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Abstract—In a simple impact experiment with a Hookean solid, such as a glass beam, the energy absorbed is simply
related to the modulus of elasticity and fracture strength at short times. However, with plastics under nearly all
conditions, the energy absorption due to pure elastic deformations is small and toughness is achieved through large
deformations taking place after yield. Even in "brittle" plastics the energy required for crack propagation is mainly
determined by the plastic deformation processes, such as crazing, which take place in a small volume of material at
the crack tip. In such cases a major factor in determining the total energy absorbed by the test-piece is the volume of
plastically strained material.

Generally it is found that plastic deformation processes in polymers tend to be unstable leading to large localised
strains instead of to uniform deformation. This is seen in necking under tension and in shear bands. A basic condition
for such localization is the occurrence of strain softening and, in tension, material attenuation—as originally proposed
by Considere. This conclusion is broadly in line with known stress—strain relations. For example, in the case of
polycarbonate it can be shown that an annealing treatment leads to increased strain softening, a decrease in the
volume of plastic strain during impact and a lower impact strength. This occurs without changes in relaxation
behaviour.

Since the energy absorbed in the brittle fracture of many plastics involves crazing, which is of course a plastic
deformation process with high energy absorption, the multiplication of crazes also increases the volume of
plastically strained material and therefore the amount of energy which can be absorbed by the test-piece. This is
conventionally achieved by adding suitably dispersed and adhesive particles of rubber to an otherwise brittle polymer
such as polystyrene.

However, the introduction of an elastomer not only promotes crazing but, especially with the tougher types of
matrix, it can initiate shear bands and even bulk yielding. These effects may be demonstrated in ABS. plastics by
monitoring volumne changes and by a variety of other techniques. In this way the capability of the matrix to absorb
energy during plastic deformation is spread through the test-piece so that products of very high impact strength can
be made.

The toughness of plastics is most conveniently measured
by means of a suitable impact test. Such tests measure the
energy required to fracture the test piece under an applied
blow. The results obtained are generally regarded as
qualitative only, though essential for many purposes, but
their precise significance is often questioned. However,
considerable progress has now been made in the case of
brittle fracture, where the conditions defined by Tattersall
and Tappin' apply. These may be defined in terms of the
elastically recoverable energy stored in the test piece (U)
and of the energy G required to propagate unit area of a
crack (area A).

Here —d U/dA = G. is the original Griffith—Irwin condi-
tion for crack growth.2

Further, where — d2U/dA2 is always positive, the energy
stored in the test-piece at the time of fracture initiation will
be sufficient to break the sample completely.

Thus true brittle fracture is "initiation controlled" and
the impact strength is simply the energy required to
initiate fracture. These conditions are met in the case of
impact on a simple beam or plate of a solid which obeys
Hooke's Law. Ordinary glass provides a material with
suitable properties. The theoretical treatment for the case
of a "flexible" beam i.e. a beam which bends and breaks
under the maximum tensile stress has been given by
Preston and Glathart3 following the treatment which
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Preston originally ascribed to Tuckerman4 and the experi-
ments of Haward.5 If a weight WI' is dropped a height h
onto a beam of volume V with a Young's Modulus E, then
the maximum momentary tensile stress is

//2 WhEcr3i
and if cr/ is the breaking stress in time t then:

Wh =Energy to break =
V

18 E

i.e. the energy to break is proportional to the volume of
the beam. This formula has been tested by breaking glass
beams under a static load and by means of a heavy
pendulum. Fracture time and stresses were then calcu-
lated to provide the ratio ((o/) impact/(o') static) and
these could be compared with (extrapolated) long-time
experiments in which the relation between fracture stress
and fracture time had been measured. The results ob-
tained from a series of measurements5 on differently sized
beams and plates are given in Tablel.

Such results indicate that this type of impact experi-
ment is reasonably quantitative. It follows immediately
that the way to increase the impact strength of glass is to
increase (ff/), and when this is achieved by means of the
conventional toughening process similarly predictable in-tHere weight is used in an engineering sense i.e. W = gM.
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Table 1. The fracture stress of glass beams and plates under
impact and static loading

Glass beams Glass plates
(o') Impact Experimental 1.58 1.91

(cry') Static Predicted from
known time

effect 1.73 2.04

creases in impact strength (and decreases in the coeffi-
cient of variation) are obtained.6

With the glass specimens treated above, the effect of
surface condition varying from one test-piece to another
was eliminated by giving all results as an average of 20 or
more individual experiments. However recent develop-
ments in fracture mechanics7'8'9 now make it possible to
correlate impact measurements with sharp notched
specimens over a whole range of sizes and crack lengths. In
this way both Brown8 and Plati and Williams9 successfully
correlated the impact strength of razor cut specimens of
various polymers, including polymethyl methacrylate,
polycarbonate and polyethylene terephthalate, using
equations derived from fracture mechanics, and obtained a
value of G. for each material under impact conditions (Fig.
1). Homogeneous polymer samples of this type, which
have a low ratio of (notch tip radius/sample width) will
generally break in a brittle-crazing mode under plane strain
conditions, meeting at the same time the conditions for
brittle fracture summarised by Tattersall and Tappin.'

