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Figure 6 A transmitted light micrograph showing the way
in which planar cracks are deviated in the presence of
voids.

cantly retard the rapidly moving cracks charac-
teristic of the “hackle” region. The “slip-stick”
marks on the surface indicate that the crack may
bow slightly at voids as shown in Fig. 7 but there
is a great deal of scatter on these observations,
and the major feature of crack-void interactions
in this region is the long steps in the fracture
surface left trailing behind voids after a crack has
passed.

Similar effects to those described here mayalso
be expected in thermoplastics containing par-
ticles whose elasticmodulus is less than that of the
matrix. In particular, the low stress region above
and below low modulus particles may have an
effect on the properties of more technologically
important particle modified materials than the
one described here.
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Figure 7 Fracture surface showing the interaction of a
moving crack with a void. The direction of crack pro-
pagation is indicated by the arrow.
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The structure of the high pressure phase
in cis-polyisoprene

In studies of the crystallization of polymers
under high pressure, two new crystalline forms
have been reported, one in cis-polyisoprene [1,
2] and one in polyethylene [3-5]. The mor-
phological form of both species is similar, being
ellipsoidal (oblate or prolate) although the
species in polyethylene are up to a thousand
times larger than those in cis-polyisoprene (Fig.
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1). Precise identification of these phases is
difficult since in neither case may the phase be
maintained at atmospheric pressure and room
temperature. With cis-polyisoprene we have
recently succeeded, by quenching to 0°C before
releasing the pressure, in producing a stable
specimen. The specimens, which as detailed
previously [1, 2] were in the form of thin films
supported by electron microscope grids, were
stored in liquid nitrogen prior to performing the
electron microscopy. Electron diffraction
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patterns were obtained using a JEOLCO
JEM-7 transmission electron microscope, with
cold stage attachment, operated at 100 kV. The
film was scanned under diffraction conditions at
sub-visual intensities and the pattern recorded
using fast photographic plates (Ilfford X-M). A
bright-field image of the selected area was then
obtained to confirm the nature of the mor-
phological species producing the pattern. Diff-
raction patterns of the spherulitic structures
which grow out of the high pressure phase after
long times were also obtained. They were
identical to patterns obtained from normal
spherulitic growth at atmospheric pressure.

The patterns characteristic of (a) the high
pressure phase, (b) normal spherulitic growth
and (c) the amorphous phase are given in Fig. 2.
Microdensitometer traces of patterns (a) and (b)
together with reflection assignments are given in
Fig. 3 to facilitate a comparison. Only two
crystalline reflections may be resolved from the
amorphous background for the high pressure
phase. These rings may be identified with the
(020) and (002) reflections of normal spherulitic
lamellar crystals. Particularly noticeable is the
absence of the (200) reflection which is always
the most intense of the reflections characteristic
of cis-polyisoprene crystals. Clearly the two
structures bear some resemblance to one another
but that of the high pressure phase is much less
ordered.

The (002) reflection is characteristic of the
c-axis spacing in cis-polyisoprene and indicative
of the ordering along the molecular axis.
Molecular conformation typical of the more
usual crystal has, therefore, been retained in the
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Figure 1 The high pressure phase in
cis-polyisoprene (stained film; grown at
28°C and 3 kbar).

