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ABSTRACT

Non-thermal and thermal (fluctuational) mechanisms of fracture
in low-strength brittle solid meterials containing sub- and
microcracks are discussed., Considered in the non-thermal mecha-
nism of fracture are two types of mechanical losses which
_are associated with the nature of fracturing, independently

of the fact how much the properties of a solid diverge from
those of an ideal brittle solid, The non-thermal mechanism

of fracture leads to a very poor time dependence of strength
regardless of the test temperature.

The fluctuational mechanism leads to the time depen-
dence of strength which is pronounced more markedly, the
- higher the temperature, Near absolute zero the non-thermal
mechanism of fracture is unique.

From the comparison of the two mechanisms it follows
that the fluctuational mechanism is responsible for the time
dependence of strength experimentally observed in brittle
solids. All conclusions are substantiated by numerical cal-
culations mainly as illustrated by a brittle solid polymer.
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Introduction

As far as the mechanism and nature of fracture are
concerned, brittle solid materials are represented by all in-
organic and some organic glasses at sufficiently low tempe-
ratures, may be divided into high-strength and low-strength
materials. The main distinction between them lies in the fact
that the former are free of sub- and microcracks, while the
latter contain submicrocracks. In practice, all engineering
brittle materials are low-strength ones, The first physical
theory of strength by Griffith as well as many later theories
refer to low-strength materials.

Low-strength materials contain microcracks or sub-
microcracks mainly in surface layers. Therefore, their frac-
ture strength is largely dependent on the size effect and sur-
face-active medium, but practically weakly depends on the che-
mical composition. A marked scatter of strength value and
other characteristics is observed for these materials.

The presence of microcracks in brittle materials gives
rise to a mechanism of fracture differing from that for high-
-strength materials. In glasses containing microcracks the
latter commence to grow immédiately after application of
stresses exceeding the safe stress. Microcracks in brittle
solids are characterised by a more or less pronounced distri-
bution in the degree of their danger. Thus, the strength and
durability of glasses is determined by a growth of one, more
rarely several most dangerous cracks. As a result, low-strength
glasses fracture into several macroscopic parts to form mirror
and rough zones on fracture surfaces.

High-strength materials were possible to produce
only in several cases in laboratory conditions. For instance,
the glasses obtained by means of chemical treatment with a
fluoric acid f1] practically have no surface microcracks, and
their strength amounts to 200-300 kg/mmz. Perfect glass fibres
[2,3] containing no surface flaws have a strength of 300~
=350 kg/mm2, which is independent of the length and weakly
dependent on the diameter of glass fibfe; they fracture into a
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~ great number of fragment and even into "dust". As high-strength

glasses contain no microcracks, the basic phase of the process
of fracture in these glasses is pertinent to the initiation

of a great number of microcracks in weak places of the struc-
ture by stresses and temperature (the basic factors responsible
for fracture). The fracture of high-strength materials com-
prises two stages:the first is the development of numerous
flaws up to the formation of microcracks, and the second is

the rapid propagation of microcracks resulting in the final
fracture of the specimen into small fragments.

Mechanisms of fracture for low-sirength brittle
materials are discussed below; accordingly, basic considera-
tion is given to the mechanism of crack propagation in an
ideal brittle solid material.

§1. The Molecular Model of a Microcrack and the
Mechanism of its Propagation in Brittle

Materials

_ The molecular model of a microcrack (Fig.1) is a
development L4,53 of Griffith’s and Rehbinder’s models of a
crack. The breaking of atomic bonds occurs at the boundary
between the "bulk" of the material and free surface, Atoms
1-5 are still in the volume of the body, 6-10 and et cetera
are already on the free surface;consequently, the act of break=
ing comes to 5-6. Due to heat agitation and thermal fluctuat=-
ion, the atoms at the tip of the microcrack get from time to
time a certain amount of kinetic energy sufficient to break
off or to recombine their bonds, the process of bonds breaking
or recombining being accompanied by a loss in the kinetic
energy at overcoming potential barriers (Fig.2). Respectively,
the kinetic energies of atoms equal to W anda U , are acti-
vation energies of processes of bonds bresking and recombi-
ngtion. The difference between potential barriers ‘J:‘TJJ is
a potential surface energy.

