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The form of Zhurkov's formula (1) and the properties of the coeft1c1ept? 5
To, Uy and y give grounds for assuming fracture to he_a therma{ly‘acFlyate
process. This process is based on elementary events in thermot}u%t?itlzgegw
and rupture of atomic bonds in a solid. When subjected to.meéhanlfa ~s S5,
the energy U, required for atomic bond rupture decreases by vy, the pro-
bability of their recombination being reduced.

Such a concept of the nature of fracture of Sol{ds was put f?rward ?quler
only on the basis of phenomenological studies of Ehe temPeraLurg - sFr§3§t.
dependence of lifetime found for a large number of materlglsfl The valt ity
of these ideas has been confirmed thereafter by an investigation of>thc
fracture process using direct methods of physical_experlment"a?%bii ?f
following the development of fracture at the atomic and mOl?SUJ%L, eve 5;5_
The application of IR spectroscopy, EPR aqumu§s.spoctrometry make Lt.p S
ible to follow the extension under load of LndIV}dual macfomolecu]eslln -
oriented polymers, and the rupture of drawn atomic bopds in mo]ecules:_ t
was shown that it is essentially the kinetics of atomic bond rupture accum-
ulation that determines the kinetics of fracture of oriented polymers.

This work was described in detail in the monograph [2]

We start from the assumption that application of the.kineﬁLc gpproaiﬁ.to .
the study of composite fracture will turn out to be trultfgl En 9n%%%%¥?n -
ing the physics of fracture of this new and important class of declxals:
In our opinion it would be wrong to wait for the #1nal §oluF10n of u%c ea:
problems in the physics of strength of solids by 11}vest{gat1ng.b0mogencou~
materials with a subsequent transition to the phystcs of composites.

It is reasonable to start studying the kinetics of f?acture of composite
materials and to apply to them the kinetig concept o{.strength frgm Eﬁe
simplest kind of this material, i.e. unidlrcctlongl tibrous comgos}tsh
with continuous filaments. Just as in the cn5c~of homogcngous bO;ld&z‘
studying the fracture of composites within the frum?work Qt_tho‘klnet;;e
concept of strength should be started with sy;temac}c c}pgrjfogts on
kinetics of fracture and, primarily, with an 1nvcst1gat10g of th? Eom?era-
ture and stress dependence of the lifetime of these muterlnlf.:.?fgh %n
investigation may yield valuable informatioq on the nature of LTJECTYS. (2]
in components, By analogy with studies performed on hgmogeneggf 50‘{ s [2},
one should thereafter employ direct experimental Fechnlques which pciwlt
one to tollow the process of fracture at the atomic and mOIGC“{u?‘lﬁfﬁL
Considering the specific nature of the composite matertals,.pntg[?g‘a;“
attention should be paid to the process of fracture at the interface be-
tween the constituents in order to reveal the role of thesxon~bond‘ng
between the constitutents in determining the strength of composites.

We are able at present to analyse some results ohtuiﬁed in'STUdlgs of the
fracture of composites reinforced with continuous unxdregrxonnl filaments,
and to formulate problems which should be solved in the future.

An_Investigation of the Temperature - Stress Dependence of the

f Fibrous Composites

Lifetime of

The first problem that arises when studying the Femperutgre - SFréfs ?c-
pendence of the lifetime of composites consfﬁt§ in checking %hétb(ﬂ ﬁlet
functional dependence (1) of lifetime T on acting mean str?s%AJ‘;nx tes
temperature T for composites is the same as for homogeneous solids.
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There is experimental evidence showing Zhurkov's formula (1) to bhe valid

for various fibrous composites subjected to tensile stress with specimens
cut along the filament divection. As an illustration, Figure 1 presents
data on the temperature - stress dependence of 1ifetime of a tungsten fiber-
COpper matrix composite [3]. Similar data are available for polymeric
matrix composite [4]. Experimental data similar to those presented in
Figure 1 show equation (1) to hold for composites within a certain stress
and temperature range. This means that the fracture of composites, just as
that of the other solids, should be considered as a thermally activated
process of gradual accumulation of defects.,

The next problem which can be posed in a systematic investigation of the
temperature - stress dependence of lifetime of composites is to study the
properties of parameters 7t,, l,, Y in equation (1) and revealing their
physical meaning. The final purpose of such studies may be a development
of "kinetic rules of mixture", i.e. rules permitting determination of para-
meters Ty, U,, Y in equation (1) for composites having data on the corres-~
ponding parameters of the composite constituents and taking into account
the effect of the mechanical properties of the interface between them. One
should develop three rules for the determination of each of three parameters
To, Uy and vy in equation (1), accordingly, for composites with different
volume ratio of the fibres.

