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Plastic fracture in poly(vinyl chloride)

N. WALKER, R. N. HAWARD, J. N. HAY
Department of Chemistry, University of Birmingham, Birmingham, UK

The strain fields around diamond-shaped cavities in cold-drawn rigid PVC have been
determined by the application of fine grids to the specimen surface. An element of
material adjacent to the diamond tip deforms predominantly in simple shear with a
direction of strain parallel to the draw direction. Each element attains a maximum shear
strain before the next element begins to shear. This process, possibly analogous to neck
propagation in tensile tests, produces the characteristic diamond shape. Simple extension
and simple shear tests on cold-drawn PV C confirm that under the stress system around a

cavity, simple shear in the draw direction is a favourable mode of deformation.

1. introduction

Recent studies [1—3] have shown that post-yield
fracture in several glassy polymers is initiated by
cavities which grow in the drawn material. The
cavities grow from defects such as scratches or
crazes on the surface of the specimens. At the
surface the cavities generally have four roughly
equal straight sides which form a rthombus whose
long and short diagonals lie, respectively, perpen-
dicular and parallel to the draw direction. Spurr
and Niegish [4] were the first to note the
“diamond-ike” profile of these cavities, which
subsequently  have been labelled simply
“diamonds”. In the earlier stages of growth the
interior of the diamonds has a well-defined edge
which runs in a curved path from one end of the
long diagonal to the other, and corresponds to the
crack front in general fracture mechanics (Fig.1a).
However, in thin sheet the diamond can penetrate
the thickness of the specimen and become a
rhomboidal prism (Fig. 1b). In specimens with a
rectangular cross-section, diamonds can grow from
defects on the corners. A “corner diamond” has
straight sides on adjacent faces and the crack front
runs through 90° rather than 180° (Fig. lc).
Again, in thin specimens corner diamonds can
penetrate the thickness and in this case they are
called “edge diamonds” (Fig. 1d).

In a typical tensile test of a strain-softening
glassy polymer extended at a constant rate, a neck
is formed which propagates down the specimen
under a constant drawing load. As the neck
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propagates diamonds can be initiated in the drawn
material. At low strain-rates (<107 sec™) the
diamonds grow in a slow, stable manner until one
reaches a critical size and initiates a rapid failure,
which can occur before or after the neck has
propagated along the whole length of the specimen.
This type of plastic fracture has been observed at
room temperature in both rigid [1, 3] and plasti-
cized [S] PVC, polycarbonate [S], cellulose
acetate [5] and nylon [6] . At higher temperatures

Figure 1 A schematic representation of the four types of
diamond cavities.
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PMMA [2], poly(ether sulphone) [2] and poly-
styrene [7] also fracture via diamond formation
which appears to be the most common failure
mode of glassy polymers at high extensions. In this
study we have used rigid PVC as the material in
which to study diamond formation, but it is
reasonable to assume that the conclusions drawn
apply to other polymers which display diamonds.

Since diamonds are embedded in a highly
anisotropic medium and prior to the final failure
can have dimensions comparable to the specimen
width, the commonly used theoretical models can
only be applied in a very general way. Conse-
quently, any quantitative investigation must be of
an empirical nature. While it is difficult to
determine experimentally the stress field around a
diamond, the strains can be obtained by direct
observation. In this study the strain fields were
derived by applying fine grids to the surface of the
specimens and photographically recording the
deformation as the diamonds propagated. However,
the strain fields cannot be fully interpreted
without a thorough knowledge of the response of
the drawn material to stresses which are not in the
draw direction. Since a complex stress system
exists near a diamond, it would be advantageous to
investigate the behaviour of the drawn PVC under
at least biaxial stress. In order to obtain this
information, both simple extension and simple
shear experiments were performed on specimens
cut from cold-drawn PVC at various angles to the
draw direction. '