The potential erergy of atoms in the volume, as
a function of the distance between atoms, is defined by an
interatomic distance X , and that for those present on the
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free surface (after the breaking of bonds) by an interatomic
distance JC o When a solid is not stressed, -I is an equilib-
rium interatomic distance in the volume, andﬂt‘in the surface
layer. Consequently, the left-hand minimum (Fig.z) corresponds
to an equilibrium state of atoms in the volume being far from
the microcrack, while the righthand minimum to an equilibrium
state of atoms on the microcrack surfaces.

The maximum on the potential curve is due to the
fact that the nearest neighbouring atoms present in adjacent
atomic layers affect the process of bonds breaking. Their inter
action with the atoms emerging to the microcrack surface after
the breaking of bonds, is defined by the interatomic distance
Jﬂ » which has a maximum at the tip of the microcrack (Fig.1).

For a stress-free material the probability of
finding atoms in the lefthand minimum on the potential energy
curve is greater than in the rigthand one. If corrosion pro-
cesses, surface-active media and internal stresses, i.e.
factors which are not discussed in this paper, are absent, the
crack, after removal of stresses, closes up to a flaw on
which it has grown.

For a stressed material the tensile stress facili-
tates the breaking of bonds and prevents their recombination,
consequently the kenetic energy necessary for the bregking of
bonds 1s lower than that for their recombination, under stress-
free conditions. At low stresses, the assimetry of the poten-
tial curve is slightly reduced, but at high stresses the sign
of assimetry changes to the opposite one. For this reason the
breaking of bonds becomes more propable, and the crack conti-
nues to grow. The stress6;at which the potential curve becomes
symmetrical and probabilitiea of bonds breaking and recombi-
nation are the same, is called a safe stress.

§é. The Non-Thermal Mechanism of Fracture and
Time Dependence of Strength

At very low temperatures near absolute zero heat
agitation is practically absent. Therefore the kinetic energy
necessary for the transfer of one minimum of the potential
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energy to another to occur, is also absent (Fig.2). Under
these conditions microcracks do not grow at any stresses be%ew
the critical stress Eﬁ< to which the critical overstress Cﬂc
at the microcrack tip corresponds.

Above the critical stress the microcracks grow
and the solid fractures., If, following Griffith, the mechani-
cal losses discussed in our other paper prepared for this
Conference, can be neglected, the starting velocity of micro-
crack growth,when the stress passes through the level Gi‘
immediately becomes critical, and equal in the order of mag-
nitude to the velocity of transverse elastic waves propagat-
ing through a solid body. But if one takes into account the
dissipation of the elastic energy depending on the velocity
of crack propagation, the ultimate velocity will be reached
not at &y » but at higher stresses.

Further consideration is given to ideal brittle
80lid materials in which two basic types of mechanical losses
are observed in the process of fracture: 1) partial dissipation
of the elastic energy by the breakdown of bonds at the crack
tip; 2) transformation of a part of elastic energy into the
kinetic energy from moving the walls of the crack apart, .
which then dissipates. The deformation losses which are re-
latively small for brittle solid materials,will be neglected
for simplication of the problem.

The first type of mechanical losses does not de-
pend on whether the microcrack starts to grow slowly or ra-
pidly. These losses are dependent on the number of bonds being
broken per unit area of the cross-section.

