€-3  KINETIC CONCEPT OF THE STRENGTH OF SOLIDS

S. N. Zhurkov*

Part I. Thermofluctuation Mechanism of Fracture

In this report we shall consider the problem of the strength of
olids on the basis of the kinetic concept of the mechanism of fracture.
Within this concept, the fracture of a solid is considered as a time pro-
¢ss whose rate is determined by mechanical stress and temperature.
rom this standpoint the investigation of the time and temperature factors
ecomes very important for the understanding of the mechanism of the
phenomenon. In this connection, systematical studies of the relationship
etween the lifetime of solids under load and the magnitude of the tensile
tress and temperature have been carried out.
The experimental data discussed in this report have been obtained
ecently at the Ioffe Physical Technical Institute, Leningrad.

The lifetime of solids has been studied in uniaxial tension on small
Epecimens, which had the shape of strips, or a bundle of fibers.

During the tests, the tensile stress in a specimen was maintained
constant by means of a specially shaped lever with a variable arm. This
device allowed us to carry out lifetime studies at constant stress,
very long test durations. See Figure 1.

even for

In short-time tests for lifetime, a damper,
stress stabilization,

which was used for

was connected in series with the specimen being tested.
mpact loading was done by means of an electromagnetic impact machine

nd was measured with a low-inertia transducer.

The experimental arrange-
ment is shown in Figure 2.

For example, oscillographic recording of stress oscillations in a

”specimen subjected to an impact test is shown in Figure 3. Curve 1 illus-

trates the stress without the damper, and curve 2 with the damper.
It is seen that by properly choosing a damper, one succeeds in

damping oscillations and stabilizing the stress after a short time of about

0.001 sec. For illustration, Figure 4 shows an oscillogram of the fracture

. ; 2
of an aluminum specimen at a stress of 6 kg/mm"”.

* Ioffe Physical Technical Institute, USSR Academ

y of Sciences,
Leningrad, USSR
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Kinetic Concept of the Strength of Solids

Use of this equipment permitted us to study the lifetime of solids To understand the physical sense of the kinetic equation, it

at different temperatures within a very broad time-to-break range ppeared very important to establish the meaning of the coefficients

covering almost 10 decades of time, U_and y
o’ "o )

Experiments have been carried out on different materials -- meta],' We will consider first the factor i before the exponent. Its
o’ *

alloys, non-metallic crystals, and polymers. About 50 materials have

agnitude can be determined from the position of the pole where the
been studied.
traight lines shown in Figure 5 converge. For silver chloride, alu-
The experimental data obtained permitted us to establish a funda- : 5 -13 ;

. inum, and plexiglas, this parameter was found to be 10 sec, in
mental relation common for all solids. This relation is presented in d ¢ itud

i er of magnitude.
Figure 5. The materials taken for illustration are polycrystalline aly- Ao 5

minum, silver Siflapidiel ard plextglas, Experimental data for other solids indicate the coefficient To

itude, ind dent of the struct and
As seen from Figure 5, the time and temperature dependence of g Pe of theisame order of PSS, tndersadt © structure an

the strength of solids, of both crystalline and amorphous structure with §hemical nature of the solid in question.

different types of interatomic binding, are identical. At a fixed temperas It is essential that by both its magnitude and dimensionality the

ture, the lifetime of a specimen under load increases exponentially with arameter T coincides with the reciprocal of the natural oscillation

the decrease of tensile stress. The experimental values of the lifetime ¢ [requency of atoms in solids.

