease of
the strength of indium-antimonide crystals acted upon
by a liquid indium. These and similar phenomena can
occur when semiconducting crystals are soldered and
subjected simultaneously to mechanical stresses.

Extensive material on various influences of the
medium is obtained by investigating the strength of
graphite in contact with liquid metals [ 4 2 ] . In accord-
ance with the character of the interatomic interactions
(as reflected by the type of the phase diagram) [ 4 2 ], the
following cases are observed [ 4 2 ]:

1) Tin, lead, gallium, and other metals that do not
interact with carbon (and accordingly do not wet
graphite) do not affect the strength of the graphite.
2) Iron, vanadium, molybdenum, tungsten, and other
metals that form carbides and dissolve carbon lead to
failure even in the absence of stresses as the cross
sections of the samples are decreased. 3) In the case
of very energetic carbide production, which leads to
the formation of a strong carbide film resistant to the
influence of the given melt, this film exerts a protec-
tive action and no decrease in strength is observed,
for example in contact with molten titanium, zirconium,
etc. 4) Finally, a "moderate" interaction that becomes
manifest in the formation of weak carbides in a limited
temperature interval (the case of contact between
graphite and liquid aluminum) leads to an abrupt de-
crease in the strength precisely in this temperature
interval. The strength of graphite is reduced even
more strongly by alkali metals (at increased tempera-
ture, as the interaction with the carbon becomes
stronger).

It is possible that the decrease of the free inter-
phase energy determines to a considerable degree also

All a ** b P, kgf/mm!

FIG. 6. Comparison of the experimental values of the strength Pc and
of the calculated free interphase energy o(b) for germanium single crys-
tals tested at different temperatures (a) in the presence of a drop of gold
(saturated with germanium) [20·41].

the effect of iron on the mechanical properties of
diamond; this is indicated both by the already observed
contact eutecting melting of diamond in the presence of
iron and by data showing that the strength of diamond
grains decreases when they are used to work on steel
and also directly under the influence of iron in a defi-
nite temperature interval^441.

Under conditions of intense mechanical working and
continuous uncovering of the juvenile sections of the
surface, the number of solids that are affected by low-
melting-point molten metals turns out to be much
larger than heretofore assumed.

Thus, in the presence of molten metals, the effec-
tiveness of grinding hard alloys (made of tungsten and
titanium carbide with cobalt binder) with diamond
wheels is increased r 2° ' 4 3 ]. Both the strength of the
carbide grains themselves and the strength of their
cohesion with the binder are decreased, and good
wetting on the worked surface is observed at the same
time. It must be emphasized that under these condi-
tions the melt does not harm the tool, since the easy-
melting metals are not surface-active with respect to
diamond. Easy-melting metals, as established in our
experiments with V. G. Bravinskii t 4 e ], can reduce ap-
preciably (by a factor 1.5) the strength of aluminum
oxide vacuum-tight ceramic. Under ordinary condi-
tions, these metals do not wet aluminum oxide [ 4 7 ].
Nonetheless, tests of ceramic samples in a bath of
molten metal have shown that the juvenile surface of
the fracture is wetted by the melt; it is precisely then
that the decrease in the strength is observed.

3. Solids with ionic bonds, a) Ionic single crystals
and polycrystals. Glasses. Media that are related in
chemical composition (in the character of the inter-
atomic interactions) to ionic crystals are obviously
molten salts, electrolyte solutions, and water itself4'.
A typical example is the effect of molten aluminum
chloride on the behavior of sodium-chloride single
crystals. As is well known, these single crystals
fracture in perfectly brittle fashion along the cleavage
plane under tension at room temperature, but become
sufficiently plastic at higher temperatures; at 400—
450°C, the fracture is preceded by necking and the
strength is increased. N. V. Pertsov and co-workers

4)Here, as in the other sections, we assume (unless otherwise stipu-
lated) that the medium is saturated by the given solid substance, and that
in the absence of mechanical stresses the system is a thermodynamically-
stable two-phase system with a stable interface.
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Table Π

Alcohol

Methyl
Ethyl
Propyl

(Po-PA)/Po

0.58
0.52
0.25

(Po — PA)
XPj-l (P(i/.W)-l-10-l«

13.8
17.3
12.0

Alcohol

Butyl
Hexyl
Heptyl

(i>o-PA)/Po

0.23
0.20
0.15

(Po - PA)
XPjl(Pd/M)-l-10-u

12.8
16.0
12 5

FIG. 7. Temperature dependence of
the maximum elongation of sodium-chlo-
ride single crystals in air and in contact
with zinc and aluminum chloride [48].

JiO

P, gf/mm1

FIG. 8. Strength of polycrys-
talline potassium chloride samples
vs. the composition of the med-
ium, in η-heptane—dioxane and
dioxane—water solutions I 4 0 ] .

n-heptane Dioxane

1 MMwt.%
Water

have shown that in the p r e s e n c e of m o l t e n a luminum

chlor ide , the s o d i u m - c h l o r i d e c r y s t a l returns to the

br i t t le s ta te at the s a m e t e m p e r a t u r e s , and i t s s t rength

d e c r e a s e s accord ing ly ( F i g . 7).

N u m e r o u s o b s e r v a t i o n s of the d e c r e a s e d strength of

ionic c r y s t a l s in the p r e s e n c e of water, e l e c t r o l y t e

s o l u t i o n s , and a l s o when s m a l l add i t i ves of typ ical ly

s u r f a c e - a c t i v e s u b s t a n c e s with diphil ic m o l e c u l e s were

d e s c r i b e d e a r l i e r ^ ' 3 ' 4 1 . It i s p r e c i s e l y with ionic

c r y s t a l s , by fracture of c a l c i t e , rock s a l t , e t c . a long

the c l e a v a g e plane, that the effect of adsorpt ion

e m b r i t t l e m e n t was f i rs t e s t a b l i s h e d and i n v e s t i g a t e d 1 1 1 .

We point out in part icu lar the e x p e r i m e n t s with c l e a v -

age of m i c a c r y s t a l s ; in addition to the d e c r e a s e of the

c l e a v a g e force, a unique afteref fect i s produced in the

p r e s e n c e of water vapor or in liquid water , a s shown

by G. I. L o g g i n o v t 4 9 ] . N a m e l y , m i c a f lakes, exhibit

under load an e l a s t i c afteref fect that i n c r e a s e s grad-

ual ly in t i m e (for s e v e r a l days ) . In a c c o r d with the

pure adsorpt ion nature of the ef fect, it turns out to be

perfect ly r e v e r s i b l e in t e r m s of the value of the s tra in,

i . e . , the s t r a i n v a n i s h e s just a s s l o w l y but fully a f ter

the load i s r e m o v e d .

Analogous phenomena take p lace in s i l i c a t e g l a s s e s

and in F i b e r g l a s , a s s h o w n by M. S. As lanova in our

laboratory ( s e e f 5 0 1 ) . As i s w e l l known, in the p r e s e n c e

of m o i s t u r e , the " c u t t i n g " of g l a s s , i . e . , fracture after

s c r a t c h i n g with a diamond, b e c o m e s e a s i e r . The long-

t e r m strength of g l a s s a l s o d e c r e a s e s cons iderab ly

under the inf luence of water . Accordingly, the hydro-

phobization of s i l i c a t e - g l a s s s u r f a c e s , i . e . , i t s p r o t e c -

t ion against the act ion of a t m o s p h e r i c m o i s t u r e , can

i n c r e a s e the s trength apprec iab ly .

Lower ing the s trength of m i n e r a l s by water and by

a d s o r b i n g s u b s t a n c e s d i s s o l v e d in i t ( " h a r d n e s s r e -

d u c e r s " ) has been used to a c c e l e r a t e we l l dr i l l ing in

hard r o c k [ 3 ] and at the s a m e t i m e to i n c r e a s e the l i fe-

t i m e of the dr i l l ing too l .

The s ign i f i cance of the " l i k e n e s s " of the medium

b e c o m e s c l e a r l y pronounced when the c h a r a c t e r of the

medium i s great ly var ied. Thus, V. Yu. T r o s k i n of our

laboratory inves t igated the s trength of po lycrys ta l l ine

p o t a s s i u m ch lor ide s a m p l e s in a cont inuous s e r i e s of

heptane-dioxane and d ioxane-water s o l u t i o n s . The

strength i s h ighest in a nonpolar hydrocarbon (heptane,

F i g . 8 ) ; fo l lowing the adsorpt ion i s o t h e r m , i t d e -

c r e a s e s with i n c r e a s i n g concentrat ion of the polar

m o l e c u l e s in the so lut ion and r e a c h e s the l o w e s t value

in the m o s t polar medium, water . The s a m e regu lar i ty

i s o b s e r v e d a l s o in e x p e r i m e n t s with saturated a l c o -

h o l s . Table II i l l u s t r a t e s the inf luence of a l c o h o l s of

the saturated s e r i e s on the s trength of po lycrys ta l l ine

s a m p l e s of p o t a s s i u m ch lor ide ( p (cgs e s u ) i s the

dipole moment of the m o l e c u l e s , d ( g / c m 3 ) i s the

density, and Μ (g/mole) is the molecular weight of
the liquid)t20'48·51].

Assuming that the conditions of brittle failure in
such experiments follow the Griffith relation, i.e.,
Pc/Po = (σ/σο)ι/2, and combining this relation with the
Gibbs equation in its simplified form (at small C):

Γ = -{RT)-Hold In C

we a r r i v e at an equation re la t ing the adsorpt ion

( m o l e / c m 2 ) with the s t r e n g t h :

Γ = - 2 (σο//>§) (ΛΓ)"1 Pc {dPJd in C).