Now it is a requirement of the brittle fracture process, as
interpreted according to the theories of Griffith2 and
Berry,'° that the stored elastic energy should be conveyed
quantitatively to the propagating point of the crack.
Therefore if this energy is in part dissipated in the polymer
then the crack growth process will be impeded, and impact
strengths measured under apparently brittle fracture
conditions will increase in the same sense as the loss factor
(tan 8).

This effect has been demonstrated by Vincent, who also
induced brittle fracture under impact in a number of

Fig. 1. Initiation-controlled impact fracture of poly(methyl
methacrylate). Razor-notched specimens of thickness B, notch
depth a and compliance C. Dimensionless factor 4) =

Cd(a/D)/dC. Slope G = 1.3 kJ/m2. After Plati and Williams.9

different polymers by using sharp notches and obtained
results which corresponded directly to relaxation peaks."
An example taken from his work is given in Fig. 2.

Under conditions of brittle fracture the energy to break
is absorbed by small deformations2 distributed through the
plastic or glass according to the laws of classical elasticity.
Many polymer glasses do show brittle fracture below the
glass transition temperature (Tg), and when this occurs no
large plastic deformations are visible to the naked eye or
even in the optical microscope. This led to the concept that
large deformations did not occur in polymers below 72
As a consequence of this proposition it would, of course,
follow that the impact strength of amorphous glasses was
controlled by relaxation loss peaks relating to small
deformations (generally <1%). In fact, however, the first
proposition is untrue and the second has been found to
have rather limited application to homogeneous plastics
tested unnotched or with conventional blunt notches
although a great effort has been devoted to searching out
suitable correlations.'3'6

A further point which has been demonstrated conclu-
sively in recent years concerns the fundamental nature of
the fracture process. Here it has been shown that when
brittle fracture occurs with the conventional glassy
polymers, the fracture process itself takes place by the
formation and fracture of crazes which involve large local
deformations 17-20 as shown in Fig. 3(a) and (b). Only if the
polymer molecular weight is reduced below that associated
with the entanglement molecular weight'9 is a smooth or
relatively smooth fracture surface obtained (Figs. 4a and b)

0.15

(b)

Fig. 2. Relaxation peaks and impact strength. (a) The effect of
test temperature on tan 8 for a sample of polytetrafluoroethylene.
The frequencies at the peaks were as marked.11 (b) The effect of test
temperature on impact strength with very sharp notches for a

sample of polytetrafluoroethylene as in(2a).
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shear band formation have been observed in HIPS/PPO
notched Izod specimens, using scanning electron micros-
copy.49

In simple terms, both the crazing stress and the shear
yielding stress are functions of the time at which
observations are made. As the time under load is reduced,
the shear yield stress increases more rapidly than the
crazing stress. Rubber toughening turns this trend to
advantage at high strain rates by exploiting the energy-
absorbing potential of the craze mechanism.

The multiple-craze mechanism offers another advan-
tage. An important factor in notched impact testing is the
state of triaxial tension which is established at the base of
the notch. In most materials, the resulting cavitation leads
to brittle fracture. In rubber-toughened plastics, on the
other hand, the tendency towards cavitation process,
which is automatically multiplied by the rubber particle
system.

THE IMPACT STRENGTH OF SHARP.NOTCHED TEST PIECES

As previously discussed, the impact fracture of
sharp-notched specimens is initiation controlled in most
polymers, so that all the necessary energy for fracture is
stored in the specimen at the beginning of the crack
growth. Polycarbonate, high density polyethylene and
nylon 66 all of which are normally regarded as tough
plastics, are relatively brittle in this sense. The value of
5kJm for El. in polycarbonate is particularly low,8
indicating a very small amount of plastic deformation
during the propagation of the crack.

The materials which gave the best performance in
experiments with razor notches were the rubber-
toughened plastics. Even in the presence of a very sharp
notches, HIPS and ABS gave tough, propagation-
controlled impact fractures,8'9 with G. (or more strictly J)
values of 15 and 50 kJm2 respectively for the materials
studied by Williams.8'9 The toughness is of course a
function of rubber content in this class of polymers. It
should be noted that this observation concerning propaga-
tion control applies to tests at room temperature. At low
temperatures, especially below the Tg of the rubber,
impact fracture in rubber-toughened plastics is initiation-
controlled.33'50'5'

CONCLUSIONS

The toughness of a polymer is a function of testing
conditions and materials structure, both of which
determine the extent of plastic deformation occurring
before and during fracture. Important test variables

include specimen geometry, strain rate, and temperature.
Structural changes due to thermal treatment significantly
affect impact strength in homogeneous polymers such as
polycarbonate by altering the plastic yield characteristics.
The addition of a disperse rubber phase increases the
impact strength of a wide range of plastics by providing a
multiple-craze mechanism for energy absorption, a plastic
yield process which is enhanced by synergistic shear band
formation in the more ductile polymers.
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