Vs. tensile stress, when plotted in the semi-log coordinates 4n T, o, fit The second parameter U,» from the kinetic formula (1) can be

well to straight lines whose slopes are determined by temperature. These interpreted as the magnitude of the energy barrier determining the

lines form a ''fan" converging to a pole when extrapolated. probability of breakage of the bonds responsible for strength. Under

This relationship has been found correct as a general rule and valid oad, this barrier, as seen from Eq. (1), decreases linearly with the

for deSCribing the strength properties of all solids in this investigation. ensile stress o . Such dependence of the effective barrier results in a

It is easy to demonstrate that the relationship revealed between the _sharp acceleration of the fracture pProcess in a mechanically stressed

lifetime 7, the tensile stress ¢, and absolute temperature T can be written ody, and in a decrease of its lifetime under load.

in the f § : P
1 € torm of a kinetic operation: To calculate the constant Uo’ we will rewrite Eq. (1) as follows:

T = To expl(U_ - yo)/kT] (1)

kT Ln('r/To) = T - ye (2)

where k is the Boltz ! t i *
man's constant, To" Uo and Y being constant coef The left-hand side of this equation is equal to the magnitude of the effec-

ficients which, as shown below, re i i
, , pPresent material constants of solids. . it s
% tive barrier U = kT 4 n(7/T ). Since the parameter T  has been shown
or the case of a constant temperature, Eq. (1) may be transformed to b tant for diff to lid e, it lo 10-13
; o sta or differ s .
o & pimisLer relamion tue tha it st e constan erent solids, we may take its value as sec
Now we can calculate from the experimental data the magnitude of the

T = A. exp(-ag) (1a) ’ effective barrier for various stresses and temperatures.

Such treatment is interesting in that it permits us to check the
where A = T - exp(Uo/kT) , and o= /KT . correctness of formula (1) and at the same time to determine the magni-
tude of the initial barrier Uo and the coefficient vy .
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If the kinetic equation is correct and agrees with experimental Of particular importance in this connection is the coincidence of

data, one should expect a linear relationship between U and o y he parameters T and Uo with fundamental constants of solids, namely,
The results of the checking for a number of metals and polymers

are shown in Figures 6 and 7. It is seen that the expected linear

he frequency of thermal oscillations of atoms and the interatomic binding
energy.

dependence of the effective barrier on tensile stress is observed to be In this sense the fracture of solids is determined by thermal motion

sufficiently accurate, both in metals and in polymer materials. which plays the major role. In a stressed body, chemical bonds are broken

The tihsase relationship permits, by extrapolating the straight by thermal fluctuations, the possibility of this process depending strongly

lines to their intersection with the y-axis, the evaluation of the magnis on the magnitude of tensile stress. The tensile stress excites the bond
T ; , : being ruptured and reduces the activation barrier. The magnitude of this

tud t .

ude of the initial energy barrier Uo . The values of U0 obtained in

: ivati i i ined by t duct F
this way for a number of polycrystalline metals with face-centered, decrease of the activation barrier will be detesmidel Py the fisedtisteym

Th £ , the d ase of the barrier will depend on the arameter v .
hexagonal and body-centered lattice are given in Table 1. eretore ¢ decreas LW P p Y

The coefficient Y represents an important parameter determining

The data presented in the Table indicate that the values of U lje
o the strength of solids. Indeed, it follows from Eq. (1) that

close to the bindin of atoms in metals. For co arison, the
£ snergy £ A me P PRaRaTLE0n, = I:Uo - kT Ln(‘r/To)]/Y . At constant temperature and testing rate,

second column contai ts of sublimati f metals taken fro »
Outhing heats of sublimation of me BsrR.trom. the the expression in the brackets will be constant and hence T = A/y. This

monograph of Prof. F. Seith, The Modern Theory of Solids.

It is seen that for metals with different crystal lattices, the

means that the tensile strength of solids will vary in inverse proportion to

the parameter vy .
constant U, fits well to the energy of sublimation. In other words, In order to identify the coefficient vy , we have studied the disloca-
it is equal to the binding energy of atoms in the crystal lattice of metals. tion structure of metals using the low-angle x-ray scattering technique.
Experiments indicate that in polymers a similar correlation A direct correlation between the parameter Y and the disorientation of the

between the energy constant U, and the energy of breakage of chemical _structure has been found. It turned out that the more disoriented the struc-

-

bonds in chain macromolecules exists. Table 2 contains the values of ture in a metal, that is, the higher the dislocation density at the slip planes,

UO from mechanical tests and of the bond rupture energy E in thermal _the smaller the coefficient Y, and hence the higher the metal strength,

destruction of polymers for a number of polymers tested for lifetime as
plates or fibers.