Mechanical losses from moving the walls of the
crack apart, according to Mott [6] and Bateson [7] depend on
the velocity of the crack growth. At 6=6_, the starting ve-
locity of the microcracks and the 2nd type losses are equal
to zero; at €§>'6; » the starting velocity increases rapidly
according to Bateson’s equation:

/g
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wherev is the velocity of transverse elastic waves in a solid;
v is Poisson’s ratio. As is seen, at G >6 the velocity of
crack growth increaﬁes, reaching, at & > oo an ultimate
value : :‘V/&(L—)&) /%2, he numerical calculations will give
the value of 1J, rather close to those observed experimentally
Thus, for quarts glasses V =3510 m/sec, }A' =0,17; con-
sequently, ’U;Q =2290 m/sec, whereas from the measurements
by H.Schardin the ultimate velocity is 2155 m/sec.

When calculating SK , it is necessary to take
into account the first type of losses, because the 2nd type
of losses at G=€K is equal to zero.

Henceforth, comparison of various mechanisms
of fracture will be made numerically on the basis of some
typical data. For an unoriented brittle solid polymer in the
form of a strip specimen of the width L =10 mm containing
an edge transverse microcrack of a small length, data [8J
are given below, which are in agreement with the polymer
gtructure and some experimental determinations: the safe stress
6;:1 kg/mmz; the critical stress SK =12 kg/mmz; Young’s
modulus & =600 kg/mmz; Poisson’s ratio)* =0,3 (Shear modulus
G =230 kg/mm2); the density ? =1,2 g/cm3; the frequency of
thermal vibrations \)o = 10125ec'1; the distance between polymer
chains is 4 2, and the coefficient of stress concentration at
the microcrack tip F) = 10.

An essential simplification is that it was assumed
for the model of the microcrack under examination that the co-
efficient of stress concentration does not depend on either
the stress @ or the microcrack length»e. The only justification
still now is the good agreement between theory and experiment.

The velocity of transvers
V=(G/P)'/2 = 1400 m/Zec; consequ:nilsla::licu:z:.::te val

. alue of
U at 6>cowill be ’U;c= 900 m/sec, which is in agreement with
the experimental data on the maximum velocity of fracture in
glass-like polymers,

A curve showing the dependence of the starting
velocity of crack growth on the different value of tensile
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strength G&=Const according to equa¥ion (1) is given in Fig.3.
The curve is almost of the same form at 0°K and 300°K, as the
constants in equation (1) are weakly dependent on temperature.

As the edge microcrack penetrates to the inside of
the specimen, the stress 6’ in the still unfractured cross-
-gection rises from S tooo , because the tensile stress &
is assumed to be constant during the test. At the same time
the velocity of the crack growth increases from the starting
to the ultimate according to equation (1), in which & must
be substituted for 6'. The relationship between these stresses
for the strip is given by an equation:

6'= b“/(i-%) (2)

wherea is the length of the microcracke.

The time dependence of sirength in the case of a
non-thermal mechanism of fracture may be found from equation(1)
in which & is replaced for 6! . The dursbilityT at a given

tensile L::tress 6 is equal to

Sl — e B fetin S
T= | % = Teg, Fresin B 3)

Y,
where "C,_,;—'— L/U‘ . The initial length of the microcrack being
neglected, the lower 1imit of integration is therefore at
Zero.

In semi-logarithmic coordinates (Fig.4) the
durability equation (3) is represented by Curve 1. As is seen,
the non-thermal time dependence of strength is expressed
weakly. At & < 6) the durability is equal to infiniteness,
while at 6:€K it is equal to 531;"(‘_'90 , and at 6> 00
it tends to approach the value Too .

Thus, the non-thermal process of fracture
actually does not lead to the time dependence of strength.
The process of non-thermal fracture itself is almost of cri-
tical nature: below 6K there is no fracture, but slightly
above the fracture is rapid. Therefore the observed time
dependence of strength cannot be explained by the non-thermal
mechanism of fracture.
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&3, The Thermal (Fluctuational) Mechanism
of Fracture and Time Dependence of Strength

Near absolute zero thermal fluctuation is infi-
nitesimal, therefore the non-thermal mechanism of fracture
is realised in its pure form. With increasing the temperature
heat agitation and the fluctuational mechanism of fracture
have still greater effect on the process of fracture, the
higher the temperature.