2. Experimental details

PVC sheet was formed from a commerical mass
polymer, trade name Breon, supplied by B.P.
Chemicals. The polymer was obtained as a fine
powder with an average particle size around
100 um. The weight and number average molecular
weights were determined by G.P.C. to be 80500
and 30000, respectively, To reduce degradation,
the PVC powder was mixed with 3% by weight of
an organo-tin stabilizer, trade name Irgastab, in a
Papenmaier high-speed mixer. Sheet material was
then formed in a conventional heated press using a
temperature of 200° C and a pressure of 9 MPa for
90sec. After that period the press was cooled
rapidly using circulating water. The former
employed produced sheets 150mm x 150mm ~
1.1 mm thick. It is known from recent studies [8]
that sheet formed in this manner has very little
molecular orientation and the small amount of
crystallinity usually found in commercial PVC has
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been removed. Also, the structure of the resin
particles which can persist in PVC fabrications has
been removed with the crystallinity. The PVC
sheet so formed is, therefore, effectively amor-
phous, isotropic, and apart from the stabilizer,
free from additives. Conventional dumb-bell
specimens complying with the former British
Standard test BS2782 method 301E [9] were cut
from the sheet. These specimens had a narrow
section 51.0mm long and 12.7mm wide. Each
specimen was polished with alumina papers and
diamond paste to produce a surface finish
comparable with that of commercial sheet.

In order to observe the sirain fields around the
growing diamond, a fine copper mesh was placed
on the surface of each specimen and 80-20
Gold—Palladium alloy was evaporated on to the
assembly. A rectangular area (~40mm x 12.5 mm)
of the surface was thereby covered by squares of
deposited metal. This method has been successfully
employed in fracture studies of rubbers and
uniformly extending polymers by Andrews and
Fukahori {10]. The size of the squares was
equivalent to the apertures in 400 mesh electron
microscope grids (~64um X 64 um). Initially,
diamonds were examined as they arose by chance
in the area covered by the grid, but later it was
found prudent to initiate diamonds in the centre
of the specimen by touching the surface with a
scalpel point which usually produced a sharp
defect covering two or three horizontal grid
squares. The specimens were then extended on an
Instron testing machine at 23° C and 50%rh. It
was found that at cross-head speeds greater than
02cmmin™! any diamond which formed grew
rapidly and initiated a fast fracture. A possible
explanation is that the temperature rise in the
propagating neck is significant (>10°C) and
thermal softening enhances diamond growth. At
lower cross-head speeds, the diamonds grew in a
slow, stable fashion and could be observed more
easily. Generally, the tests were performed with
cross-head speeds in the range 0.01 to O.1cm
min~'. During each test the propagation of the
diamonds was recorded photographically by means
of a travelling microscope fitted with a 35mm
camera.

The characterization of the mechanical
properties of the drawn PVC required large
plastically deformed areas from which to take
specimens. Consequently, the width of the tensile
specimens was extended to 60mm. These
specimens were then extended at a slow strain-rate



(~107%sec™!) until the neck had travelled the
whole length of the narrow section or diamond
fracture occurred. Away from the propagating
neck the thickness of the drawn area was fairly
uniform and generally in the range 0.65 to
0.75mm. The draw ratio of the two types of
specimens described above did not differ signifi-
cantly and was close to 2.4 in all experiments.
Tensile specimens were cut from the drawn
material at various angles to the draw direction.
These were conventional dumb-bell specimens
(narrow section 25 mm x 4 mm) whose dimensions
conformed to the former British Standard test
BS2782 method 301K [9], aithough the gripping
area was reduced in some instances in order to
conserve material.

The simple shear experiments were performed
by use of the testing rig shown in Fig. 2. This rig
was built to the basic design given by Coker and
Filon [11] but with certain modifications. A sheet
of the material under test is clamped in the three
grips and then the central grip is drawn through
the base of the rig and extends the specimen in the
simple shear mode. The separation of the grips was
adjustable but was maintained at 5mm during
these experiments. The guide plates at the
extremity of the central grip are to prevent any
movement out of the plane of the rig. For
convenience and to conserve material, simple shear
specimens were cut from the drawn PVC in two
sections and spacers of the same width were placed
in the outermost halves of the stationary grips. A
simple shear rig of this type has the disadvantage
that the free edges cannot support a normal stress
component and, therefore, the adjacent material
cannot be deformed in simple shear. However, the
length of the specimens was generally around
50mm and the high length/width ratio reduces the
errors produced by this edge effect. This configur-
ation also ensures that the material remains in
simple shear at high extensions provided the
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specimen remains planar. The effect of orientation
on the simple shear properties was also investi-
gated. Here we define the angle of orientation to
be between the direction of shear stress and the
draw direction.