The strongest influence on the parameter Yy in polymers is the
molecular orientation of the polymer chains.

This coincidence of the atomic binding energy with the constant U0 The study of orientation in polymer fibres by the method of infrared

is not accidental. We are of the opinion that it indicates the existence of dichroism reveals a direct connection between the coefficient y and the

a direct connection between the kinetics of fracture of solids under the orientation factor. However, the high sensitivity of the parameter y to

action of mechanical stress and the rupture of interatomic bonds. various structural changes in solids makes precise formulation of the physi-
The relationship thus revealed permits us to consider the mechanis cal meaning of this coefficient difficult.
of fracture of solids as a kinetic process described by the formula given

in Eq. (1).

One possible interpretation of this parameter which agrees well
with the experimental data and is in accord with the kinetic conc ept of
mechanical fracture, is based on the supposition of a nonuniform distri-

bution of stress over the bonds being broken. Starting from this, one may
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interpret the parameter vy as a coefficient taking into account the overstress Besides, it has been found that at a given stress the time required

on a bond as compared to the average stress in a specimen. or a crack to initiate is much less than the time of its growth to the frac-

The kinetic concept of strength discussed permits a conventional ture of a specimen. This permits, knowing the dependence of growth rate

separation of the fracture process into three stages: on stress and using the kinetic equation (la), the calculation of the lifetime

1.) Excitation of the bonds being broken by tension stresses; T.

2.) Breakage of excited bonds by thermal fluctuations; The calculated values have been found to agree well with those

3.) Accumulation of rupture bonds resulting in the loss of stability ~obtained by direct measurements.

in the body with its eventual breakdown. This result indicates that the localization of fracture in a crack does

The first two stages of the process have already been briefly con- not substantially change the kinetics of fracture process, which also turns

sidered when discussing the physical meaning of the parameters T, and Uo‘ out to obey the principal equation (1) in this case.

We think that a consideration of the third stage of fracture would be This permits the evaluation of the limiting rate of crack growth,
very important to gain understanding of the transition from the microprocess which will be determined by the condition of the possibility of bond fluctua -
of the rupture of chemical bonds to the macroprocess of the fracture of the ion breakage being equal to unity.
specimen in parts. In this case, during one oscillation the tip of the crack will displace

It is a well known fact that in its early Stage the fracture is localized by an interatomic distance. Therefore, the maximum crack growth rate is
V ~ 10-8/10-13 = 10° cm/sec or 1 km/sec. This value is close to the

velocity of sound in solids, and it is in good agreement with direct measure-

in microcracks, whose growth divides the body into parts. Such localiza-

tion can be explained on the basis of the kinetic concept if one assumes that
the rate of fracture at the crack tip is higher because of a higher local stress ments of the crack growth rate carried out by a number of investigators.
In this connection, it appeared to be of interest to investigate the kinetics of

crack growth.

The condition of reaching the limiting rate is set by the equality
exp[—(Uo - vo)/kT]=1 or (Uo - Y¥0)/kT = 0. It is seen from this condi -

According to th iffi ise, i N y
ing to the theory of Griffith, a crack growse stepwise. A crack tion that at a conventional testing temperature the maximum rate of fracture

does not change in siz til t h itical value. A
85 % © until the stress has reached a critical value g propagation is reached at U, - Yo=0. The rate of crack propagation under

Soon as the critical th hold has b tained, t k begins t . ;
: £ b ey Yool i i s g he crack begins to S this condition will be characterized as a barrierless process which does not
catastrophically at a rate close to the velocity of sound.
~ depend on temperature.

