312 Fructure

films. Thick specimens generally do not tear and moderately thick specimens produce
spurions hending loads, The actual limit of specimen (I]i(']{l}('&w‘ varies with the materia)
and the test conditions. (2) The method eannot be used on brittle materials as they
fracture uncontrollably across the specimen at right angles to the initial eut. 3) The
result. depends on the thickness of (he specimen. Figure 14, for example, shows v
(= 2L/t) as o lunelion of thickness for sumples of amorphous, isotropic poly(ethylene
terephthalate) film (28). Clearly, it cannot be assumed for thermoplastic films that ¥
i« material property, independent of thickness. Apparently no work has been pul-
lished concerning the effect of sample thickness on ¥ for any rubbery polymer. .

Compression, If a specimen is compressed uniaxially at consfant speed, the
lowul developed can be recorded as a function of the deformation (29). This can be
converted into a true stress—strain curve. A compression test has the following two
advantages over a tensile test for determination of deformation: (1) When a material
is brittle in a tensile fest, the tensile vield stress cannot be measured direetly. It may
be that such a material is not brittle in a compression test; it is then possible to measure
the yield stress in compression.  (2) When a specimen fails by necking rupture in a
tensile test, the true stress-strain curve can be obtained only in a limited range of
strains.  Since sueh a material is generally more duetile in compression, the compres-
sive true stress-strnin curve ean be obtained up to higher strains.

The main difficulty with compression tests lies in ensuring that the stress is uni-
form. Long thin specimens buckle and short fat specimens barrel because of frietion
etween the loading plates and the specimen ends. A preferable form of compression
test was devised by Watts and IFord (30) for metal sand has been applied to thermo-

plasties by Williams and Ford (31). This test uses a technique in which the center of a-

specimen is compressed between two dies. When the dies are moved together with
constant speed, the specimen is compressed in one direction and expands outward at
right angles. Because of frictional restraint there is no strain in the third orthogonal
direction except for relatively small end errors. Because the strains are thus confined
1o a single plane, this is called a plane-strain compression test. The curve of load
against deformation can be recorded and. because the area of contact is constant
throughout the test, the curve can be converted directly into a true stress—strain eurve;
the load recorded is proportional to the true stress, unlike the situation in uniaxial
tensile and compressive tests where the loads must be corrected to allow for the
changing eross-sectional areas. Of course, this test is not designed to give a direct
measure of fracture but its particular value is that it provides a true stress-strain curve
directly, even when this ix diffieult in tension because of necking and fracture. It has

the following twa disadvantages: (1) The results are not extended reliably beyond -

nominal strains of about 709, which is the equivalent of a tensile draw ratio of about 3.
Behavior at much higher draw ratios than this can be investigated in tension in the
favorable cases when the specimens do not break. (2) It may be necessary to make
tests with a series of different dies of varying length-to-width ratios to overcome ex-
perimental errors caused by friction and specimen geometry (30, 31). o

Mechanism

It is usual to start a discussion on the mechanism of fracture by 'puint.ing out that
the measured tensile strengths of solids are much lower than the theoretical strengths
as caleulated from the atomie binding forces. TFor arganie polymers, the maximum
theoretical strength is that of a ‘carbon-carbon bond, which has been given by de
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Bocer (32) as about 4 X.10" dynes/em? and by Mark as about L5 X 10n dynes/em?

" (33). In comparison, the usual tensile strengths quoted for clustomers and plnstics_.urc_,_
much lower, lying in the neighhorhood of 10° to“10° dynes/em2. However, this simple

comparison is too superficial beeause the measured tensile strength ¢an ‘be varied con-
siderably by changes in the tost tcmpcr:tlm'c and the niolecular orientation in the
sumple (34) and these factors are not considered in the aleulations of de Boer and
Mark; in practice, the tensile strength of o carbon-carbon boiy cannot be approached
unless the molecules are highly oriented iy the direction of the applied tensile foree,
The highest polymer tensile strength ‘published is about 2.3 X 10w dynes‘em?, givery
by Milagin and Shixhkin (35) for 4 drawn nylon fiber tested in liquid nitrogen. “If the
test specimen had been quite perfect, presumably it would have extended until all the
molecules weye fully oriented ang then have hroken at g true stress at least siy times
higher. This leads to the conclusion that this fiber did not have a perfectly uniforny
structure and that the stress at the point where fracture originated was higher than
the average measured stress. It is therefore assumed that all other polymer samplex
whose fracture stresses have been recorded to date also contaip structural irregularities

at which the loea] stress and strain are higher than the average measured stress and
: i iy

strain, ; e : :

If fracture originates at a structural irregularity or fault in the specimen, it is
necessary to consider hoy a crack propagates fron; the fault. Griffith (14) suggested
that, for glass, the faults had the form of sharp cracks (length ¢) and that they prop-
agated when the stress reached avalue av/¥5 /¢ (see the section on Natural Cracks).
».-\ccording to Griffith’s original idea, 7, the surface energy controlling fracture, was the
same as the normal surface energy, but this idea is no longer accepted. Orowan (36)

demonstrated that, for metals an overwhelmingly Jarger contribution to the fracture’

surface energy came from plastic deformation localized on the fracture surface. Berry
37) demonstrated that even for brittle fractures iy plastics, the fractuie surface
energy is on the ordey of 10° ergs/em? compared with abgut 50 ergs;'em? for the normal
surface energy ang about 200 ergs/em? caleulated from the assumption that the only
cnergy-absorbing mechanism was the rupture of carbon-carbon bonds. Iike Orowan,

