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Abstract

A mechanism of brittle fracture in a surface-active

- medium influencing the kinetics of development of the already

~ existing microcracks without giving rise to new defects has been
discussed. An equation for durability in the case where the
medium spreads onto crack walls by surface diffusion has been
derived on the basis of concepts of the fluctuational theory

of strength. Comparison of the theoretical and experimental data
_ on the time dependence of the strength of an inorganic glass

in vacuum and in the atmosphere and of an organic glass in
vacuum and in vacuum oil indicates that the theoretical and
experimental results are in good agreement. Calculations have
been made of values for the activation energy of fracture pro-
cesses for glasses in surface-active media, structure factor

in the equation for durability and rate of surface diffusion.

* Department of Physics of Solids, Lenin State Teachers'
Training University, Moscow
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1. Introduction

Surface -active media reduce surface free energy in solids
and thereby facilitate their fracture. Structural defects to
which atoms may spread by volume or surface diffusion provide
space for a selective adsorption of atoms or molecules of an
active medium. Fractures of solids implying the development
of new free surface occur along lines of defects. From the
standpoint of the molecular mechanism of fracture this im-
plies that the interaction between the atoms of a solid and
adsorptively active molecules ( or atoms) helps rearrange
and breask atomic bonds at microcrack tips.

Surface-active media facilitate not only the development
of the preexisting cracks, but also the formation of new ones.
The mechanism of fracture in surface-active media is of one
or other nature depending on the intensity of each of these
two processes and their interaction. Surface-active agents
can abruptly change the time dependent strength ~? golids in
comparison with that in an inactive medium.

We shall dwell only on some specific aspects of the
effect of surface-active media on brittle fracture, without
discussing many general problems and concepts dealt with in
the physico-chemical mechanics [1 - 3:‘ . Consideration is
given to a case where surface-active media influence the
mechanism of growth of the already existing microcracks, and
the formation of new defects can be neglected. This case is
most typical of inorganic glasses for which water (atmospheric
moisture) is an active medium.

2. The Theory of Time Dependent Strength

According to the fluctuational theory of strength of
solids in an inactive medium introduced by one of the authors
B 5] in 1955, brittle fracture occurs by successive breaking of
bonds in front of the growing cracks under the influence of
thermal fluctuations and tensile stresses. The theory leads
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to the following time dependence of strength w1th1n the expe-
rimentally observed interval of durabilities (10~ -10 sec)s

5 CPT eacp( T}s') fte,ac.p(u — T )(1)

A, wpE
where T 1is the durability at a given tensile strength €
and absolute temperature T H CP is the shape factor

agssociated with the linear dimensin of the specimen cross-
gection: for a round rod of the R -radius, P =zgwR , and

for a thin strip of the I, - width, CP afpe §og is the
constant equal to about 10'21 erg/degree; A is the distance
which themicrocrack passes at each fluctuation causing the
breaking of bonds; YV, 1is the frequency of heat agitation

of atoms in a solid; u° is the "zero" activation energy

of the process of fracture ; the coefficient T =W s
where } is the coefficient of stress concentations at the
microcrack tip, W is the fluctuational microvolume.

Equation (1) is valid within the interval Gy » Op s
where Gls the safe stress below which the process of fracture
is theoretically impossible to occur; 6'\,. is the at which the
process of fracture becomes non-thermal and proceeds at a

speed close to sound velocity.

Equation ( 1 ) can be writien as follows:

o BUE ot
x\ev'
where ?)" is the starting velocity of microcrack growth equal to
= J\v, amp[ __o‘_‘L] (3)

The surface-ac}:tive medium reduces the safe stress 6
and safe overstress ©, at the tip of the microcrack. Theoreti-
celly, these values are propotional to the surface energy a4
of the solid in a given medium.G’ 3-6' ~ d. The decrease of d
and 6, shifts the lower limit of applicability of the durability
equation (1) and makes it possible for the material to fracture
at stresses which are safe in vacuum.
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4s the interatomic bonds at the crack tip are "over-
strained" as g result of the effect of the molecules of the
ztnedium, the a‘ctivation energy of the bonds breaking comes down
0 a value u, « Besides, the molecules of the surface-active

medium at the microcrack 'tip (Fig.1) decrease the coefficient of
stress concentrations (} < ), as being bonded with one another

and with crack wglls at the microcrack tips, they add to the
levelling of overstresses.