A number of pPapers reported both a rapid and slow growth of cracks

at stresses below the critical value. Our experiments done on through cracks

in thin foils of polymers have shown that the rate of crack growth increases i e . X
. I should like to note one deviation from Eq. (1) which is observed
with stress monotonically. iati i
experimentally. It concerns a variation of lifetime at very small stresses

Measurements were carried out on individual cracks generated spon- i
: and a high temperature.
taneously under load at the edge of a strip subjected to tension. Such indi- L . . L
: The lifetime at these conditions reveals a systematic deviation from
vidual cracks then began to grow in length perpendicular to the axis of strip . ]
. . % ; : the exponential law. For different solids, as shown in Figure 8, the log
tension. Using a microcinematographic technique, we investigated its rate i L . . .
. lifetime begins to grow faster with diminishing tensile stress than is speci-
changing by 4 to 5 orders of magnitude. The experiments have shown that . )
. fied by formula (la). At a stress approaching zero, the lifetime becomes
the rate of crack length growth increases exponentially with the increase of
Bunmiis wii infinitely large. The reason for such deviation, which is common for dif-

ess.
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ferent solids, has not yet been elucidated. One of the reasons consists In these experiments, polymers were subjected to mechanical frac-

undoubtedly in the reversibility of the process, that is, in the recombinatiy: re by crushing, milling, and tensile deformation. Experiments were

of the ruptured bonds. One may expect that the reverse process will play a carried out both in air and in vacuum, at room and liquid nitrogen temper-

even greater role with the decrease of tensile stress. At a zero stress, th atures.

recombination of ruptured bonds will become equal to the rate of their rups. 1 shall present here the results of our latest studies on fibres of
ture. The total bond rupture effect becomes zero, and lifetime under load £apron (nylon 6) fractured by a tensile stress. A bundle of thin fibres was

becomes infinite. fractured at room temperature in the cavity resonator of a 3 cm-range
Besides this principal deviation, one more violation of the general spectrometer. The fibres were arranged along the axis of the cylindrical

relationship is frequently observed. It consists of a deviation of the rela- resonator and subjected to uniaxial tension.
tionship4n T = f(¢) from the straight line, which would be expected from The experiments have shown that under the action of the tensile
Eq. (la). This deviation is not of a principal nature and is associated with itress on fibres, paramagnetic centers resulting from the rupture of chem-
the instability of materials in mechanical tests. cal bonds in chain molecules are really formed. The concentration of such
Stabilization of the structure results, as a rule, in the straightenin ree radicals has been found to grow smoothly at a constant stress and to
out of the curve to its total coincidence with the general kinetic equation (1 Acrease rapidly with the increase of the tensile stress.
One should bear in mind the specified deviations when studying the time an Figure 9 shows the spectra of free radicals detected in stressed
temperature dependence of the strength of solids because they may lead to apron fibres. Itis seen that before loading there are no free radicals in
wrong conclusions and erroneous interpretation. he polymer. On application of the load, a spectrum of free radicals of a

omplicated structure appears. The shape of the spectrum does not change

Part II. The Study of Kinetics of Polymer Fracture by the Method of ignificantly with stress, however, the magnitude of the signal increases

Electron Paramagnetic Resonance sharply with the increase of the stress. This indicates an increase in the

tration of ruptured bonds in the polymer and ermits us to follow
As noted above, the observed relationship of variation of the life- [ oewiration uptired bom poty P
. ; i i i icrofr res in a stressed material.
time of solids under load permits us to make a suggestion on the kinetic ¢ kinetic of formation of microfractures e 4
Z hese data are very important from the standpoint of the kineti
nature of the destruction of solids based on thermal fluctuation rupture of LHese oy re very imp p ¢
: oncept of strength. If the lifetime of a solid pol mer under stress i
the bonds responsible for the strength of solids. Several theoretical works : v * B s
eally determined by the rate of bond ru ture, then one may expect an
have been devoted to the development of the kinetic conc ept of the strength i ¥ P P
. . . exponential increase in the radical formation rate V = dc/dt with tensile
of polymers. However, direct experimental data are required to confirm . '1 P ¢ 5 [
: . _stress o, since lifetime is an exponentia unction of stress (T = A. exp[-qo]).
the kinetic concept of the fracture of solids. ' %P ( pl-as])
% X Direct measurements of EPR spectra have shown that the rate of
A convenient method for this purpose involves the electron para-
. : LV ormation of free radicals actually grows exponentially with the increase
magnetic resonance of radicals forming in the rupture of polymer chains. ’
X of tensile stress.
If the strength of polymers is really determined by the kinetics of genera-
. . . The corresponding relation for capron at room temperature is
tion and accumulation of free radicals in mechanical fracture, one might
shown in Figure 10.
expect the method of electron paramagnetic resonance to yield direct
: : ; As a final confirmation of the conclusion that the fracture of poly-
information on the mechanism of fracture. The possibility of application .
: mers is unambiguously determined by the kinetics of rupture of chemical
of the EPR method in the study of polymer strength has been demonstrated ,
. 3 . ~ bonds, revealed by the EPR method, we have carried out quantitative mea-
for the first time in a series of experiments.
surements of the lifetime under stress and of the rate of accumulation of
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free radicals. For this purpose, capron fibres were fractured in the ca