The obtained re la t ion m a k e s i t p o s s i b l e to e s t i m a t e the

adsorpt ion by s tar t ing from the dependence of the

strength on the concentrat ion of the act i ve component

in the medium; on the other hand, the u s e of the m a x i -

mum adsorpt ion T m y i e l d s an e s t i m a t e of the m a x i -

mum a r e a a m occupied by the a c t i v e m o l e c u l e on the

newly formed sur face of the deformed s o l i d : a m

= 1/NAFm· Such a ca lcu lat ion l eads to a c o r r e c t order

of magnitude of a m , for e x a m p l e for adsorpt ion of

water f rom dioxane by KC1.

V. Yu. T r o s k i n attempted an approximate e s t i m a t e

of the inf luence of the polar i ty of the medium on the

strength of an ionic c r y s t a l at the " a t o m i c l e v e l . " The

m o d e l for the ca lcu lat ion i s the v e r t e x of a wedge- l ike

c r a c k [ 4 ] , into which a m o l e c u l e having a dipole moment

p e n e t r a t e s . By taking into account the in teract ion b e -

t w e e n t h i s m o l e c u l e and the pos i t i ve and negat i ve ions

in front of i t, i t i s p o s s i b l e to ca lcu la te the force c o m -

ponent n o r m a l to the wa l l s of the crack, which d e t e r -

m i n e s the d e c r e a s e of the s t rength . Such tentat ive c a l -

cu lat ions, in a g r e e m e n t with e x p e r i m e n t , show that the

o b s e r v e d effect i s proport ional t o the dipole moment

per unit vo lume of the med ium.

b) D i s p e r s e porous m a t e r i a l s . Of great i n t e r e s t in



S U R F A C E P H E N O M E N A IN S O L I D S 541

to

S -

~Δ6Ί erg/cm1
Pc, kgf/ram1

FIG. 9 FIG. 10

FIG. 9. Comparison of independently obtained values of strength de-

crease and decrease of the free surface energy of magnesium hydroxide

in the presence of water vapor [ S 3 · 5 4 ] .

FIG. 10. Logarithm of the time to failure vs the applied stress Ρ for
a magnesium-oxide catalyst: 1) in the absence of a reaction, 2) during
the process of conversion of isopropyl alcohol [ 5 7> 5 8].

in the study of the i r r e g u l a r i t i e s and m e c h a n i s m of ad-
sorpt ion embr i t t l ement and a l s o from the p r a c t i c a l
point of v iew, a r e d i s p e r s e porous b o d i e s , inc luding
bodies with ionic structure^ 5 2 " 5 8 1 .

S. I. Kontorovich and c o - w o r k e r s of our laboratory
( s e e f 5 3 ' ) used a s a convenient mode l of a porous so l id
the c r y s t a l l i z a t i o n s t r u c t u r e of m a g n e s i u m hydroxide
obtained by hydratat ion hardening of m a g n e s i u m ox ide .
Such s t r u c t u r e s have a l a r g e spec i f i c s u r f a c e (tens
of m 2 /g), making it possible to determine the adsorp-
tion Γ by a weight method: in the case of adsorption
of water, one monolayer is a lready equivalent to a 1%
i n c r e a s e in weight of the o r d e r . Ser ies of such s a m -
ples were placed in exs iccators over solutions of
sulfuric acid of definite concentration, producing a
specified water vapor p r e s s u r e p . By determining the
relation Γ = Γ(ρ) from the weight increase correspond-
ing to moistening under such equilibrium conditions,
it was possible to est imate the decrease of the surface
energy of magnesium hydroxide following adsorption
of water vapor

r d l n p

and to compare the obtained values of -Δσ with inde-
pendent m e a s u r e m e n t s of the decrease of the strength
P c of these moistened samples , in comparison with
the init ial s trength P o in the absence of water . Since
such bodies experience br i t t le f racture, the Griffith
relation i s satisfied and the following relat ion should
be obtained:

Indeed, in the corresponding coordinates, the experi-
mental points lie on a straight line passing through the
origin, and the perfectly reasonable value ~300
e r g / c m 2 is obtained for σ 0 (Fig. 9 ) [ 5 4 ] .

Special experiments performed jointly with V. F .
Chuvaev by the magnetic nuclear resonance method
have shown that the adsorbed water is indeed present
in the form of an adsorption layer, and not in the liquid
phase, since these experiments definitely showed no
local dissolution of the s t r e s s e d mater ia l in the vertex
of the crack (in this case at the contacts between the
crys ta l l i tes) .

FIG. 11 FIG. 12

FIG. 11. Strain properties of naphthalene single crystals in air (1) and
in the presence of benzene (2) [S 9].

FIG. 12. Setup for the determination of the surface energy of a naph-
thalene crystal [6 0].

We note that in the presence of a monolayer of
water the strength of porous highly dispersed mag-
nesium hydroxide d e c r e a s e s by one-half, correspond-
ing approximately to a d e c r e a s e of the free surface
energy to one-quarter of i ts volume. This i s due in
the present case just to the adsorption, s ince the s u r -
face tension of the adsorbed component is smal l in
comparison with the initial value σ of the solid ad-
sorbent.

Similar r e s u l t s were obtained, for example, in the
adsorption of ethanol by magnesium hydroxide f 5 3 ] and
in many other c a s e s . It is precise ly adsorption of
water which causes the considerable decrease in the
strength of all s t r u c t u r a l mater ia l s (which a r e usually
hydrophilic) such a s concrete e tc . and others , part icu-
larly fine-grained gypsum dihydrate.

Even more prone to adsorption lowering of the
strength a r e d i sperse s t r u c t u r e s with pointlike
" a t o m i c " contacts . Such s t r u c t u r e s a r e produced when
the liquid phase and the adsorption layers a r e removed
from coagulation s t r u c t u r e s . It is precisely these phe-
nomena that cause grounds to have low endurance to
water ( " s inking," formation of quicksands, e t c . ) [ 5 5 ] .

Adsorption of water vapor, ethanol, or benzene de-
c r e a s e s the strength of synthetic sorbents such as
granulated zeolites with a clay binder. In general , as
shown by our investigations with L. Ya. M a r g o l i s [ 5 e > 5 7 ] ,
d i sperse porous m a t e r i a l s such as sorbents , cata lysts ,
and c a r r i e r s , which a r e widely used in chemical tech-
nology, operate under "unfavorab le" conditions: a c -
cording to the very principle of heterogeneous catalysis ,
a lowering of the free surface energy of the catalysts is
inevitable under the conditions of the reaction; the
result is a considerable d e c r e a s e of the life of the
granules (Fig. 10). It is precisely the mechanical wear
which l imits in many cases the possibility of using a
catalyst, part icular ly under intensive reg imes . Taking
these c i rcumstances into account, methods for s trength-
ening granules a r e being developed^5 8 1. On the one hand,
this cal ls for the formation of an optimal d i sper se
s t r u c t u r e , without internal s t r e s s e s and with s t rong
crystal l izat ion contacts between par t ic le s , using vibra-
tion molding, optimal heat t r e a t m e n t , e tc . On the other
hand, this involves protection of the contacts between
part ic les against adsorption embri t t lement, for exam-
ple by introducing highly-dispersed additives that form
at the contacts between the catalyst part ic les com-
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FIG. 13 FIG. 14

FIG. 13. Comparison of the values of the relative lowering of the sur-
face energy of naphthalene single crystals and of the relative lowering of
the strength of polycrystalline samples of naphthalene in benzene (1),
heptane (2), methylene chloride (3), chloroform (4), tetrachlormethane
(5), and in methyl (6), ethyl (7), propyl (8), butyl (9), and tertiary butyl
alcohol (10) as well as in 0.2M solution of butyl alcohol in water (11)
I 20,61]

FIG. 14. Relative decrease of the strength of polycrystalline naphtha-
lene samples in aqueous solutions of alcohols of the saturated series as a
function of the concentration [61].

pounds with respect to which the medium is not surface-
active, while retaining the high catalytic ability of the
entire effective principal surface of the catalysts.

4. Molecular crystals of organic compounds.
Molecular crystals of organic compounds, and primar-
ily hydrocarbons, are in a certain sense the opposite
of ionic crystals. Here, in accordance with the general
concepts of selectivity of the decrease of surface en-
ergy and of the strength under the influence of the
medium, such related media should be nonpolar and
low-polar organic liquids. Corresponding investiga-
tions on naphthalene, anthracene, urotropin, urea, and
other organic compounds were made in our laboratory
by N. V. Pertsov, E. A. Sinevich, and co-work-
ers t19,20,5»-61] _

The results of the experiments with naphthalene
single crystals are quite illustrative; we observe here
exactly the same phenomena as with pure and amal-
gamated zinc single crystals. Under ordinary condi-
tions, naphthalene single crystals are very plastic; if
the initial orientation is favorable, the samples can be
drawn into thin ribbons and, becoming noticeably
strengthened, break only after very large elongations
(up to 1000% and more!). On the other hand, in the
presence of a drop of benzene or heptane saturated
beforehand with naphthalene, or else in benzene vapor
(after a certain exposure), the same single crystals
turn out to be brittle and break along the cleavage
plane at relatively small maximum deformation (Fig.
11).

For direct measurements of the surface energy of
the naphthalene, we used the method of I. V. Obreimov
(in Gilman's variant), namely the splitting of the single
crystal along the cleavage plane^80'. The main difficulty
in applying this method to molecular crystals, their
softness, was overcome by a special method of secur-
ing the crystal (Fig. 12). The sample, in the form of a
thin plate 1 (1.6—2 mm thick) was glued on one side to
a much more rigid metallic plate 2, serving as the
elastic element of the scheme, and on the other side to

FIG. 15. Influence of alcohols of
the saturated series CnH2n+ ] OH on
the strength Pc of polyethylene (1)
and on the maximum stress Pt corre-
sponding to a time tf = 100 sec to fail-
ure for polymethylmethacrylate (2)

Pt, kgf/mm!

i

Air- r i i i FS-7i

a thick glass plate 3, through which the position of the
vertex of the crack in the slightly pierced crystal was
determined by the interference lines. Here
σ = 3F2c2/Eabn3, where F is the maximum force (at
which the crack begins to grow rapidly) and Ε is the
elastic modulus of the metallic plate 2.