On the basis of the available experimental data on the properties of 71,
Uy and Y in equation (1) for composites, and on the kinetic rules of mix-
ture, the fol]owing can be said at present.

(a} Firsi ruie of mixture

'he magnitude of Ty for all the composites studied up to now (their number
is small) turned out to be constant within experimental errors and equal
Lo Cocomp®10 sec, i.e., about ¢qual to the prefactors in equation (1)
for the composite constituents. Therefore the first rule of mixture may
be formulated in the following way: the prefactors in equation (1} for
the composite Cees, for fi?rus Tog and for matyix Tom are approximately
constant and equal to jo-+49 sec:

= 'r(“m = Tog = Il)ﬁlaSC‘C (

[¢H

In accordance with this rule, the physical meaning of TOVOW@ does not
differ from that attributed to the prefactor T, in Zhurkoy ' s formula for
homogencous solids.

(D) The zecond s»uie of mizture relates to the determination of the activation
energy for the fracture of composites, uocomp. Since any composite con-
tains at least two constituents, each of them being characterized by its
own activation energy for fracture, Upg and Uyy, a question arises as to
the magnitude of Uocomp at different volume contents of the constituents.

We will limit ourselves here to a simple case where Upg and Upy for the
original specimens of the constituents outside the composite are numerically
equal to Ugg and Uoy of these constituents in the composite. However, even
in this case, a question arises as to how the activation energy of fracture
of this composite changes with the changing fiber volume ratio.

The answer to this question cun be obtained in experiments on specimens of
tungsten fiberncoppcr HAtTrix composite with different tungsten fiber vol-
ume ratio [3,4]. One first studied the temperature - stress dependences
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of the 11 ime of the constituents of this composite, and obtained the
dctivation energies of fracture of copper and tungsten. Experiments show
the activation energy of copper fracture to be Uy, = Uy, = 80 keal and
that of the fracture of tungsten to be Upy = Uoy = 230 keal.

Figure 2 represents a graph of the activation energy of fractq?e of the
copper-tungsten composite vs.“volume content of thc‘tungﬁten tlbers{ )

UOC p(b . At low tungsten ?iber conteyt the a;tlvaflon'gnergy gf Fom—

§i¢ ; acture is seen to coincide numerically with that of ?hg copper
matrix fracture, Uoeeomp = oy = 80 kcal/mole, whereas at a sufficiently t
high tungsten fiber content Ugeppp coincides numerically with th? activation
energy of fracture of the tungsten reinforcement Ugcgmp = Uog = 230 keal/
mole.

Figure shows also that the change of activation u§ergy‘frum Uom = 80 #ca}f
mole up to Ueg = 230 kcal/mole occures practically in a jump nt‘a certain
value of the fiber volume ratio, Vg = Ve*,  Assuming that at this fiber
volume ratio V the strengths of the matrix and the reinforcement in the
composite become equal, i.e., ogle® = Umtl—vf*)‘ then for an estimate of
Ve* we may writ

o

G mo f
2 )
GG oY

ey Y m

. B &
o= RT &n -
To
ch an evaluation vields for our case VF* = 7.3%
ment with experiment.

which is not

agree-

-

Fhus the second rule of mixture for the simplest case of Uog and Uep re-
maining in the composite the same as out it may be e >ssed in the
following way:

‘Oavmp - it £
(4)

Uy
“comp

already pointed out, in wmore complex cases Uy |

e itff from U
o ) comp My di 0f>s
and sometimes from Ugy,, at Vf > Ve

and Ve < Vp* reg’pe('ti.voly.

(¢) The third rule of nixture should permit.uﬂ to_estimate the Tagyitude

of Yeomp from data on yg and vy and from information onuthe m@cn§n1c§}

properties of the interface between the constituents. Iﬁe exper;men?al

i available are, however, insufficient to be able to rmgmuﬁgte this

rule for a g ral case. One may expect the development Qf this rule to

turn out to be a particularly difficult problem because of the structural
‘ the ceoefficient v in equation (1).

One may consider here the simplest case to the well-known "static rule of
mixture” [5].

s = o, e WV g s Y (5)
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where Jg, Oy are the strengths, and Vg, Uy the volume contents of the

fibers and matrix, respectively in the composite.