Berry_ attributed this large discrepancy to the “energy dissipated in inelastic processes

which occur under the influence of the high stresses at the tip of the flaw.” In othey -

words,.éven in a fracture which appears brittle by the criterion given above (p. 303)
{since the average strain does not reach the yield strain) there is localized Yielding and
extension to strains beyond yield. These considerations suggest. that there are signifi-
cant similarities between brittle fracture and necking rupture and, indeed, these two
types of failure have foyy iImportant features in common: -

1. In both cases the yicld strain has been exceeded iy part of the specimen.

2. As Kambour (38,39) has shown, the material on brittle fracture surfnees con-
sists partly of oriented polymer molecyles, It is readily shown that the materia] in
the necked region of a specimen which has failed by necking rupture alzo consists
partly of oriented polymer moleculos, ’ G

3. Kambour has also shown that the material on brittle fracture surfaces Is par-
tially void. This Is also often true of the material in the necked region of o specimen
which has failed by necking rupture (see the seation o Necking Rupture ang Iig. 8).
The oceurrence of voids ean be understood by ::uusith_-rin;; the stresses on the lractwee
surface. When {he vield stress is re:lclmd-'lm-aHy, the material extends and. in ordop ta,

keep the volume constant, it is necessary for the extension to be accompanied by side-

e LN,




b Fraer re ..

Wiys contractions, ‘However, restraining forees from neighboring material, whj,.,
has not vielded, teng Lo prevent these contractions; the locally yielded materiy),
therefore, heeomes subjected:to fensile
stress naturally tends to cause cavitation or microvoiding, Thij
feature commaon to brittle fracture and necking rupture.

L I both eases the stress sy=stem has a high triaxial (o
the restraining influence of the neighboring material.

On the other hand, there are twi najor differences between brittle fracture
neeking rupture: (@) In brittle fracture the yielding
are not observed in the

% pmvide_s the fomr),
nsile component because of

ang
and deformation beyond yielg
macroscopie load-deformation curve. () The depth of
material in which the strain exceeds the yield strain is very much smaller in brittle
fracture than in necking rupture, Kambour (39) estimated that the depth of residua|
deformation in « slow brittle erack in a sample of poly(methyl methacrylate) was
0.68 k. In ||t.-r]ci|igruptur{:, the depth of residual deformation is often several thousan]
times greater than his, 2 4

1t seems, therefore, that brittle fracture can be considered to be
Tocalized form of necking rupture, In the section on
neeking was an inxtubilily_uf. deformation caused by
Slress=strain eurve, Williams and Turner (40) have
of the state of stress at the tip of the crack and h
most, problems of fracture of ft{iet-es,t to the e
*eparation of the material.” In other words, t
instability of the type dise

Williams

an extremely
Cold Drawing it was shown that
the reduction in slope of the true
performed an approximare analysis
ave concluded that “in many, if not
ngineer, a plastic instability precedes
he mechanism of fracture involves an
ussed in conneetion with necking in cold drawing.

and Turner assumed a stress=strain law of the form given in equation 22 .
where ¢ and ¢ are equivalent stress and strain, and deduced that fracture toughness

e = A8 22

(K. or @) should increase as the strain-hardenin
anulvss is only approximate, and because
erally true for polymers, the quantitative conclusions of their approach eannot be
applied directly, However, as a matter of principle, it follows that. the details of frac-
ture hehavior depend upon the details of deformation behavior beyond vield. TIn
particular, it is to he expected that the fracture toughness tends' to increase as the
rate of nrient:ltiu::~.‘ml-denillg increases. ' . i
To summarize the foregoing, four points may be listed: (
stresses ave less than theoretical fracture stresses and therefore fracture must originate
at flaws, (b) Observed fracture swrface energies are greater than theoretical fracture
surface energies and therefore there are localized inelastic deformations even in brittle
fractures.  (¢) Brittle fractures are extremely localized necking ruptures and therefore
invalve instabilities of deformation.  (d) Instability of deformation and fracture
toughness are dependent on the rate of orientation hardening beyond the yicld point,

g exponent n increases. Because the
the stress-strain relation used is not gen-

a) Observed fracture

Factors Affecting Fracture - -

Fracture and Defurnial_)_ilily. The femainder of this article
consideration of Lhe cffects of
in the material under ex

will be devoted to
a variety of changes; cither in experimental conditions or
amination,on the fracture behavior. Iracture js always pre-
Mj‘_wdcmrmminn of the test specimen and, as shown-in the discus-
slon in_the scetion ::bm-'(f,_l'r:w_ture is -prec-cded_or accompanied by- higher local de-

stresses in all directions. This triaxial tensile
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