In surfece-active media, as in vacuum, the durability
of a solid depends on the growth of one or several most dan-
gérous microcracks. The molecules of the medium are capable to
spread to the tips of the microcracks by volume or surface
diffusion along the crack walls. For many brittle solids volume
diffusion can be neglected because its velocity is much lower
than that of surface diffusion.

Generally, the mechanism of fracture comprises the
following three stages (suppose all molecules of the medium
diffuse over the free surface with a velocity 2); ). Initially,
when the crack grows slowly, its growth velocity is dependent
on the nature of the surface-active medium. This will take
place until ¥ becomes equal to ?J;b « Upon attaining the velocity
2)35, the crack cannot separate at once from the molecules
front of the medium which follows the crack, as the crack would
have to grow under the conditions of Vacuum, i.,e. at a velocity
lower than ’Ufa « Therefore, during a certain period of time the
crack grows by Jumps up to the moment when the stress 6" in
the remained (not including the crack) cross-gection of the
Specimen will become 80 great as to ensure the crack growth
in vacuum at a velocity greater than Up. At the final stage the
crack grows in the absence of any influence from the surface-
active medium,

Depending on the value of the stresses 6” = Cownst
applied to the Specimen, each of these three stages contributes
differently to the durability, which is reflected by the time
dependence of strength shown in Fig.2, for the glass from
data [6,7] and in Fig.3 for a solid polymer from data [8]. At
low stresses &6 = Cowmst the first stage of fracture contributes
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greatly to the durability, as for most of the time the crack
growth occurs at a velocity U 47Vyp . Therefore, in the region
of low stresses the durability is practically expressed by an

aquation similar to equation (1):

: U.—y's
T 2T exp m? J, (4)

where superscripts at coefficients emphasize their difference

from coefficient in vacuum (inactive medium). Equation (4) also
may be written as follows:

vl PLT (5)

, ' J‘S“U’.‘
. where ?J;is the startinlg velocity for the crack in a medium:

V) = Avek exp |- ____u;—fe]
o c P AT
In Figures 2 and 3 equation (4) yields a linear
section of AB with a slope tangent corresponding to -—‘6"/2}3\;’[’.

At sufficiently high values of stresses 6 = Cowst the crack
starts at a velocity U, >V , and fracture proceeds in the ab-
sence of any influence by the medium (1st and 2nd stages of frac-
ture are absent). This means the durability in a medium is coin-
cident with that in vacuum (Figs. 2 and 3) and is expressed by
equation (1).

At intermediate stresses, the time dependence of strength
becomes of more complex nature, since durabilities for all three
stages are comparable, and the activation energy u,o and structu-
re-sensitive coefficient are not constant in the course of
fracture and change by jump at the moment the crack front separa-
tes from the monomolecular surface layer front. The durability
at the intermediate BC section (Figs. 2 and 3) is a sum of dura-
bilities for three stages of fracture: '[;',_*»’tz'q.’t':3 « For atrip
specimens the T, time of the 18t stage is determined by direct
intergration of the velocity of the crack growth in a medium
within the range from the initial length of the crack Q, to the

< length at which the increased stress e" in the cross-section
ensures for the crack in a meduim the velocity ‘Zra . The 'Uz time
is determined by equation't',_:(ﬂz— Q*)/%, whereZEiB the average
velocity of a jump-like crack growth at the 2nd stage, b, is the
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length of the crack at which the stress 6" ensures the velocity 2
for crack propagation in vacuum. Finally, ’t‘,‘; is determined froma
equation (2) as a durability in vacuum of the specimen having the
cross-section L. "?'a. and starting velocity of crack propagation
t'lJ’,-’lJ'm » the nominal stress G':G; corresponding to that veloci-
y.