In air, and also in water, which are inactive media,
the free surface energy turned out to be the same and
maximal: σ0 = 60 erg/cm2. The smallest value of the
interphase energy, σ » 10 erg/cm2, was observed in
benzene, which is the liquid most closely related by
chemical composition and structure (i.e., by the char-
acter of the inter molecular interactions), σ decreases
to 15 erg/cm2 in saturated hydrocarbons of the fatty
series, namely pentane, hexane, and heptane, to 20
erg/cm2 in butyl alcohol, and only to 30 erg/cm2 in
the more polar ethyl and methyl alcohols.

These data agree fully with the results of mechani-
cal tests. Experiments performed with fine-grained
polycrystalline samples of naphthalene in the presence
of various organic liquids have shown a decrease in
the strength by 30—50 and even by 70%—by a factor of
3 and more. The most effective turned out to be ben-
zene and butyl alcohol; an appreciable effect is pro-
duced by saturated hydrocarbons with short chains.
The more polar media with relatively larger functional
groups exert a weaker action. In contact with water, is
in the limit the least related medium, the strength of
such a hydrophobic solid is not decreased, as expected.
A typical decrease in the effectiveness of the action of
the medium on the strength of naphthalene is observed
in a series with increasing polarity: propyl alcohol—
propylene-glycol—glycerinet lB]. Thus, for nonpolar
hydrocarbon crystals, the media exhibit just the op-
posite order in their activity on the surface energy and
the strength, in comparison with the influence on the
hydrophilic ionic crystals. Since the failure of the
polycrystalline samples is brittle, it becomes possible
again to verify the applicability of the Griffith relation
(Fig. 13); the straight line corresponds to the Griffith
equation and the observed small deviations of the ex-
perimental points may be connected with differences in
the behavior of single-crystal and poly-crystalline
samples.

Experiments with aqueous solutions of typical sur-
face-active substances with diphilic molecules
(alcohols and fatty acids) have shows that on going over
to each succeeding homologue, the concentration cor-
responding to a given value of the lowering of the
strength of the samples decreases by a factor of
3—3.5, in full agreement with the Traube rule that the
surface activity increases with increasing length of the
hydrocarbon chain (Fig. 14). At the same time, if the
dependence of the lowering of the strength on the con-
centration of the surface-active component is available,
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it is possible to change over to the adsorption isotherm
(since the Griffith relation is valid and permits such a
transition, just as for ionic crystals). Then one can
estimate, from the limiting adsorption, the smallest
area on the active molecule in the monolayer; this
value turns out to be a m = 20—25 A2 and corresponds
to the geometry of the adsorbent surface, the area of
emergence of the unit cell of naphthalene on the basal
plane f61].

5. Polymer materials. The concepts developed
above can be extended also to the laws governing the
failure of polymer materials in surface-active media,
investigated by G. V. Karpenko and A. N. Tynnyi and
co-workers, by G. M. Bartenev, Yu. S. Zuev, et al. It
was established, for example, that propagation of the
crack in organic glass is greatly facilitated by the
presence of acetone; oils used in hydraulic systems
and liquid fuels can greatly decrease the longevity and
cause cracking of oil and fuel pipes made of different
polymer materials, including teflon, which is known to
be exceedingly inert to most media in the absence of
mechanical stresses.

Organic polymer materials can be represented both
by nonpolar hydrocarbons (in which case the surface is
hydrophobic, for example polyethylene), and by com-
pounds containing polar groups, in which case the sur-
face has a "mosaic" character with a definite fraction
of polar (hydrophilic) and nonpolar (hydrophobic) sec-
tions, such as polymethylmethacrylate. Failure can be
accompanied, in principle, by breaking of either inter-
molecular bonds or the molecular chains themselves;
in strongly surface-active media, however, the weak-
ening of the intermolecular interactions can strongly
predominate.

The specifics of the structure of polymers gives
rise to a very close connection between the effects
considered by us and such kinetic processes as pene-
tration of the molecules of the medium into the inves-
tigated material (swelling), orientation of macromole-
cules, etc.

Investigating together with A. N. Tynnyi and co-
workers (see [ 6 2 1) the selectivity of the influence of the
medium on polymer materials, we used as the main
object polyethylene (PE) and polymethylmethacrylate
(PMMA). For PE there is a clearly observed stronger
embrittlement on going from polar media to nonpolar
media that are related to this material. Thus, the
tensile strength of the samples decreases 10% in
methyl alcohol, 40% in hexyl alcohol, and 50—60% (by
a factor 2—2.5) in hydrocarbons, compared with tests
in air. The results for PMMA are somewhat more
complicated and more varied, owing to the indicated
mosaic structure of the damage surface in PMMA. At
the same time, the results for substances of the same
type are particularly interesting. Thus, for the homo-
logic series of saturated alcohol, the lowering of the
strength of PMMA samples decreases monotonically on
going from methyl alcohol to octyl alcohol, i.e., in this
case the observed dependence is the opposite of that
obtained for PE (Fig. 15).

V. A. Kargin and P. V. Kozlov and co-workers
(see f 6 3 1) have found that very small admixtures of sur-
face-active substances that are not soluble in the given
polymer (are incompatible with it) exert a plasticizing

influence. These impurities, unlike ordinary molecu-
larly soluble plasticizers, are obviously adsorbed on
the internal surfaces of the phase particles in the dis-
perse (microheterogeneous) structure of the polymer
material and increase the mutual mobility of the phase
elements of the structure.

ΙΠ. INFLUENCE OF THE REAL STRUCTURE OF A
SOLID AND OF THE EXTERNAL CONDITIONS ON
THE EASING OF FAILURE AND DEFORMATION IN
ADSORPTION-ACTIVE MEDIA

Thus, an analysis of the role of the chemical com-
position of the solid and of the surrounding medium
shows, for the "moderate" (reversible) interactions
considered by us, in which the two-phase system com-
prising the solid and of the medium is thermodynam-
ically stable, that for practically all types of solids
there exist media having a related chemical composi-
tion and structure and compensating, to a considerable
degree, for the bonds that become exposed on the
newly produced surface during the course of the fail-
ure (i.e., they decrease strongly the free energy of
this new surface), leading by the same token to a
strong decrease of the strength of the given solid. This
is why these effects are so widely general and so dis-
tinctly selective.

At the same time, these physico-chemical conditions
for the strong lowering of the interphase free energy σ,
while making the strength-lowering effects possible in
principle, are only the necessary but not the sufficient
conditions. The degree and the very form of the influ-
ence of the medium on the mechanical characteristics
of the solid depends also on many other circumstances;
an important role among them is played by the real
defect structure of the given solid.

1. Influence of real (defect) structure, a) Specific
role of grain boundaries. The grain boundaries in a
polycrystal are the most pronounced example of the
effect of a real defect structure on the degree of ad-
sorption embrittlement.5' Having an excess free energy
ag, the grain boundaries sometimes become the pre-
ferred manner of crack propagation even in the external
medium has no effect, viz., when the failure is brittle
and ag plays an important role in the general balance
of the energy loss. Consequently, under conditions
when the work of producing the failure is greatly re-
duced, the role of the "margin" of og becomes partic-
ularly important when contact with a strong surface-
active medium exists, namely, preferred intercrystal-
line failure of polycrystalline materials is observed
(Fig. 16)Γ18], leading sometimes to complete fracture
along the grain boundaries. Whereas low-temperature
brittle failure of polycrystalline zinc is predominantly
of the transcrystalline type, brittle failure of the same
polycrystalline zinc by the action of liquid gallium or
mercury proceeds exclusively over the gain boundaries.

5* Taking the contents of the preceding sections into account, we use
the terms "surface active" or "adsorption active medium" in a broad
sense, having in mind a medium that reduces appreciably the free sur-
face energy of the solid both when the solid is in contact with a "related"
liquid phase and when an active component is adsorbed; accordingly, the
concept "adsorption lowering of the strength" (or "adsorption embrittle-
ment") is used in all these cases.
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FIG. 16. Failure at zinc grain boundaries in the presence of gallium
after 0.63% (a) and 0.83% (b) elongation of the sample [18].

At the same time, if the plasticity of the solid (for
example, metallic single crystal) is very high in the
initial state, then a transition to a brittle state with a
noticeably decreased strength may not set in under
conditions when σ is sharply decreased; thus, liquid
bismuth does not embrittle copper single crystals as
a rule. On the other hand, in the polycrystalline state,
the grain boundaries act as a strengthening factor and
at the same time as a factor that decreases the
plasticity (owing to the slowing down of the dislocation
motion in the slip planes, stress concentration, etc.).
Therefore under the same conditions, but in the case
of polycrystals of the solid, a lowering of σ can already
suffice for a transition to the brittle state, for example
in the same copper-bismuth pair.

There may, however, be an exactly opposite cause
for a greater decrease in the strength of a polycrystal
in contact with an active medium than in a single
crystal, if the latter is very brittle already in the
initial state, without the given medium, as is the case
for sodium or potassium chloride at room tempera-
ture. In addition to other causes, an important factor
that cancels out the action of the medium in this case
is the high speed of the cracks over the cleavage plane
(which exceeds the speed of the active molecules of the
medium).