At low extension rates diamonds grow in a slow,
stable manner, and yet since the matrix is already
plastically deformed, the tip cannot be “blunted”
by the creation of a plastic zone or a craze. It is
obviously important to understand how the
material separates to form new surfaces. The
resolution provided by scanning electron micro-
scopy is not adequate to produce any significant
evidence other than the absence of large scale
cavitation [3]. Consequently, to obtain more
information on the propagation mechanism, single
stage carbon-platinum replicas were taken from
the fracture surfaces of diamonds and examined in
the transmission electron microscope.

Experiments were also made to investigate
whether there was a minimum defect size required
to initiate a diamond. Specimens were stamped
with metallographic polishing papers to produce a
series of discrete defects. Each specimen was
extended until fracture occurred and then the
defects were examined in the scanning electron
microscope.

3. Results

When extended each specimen exhibited the
normal behaviour associated with the tensile
yielding of PVC. At yield, a fall in the load was
accompanied by the formation of a shear band
which developed into a neck and travelled along
the specimen at constant load. As an induced
defect was engulfed by the neck it dilated
markedly, and although the diamond shape was
not immediately apparent a ‘‘crack front” was
formed inside the defect. Every defect formed by
stamping with metallographic papers underwent
the same deformation. Fig.3 shows a typical

Figure 2 The simple shear rig used in this work.
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Figure 3 A typical defect in cold-drawn PVC, X 2500.

defect which has developed an internal crack front
perpendicular to the tensile direction which lies
horizontally in the micrograph. The characteristic
straight faces have also begun to grow on each side
of the defect. Diamonds were found to grow from
defects 2 um diameter, which was the smallest size
examined here. The minimum defect size required
for diamond initiation is, therefore, quite small,
and on any normal laboratory specimens such
defects would not be uncommon.

The examination of the strain fields was
confined to specimens where the diamond had
completely penetrated the specimen thickness and
become prismatic, so that the analysis was essen-
tially two-dimensional. Fig. 4 shows a diamond at
two stages in its growth. The diamond appears to
maintain its shape as it grows and merely becomes
magnified with time. In both micrographs the
angle subtended by the faces at the tip is close to
80°. When the diamond propagates rapidly and
becomes comparable in size to the specimen width,
then this angle diminishes markedly. During the
cold-drawing, the 64 um squares are elongated into

Figure 4 A diamond at two stages in its growth.
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rectangles around 150um x 40um and the
thickness is reduced by approximately one-third.
The rectangles are deformed further under the
stress system around the diamond. Using the
co-ordinate system shown in Fig. 1b, it can be seen
that along the x-axis ahead of the diamond tip, the
elements are elongated further, and along the
y-axis the rectangles appear to have contracted and
widened considerably. However, the most striking
feature of the distorted grid is the large number of
elements which have deformed in the simple shear
mode with a direction of strain parallel to the
y-axis. The greatest shear strain appears along the
edges of the diamond, but the sheared region
extends for some distance into the matrix. From
the magnitude of the shear strains and the fact
that the diamond retains its shape on unloading, it
is evident that this shear deformation is mainly
plastic.

Using the method outlined by Nadai [12] the
magnitudes and directions of the principal elon-
gations of each element were estimated. Fig. 5
shows the contours of equal maximum principal
elongation in a quadrant of Fig. 4b. There are two
areas where the maximum principal elongation
differs markedly from that produced by the
necking process. As would be expected, there is a
large increase near the diamond tip where a
significant amount of elastic deformation occurs.
Also there is a region directly above the centre of
the diamond where the maximum principal
elongation decreases considerably. This decrease
cannot be accounted for by elastic strains, and
since the elements in this region remain rectilinear
then considerable plastic flow perpendicular to the
draw direction must have taken place. Along the
diamond face there is little change from the
elongation produced by the necking process. When




Figure 5 The contours of equal maximum principal
elongations in a quadrant around the diamond shown in
Fig. 4b.