Tesonator of the EPR spectrometer. At the same time, the lifetime of ¢t

Specimen was measured, and the rate of formation of free radicals was
determined.

The rate of bond rupture, as has already been shown, grows

On the other hand,

the lifetime under stress varies by the same law. By comparing these

by an eéxponential law, with increase of tensile stress.
two relationships, one can answer the question whether kinetics of bond
rupture represents the basis of the strength of polymers,

Panies fracture and plays a minor role,.

oF it only accor

These relationships may be written in the following way:

T = A. exp[-ac]

V = B. exp[Bo]

If the lifetime of a stressed polymer is completely determined by

the rate of accumulation of the ruptured bonds, then one might expect the
éxponents to be equal.

for lifetime under tensile stress,

for bond rupture rate.

In this case the lifetime and the rupture rate, at
equal stress and temperature, should be related by the equality:

TV = const. (3)
An experimental verification of this relation on capron fibres tested for
fracture at room temperature, at +50°C, and at -50°C, has shown a good
agreement with the theoretical prediction.

The results of the verification are shown in Figure 10. Itis seen
that the log lifetime really decreases proportionally to the rate

ical bond rupture, the coefficient of proportionality being 1.

of chem-

Thus the EPR method proved to be a very effective tool. It per-

mitted a direct confirmation of the kinetic nature of polymer fracture to
be made. The atomic kinetic interpretation of the principal equation (1)
has found a direct confirmation in these experiments.

Unfortunately, it would be much more difficult to obtain a similarly
direct proof of the Tupture of interatomic bonds in mechanical fracture of
metals. The absence of paramagnetic properties in ruptured metallic bond
does not allow the application of the EPR method. However, we think that
the identity of a general law covering the lifetime of both polymers and
metals, as well as the coincidence of the activation energy for the rate of
fracture with the interatomic binding energy, permits consideration of the

kinetic concept of strength as general for all solids.
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TABLE 1

Binding Energies of Atoms in Metals from Mechanical Test Data (Uo)

and from Sublimation Heat Measurements (E)

Kinetic Concept of the Strength of Solids

TABLE 3

Time-to-break for Thin Polymer Strips (9)

Comparison of Calculated and Experimental Values of

U Heat of Uo Heat of Cellulose diacetate Cellulose triacetate
°  |Sublima- Sublima -
tion. E tion, E Experimental Calculated Experimental Calculated
sec sec sec
Metals Kcal/ Kcal/ Metalks Kcal/ Kcal/ ( ) ( ) ( )
1 1 mole mole
o] mee 5. 3 5.7 x 107 9.5 x 104 8.4 x 10%
5 5 4 4
Pt-polycryst. 120 127 Pb-polycryst. 42 47.5 L. 3 1.3 x 104 1.3 x 103 1.1 x 103
. A 14 36.3 6. 7.4x 10 7.4x 10 7.0 x 10
Ni-polycryst. 87 85 Mg-polycryst. . 4 4 3 5
30 2. 2.5x10 2.8x10 3.4x10
Cu-polycryst,. 82 81.2 Zn-polycryst. " 4 g 5
. | 35 31.5 1. 1.7x10 1.6x10 1.9x 10
Ag-polycryst. 62 68 Zn-single cryst. *| 3 3 g 3 S
Al-polycryst. 53 Cd-polycryst. * 28 26.8 L. 5 L.7x 102 3.6x 102 3.1x 102
. 55 4, 3.2x10 2.8x 10 2.9x10
Al-single cryst. 54

* Taken from: V. I Likhtman,

L A. Andreyev,

L. S. Brykhanov and

TABLE 2

Dokl. Akad. Nauk SSSR, 139, 359 (1960).