Having an excess free energy, the grain boundaries
act as places where surface-active impurities are ad-
sorbed, both during crystal growth from melts and
solutions6' and as a result of diffusion[23>64]. Different
cases are possible here. An easy-melting impurity
with low proper surface tension can be strongly sur-
face-active and be energetically adsorbed both on the
outer surface and on the grain boundaries, for example
phosphorus in iron. Then adsorption over the grain
boundaries causes strong embrittlement, for the sur-
faces with greatly decreased free energies are un-
covered as the failure progresses. However, as noted
by Glikman^651, the impurity can become adsorbed on
grain boundaries but cannot be strongly surface-active
on the free surface if the impurity has a high melting
point and its own surface energy is high (for example,
carbon in iron). Alloying of steels with such elements,
not being dangerous, can even be beneficial by forcing
harmful impurities out from the grain boundaries, in
accordance with the concepts developed by V. I. Ark-
harov and S. T. Kishkin (see [ 8 ]).

b) Certain laws of crack development. The struc-
ture defects in solids, which cause strengthening, in-
creased hardness, and long life (under the usual condi-

^It is this which makes it possible to use in casting modifiers that
contribute to the production of fine grain by selective slowing down of
the growth rate (modifiers of type I, unlike modifiers of type II, which
increase the number of crystallization centers).

tions) lead at the same time to a decrease in the
thermodynamic stability, owing to the accumulation of
excess free energy of these defects in the body. Ac-
cordingly, very frequently a solid that has been
strengthened with respect to ordinary conditions turns
out to be particularly prone to the harmful influence of
a medium1"'1 1 1.

To the contrary, in those cases when high strength
is due to the absence of defects (approach to the ideal
state) one can expect the effect of the medium to be-
come weaker, as the case of whisker crystals. Indeed,
Rozhanskii t ββ1 has found that mercury weakens zinc
whiskers when the diameter of the latter is decreased.
Similar phenomena were observed by A. Westwood'-151

for large zinc single crystals having no noticeable
faults (however, a decrease in the strength took place
when the surface was damaged, and also in bicrystals).
Investigations performed in our laboratory on large
zinc single crystals that were carefully grown and
prepared, enabled us to observe (in amalgamated sam-
ples) a typical transition from the plastic state to the
brittle state following an increase in a specially intro-
duced "rationed" defect, such as pricking by a
diamond indentor with a definite force (Fig. 17).

An example of a quantitative analysis of the joint in-
fluence of a medium and o.f defects on the strength is
the scheme developed by us and by V. I. Likhtman t l6~181,
describing the features of failure of single crystals
with different initial orientations in the presence of a
more or less noticeable strain prior to fracture.

An analysis of the experimental results obtained
with metallic as well as with ionic, covalent, and
molecular single crystals has shown that to under-
stand correctly the adsorption-influence mechanism it
is necessary to consider two stages of the crystal
failure process: (1) gradual nucleation and development
of "equilibrium" microcracks on the basis of a local
strain and stress concentration determined by the
initial structure defects and microinhomogeneities of
the plastic deformation, which are connected with its
dislocation nature, and (2) the relatively rapid propa-
gation of cracks, once they lose equilibrium, over the
entire cross section of the crystal7'.

Crack growth during the first stage governed by
the flow of plastic strains, and consequently by the
action of shear stresses τ, can be approximately de-
scribed by the relation

c — $x*LVGa, (4)
7) Unlike the Griffith microcracks, which are cavities of elliptic cross

section with a specific surface energy that is constant over the cross sec-
tion, we consider throughout cracks wtih sharp tip edges at which a
drops rapidly to zero from a constant (maximum) value in a sufficiently
broad part of the crack [4]. The theories of such cracks were subse-
quently developed by Barenblatt [69], Panasyuk [70], and others.
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FIG. 17. Defects produced in undamaged zinc single crystals by in-
dentations of different depths h vs. the appearance of enbrittlement, viz.,
the decrease of the maximum strain e c in the presence of a mercury film
(the samples could be elongated to only 120% with the employed appa-
ratus)!6 7].

pc, gf/mm'

WO

r.ffl tf*mm~' 0

FIG. 18. Plots of c m a x against r 2 (a) and of p c against c ^ ^
(b) for amalgamated zinc single crystals [1 8].

gf/mm2

FIG. 19. Limiting values of the normal and shear stresses p c and
TC in brittle fracture of differently oriented zinc single crystals: a)
pure, b) mercury coated, c) gallium coated [18>24].

where c i s the maximum length of the c rack under the
given conditions, G is the s h e a r modulus, L is a s t r u c -
t u r e p a r a m e t e r that corresponds to the maximum di s-
tance within which dislocation microinhomogeneities
a r e produced in the s l ip plane (the d i a m e t e r of the
single crys ta l , the grain dimension, etc.), and β is a
dimensionless coefficient character iz ing the fraction
of elast ic energy accumulated in the region of the p r o -
duced microinhomogeneity and serves during the de-
velopment of the cracks as the work of formation of
the new surface. Under br i t t le failure conditions (more
accurately, at a relatively low value of the plastic d e -
formation preceding the failure), the coefficient β ap-
proaches unity in o r d e r of magnitude, whereas on
going from br i t t le failure to plastic failure it can de-
c r e a s e to ~10~3 and less (see below). The indicated
relation c = C ( T ) agrees with resu l t s of a d irect ob-
servation of crack dimensions on microsect ions of
amalgamated zinc single crys ta l s (Fig. 18) [ 1 8 1 .

The onset of the second stage, of the failure proper,
can be described as a t ransformation of a c rack of
length c into a non-equil ibrium crack, when the ten-
si le s t r e s s ρ (normal component) reaches a cr i t ica l
value

pc = a (Εσ/c)1'' = a (Ga/c)1'', (5)

w h e r e a a n d a' a r e d i m e n s i o n l e s s c o e f f i c i e n t s t h a t do
not differ greatly from unity. Thus, σ plays an i m -
portant role in both s tages .

Comparison of the expressions for C ( T ) and p c ( c )
leads to the condition that the product of the n o r m a l
and s h e a r components of the s t r e s s be equal

Pexc = const = Κ*, Κ = (a'l^i*fi*(GalLYi>, (6)

w h i c h i s a l s o t h e c o n d i t i o n f o r b r i t t l e f a i l u r e of s i n g l e
c r y s t a l s , a c o n d i t i o n i n v a r i a n t t o t h e i r o r i e n t a t i o n ^ 6 8 1

a n d with a l l o w a n c e for two s t r e s s c o m p o n e n t s , u n l i k e
t h e known c o n d i t i o n s p c = c o n s t ( S o h n k e ' s law) a n d
T C = c o n s t ( S c h m i d ' s l a w ) .

T h e c o n d i t i o n PcTc = c o n s t i s m o s t c l e a r l y m a n i -
f e s t i n s i n g l e c r y s t a l s i n w h i c h t h e only p r o n o u n c e d
s l i p p l a n e c o i n c i d e s with t h e c l e a v a g e p l a n e . T h e n , if
t h e a n g l e b e t w e e n t h e s l i p p l a n e a n d t h e l o n g i t u d i n a l
axis of the sample is equal to χ, we have

p c = Κ (tg χ)1/·; τ0 = Κ (ctg χ)1/..

I n d e e d , t h e s e r e l a t i o n s a r e s a t i s f i e d i n f a i l u r e of
d i f f e r e n t l y o r i e n t e d z i n c s i n g l e c r y s t a l s u n d e r c o n d i -
t i o n s of e m b r i t t l e m e n t by a n a c t i v e l iquid m e t a l
( g a l l i u m , m e r c u r y ) a n d of l o w - t e m p e r a t u r e b r i t t l e n e s s
( F i g . 19). T h i s u n c o v e r s a p o s s i b i l i t y of c o m p a r i n g t h e
values of the surface energy: in the former case Κ is
s m a l l e r by a factor 2—2.5 than in the la t ter ; this c o r -
responds to an approximate fivefold decrease of ο
upon contact with the molten meta l .

2. Influence of deformation and failure conditions.
a) Role of t e m p e r a t u r e and s t ra in r a t e . The influence
of the t e m p e r a t u r e is manifest in different ways. Of
c o u r s e , the effects vanish when the medium solidifies;
this may be accompanied by some strengthening as a
resul t of formation of a hard surface f i lm [ 1 8 1 .

At the s a m e t i m e , a weakening and vanishing of the
strong influence of the surface-active medium on the
strength of a solid is frequently observed also when
the t e m p e r a t u r e is ra ised to definite c r i t ica l values;
we have named this phenomenon the threshold of in-
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FIG. 20. Temperature dependence of the relative decrease of
strength (a) and of plasticity (b) of carbon steels in the presence of tin

FIG. 21. Temperature depen-
dence of plasticity (maximum crys-
tallographic shear) ap and of the
strength Κ = ( P C T C ) " of zinc single
crystals with and without mercury
coating [ 7 l ] .

d u c e d c o l d b r i t t l e n e s s , i n a n a l o g y with t h e " n a t u r a l "

l o w - t e m p e r a t u r e c o l d b r i t t l e n e s s o b s e r v e d when t h e

m e d i u m h a s n o effect b u t w h e n t h e t e m p e r a t u r e i s suf-

f ic ient ly l o w e r e d ( F i g . 2 0 , a n d a l s o 2 1 , w h e r e t h e

s h a d e d r e g i o n s i n d i c a t e t h e e x p e r i m e n t a l d a t a f o r s a m -

p l e s of d i f f e r e n t p u r i t y a n d o r i e n t a t i o n , t h e d a s h - d o t

l i n e s c o r r e s p o n d t o t h e t h e o r e t i c a l funct ion K ( D ) ;

t i = - 3 0 ° C i s t h e f r e e z i n g p o i n t of m e r c r y ) [ i e ~ 1 8 ] .