the directions of the principal elongations are
examined it is found that the maximum principal
elongation remains within 5° to the draw direction
over the entire quadrant. Presumably this is
because the elongation caused by the necking
process is much larger than that caused by the
simple shear. It is, therefore, evident that the
molecular orientation is not altered appreciably by
the simple shear deformation. Edge diamonds do
not show a similar contraction of the elements
above the diamond because of the presence of the
free surface. Fig. 6 is a micrograph of a large edge
diamond which clearly shows that the deformation
is almost exclusively in the simple shear mode. All
the vertical lines remain in their original orientation
while the horizontal lines change direction as they
approach the diamond. There is no significant
change in the spacings of either set of lines and the
horizontal lines remain parallel in the sheared
region.

Since diamonds are not found in isotropic
materials, their formation is a direct consequence
of the anisotropy of the matrix. The mechanical
tests on the cold-drawn PVC show clearly the
effect of the anisotropy on the yield point and the
post-yield behaviour of the matrix. Fig. 7 shows
the engineering stress versus elongation curves for
a typical series of tensile tests on cold-drawn PVC.
When the PVC is extended further in the draw
direction, there is no clearly identifiable yield
point and the material strain hardens. At 15° to
the draw direction there is a small ‘kink’ followed
by strain-hardening, but at the higher angles a
well-defined yield drop occurs followed by cold-
drawing. The 0° and 15° specimens extended

Figure 6 An edge diamond.
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Figure 7 Engineering stress—strain curves for tensile
specimens cut at various angles to the draw direction.

uniformly while the higher angles produced necks.
The arrows in the figure indicate where the yield
stress was calculated in each case. Obviously the
yield stress falls markedly as the angle to the draw
direction increases, and this can be seen more
clearly in Fig. 8. The variation of tensile yield
stress agrees generally with that found by Rider
and Hargreaves [13] who used PVC that had been
hot-drawn to a draw ratio of 3.3.

A different variation is found when the drawn
material is deformed in simple shear. Here the
angle of orientation, @, is measured clockwise from
the original draw direction to the direction of
shear stress. Two distinct types of behaviour are
found when @ lies in either the range 0 <8 < 90°
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Figure 8 The variation of the tensile yield stress in cold-
drawn PVC cut at various angles to the draw direction.

or 90 <9 < 180°, Fig. 9 shows the stress—strain
curves of typical experiments performed in the
lower range of 6. In these tests, the deformation is
homogeneous and we are justified in using true
stresses and strains. All the curves have a well-
defined change of slope which corresponds to the
yield point except at § =45°, when the slope
changes continuously and the yield point is
difficult to determine. Only the & =0° curve
displays a yield drop, while the remainder strain-
harden immediately after the yield point. The

decreasing slope at high strains is caused by the
specimens folding in order to accommodate the
imposed displacement, and obviously in these
regions the specimens are not deformed in true
simple shear conditions. Above 8 =90° (Fig. 10)
it can be seen that a yield drop generally occurs
followed by a certain amount of cold-drawing.
Although specimens with 6 =90° and 180°
deformed homogeneously, the intermediate values
produced many shear bands. When such a specimen
is positioned between -circular polarizers and
illuminated with sodium light, the shear bands can
easily be seen (Fig. 11a). A simple shear specimen
with 6 = 0° is shown in Fig. 11b and even at large
strains the deformation is quite uniform apart
from the areas near the free edges. The dark
fringes in the interior of the specimen were present
in the drawn material prior to the experiment.
Fig. 12 shows the variation of the measured yield
stresses with the angle of orientation. Each point is
the average of four experiments, and while there is
some scatter in the measured values of yield stress
at any one angle, it can be seen that apart from a
slight increase at 6 = 135° the yield stresses above
8 =90° do not differ greatly. The general form of
the tensile and simple shear stress—strain curves
agrees with that found by Brown et al. [14] who
performed similar experiments on orientated
polyethylene terephthalate.