The general idea of the fluctuational mechanism
of fracture in solids was repeatedly stated long ago
(A.Smecal and others). Later, in connection with these or
other specific ideas of the fluctuational mechanism of frac-
ture various authors proposed different theories of the time
dependence of strength. Critical discussion of these theories
is outside the scope of this paper. The principal theses of
theory proposed by the author [91 on the basis of the molecu-
lar model of a microcrack (Fig.1 and Fig.2) will be considered
and developed below.

At a safe stress Ei, probabilities of bonds
breaking and recombination are identical. Therefore, at
stresses 6 < 6; the growth of microcracks will not occur at
any temperature. At stresses E;>>5; the probability of bonds
breaking will be greater, the higher the stress and tempera-
ture,

Based on the fluctuational mechanism of fracture
the starting velocity of the microcrack is VU= Vj-,
where U and U, are fluctuational velocities of the growth
and collapse of the microcrack, depending on the probabilities
of the process of bonds breaking and recombination at a given
stress Cf and temperature 1 . According to our calculations
[8,9):

_U-wpb _ W+wpe

KT K
V='UL{-Q - e T } (4)
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_ Here, UK= .)\\)o is the critical velocity of the microcrack

growth, K is Boltzmann constant, &) the fluctuational micro-
volume equal to )\J\'/\m s whereA is the path element corres-
ponding roughly to the interatomic or intermolecular distamce
to which moves a section of the microcrack front enveloped by
fluctuation;-k’ is the section element of the microcrack
perimeter;.&nbis the distance between the maximum and the mi-
nimum on the potential energy curve (Fig.2). The distance.k"1
is a magnitude slightly greater than the shift of atoms at the
moment of bonds breaking to which corresponds the maximum of
the quasielastic force acting between atoms.

The activation energy of the process of frac-

 ture is dependent on absolute temperature

]A)::'uq)—-o;f (5)

where, for polymers, (L =30 cal/mole.grad [é]. Aslibis de~
termined experimentally [10],7J,is readily calculated at a
given temperature.

The activation energy of bonds recombination
may be defined if the safe stress 60 is known. At 6:60 i
V=0 and from (4) it follows that

U-W = opE, (6)

In the work [ﬁd] it is shown that the "zero"
activation energy’lkbalmost practically coinsides with that
of the thermal destruction of polymers in vacuum. This means
that during the process of fracture of the polymer only one
chain (or bond) is broken at each fluctuation. Consequently,
the fluctuational microvolume (QJ is related to a single broken
chain, and therefore A =)\' .

For an unoriented solid polymer it can be assum-

ed approximately that every third polymer chain is broken on
the way of the growing crack, because one of three chains, on
the average, is oriented in the direction of stretching of the
strip specimen. As the distance between chains is 4 3,

we find thatu\ =12 %. The stretching of a C-C bond in the poly-
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mer chain at the moment of bonds breaking is approximately
equal to the distance between carbon atoms in the polymer
chain [11] , which is 1.54 . Therefore, W =2.22,10" ' 'mm,
This value is in good agreement with an experimental value[B_}.
The dependence of the starting velocity of the
microcrack in the polymer on stress is shown in Fig.3. The
calculated from equation (4) at 300°K and the following values
of constants: A =12 2, V, =10 12:5«=.E1,u,=37 kcal/mole,
'u.‘=31 kcal/mole,OJP =2.22.10-18m3. At absolute zero U =0 at
every 6 < G‘K , and differing from zero at 6=5K , when
u—wPG'K=O . Hence, the critical stress calculated from
equation

S = M = §_____u'°—a’-r (7)
fowp wp
appears to be dependent on temperature: at 300%K it is equal

to 12 kg/mm?, at O0°K - to 14.6 kg/mm°. These values corres-
pond to the critical overstresses at microcrack tips in an

unoriented solid polymer, which is equal to 120 and 146 kg/mmz.