Such a t r a n s i t i o n f r o m b r i t t l e n e s s t o p l a s t i c i t y i s

d u e p r i n c i p a l l y t o t h e e a s i e r flow of t h e p l a s t i c d e f o r -

m a t i o n ( d i s l o c a t i o n m o t i o n ) a n d t o t h e o v e r c o m i n g of

v a r i o u s k i n d s of o b s t a c l e d e f e c t s i n t h e s l i p p l a n e s ,

i . e . , t o t h e g r a d u a l d i s a p p e a r a n c e of t h e d e f o r m a t i o n

m i c r o i n h o m o g e n e i t i e s a n d t o h e a l i n g of t h e m i c r o -

c r a c k s wi th i n c r e a s i n g t e m p e r a t u r e . As a r e s u l t , t h e

p l a s t i c i t y i s r e s t o r e d a t su f f ic ient ly h igh t e m p e r a t u r e

e v e n u n d e r c o n d i t i o n s w h e n t h e s u r f a c e e n e r g y i s d e -

c r e a s e d t 7 0 > 7 2 1 . T h e a p p r o x i m a t e s c h e m e of c o m p e t i t i o n

b e t w e e n t h e inf lux of d i s l o c a t i o n s in to t h e g r o w i n g

c r a c k a n d t h e g r a d u a l r e m o v a l of t h e a c c u m u l a t i n g

d i s l o c a t i o n s (the o v e r c o m i n g of t h e o b s t a c l e s b y t h e m )

l e a d s t o t h e fo l lowing e x p r e s s i o n for t h e s t r e n g t h of

s i n g l e c r y s t a l s on going t h r o u g h t h e t h r e s h o l d for b o t h

t h e l o w - t e m p e r a t u r e and t h e " i n d u c e d " b r i t t l e f r a c t u r e

t h r e s h o l d [ 1 8 » 7 1 ] :

0>cO v " = Κ = (α'/ρ1'» (T))l/>(GalLY" = ΛΓ0[β

Ko = (α'Μ'ψ1 (G°!LY'K β (Γ) = β0 exp { - exp [ № * ( 7 ? - Γ"')]};

H e r e K o i s t h e c o n s t a n t s t r e n g t h l e v e l a t t e m p e r a t u r e s

b e l o w t h e b r i t t l e - f r a c t u r e t h r e s h o l d , i . e . , t h e m i n i m u m

as

r/c
ISO US

b

FIG. 22. a) Temperature dependence of the plasticity of gallium-
coated zinc single crystals at a constant strain rate 30%/min; b) depen-
dence of the plasticity of gallium-coated zinc single crystals on the strain
rate (%/min) at a constant temperature 50°.

FIG. 23. Dependence of plasticity
(maximum elongation) of silver chlo-
ride single crystals on the tension rate
in the case of deformation in air (a)
and in solution of aluminum chlo-
ride (b) [19·48].

to

lg(l/f)(mm/min)

v a l u e of t h e s t r e n g t h , a n d T c i s t h e t e m p e r a t u r e of

t r a n s i t i o n f r o m b r i t t l e n e s s t o p l a s t i c i t y :

Tc » U Ik In (vXblehu)]-1;

λ is the number of points in which the dislocation seg-
ment can "break through" the obstacle (in accordance
with the Stroh scheme [ 7 3 ]), u is the frequency of the
atomic oscillations, b is the lattice parameter (the
Burgers vector of the dislocations), e is the strain
rate, and U is the activation energy needed by the dis-
locations to overcome the obstacles, i.e., the activation
energy of plastic flow with allowance for the acting
stresses and for the possible additional slowing down
of the dislocations by the atoms of the surface-active
component, say by their adsorption on the dislocations.
The product hu represents the spatial and temporal
inhomogeneity of the strain: its localization in slip
lines spaced on the average a distance h apart, the
number of active slip lines at each instant being
smaller by a factor u than their total number. On the
whole, the factor hu can fluctuate in a wide range, for
example from 10"3 to 10"1 cm. At ordinary strain
rates, the logarithmic term in the denominator is ap-
proximately 30—35. In accordance with (4)—(6), the
sharp decrease of β with increasing temperature in a
definite temperature interval means that only a small
fraction of the elastic energy of the deformation micro-
inhomogeneities is converted in this case to the work
of breaking the bonds and producing a new crack sur-
face, and the overwhelming part becomes dissipated by
the thermal fluctuations. The indicated β(Τ) depend-
ence was observed directly in measurements of crack
lengths on microsections of amalgamated zinc single
crystals [ 7 1 ] .

The threshold of induced cold brittleness is observed
not only in metals but also in other types of solids such
as covalent crystals (the germanium-gold system 1 2 0 ' " 1,
etc.), ionic compounds (for example, sodium chloride
in molten aluminum-chloride1481), or molecular crystals
(naphthalene in a hydrocarbon medium [ e i 1). In other
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FIG. 24. a) Dependence of the endurance time tf (sec) on the stress
Ρ at 20°C of uncoated zinc single crystals (1) and of amalgamaged sam-
ples (2) [ 1 8 · 7 5 ]; b) dependence of t f(sec) on the stress Ρ at 100°C of
uncoated polycyrstalline cadium (1) and of galliumcoated samples (2)

w o r d s , t h e r e i s u s u a l l y a l i m i t e d t e m p e r a t u r e i n t e r v a l

i n w h i c h t h e c o n s i d e r e d effect b e c o m e s m o s t c l e a r l y

p r o n o u n c e d . T h e effect i s h i n d e r e d a t low t e m p e r a t u r e

by t h e e x c e s s i v e i n i t i a l b r i t t l e n e s s of t h e g iven s o l i d

( s e e a b o v e ) o r by s o l i d i f i c a t i o n of t h e m e d i u m , and a t

h i g h t e m p e r a t u r e by t h e e x c e e d i n g p l a s t i c i t y of t h e

s a m e b o d y .

T h e i n f l u e n c e of t e m p e r a t u r e i s not l i m i t e d t o t h e s e

f o r m s . T h u s , wi th i n c r e a s i n g t e m p e r a t u r e , t h e r a t e of

p e n e t r a t i o n of t h e a t o m s of t h e m e d i u m i n t o t h e p r e -

f a i l u r e z o n e a t t h e v e r t e x of t h e g r o w n c r a c k i n c r e a s e s ,

a n d t h i s s h o u l d s t r e n g t h e n t h e i n f l u e n c e of t h e m e d i u m .

With i n c r e a s i n g t e m p e r a t u r e , h o w e v e r , t h e di f fusion

" s p r e a d i n g " of t h e a t o m s of t h e m e d i u m i n t h e v o l u m e

of t h e s o l i d a l s o a c c e l e r a t e s (if t h e a m o u n t of t h e

m e d i u m i s l i m i t e d a n d if i t h a s a n o t i c e a b l e s o l u b i l i t y

i n t h e s o l i d p h a s e ) ; t h i s w e a k e n s t h e i n f l u e n c e of t h e

m e d i u m . T h e h i g h e r t h e t e m p e r a t u r e , t h e l o w e r t h e

i n t e r f a c i a l t e n s i o n b e t w e e n t h e s o l i d a n d t h e m e l t s , a n d

a c c o r d i n g l y t h e g r e a t e r t h e d e c r e a s e i n s t r e n g t h . At

t h e s a m e t i m e , with i n c r e a s i n g t e m p e r a t u r e a d e c r e a s e

t a k e s p l a c e i n t h e a d s o r p t i o n of t h e a c t i v e c o m p o n e n t

f r o m t h e s o l u t i o n o r f r o m t h e v a p o r . T h e n t h e a c t i o n

of t h e m e d i u m w e a k e n s . H e a t i n g c a n a l s o i n f l u e n c e

s t r o n g l y t h e i n i t i a l s t r u c t u r a l (and c o n s e q u e n t l y

m e c h a n i c a l ) p r o p e r t i e s of s o l i d s , g i v i n g r i s e t o r e -

c r y s t a l l i z a t i o n , p h a s e t r a n s i t i o n s , e t c . , w h i c h i n t u r n

i n f l u e n c e t h e d e g r e e of t h e a d s o r p t i o n e f f e c t s .

In a n a l o g y with t h e i n c r e a s e of t h e t e m p e r a t u r e , a

d e c r e a s e c a n t a k e p l a c e in t h e s t r a i n r a t e , s i n c e a f t e r

a l o n g t i m e t h e t h e r m a l v i b r a t i o n s e n s u r e a m o r e c o m -

p l e t e flow of t h e p l a s t i c d e f o r m a t i o n ( F i g s . 22 a n d 2 3 ) .

T o t h e c o n t r a r y , w h e n t h e r a t e of l o a d i n g i s c o n s i d e r -

a b l y i n c r e a s e d , t h e c r a c k s b e g i n t o b r a n c h out s t r o n g l y ,

t h e a c t i v e m e l t i s i n t e n s i v e l y a b s o r b e d by t h e l a r g e n e w

s u r f a c e , a n d t h e p r o p a g a t i o n of t h e p r i n c i p a l c r a c k i s

h i n d e r e d . On t h e o t h e r h a n d , if t h e c r a c k s a r e f o r c e d

t o g r o w a t l a r g e s t r a i n r a t e s s o r a p i d l y t h a t t h e a c t i v e

m e l t d o e s not h a v e t i m e t o p e n e t r a t e i n t o t h e i r v e r t i c e s ,

t h e n t h e effect s t o p s [ 9 > 2 ° ] . T h e j o i n t a c t i o n of t h e r m a l

v i b r a t i o n s a n d m e c h a n i c a l s t r e s s e s a s a r u l e

s h o r t e n s t h e t i m e t o f a i l u r e of t h e s a m p l e wi th i n c r e a s -

i n g l o a d ; t h e s e i r r e g u l a r i t i e s w e r e e s t a b l i s h e d for dif-

f e r e n t t y p e s of s o l i d s by S. N . Z h u r k o v with c o - w o r k -

e r s ^ ' ^ . U n d e r c o n d i t i o n s of c o n t a c t wi th a n a c t i v e

m e d i u m , for e x a m p l e a s o l i d m e t a l with a m e l t , a t

l a r g e s t r e s s e s , t h e d u r a b i l i t y m a y d e c r e a s e v e r y r a p -

i d l y , but a t low s t r e s s e s i t r e m a i n s p r a c t i c a l l y u n -

c h a n g e d t l 8 ' 2 3 ' 7 5 > 7 e ] . A k ink a p p e a r s on t h e l o n g - t e r m

s t r e n g t h c u r v e , and i s c o n n e c t e d with t h e s a m e m e c h a -

nism of the transi t ion from br i t t leness to plasticity
under active tension at a specified s t ra in ra te (Fig. 24).

b) Laws governing the propagation of the active
medium. Under conditions when the strength is in-
creased by a surface-active medium, the r a t e of
crack propagation i s limited by the supply of a toms
(molecules) from this medium, i .e . , by the ra te of
surface diffusion or flow over the crack walls to its
vertex. Yu. V. Goryunov, B. D. Summ, and the authors
(see^ 7 7" 7 9 J) have compared the crack growth ra te in
bent metallic plates, on which drops of liquid metal
were placed locally, with the propagation ra te in the
s a m e metals over the free surfaces of the plates (in
the absence of oxide films); it turned out that these
p r o c e s s e s indeed exhibit s i m i l a r i r r e g u l a r i t i e s .