Then for Ycomp the following relation should hold:

1 i ‘
= = V. . Vo= for V., < v, *
fcomp £ Y £ L
(6)
= S R v
comp £

where

C=RT » gn &+ |
To

Une may expect, however, that an estimate of Yeomp by equation (6} will
frequently be wrong. This formula, just as equation (5), does not take
into account the effect of defects at the interface between the constitu-
ents on the composite strength. Equations (5} and (6} do not also inciude
the fact that the structure and strength properties of the matrix, and some-
times of the fibers as well, may change in the process composite manufacture.
'his means that the magnitudes of Y¢ and yy in the composite are different
from those for the original constituents. Further work on improvement of
the third rule of wmixture (as well as in the determination of corrections
to the static rule of mixture) should take into account these complica-
ting points.

An analysis of the parameters vq, U, and Y in equation (1) for composites
and of problems in the development of kinetic rules of mixture shows that
the systematic investigation of the temperature - stress dependences of
the lifetime of model composites may yield valuable information on the
process of composite fracture. Therefore further studies of the kinetics
composite fracture both on composites of other type and on specimens

of
cut at an angle to the filament orientation, as well as at other regimes of
‘oading and different kinds of stresses should be considered as promising.
The studies of the temperature - stress dependence of lifetime should he
accompanied by direct observations on the appearence and growth of cracks

at different stages of the process, and with a recording of the distribution
of stress in the fibers and matrix in time. This will permit to develop

in more detail the kinetic rules of mixture and to reveal the physical
meaning  of the parameters g, Uy and y in the formula for 1ifetime.

the mechanism of fracture in polymer matrix composites can be explored by
the same experimental techniques as the ones used in the study of
Tacture.  Among them are LR spectrometry, radiospectroscopy (B
mass-spectrometry and small-angle x-ray scattering. e possibilities
offered by these methods in studies of fracture of composites can be
iilustrated by results of the research performed in Leningrad Physic:
fechnical Institute. Academy of Sciences of the (SSR [G-8].
sults can be summarised as follows.

polymer
PR and NMR),

A model polymer - polymer composite made up of strong polyvynil a
filaments embedded in an epoexy matrix has heen studied by IR spectroscopy
{6]. Bifunctional diisocyanate was introduced between the epoxy and the
filaments as a coupling agent. Diisocyanate was shown to form chemical
honds with both the matrix and the filaments. In the course of heat
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treatment of this composite, new absorption bands naturally appear in IR
spectrum,

These chemical bonds at the interface between the constituents turned out
to be carrying considerable stress thus strengthening substantially the
composite.

This is evidenced by the frequency shift of the corresponding absorption
band maxima under load.

IR Spectroscopic measurements carried out on composites made up of polypropy-
lene filaments in a polyethylene matrix showed also that the matrix which
was originally nonoriented becomes partially oriented in a layer adjoining
the oriented reinforcement. Such effects should be taken into account

when calculating the strength of a composite.

Massg spectrometry was employed to investigate thermal desorption of very
thin polymer layers from metal surfaces [7]. The interaction of polymers
with the substrate, as was shown, can reduce substantially the activation
energy of thermal degradation of polymers. The same authors studied the
Kinetics of water liberation from the surface of glass filament heated in
Vacuum. The presence of a mono-molecular water layer on the surface of
glass filaments was shown to reduce considerably the activation energy of
their fracture and, accordingly, their strength. This phenomenon is ex-
plained by dissociation of stressed chemical bonds between the silicon

and oxygen atoms in the surface layer of glass facrilitated by the reaction
of hydroiysis in a presence of water. This effect accounts for the experi-
mentally observed changes in the activation energy of fracture of glass-
fiber reinforced composites depending on the presence or absence of even
traces of water at the interface between the glass filaments and the polymer
matrix.

Small-angle X-ray scattering permitted to detect the formation of submicro-
cracks of two types in model polymer-polymer composites under load [87].
One of them is ascribed to the reinforcement, and the other, to matrix or
the interface between the constituents. When combined with the acoustic
technique, this method will yield valuable information on the formation
and kinetics of growth of micro- and submicrocracks in composites.

The examples presented indicate that the methods employed earlier in the
studies of the nature of fracture of homogencous solids provide important
data also on the fracture of composites at the microlevel. Combination of
these methods with phenomenological studies of the kinetics of fracture
of composites should be used as a basis for research into the nature of
the fracture of composites.
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Figure 1 The tempefature - Stress dependence of the Lifetime of

tqngsten—flber copper-matrix composite. The volume ratio
of tungsten fibers Ve = 10%, Temperatures, °¢ . +18;
2 +180; B +300. ’
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Figure 2 The activation energy of fracture (U} of Cu -~ W composite

versus the volume ratio of tungsten fibers.

162



Pc
Rettangolo