As a result the durability ’t* of the strip specimen can be
expressed by an equation:

Tavlieyg) s el | s

, (e lag)(1r T tng) 1 KT b
Here, T andT are durabilities a §=2Covgt in vaculm and in a
meduim respectively, determined from equations (1) and (4). The
values of the functions § and 5' will be:

i 2’3/ ‘D'.' at 'ZT.' & zra ‘Z}'S / ‘zro at
% i at 'ZJ;';?]’a S = i ot

v, 4

T30,

where 'Zf.' is the starting velocity of microcrack propagation in a
surface-active medium and U, in vacuum at the stress 6 and
temperature T .

The nature of theg and S' functions is associated with the
assumption that when the crack front separates from the molecules
of the medium the behaviour of fractures changes by jumps.

At low stresses T =T’ , a8 U0 & Uy and §>3' >1
At higher stresses Tt == , as U > VU, and S:S' =1

3.Application of the Theory to Silicate Glasses

From the slope of the straight-lines 1 and 2 in Figure 2 it
fc:llows that in vacuum \“= 5'7’10'18mm3, and in the atmosphere
f=1.6.10‘18m3. The decrease of the coefficient Y* is due to the
decrease of the coefficient of stress concentrations, but not to
the volume of fluctuation W , as it is supposed that in vacuum
and in a medium only one bond is broken at each fluctuation.
Considering the polymeric structure of the glass E9, 10], the dis-
tance between adjacent — SU-0-Si- chains in silicate glasses may
be assumed to be approximately equal to the double distance between
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xm*O bonds, i.e. about 5 2. In an unoriented state, on the average
oanie third of the chains which break with the propagation of the
mierocrack, are oriented along the axis of strength. Because of
this, the distance between breaking bonds is about three times

~ greater, being equal te 15 2. Considering that the Si-0 bond

{1.6 %) is broken at approximate alongation A,,=1 3, we obtain the
~ fluctuational volume w:,)\m}\" = 2.25.10—19mm3. Consequently, the
soaeafficient of stress concentrations will be S:’- \"/m =25 in
¥acuum and 3' =x~'/w =T in the atmosphere.

If ¥ ', A are known, and essuning ), =10"3sec™!, P =10m,
T, and T, can be cal lated from equations (1) and (4)(in order of
magnitude & is equal to 10 kg/m’),

The values T, =0.3.10"sec and T,‘; =1.10""3sec obtained
snable us to determine the activation energies of fracture process-
“én for glasses in vacuum and in the atmosphere from the intercepts
_sn the ordinate by extrapolating the straight-lines 1 and 3 in Fig2.
We have U =135 and u,: =35 keal/mole obtained in vecuum and in a
medium respectively. The former value is close to the energy

of the St-0 bond breaking (108 kcal/mole). Some difference is

due to the fact that the weaker No-0 and other bonds, in addi-
tion to ionic-covalent Si-0 bonds, are broken by fluctuations.
The large difference between u.. end U-,' can possibly be atiribut-
ed to the fact that at the moment of bonds breaking the surface-
active medium reacts as a chemically active agent.

According to the experimental data in Fig.2 (ABC curve)

the atmospheric moisture effect on the time dependence of the
strength of the glass is suspended at € =14.5 kg/mm”~ and

T =0.01 sec. The starting velocity of the crack propagation Vg

can be determined for 20°¢ by substituting these values and
==‘5.7.1O"18mm3 in equation (2). This velocity ¥, =5 mm/sec is

the velocity of surface diffusion 'US of water molecules over the
glass surface.

The value'l)'a-—-S mm/sec is close to the data obtained by
Shand [1 1] who has shown that for glasses velocities of crack
propagation in the atmosphere and in vacuum at low stresses

are different, but coincide at velocities about 10 mm/sec and
over at high stresses. If the value of'ZJ; is known, it is pos-
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sible to establish Upper and lower limits for stresses at which

durability obeys to equation (4). For silicate glasses, this
condition is Practically fulfilled at 6" ¢ 9 kg/mmz.