After penetrating into the c r a c k s , the molten metal
spreads by different mechanisms during different
s tages . Over an appreciable a r e a of the cracks (with
the exception of the sect ions directly adjacent to i t s
orifice and vertex), the propagation process can be r e -
garded in a number of cases as a quasistationary flow
of a thin layer of the liquid phase over a free surface
under the influence of surface-tension forces that a r e
determined by the gain in the total surface energy due to
wetting of the solid surface by the liquid. It is the
presence in the crack of a liquid phase, the deforma-
tion of which does not require noticeable s t r e s s e s ,
which makes it possible to real ize this gain when one
part of the body breaks away from the other; this gain
is connected with the lowering of the free energy on
the interphase boundary in comparison with the free
surface energy of the given solid in vacuum (if <j/v
^ Osv> * n e n t h i s lowering i s not provided by the ad-
sorption layer (see Sec. 1 of Chap. II). Near the vertex
(at the tip) of the crack, two-dimensional diffusion,
namely surface migration of the active a toms, s e e m s
to predominate. A quantitative description of the growth
kinetics of the crack can be based on the concepts of
the competition of two processes—the propagation of
the medium along the walls of the c r a c k s , and the ab-
sorption of the atoms of the medium by the volume of
the solid adjacent to the crack, as a result of diffusion,
especially over the s t r u c t u r e defects. Thus, the pr inci-
pal stage of viscous flow of a drop of liquid metal of
m a s s m in the form of a thin film along a " t r a c k " of
width a over the free surface of the solid is described
approximately by the express ion

χ (t) « [(3τη/2β)

where χ is the distance t raver sed by the front of the
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lg χ (mm)

FIG. 25. a) Distance χ (in mm) over which mercury spreads on zinc
along a track of width a = 1 mm (to one side of the deposited drop), vs
the time t (in seconds) at mercury-drop masses m = 1,2, and 3 mg; b)
growth of crack length / (mm) in a zinc plate d = 1.85 mm thick with
time t (sec) during the main stage of its development (in one direction
away from the point of initiation) at mercury-drop masses m = 40 (1)
and 10 (2) mg; c) dependence of the final distance X (mm) over which
mercury spreads on zinc in a track of width a = 1 mm (to one side of
the point of deposition of the drop) on the mercury-drop mass m; d)
dependence of the total final crack length L (mm) on the mercury-drop
mass m (mg) in zinc plates of thickness d = 0.8 (1), 0.85 (2), and 3 0
m m ( 3 ) [ 7 8 ] .

a 'lgt(sec)

lg X (mm)

-as as iff
lg m (mg)

-US

lg.t(sec)J

ff.S iff
lg m (mg)

liquid film by the instant t, η and δ are respectively
the viscosity and the density of the liquid phase,
κ Μ 10 is a dimensionless coefficient that takes into
account the profile of the layer near its front, f = Kjg
- (σ/ν + Kas/) is the decrease of the total surface
energy of the system following the wetting of 1 cm2,
i.e., the moving force of the considered surface-flow
process, and Κ is the surface roughness coefficient.
The final distance reached by the front of the spread-
ing film, and the time t m of termination of this pro-
cess, are equal to

X « 1,3 (ί0Ο
1/>)-2/»(//ηδκ)1Λ(ηι/2α)

3/5;

tm « 0,7

where C o i s the l a r g e s t concentrat ion of the a b s o r p -

t ion-act i ve component in the sur face l a y e r of the so l id

phase and D i s the coef f ic ient of vo lume diffusion.

According ly, the k i n e t i c s of c r a c k growth in a plate

of t h i c k n e s s d fol lowing the depos i t ion of a mol ten

drop of m a s s m, and the final length c r a c k L, a r e

given by

[(3m/2d)

2.56

T h e s e r e l a t i o n s a r e in good a g r e e m e n t with the e x -

p e r i m e n t a l data (F ig . 25). Re lat ions of th is type hold

a l s o for another form of med ium propagation, namely

s u r f a c e diffusion of adsorpt ion-act i ve a t o m s o v e r the

free sur face of the s o l i d , and a long the w a l l s of the

crack.

In addition to the k i n e t i c s of med ium propagation, a

very important factor in the adsorpt ion l o w e r i n g of the

strength i s the e s t a b l i s h m e n t of a re l iab le pr imary

contact between the liquid phase and a c e r t a i n s e c t i o n

of the bare sur face of the g iven so l id , i . e . , the wett ing

of a sur face that i s f ree of oxide and other f i l m s . Th is

i s added by var ious t y p e s of f luxes and e t c h a n t s : even

a t r a c e of a lkal i i s suff icient to permit a drop of

m e r c u r y to wet a s m a l l a r e a on the o r d e r of s e v e r a l

square m i l l i m e t e r s of a z inc p late, and this i n i t i a t e s

propagation of c r a c k s whose newly formed s u r f a c e s

then absorb the ent i re drop [ 7 8 ~ 7 9 ] . At the s a m e t i m e ,

l o c a l contact i s frequently made p o s s i b l e by m e c h a n i -

c a l r e m o v a l or damage of the s u r f a c e f i l m c u ] .

The other s i d e of the quest ion i s the inf luence of

the very p r o c e s s of formation (direct ly during the

c o u r s e of bond breaking) of juveni le s u r f a c e s during

the fa i lure, which favors the wett ing. Confining our-

s e l v e s to the e x a m p l e s a l ready p r e s e n t e d (wetting of

a luminum-oxide c e r a m i c s and c a r b i d e s by e a s y - m e l t -

i n g m e t a l s ) , we note that under t h e s e s p e c i f i c a l l y non-

equi l ibr ium condit ions an important ro le can be played

by m e c h a n o - c h e m i c a l phenomena.

The re la t i ve ly rapid penetrat ion of apprec iab le

amounts of adsorpt ion-act ive components into the i n -

t e r i o r of a s o l i d c a n be o b s e r v e d a l s o in the a b s e n c e

of externa l m e c h a n i c a l act ion, in migrat ion a long the

grain boundar ies . 8 ' The adsorpt ion due to such i n t e r -

granular penetrat ion weakens the so l id in i t ia l ly, s o

that subsequent t e s t s in contact with the g iven medium

show it to be weaker then when loaded i m m e d i a t e l y

af ter the wett ing. C h a r a c t e r i s t i c e x a m p l e s of the in-

f luence of such a penetrat ion a r e : the behav ior of poly-

c r y s t a l l i n e z inc after a suff ic ient ly long contact with

m e r c u r y o r with liquid gal l ium (F ig . 26), of p o l y c r y s -

ta l l ine naphthalene in contact with benzene, of poly-

c r y s t a l l i n e s o d i u m ch lor ide in w a t e r (prev ious ly

saturated with NaCl), e t c . [ 2 0 ' 8 0 1 . N o n e t h e l e s s , even

t h e s e c o n c r e t e c a s e s obviously do not provide grounds

for s p e c i a l l y s i n g l i n g out a third "d i f fus ion" inf luence

of the m e l t on the s trength of the so l id from the two

main m e c h a n i s m s of such an inf luence, c o r r o s i o n in i t s

var ious mani fes tat ions and adsorpt ion e f fects (in the

broad s e n s e of the inf luence of lower ing the sur face

energy ) , including i n t e r m e d i a t e phenomena. Indeed,

s o m e form of t ransport of the a c t i v e component i s an

obl igatory condit ion of e i t h e r c o r r o s i o n or of a d s o r p -

t ion embr i t t l ement , but taken by i t s e l f such a transport

of foreign a t o m s can s t i l l not be regarded a s the d i r e c t

r e a s o n why it b e c o m e s e a s i e r to break the bonds in

the so l id .

Final ly, in th is brief l i s t of the main condit ions that

d e t e r m i n e the d e g r e e and mani festat ion of the effect of

8 )The possibility of the limiting case, the penetration of a liquid phase
along the grain boundaries, can be formulated, as is well known, as a con-
dition for the formation of a "zero dihedral angle": a g > 2a s /; "spreading"
of this kind over the grain boundaries is observed, for example, in con-
tact between gallium and zinc or between bismuth and copper at suffi-
ciently high temperatures, etc.
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FIG. 26. Dependence of the strength
of polycrystalline zinc on the time of
contact with mercury (1) and with gal-
lium (2) prior to application of the load
[20,80 1

the medium on the strength, we must emphasize once
more the role played by the stressed state. As already
noted, the joint action of the medium and mechanical
stresses constitutes a unified common base for the
considered adsorption effects. In this case, a charac-
teristic feature of the given group of phenomena is the
preferred influence of stressed states, with predomi-
nance of the tension components, whereas under condi-
tions of compressive stresses, especially in surface
layers, the action of a very active medium may not
come into play. Accordingly, in contact with a surface-
active medium, a favorable, i.e., very dangerous, ef-
fect is frequently produced by various stress concen-
trators, recesses, threads, etc. [ 1 0 1 .

Finally, in this brief list of the main conditions that
determine the degree and manifestation of the effect of
the medium on the strength, we must emphasize once
more the role played by the stressed state. As already
noted, the joint action of the medium and mechanical
stresses constitutes a unified common base for the
considered adsorption effects. In this case, a charac-
teristic feature of the given group of phenomena is the
preferred influence of stressed states, with predomi-
nance of the tension components, whereas under con-
ditions of compressive stresses, especially in surface
layers, the action of a very active medium may not
come into play. Accordingly, in contact with a surface-
active medium, a favorable, i.e., very dangerous, ef-
fect is frequently produced by various stress concen-
trators, recesses, threads, e tc . [ 1 0 ] .