Thus, these values are approximately equal to the theoretical
strength of an unoriented amorphous polymer at 300°K and at
absolute zero.

Now, if we replace & for 6" in equation (4), then
an equation can be obtained describing the rise in the veloci-
ty of the crack deepening into the material at the given
stress 6=Const, If from the very beginning 6'< SK’ the frac-
ture of the specimen is going through two stages. At the first
stage the initial microcrack grows at the velocity increasing
from the starting to that close to the critical velocity (a
smooth zone is formed on fractured surface). At the second
stage, the initial crack grows at a velocity which is deter-
mined by the non-thermal mechanism of fracture. As at the
second stage the stress in the remained cross-section of the
specimen, excluding the microcrack, becomes greater than the
critical 6;( , secondary cracks start growing simultaneously,
producing at their meeting cleavages, blisters and other de-
fects on the surface (rough zone).
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As it follows from equation (4), at 6= 6 the
critical velocity is calculated from the expression U'K‘:-)\\) o
Considering that A =12 % and \)°=10125ec'1, obtain U =1200m/sec
for solid polymers. This value is bigger than the ultimate
velocity U;o=900 m/sec predicted by the non-thermesl mechenism
of fracture, and therefore cannot be reaslised. Equation (4)
becomes inaxact at stresses 6or O"close» to the critical 6, .

The time dependence of strength due to the
fluctuational mechanism of fracture, for a statically stressed
strip specimen (at various &= Const) with a negligibly small-
-length microcrack, is calculated from equation (4) in which

G is substituted for 6" . The durability of the specimen

acted upon by the given stress 6= (onst in the range of
stresses 6,,0, consists of the times of fracture at Stages

1 and 2:

£K~11-L

_ (A Y . (3)
‘“"STr*SvK

o b

-4

4 W-wp6 /(- LIL) W +wps/(-2/L) L-2¢
£ [opl gty weengfCetiy. st
o
where:

L=LEA-%)

The substitution for the above values in
equation (8) leads to the time dependence of strength for the
polymer at 300°K, which is shown in Fig.4 (Curve 2). The
practically straight~lined shape of the durability curve with
a slope tangent being —wﬁ/ﬂ.S KT is practically observed
on the curve AB, The approximate durability equation conform-
ing to the curve AB is as followe (taking into account
equation (5) and h= )\-i being equal to the number of bonds
broken per unit length of the microcrack path)
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Ly = G, + &f%KT(lko— ©p6) (9)

-0/ —A2,

Y, wR6 (10)

The simple equation (9) is well substantiated
by numerous investigations of the time dependence of strength
Ls).

As it follows from equations (8) and (9) the
the slope of the curve AB becomes steeper with decreasing
the temperature. At absolute zero the durability curve trans-
forms into a vertical line E§=fﬂ<, and the time dependence
of strength disappears.

Strictly speaking, the curve AB is not linear,
as at © in the range of 2 to 9 kg/mm°
changes very slightly with changing the stress.

From the above given comparison of the two mechanisms of
fracture it follows that the thermal (fluctuational)
mechanism of fracture is responsible for the time dependence
of strength in brittle solids.
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Figure 1. Molecular model of a microcrack in a brittle
solid.

-
1000 V; m/sec
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Figure 3. Dependence of the starting velocity of the micro-

crack on the value of tensile stress for a strip
gspecimen made of unoriented brittle polymer:

1 - a curve corresponding to the non-thermal
mechanism of fracture, according to equation (1);
2 - a curve corresponding to the fluctuational
mechanism of fracture, according to equation (4)
at 300°K,

L — -

Figure 2. Curve of the potential energy of atomic bonds
breaking and recombination at the microcrack tip.

Figure 4.
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Theoretical durability curves for a strip specimen
made of unoriented brittle polymer: 1 - a curve
according to equation (3); 2 - a curve according
to equation (8) at 300°K

(Tog=1s1.10"2sec; To =107'7

sec.).

439