The large amount of elastic energy absorbed by
the simple shear yielding must reduce the energy
available for producing new surfaces at the diamond
tip. The diamond can, therefore, be regarded as
being ‘blunted’ by the shearing process. Since little
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Figure 10 Stress—strain curves of simple shear
specimens cut from cold-drawn PVC in the range
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Figure 11 Simple shear specimens of cold-drawn PVC cut at (a) 135°, and (b) 0° to the original draw direction.
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Figure 12 The variation of the yield stress in simple shear  Figure 13 The replicated fracture surface of a diamond
cavity grown in PVC, X 45 750.

of cold-drawn PVC cut at various angles to the draw

direction.
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is known of the mechanism by which the diamond
grows, it was hoped to gain some relevant infor-
mation from the fracture surfaces. However, as
Fig. 13 reveals, the replicated fracture surfaces
were merely covered by a rough granulation and
no other significant features were visible. A very
similar morphology was found on the fracture
surfaces of diamonds grown in polycarbonate, and
it appears, therefore, that the growth mechanism
cannot be deduced in this manner.

4. Discussion
4.1. The effect of the molecular anisotropy
on the mechanical properties of cold-
drawn PVC
The results of the mechanical tests can be more
easily understood by considering the orientation
of the principal stress axes to the original draw
direction. In the simple shear experiments the
principal stresses are equal and opposite in sign
and aligned at 45° to the applied shear stress.
Fig. 14 shows four experimental configurations.
When these configurations are compared with the
variation of yield stresses shown in Fig. 12, it is
evident that the yield stress is reduced when a
compressive stress component acts along the
aligned chains. In other words, cold-drawn PVC
shows the Bauschinger effect which implies that
the material will have a reduced yield stress in a
certain direction if it had previously been plastically
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- » Tensile principal stress
- - < Compressive principal stress

Figure 14 The relative orientation of the principal stresses
and the initial draw direction in four simple shear
experiments.
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deformed in the opposite direction. Brown et al.
[14] have shown that drawn polyethylene terepht-
thalate also shows a marked Bauschinger effect in
simple shear. When 6 = 0° and 8 = 90°, there is no
net tensile or compressive stress along the direction
of orientation at zero strain and similar yield
points are obtained. The Bauschinger effect is not
seen in the tensile experiments because there is
always a tensile component acting along the
aligned chains.

The post-yield behaviour is also greatly influ-
enced by the molecular anisotropy. For example,
the simple shear tests at § =0° and 6 =90°
produce similar yield points but their post-yield
behaviour is very different. At finite strains the
aligned chains in the 6 =90° specimen rotate
towards the tensile principal stress, and the
specimen strain-hardens. At 6 =0° the angle
between the initial draw direction and the principal
axes does not change. As yet it is not fully under-
stood why this particular configuration produces
true strainsoftening. For 0° <8 <90°, there is
always a tensile stress component along the aligned -
chains which tends to increase the degree of
orientation and the material strain-hardens.

The tensile specimens also produce tensile stress
components along the direction of orientation,
and yet for §>>30° the specimens appear to
strain-soften and cold-draw. However, because of
the Poisson’s ratio effect, at high 8 there is a
lateral strain which acts in the opposite direction
to the original draw direction and may produce
strain-softening. Also, when necking occurs, the
‘deformation’ of the specimen becomes three-
dimensional since the shear plane of the material
entering the neck is perpendicular to the plane of
the specimen. It is, therefore, difficult to ascertain
the motion of the aligned chains under these
circumstances. '

The simple shear experiments with 90 < 9 < 180
also showed inhomogeneous deformation.
However, in these experiments orthogonal sets of
shear bands were observed. It is most probable
that the constraints imposed by the simple shear
apparatus help to maintain an approximately
biaxial strain field. Although the compressive
component along the aligned chains in these
experiments reduces the molecular anisotropy,
again it is difficult to predict the motion of the
molecules. The configuration in Fig. 14 is, there-
fore, an over-simplification. However, it is evident
that the material strainsoftens initially and at



sufficiently high strains strain-hardening may take
place.