Thus, the degree of manifestation of adsorption
lowering of the strength depends strongly on very
many factors and can vary in a very wide range. This
is the main reason for the apparent contradictions in
the published data on the presence or absence influence
of a medium in various cases.

Consequently, in those cases when the contact with
the adsorption-active melt cannot be eliminated, pro-
tection against adsorption embrittlement requires that
at least one of the indicated conditions not be satis-
fied f26]. On the other hand, for a useful application of
the effects in question it is necessary to choose the
most favorable combination of conditions: a polycrys-
talline metal should be subjected to a complicated
stressed state with high concentration of the shear and
tensile stresses following repeated actions at suffic-
iently large rates (frequencies), but such that any ex-
posed juvenile surface has time to become covered
with a thin layer of the active medium. Such conditions
can be realized, for example, in cutting of different
metallic and nonmetallic materials, particularly drill-
ing in the presence of a medium that is strongly sur-
face-active relative to the given material (Fig.

[208183]

FIG. 27. Dependence on the time
t, of the depth of penetration h of a
drill into stainless steel 1KW8N9T: 1)
dry, 2) in petroleum oil 3) in emulsion,
and in the following molten metals:
4) Wood's alloy, 5) tin, 6) gallium, 7)
indium, 8) In-Ga-Sn eutectic, 9) Sn-Pb
eutectic, 10) Sn-Zn eutectic ["].

3. Spontaneous dispers ion of solids following a very
st rong d e c r e a s e of the free interphase energy. Easing
of mechanical d i spers ion. We now consider a specia l
l imiting case of the manifestation of adsorption effects-
without participation of mechanical s t r e s s e s ; this case
of very s t rong decrease in the specific free surface
energy on the boundary between condensed phases (in
the absence of unlimited molecular solubility, i .e . , in
the presence of thermodynamically stable interphase
boundaries), when spontaneous dispers ion of one of
these phases into the other with formation of a lyo-
philic colloidally-dispersed sys tem is possible. Such
thermodynamical ly stable s y s t e m s can occur if the
increment of the free energy of the sys tem, due to the
development of the interphase surface upon dispers ion,
is offset by the growth of entropy of the sys tem follow-
ing uniform distribution of the produced part ic les in
the volume of the dispers ion medium, due to the
Brownian motion of the p a r t i c l e [ 7 > 1 6 ] . The increase of
the free energy of the sys tem following dispers ion of
a unit volume of the future dispersed phase into η
part ic les with l inear dimensions δ in ν moles of
liquid (containing Ν = Ι/ΝΑ molecules) can be approx-
imately est imated by the following r e l a t i o n [ 1 6 ' 1 8 1 :

AF = na&a + kT {n In In'n + N)} + Ν In [Nl(n + N))},

w h e r e t h e d i m e n s i o n l e s s c o e f f i c i e n t a , w h i c h i s c l o s e

t o u n i t y , t a k e s i n t o a c c o u n t t h e s h a p e s of t h e p a r t i c l e s .

S i n c e t h e d i m e n s i o n s of t h e c o l l i o d a l p a r t i c l e s

(δ * 10"β - 10"5 cm) greatly exceed the molecular
dimensions (b »> 10~8— 1CT7 cm) and the condition
Ν » η is satisfied, the expression for AF takes the
form

Λ/1 = ηαδ2σ — kTn [In (Nln) + 1],

or, since η ~1/δ3,

= ασδ"1 —

where the coefficient β ranges from s e v e r a l units to
severa l dozen. The condition A F < 0 means that the
dispersion is favored energywise, but the part icle
dimensions for which this dispers ion takes place is
important : only if the quantity δ = δ* determined from
the equation AF(5) = 0 exceeds noticeably the molecu-
lar dimensions b can a colloidal phase actually be
p r e s e n t . In other words, the condition for spontaneous
dispersion can be written in the form

8*/b = tfkT/ab'a)1/· = (ykTIb^o)1^ > \

at room temperature, this condition is satisfied if the
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FIG. 28. Diagram illustrating the dependence of the change of the
free energy AF of the system on the particle dimension δ in spontaneous
dispersion of a body into particles of colloidal dimensions, under con-
ditions when the free surface energy at the boundary with the dispersion
medium is greatly decreased, in the absence of true (molecular) solubil-
ity or if the latter is small [ l s ] .

interphase energy σ drops to values not exceeding
several tenths of an erg/cm2.

This condition, while necessary, is however not
sufficient to form a stable colloidally-dispersed sys-
tem: it is necessary also that the dispersion not con-
tinue down to molecular dimensions, i.e., that the free
energy of the system again increase abruptly as δ
approaches b (Fig. 28). This requirement reflects the
conditions formulated above with respect to the limited
true (molecular) solubility, or, equivalently, the pres-
ervation of thermodynamically stable interphase sur-
faces at small but finite positive values of or[18>841.

A simple example is the case of highly-dispersed
porous structures with point contacts between the
particles. The dispersion of the body into component
particles then causes (even at not a very great de-
crease of the interphase energy) a relatively small
increment of the free energy of the system, since only
the contact cross-section area becomes exposed, and
this area is small in comparison with the total surface
of the particles. Once the porous body is broken up
into the colloidal particles of which it is made up,
further pulverization is greatly hindered by the sharp
growth of the free energy of the system, occurring
when the new surface is produced by crushing the
particles themselves. It is thus obviously possible for
the curve AF = AF(6) to have a minimum, and further-
more at negative values of AF, i.e., it is possible for a
perfectly stable colloidal system resulting from spon-
taneous dispersion to exist. Of course, strictly speak-
ing, in the general case we have here only relative
thermodynamic stability, since it is assumed that the
practical absence of molecular solubility makes the
gathering together of the particles by recrystallization
impossible.

An example of complete thermodynamic stability of
a spontaneously produced colloidally-dispersed system
can be the process of micelle production in aqueous
solutions of soap-like surface-active substances, for
example, non-ionogenic soaps of the type of polyethyl-
ene glycol esters with long hydrocarbon chains. In
this case the abrupt growth of Δ F at small δ is deter-
mined by the relation σ = σ(δ). Indeed, the breaking
up of the micelles, which have a shell of polar groups,
and accordingly a very low value of σ on the boundary.
with the water, can lead to an uncovering of the hydro-
carbon nuclei and to formation of new interfaces be-
tween the hydrocarbons and the water, with high values
of σ, i.e., to a rapid growth of the effective value of σ
with decreasing δ; this growth can be quantitatively
estimated on the basis of an approximate geometrical
model (A. V. Pertsov) [ 8 4 ].

FIG. 29. Specific surface of powder S!
vs the grinding duration t for pure zinc (1)
and following introduction of gallium in
amounts of 1% (2), 3% (3), and 10% (4)
r19,861

Similar phenomena were observed also in spontane-
ous swelling in water and in the melting (colloidal dis-
solution) of certain minerals such as bentonite clay,
with characteristic layer structure and mosaic surface
of particles, or of graphite in liquid sodium. One of
the most characteristic cases of spontaneous forma-
tion of lyophillic colloidally-dispersed system is the
formation of critical emulsions (with limited mutual
solubility of components) near the mixing tempera-

Cases of this kind are sufficiently widespread in
nature and can play an important role (particularly
also in biological processes), but we encounter more
frequently conditions such that while the surface energy
of the solid is strongly decreased on the boundary with
the medium, the decrease is still insufficient for spon-
taneous dispersion to set in; the process of mechanical
dispersion, namely the pulverization of a great variety
of materials, is then greatly facilitated.

For example, when an attempt is made to break up
a plastic metal such as zinc in an ordinary vibrating
ball mill, the granules are merely "burnished" and
it is practically impossible to pulverize them, whereas
the presence of 1% of gallium leads to a 200-fold in-
crease of the pulverization rate (Fig. 29). Gallium
exerts a similar action also on the pulverization of tin,
cadmium, aluminum, and bismuth9'; an appreciable ac-
celeration is observed also in a number of organic
media and in aqueous solutions of typical surface-
active substances (especially graphite)10'.

In general, fine pulverization cannot be in principle
a purely mechanical process. Since it requires the
formation of a tremendously large new surface, it must
require the interference of physico-chemical factors in
order to control the phenomena on the interphase
boundaries [ 2 β } 5 5 ]. The role of the adsorption lowering
of the strength consists here not only in the facilitation
of the breakup into possibly smallest particles without
strengthening (without deep amorphization), but also in

"When gallium interacts with tin, deep structural changes are ob-
served also in the absence of external mechanical stresses (on as a result
of internal stresses, structure-defect energy, or the formation of a solid
solution) [ 18>84]: a tin single crystal coated with a thin film of liquid gal-
lium is transformed spontaneously and gradually into a polycrystal, and
the reflections produced by the single crystal vanish from the x-ray pat-
tern and give way to the picture typical of a polycrystal.

10)Gurwitsch [87] observed a transition (peptization) of lead into a
colloidal dispersion following addition of oleic acid to non-polar kerosene
in which lead shot was shaken. In this case, however, the decisive role is
played by the chemical reaction, namely formation of a soft film of lead
oleate, which can be easily removed by friction. In pure form, this case
represents the technique of chemical polishing of metals and glass sub-
sequently perfected by I. V. Grebenshchikov.
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FIG. 30. Slip traces on the surface of tin single crystals following
tension in air (a) and in a solution of oleic acid in petroleum oil (b).

the prevention of aggregation, in the destruction of
coagulation contacts that a r e produced again between
the p a r t i c l e s . Such a destruction of the developed
s t r u c t u r e is essent ia l a lso in the subsequent operations
with the obtained finely-dispersed mater ia l , par t icu-
larly to facilitate mobility, to obtain maximally dense
and homogeneous packing of the par t ic le s , in cast ing of
various p a r t s , for example in powder metallurgy or in
the production of s t r u c t u r a l m a t e r i a l s .