Interatomic Binding Energy in Chain Molecules

of Polymers Uo

- from Mechanical Testing Data and

Values of E - from Thermal Destruction

Uo E
Pol
otymex Kcal/mole Kcal/mole

Polyvinyl chloride 35 32
Polystyrene 54 55
Polymethyl methacrylate 54 52-53
Polypropylene 56 58-55
Teflon 75 80-76
Capron (Nylon 6) 45 43

1178

L

S

Fig. 1 Diagram of apparatus for long-
duration studies of the lifetime
of solids,

S - g
et A



ept of the Strength of Solids

conc

Kinetic

S.N. Zhurkov

(9) seidtx27d °§¢
(¢) wnutuniy -°g
() @PTIOTYD I2ATTS °T
°SS39I3}s UO SPITOS JO awr}
“9FTT 9yl Jo aduapuadap 2injeradusl pue 2wty ¢ °*8tyg

m:kt\§ﬁb_ﬁ (PN 9 4 4 &)
= —& O n
Aﬂ/ w 2.0/
N \

g-Of

». O}

20/

¢0/
A (0as)

Ioduep pInbir yrTtm 7
Taduwep jnoyitm 7
“3s931 3oedur ue ur

123ds ® UT SUOTI®BTTTOSO $§3131s jyo weirdoTyIdsp ¢ -S1g

.mEE\mxo JO S§S913Ss je umutunte aurTelsdroAtod
JIOF ¥®21q 03 2wrl Jo Surprooax otydeiforrToso

t *81g

225 e e n
dhi

|

“(1) sarpnis j3oedut
03 I3dwep prnbrr e yiTm snjex
-edde dT3oulewWor}oatas Fo weiderq g *31g

1181

1180




S.N. Zhurkov Kinetic Concept of the Strength of Solids
u I >
be l 3
<
30 c— 18°C | a-300°C B2
x— {00C | - 400°C T o " 3 B
°= 200 | o450 & & & =2
50 A~ 250C | o sope || A 4 A D
qlb O © 0 g2
N ] i ! % aa
" O 9 O 9o e
40 -3%. AT I 2 o
"
ub’“‘;r‘n \;\:.P‘t:h}‘nn ' a
20 —I% M He x
X s‘ﬂ~u. N ~.2 A b
Nge 2n ~ =
o
&g 8L @B T S »
Fig. 6 Effective barrier W kkal/mol vs. tensile l:
stress ¢ kg/mm? for polycrystalline metals.

=
E 4 )
L f1§
o- +80°C o / Fat] .
- +20°C O O R ° Olc 4
i B Wl &
0
w80 & T8 /( S 3
] © 2, =. i ‘3 "
R 8 8 o4 o8
oy 5 ) ®
3 TS :7 » 8
3 . -1 i
000 | /4le if
. +
L) — o
v
Ro
+ o
o Y3
{ =}
20 4. 6 0 00 20 oy
Ki -~ o
(6} 9/mn'l2 gg
Fig. 7 Decrease of energy barrier W kkal/mol with > o
tensile stress (]"kg/mm2 for polymers (fibres) o
1. Polyvinil chloride 2. Polypropylene ° .
3. Viscose yarn 4. Capron (Nylon 6) 2o
(¢ ¥}
1182

1183




S.N. Zhurkov

‘aInjeradwal pue ssarjs JUSISIITP 3® *ssai1js

STEOTPEI 33217 UOTIBWIOY JO 33BX pue saiqry STTSUa3 *sa  3p/op STesTpes
uoxdes jo swriayrT ayy U33M33q uoTleTay T *S1g 99IF JO UOT3BWIOF Jo 23wy OT *31g

X

)

G Y € 2 I 0 %, 9 08 0L

1184



User
Rettangolo