4.2. Diamond formation

From the above considerations, it is evident that
the shear yield stress of cold-drawn PVC is greatly
reduced and strain-softening occurs when a
compressive stress component acts along the
aligned chains. Here it is assumed that large-scale
plastic deformation will only be seen when the
yield stress is exceeded in ome of the strain-
softening orientations. However, while all the
strain-softening orientations have similar yield
points, only one is observed in the vicinity of the
diamond (i.e. when # =0°). In order to understand
why this occurs, we require some knowledge of
the stress distribution around the diamond.
Although the linear elastic model of a line crack
derived by Irwin [15] is well removed from the
physical reality of diamond formation, it is possible
to use it as a first order approximation to estimate
the relative magnitudes and directions of the
stresses around the diamond. For simplicity it is
assumed that yielding will occur at a particular
point when the maximum in-plane shear stress,
Tmax, Teaches a critical value which depends on
the molecular orientation. Although the principal
stresses around a crack are always tensile, by using
a critical value of 7., we are considering only
the deviator stress tensor which does have
compressive  components. Since hydrostatic
pressure has little effect on the yield behaviour of
polymers, most commonly applied yielding criteria
(e.g. Tresca or Von Mises) are also derived from
the deviator tensor. Using the polar co-ordinates
(r, ¢) as shown in Fig. 1b, the linear elastic model
predicts that close to the crack tip 7., varies as
sin ¢ and its direction bears an angle of 3¢/4 to the
x-axis. If 7, around a diamond varied in this
way, then a compressive strain would only occur
along the original draw direction when ¢ > 27/3.
Since the magnitude of 7,,,, is decaying with ¢ in
this region, large-scale plastic deformation will first
occur at that transition. At that point, the direction
of Tiax is parallel to the draw direction. Obviously
these results cannot be applied directly to the
diamond cavity, but it is reasonable to assume that
there will be a transition from strain-hardening to
strain-softening orientation of 7., in the second
quadrant of ¢. Gross shear deformation first takes
place at that transition and in a direction parallel
to the original draw direction.

Along the x- and y-axes there are no shear
stresses in the vicinity of the diamond, and here
we sce purely uniaxial deformation. The high
stress at the diamond tip produces considerable
extension in the draw direction even though the
material strain-hardens rapidly in that direction.
On the other hand, because of the adjacent free
surface, along the y-axis the major stress
component near the diamond is perpendicular to
the remotely applied stress and the deformation
should be comparable to that of the 8 =90°
tensile test. However, no inhomogeneous defor-
mation analogous to neck formation is observed. It
appears that the material constraints around the
diamond only allow in-plane shear deformation to
take place. The postyield deformation in the
tensile tests performed with 8 > 30° is, therefore,
probably not relevant to the strain field around a
diamond.

At this point it is possible to outline a simple
explanation for the formation of diamonds. In a
normal test, the cold-drawn polymer ideally only
supports a uniaxial tension. However, any defect
present will act as a stress concentrator and
produce a biaxial stress field. Because of the
Bauschinger effect, in some orientations the yield
stress will be exceeded and further plastic defor-
mation occurs. If we consider the defect as a crack,
the accompanying stress field determines that the
most favourable deformation mode is that of shear
in the draw direction. As the defect grows into a
diamond, this shearing takes place above or behind
the diamond tip. However, after initially strain-
softening, the sheared material gradually strain-
hardens and eventually reaches the upper yield
point again. It is then energetically more favourable
for the next element to yield rather than the same
element to be strained further. The manner in
which the plastically sheared area extends is,
therefore, somewhat analogous to the progress of a
neck in a tensile specimen. As each element is
sheared to a maximum strain, each diamond face is
constrained to be linear and the characteristic
shape is produced. From the simple shear experi-
ments with 8 =0° (Fig. 9) the maximum strain in
the vicinity of the diamond is estimated to be near
0.7. The angle between the diamond faces at the
tip is then predicted to be around 70°. The
discrepancy between this value and the measured
angle of 80° may be caused by the different elastic
strain fields and material constraints in the two
experiments.
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5. Conclusions

The characteristic shape of diamond cavities is
produced by material adjacent to the diamond tip
deforming plastically in a simple shear mode
parallel to the draw direction. Since there is a
maximum shear strain attainable, the faces of the
diamond remain linear and at a constant angle to
each other. Simple shear experiments on cold-
drawn PVC confirm that the most favourable
orjentated yielding mode accompanied by strain-
softening is that of simple shear parallel to the
draw direction.
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