4. Easing of plastic deformations in solids under
the influence of an adsorption-active medium. The
very manifestation of the adsorption effects can vary,
with the c h a r a c t e r of the interatomic interact ions, with
the r e a l s t r u c t u r e of the body, and with the deforma-
tion conditions. If none of the conditions necessary for
an abrupt d e c r e a s e of the strength and for embr i t t le-
ment a r e satisfied, and a d e c r e a s e in the surface en-
ergy on the interface does take place, then an effect
that in a cer ta in sense i s the opposite can occur,
namely easing of plastic flow of a crys ta l , or plast ici-
zation.

A typical example of the plasticizing action of a
medium can be the lowering of the yield point and of
the strengthening of metall ic single crys ta l s in solu-
tions and vapors of organic surface-active substances,
accompanied somet imes by a clearly pronounced
breaking up of the glide lamellas (Fig. 30), which were
investigated in detail by A. B. Taubman and Ε. Κ.
Venstrem, and by V. I. Likhtman and co-workers
( s e e t 2 ' 6 ' 1 8 ! ) .

We have posited that the observed facilitation of
plastic flow should be regarded as a resul t of the
lowering of the potential b a r r i e r that i s overcome by
the dislocations as the points of the i r emergence to
the c rys ta l surface m o v e f 1 6 ' 1 8 ' 7 2 1 . The existence of
this b a r r i e r i s connected with p r o c e s s e s of realignment
and breaking of the interatomic bonds, which accom-
pany the formation of new elementary cel ls of the
surface upon formation and development of the s l ip
l ines. Lowering of the free surface energy upon ad-
sorption of surface-active molecules corresponds to a
d e c r e a s e in the work consumed in these p r o c e s s e s .
Under suitable conditions, the increase of the mobility
of points where the dislocations emerge facilitates the
displacement and multiplication of dislocations in a
definite layer of metal adjacent to the surface, at least

P, gf/mra'

FIG. 31. Dependence of the plastic strain rate e of lead single crys-
tals in the initial region of the creep on the applied stress Ρ in a 0.01-N
solution of H 2 SO4 (a) at a null-charge potential φ 0 = -0.70 V (1) and
at a potential φ = -0.87 V (2) and in air (b) for pure samples (1) and
for those coated with an oxide film 0.25 thick (2) [ 8 8 · 9 1 ] .

i n a d e p t h c o m m e n s u r a t e wi th t h e a v e r a g e l e n g t h of t h e
d i s l o c a t i o n s e g m e n t s i n t h e c r y s t a l . In r e l a t i v e l y t h i n
s i n g l e c r y s t a l s of p l a s t i c m e t a l s with low d i s l o c a t i o n
d e n s i t y , t h e e n t i r e v o l u m e of t h e s a m p l e b e g i n s t o
" f e e l " t h e s u r f a c e , e s p e c i a l l y n e a r t h e y i e l d p o i n t ,
w h e r e s m a l l c h a n g e s i n t h e r e s i s t a n c e t o d e f o r m a t i o n
l e a d t o a n o t i c e a b l e a c c e l e r a t i o n of t h e f l o w r " 8 ] .

In t h e e x a m i n a t i o n of t h e r e l a t i o n b e t w e e n t h e r a t e s
of t h e d i s l o c a t i o n - a c c u m u l a t i o n p r o c e s s in t h e s u r f a c e
l a y e r a n d t h e p r o c e s s of t h e i r o v e r c o m i n g t h e s u r f a c e
p o t e n t i a l b a r r i e r , we h a v e s h o w n t h a t t h e d e p e n d e n c e
of t h e o p t i m a l t e m p e r a t u r e T o p t of t h e p l a s t i c i z a t i o n
effect on t h e s t r a i n r a t e e c a n be r e p r e s e n t e d i n t h e
f o r m

7Opt & Ua Ik In (vfc/eAu)]-1,

w h e r e t h e a c t i v a t i o n e n e r g y U a i s c l o s e t o t h e w o r k
r e q u i r e d t o p r o d u c e a u n i t c e l l of t h e s u r f a c e , i . e . ,
U a « b 2 a . T h e p a r a m e t e r s h a n d u , a s a b o v e ( S e c . 2 a
of t h e p r e s e n t c h a p t e r ) t a k e i n t o a c c o u n t t h e s p a t i a l
and t e m p o r a l i n h o m o g e n e i t y of t h e d e f o r m a t i o n ( i ts
l o c a l i z a t i o n i n s l i p l i n e s ) ; t h e p r o d u c t h u c a n a m o u n t
to K T ' - I O " 1 c m . Putting ν * 101 2 s ec" 1 and b on the
o r d e r of severa l A, we have ln(t-b/hu) w 12—17.

The presented relation can be compared, for exam-
ple, with the data on the influence of the t e m p e r a t u r e
and s t ra in rate on the facilitation of plastic flow of tin
single crys ta l s in solutions of surface-active sub-
stances in nonpolar petroleum o i l f l 8 ] . According to
these data, at room t e m p e r a t u r e the effect is maximal
at έ s» 10"3 sec" 1 , whereas at 100° C the maximum
manifestation of the effect is observed at e « 10"1 sec" 1 .
Substitution of these values in the indicated relation
leads to the following e s t i m a t e s : In (j/b/hu) « 15 and
U a « 0.9 χ 10"1 2 erg; these agree in order of magnitude
with the quantities in the scheme under consideration;
indeed, bV » 10"1 5 c m 2 χ 103 e r g / c m 2 « 10"1 2 e r g .

The surface b a r r i e r that the dislocations overcome
can be modified a l so by other physico-chemical
methods; thus, the surface energy can be lowered by
electr ical ly charging the surface (in accordance with
the known equation da/d<p = - e s , and the laws of the
electrocapi l lary effect investigated by A. N. Frumkin
and his school of e lect rochemis t s J 8 9 ] As shown by
Likhtman and Venstrem ( s e e r e > 1 8 ) 9 0 ] ) and recently by
L. A. Kochanova ( s e e t l 9 ) 9 1 ] ) , a complete analogy is ob-
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served between plasticization due to adsorption of
surface-active substances and that resulting from
electrically charging the surface (Fig. 31).

Adsorption plastification is a very universal effect
and occurs in all types of solids. Different organic
media, for example hydrocarbons with relatively large
molecules, accelerate the plastic flow of naphthalene
single crystals, if the masking action of the lowering
of the strength and plasticity is eliminated. Gypsum
single crystals have a clearly pronounced creep in
water vapor111. Moreover, even perfectly elastically-
brittle materials such as inorganic glasses reveal an
irreversible creep in the presence of water upon
indentation, when compressive stresses predominate1^21.
In general, the conditions for microindentation, when
the deformation takes place only in the sections of the
body that are immediately adjacent to the surface, are
very favorable for plastification and make it possible
to reveal it by observing the penetration of the indentor
or from the geometry of the dislocation rosette, both
for metals t 9 3 ] and for ionic crystals, upon adsorption
of active molecules1 8 2 '9 4 1 or application of an electric
field t 9 5 ]. In ionic crystals and semiconductors, an im-
portant role can be played here also by the interaction
of the surface with the charged dislocations, if the in-
teraction is sensitive to the adsorption of the ions on
the surface or to the adsorption-induced changes in the
surface energy levels [ 8 2 ].

The plasticizing influence of surface-active sub-
stances is used in die casting of metals'·981.

Surface-active components of lubricants play an im-
portant role in friction joints, helping automatically to
regulate the wear conditions t971.

Under intensive and repeated action, the easing of
plastic deformation in a surface layer, as shown by
T. Yu. Lyubimova of our laboratory, can lead at a
definite stage also to an opposite result, to additional
strengthening by accelerated accumulation of distor-
tions in the metal structure. Direct electron-micro-
scope observations by B. I. Kostetskii and co-workers
have shown that in this case the dislocation density in
the surface layer increases appreciably. Under suit-
able conditions (temperature, stress, velocity, etc.),
such a unique "conditioning" can be used to improve
the structure and the mechanical properties of the
surface layer. At the same time, we find ourselves
already at the borderline of the manifestation of ad-
sorption fatigue, which was exhaustively studied by
G. V. Karpenko and co-workers [ 8> l o ], who have shown
that at a suitable stress level the adsorption-induced
accelerated accumulation of defects in the surface
layer, in the case of periodic action, can lead after a
definite number of cycles to a premature development
of cracks and to spoiling of the part.

The foregoing examples do not exhaust all the
varied effects produced by surface-active media on

U)The solvent can increase the plastic deformation in brittle bodies
for another reason, not by lowering the resistance to plastic flow but by
increasing the strength as a result of dissolving a surface layer that con-
tains defects—cracks (the Ioffe effect); in this case the influence of the
medium becomes strong only to the extent to which it is not saturated
by the given substance.

the mechanical properties of solids, and the concepts
advanced concerning the nature and mechanism of
these phenomena are still far from explaining the ob-
served irregularities completely. Among the urgent
problems in this field are both the development of
comprehensive experimental research, especially in
" p u r e " reproducible conditions, and further theoreti-
cal analysis, primarily of the mechanism of the ele-
mentary acts of the fracture and realignment of the
bonds when foreign atoms or molecules take part. At
the same time, it is advisable to give maximum cov-
erage to such "intermediate" phenomena as the effect
of chemical adsorption on the mechanical characteris-
tics, mechanical finishing under conditions when chem-
ical, electro-chemical, and mechano-chemical reac-
tions and corrosion under stress take place on the
surface of a solid. It is undoubtedly important to study
the influence of active media on the adhesion strength
at the interphase boundaries in various macro- and
microheterogeneous materials, i.e., processes of
"adsorption lowering of cohesion strength"). Finally,
in addition to continuing research on structural mater-
ials, appreciable interest attaches to the transition to
new (geological and biological) objects.
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