new phase. The (020) reflection is the usual
manifestation of the b-axis spacing, but in this
case since it is the only (hko) reflection the
structure is uniaxial about ¢ with axes per-
pendicular to ¢ having lengths equal to the for-
mer b-spacing. Hexagonal or tetragonal sym-
metries are possible and a definite assignment
cannot be made. A considerable amount of
disorder must, however, exist in the (hko) plane
since the (020) reflection is very broad (the
spacings associated with the half-width points are
4.70 and 4.30 A respectively. This could be due
to the protruding methyl groups preventing such
close packing from being completely achieved.
Conspicuous by their absence are reflections
corresponding to other planes in a fully-ordered
hexagonal or tetragonal system. Unlike in high
pressure X-ray studies [5], there are no experi-
mental reasons for believing that an incomplete
pattern has been obtained. Any postulated
structure must account for the lack of appro-
priate reflections. Two alternative structures
are (1) a canonic crystal [6] or (2) a semi-ordered
smectic liquid crystal [7, 8}. Canonics are known
in solutions of polymers and correspond to a
packing of rods in a hexagonal array. A set of
X-ray reflections is characteristic rather than a
single line. There are many variants of smectic
liquid crystals, the common feature being a
layered structure. In smectic B, liquid crystals
[8] the characteristic wide-angle X-ray spectrum
comprises a broad reflection corresponding to
the average spacing between the molecules. The
molecules are oriented perpendicular to the
major dimensions of the “crystal”, a situation
normally encountered in lamellar crystals of
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Figure 2 Electron diffraction patterns of (a) the high
pressure phase, (b) normal spherulitic growth, (c) the
amorphous phase

d. Spherulitic
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Figure 3 Microdensitometer traces of electron diffraction

patterns characteristic of (a) the high pressure phase, (b)
normal spherulitic growth.

polymers. An additional reflection is found in the
low-angle X-ray region corresponding to the
layer thickness. This particular structural classi-
fication would seem to best approximate our
system, with the proviso that our crystals are
monolayers with layer thickness corresponding
to the thin dimension apparent in micrographs
(Fig. 1.

Since the phase is less stable than the normal
metastable folded-chain lamellae [10] which
grow into and replace it at longer times, the
concept of a partially ordered, although more
dense, phase is acceptable. A fully ordered
hexagonal phase of higher density than the
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normal crystal structure would be at variance
with such an observation.

There is a remarkable similarity emerging
between our postulated structure and observed
morphology and that of the fringed micelle
thought in the past to be characteristic of crystal
structures in polymers. A fully ordered structure
was associated with the fringed micelle, but an
alternative way of describing our high pressure
phase could be as fringed micelles in which the
chains have packed together in an approximately
uniaxial fashion. We are, of course, unable to
comment on the molecular structure of the end
surfaces.

The reported diffraction pattern for the high
pressure phase in polyethylene [5] is consistent
with our proposed model, even though it was
interpreted as a fully-ordered hexagonal phase.
In shape, the species in both polymers are
remarkably similar although the nucleation
densities and sizes are very different. Indeed, it
has been suggested [9], on the basis of in situ
crystal growth studies, that the phase in poly-
ethylene is liquid crystalline in nature. The
suggestion made was that a nematic was the
correct classification, but this would not be
consistent with the X-ray data [5].

We would suggest that in view of the remark-
ably similar crystalline and morphological
structures there is a possibility that this dis-
ordered hexagonal or liquid crystalline phase
may be a general occurrence in crystalline
polymers at sufficiently high pressures if nuclea-

tion and growth of lamellar crystals is severely
inhibited.
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On the mode of chipping fracture in
brittle sofids

Chipping processes in brittle solids, despite their
unquestionable relevance to a diversity of
technologies from ceramics finishing to geo-
logical engineering, are not well understood at
the fundamental level. Some recent studies of
microfracture patterns beneath standard hard-
ness indenters do, however, provide some insight
into the problem [1, 2], and it is our objective
here to indicate how this insight may be applied
to construct a physical model of chipping
fracture. Essentially, the picture which emerges
is that depicted in Fig. 1. (i) Upon loading the
indenter, a confined zone of irreversible (plastic)
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deformation forms about any sharp points or
corners (thereby accounting for the residual
hardness impression), from which “median vent”
cracks first initiate and subsequently propagate
radially outward along suitable planes of
symmetry (e.g. as defined by the diagonals of a
pyramid indenter, or by preferred cleavage
planes) containing the contact axis. (ii) Upon
unloading the indenter, the median vents close
up but, just prior to complete removal, “lateral
vent” cracks initiate and extend laterally from
the deformation zone toward the specimen
surface. Of the two types of cracking, it is clearly
the second which relates more directly to brittle

chipping.
However, up to now a detailed fracture
© 1975 Chapman and Hall Ltd.