4.Application of the Theory to Polymetl_’xxl—

methac:gxlate

For polymethylmethacrylate in vacuum and in a surface-

-active medium (vacuum 0il)
Un=0,05wmm/fsec ; for 6 <

) -
Y =1.4.107"80m3  gng
3.5 kg/m” the durability

follows equation (4). Having calculated m=2.22.10'19mn3,

we obtain $e }‘: &3. Considering that at fluctuations only one
0-C bond is broken and that T, x =10""%gec, we shall
find YU =31 kcal/mole, U =27 keal/moe,

5. Conclusion

at a certain mean velocity, Actually, the molecules of the
medium move at Somewhat different velocities. Even at the veloe
city of crack propagationb’>2530ne rapid molecules keep pace
with the tip of the growing crack and have some effect on frac-
ture, Consequently, at high stresses the durability is slightly

lower than the theoretical one

(Figs.2 and 3). On the other hand,

even at a velocity of crack propagation 2)'42)";, in media some
Very slow melecules start to lag behind the tip of the crack,
the influence of the medium appears to be incomplete and the
durability at low stresses is 8lightly greater than theoretical

one,

Further, mere accurate
be made with due regard to the
absorbed molecules,

determinations of the theory must
velocity distribution of the

1878

The Theory of Time Dependent Strength of Solids in Surface- Active Media

REFERENCES

P.A.Rehbinder, Journal of Techn. Physics USSR, 2, No7/8,
726, 1932;Zs.Phys.,72,191,1931-

G.M.Bartenev,I.V.Rasumovskaya,P.A.Rehbinder, Colloidal Journal
USSR 20, 655, 1958.

V.I.Lichtman,E.D.Shchukin, P.A.Rehbinder, Physico-Chemical
Mechanics of Metals,Moscow, 1962.

G.H.Bartenev, News of the Acad. of Sciences USSR, Dept.Techn.
Sei., No 9, 53, 1955,

G.M.Bartenev, Yu. S.Zuyev, Strength and Fracture of High-
Elastic Materils, Moscow, 1964.

- C.Gurney, S.Pearson, Proc. Phys. Soc. London, B 62,N0.356, 1949.

F.Preston, Jour. Apll Phys.,13, 623, 1942.
S.l.Zhurkov, B.,Ja.Levin, E.E.Tomashevskii, Physics of Solids,
2, 2066, 1960.
V.V.Tarasov, New Problems of Physics of Glass, Moscow, 1959.
G.M.Bartenev, A.S.Eremeeva, Journ. High- Molecular Compounds
USSR, 2, 508, 1845, 1960; 3, 740, 1961; Colloid.Journal
USSR, 21, 249, 1959,

E.Shand, Journ.Amer.Cer. Soc. 44, 21, 1961.

1879



(.M. Bartenev and 1.V. Razumovskaya

*uotdea uoT}

-TsuBI} - ¢ (@) oxeydsomie dU} UT IO AMV mnoBA
ur - z ‘eouspusdsp 8TUY} JO UOTBTOdBIIXS - |
¢7TTO0 UMNoBA UL ~ DY "mmuov Surpaoooe 948BTLIO
—eyroutAysowlrod x03 yrdusays Jo 8douspusdap LWLy

*¢ aandTd

*u0TFeI UOTLTSUBIY - € “Hhuo» FuTpIooo8

mmnoBA Ut - g ‘souspusdap sTY3 Jo uoryerodedas

-X8= | .ku 01 Suyppaooos sxsydsowje 8y} UT - DIV
:588T8 oTusSIout oy yYjpdusais Jo souepusdep LwWL] 2 2andTd

W\

4
4 L
izl

*wOTENIITP eovians £q dTj NOBIOOIOTW dY] 0%
umTpem oyj JO sarnosTow Jo uoTjBIousd Jo ursgjeg ‘T 2Indtg

1880



User
Rettangolo




