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Hydrostatically-extruded

polypropylene

T. WILLIAMS

ICI Corporate Laboratory, Runcorn, Cheshire, UK

Melt-extruded cylinders of polypropylene can be hydrostatically extruded in the solid-phase
to give uniform, highly-oriented rods. The tensile and torsional moduli of such extrudate
have been measured as a function of the amount of deformation. Values obtained after
large deformations are greater than those previously observed for drawn fibres. Bire-
fringence and X-ray diffraction measurements of orientation have been compared and
used to assess uniformity, and to predict the moduli on the basis of a simple aggregate
model. Although the changes in modulus at low deformation ratio were not inconsistent
with the model, there is definite evidence that it is not applicable to highly-deformed

samples.

1. Introduction

The structure and mechanical properties of
polymers are considerably modified by a deform-
ation process such as cold-drawing or rolling.
Molecules are aligned along the extension
direction and there can be a large increase in
stiffness and strength in that direction. The
improvements in tensile properties have been
exploited for many years in polymer fibres and
films. Despite this vast commercial exploitation,
the precise structural changes occurring during
deformation and the relationship between the
structural changes and mechanical properties of
the oriented polymer are still a subject of some
controversy.

In isotropic, melt-crystallized polymers it is
generally recognized that the crystalline units are
lamellar with lateral dimensions much larger
than their thickness. The molecules are usually
oriented near to the perpendicular to the large
surfaces of each crystal and it is thought that
some fold back into the same crystal at the large
surfaces, whilst others pass into disordered inter-
crystalline regions and then possibly into other
crystalline regions. The crystalline units them-
selves are usually aggregated into spherulites [1].

When a polymer sample is drawn, it often
deforms inhomogeneously and a necked region,
consisting of highly-oriented polymer, forms
whilst most of the material is only slightly
oriented. With increased extension, the highly-
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oriented, yielded region usually spreads along
the sample at the expense of the slightly-oriented
material. In other cases, the sample deforms more
uniformly up to its maximum draw ratio at which
point fracture occurs. Each of these two types of
deformation will involve some re-orientation of
the basic crystalline units. There is probably, in
addition, some fragmentation of the crystals to
form crystal blocks of smaller width [2]. It has
even been suggested that there is complete frag-
mentation (“local melting’””) of crystals, with
recrystallization to form the structure of the
drawn fibre. The extent of crystal fragmentation
during re-orientation could depend upon the
amount and size of crystalline material in the
original sample and also the deformation con-
ditions [1].

If the polymer is assumed to consist of units
which simply become oriented during deform-
ation, the polymer properties can be deduced in
terms of the properties assumed for the individual
units and the orientation distribution of the units
[3]. This “aggregate model” accurately predicts
the changes in elastic moduli which occur upon
deforming low density polyethylene [4] and
polyethylene terephthalate [5]. It does not,
however, successfully predict the modulus
changes for more crystalline polypropylene
fibres [6].

A free-drawing process cannot be used to
produce oriented polymer samples of more
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massive section than fibres and films because the
process is not controlled and “necking” usually
occurs. This produces material which has non-
uniform cross-section and deformation. In an
attempt to produce oriented polymer rods with
uniform cross-section a research project was
established to investigate the application to
thermoplastics of the metal-working technique
solid-phase hydrostatic extrusion [7]. During this
process, a solid cylindrical billet of material is
forced through a die by hydrostatic pressure
transmitted to it via a surrounding liquid. The
shape and size of the extrudate is determined by
the die. Large cross-sections of controlled,
complicated shape can be obtained. In metal
technology, the process is used for shaping,
whereas our work with polymers was primarily
interested in the process for tensile property
improvement as a result of orientation.

During comprehensive research into solid-
phase hydrostatic extrusion, the processing of
several different polymers was studied. These
included polypropylene, low- and high-density
polyethylene, polyethylene terephthalate, nylon
6,6, polymethyl methacrylate and polyvinyl
chloride. All polymers gave extrudate with an
excellent smooth surface finish. As expected [8]
greatest anisotropy was developed for the crystal-
line polymers. One such polymer which was
found particularly easy to process was poly-
propylene. Most detailed measurements were
therefore confined to this polymer and it is these
measurements which are reported in this paper.

2. Theory
2.1. Orientation measurements
The birefringence of a partially-oriented polymer
indicates the extent of molecular orientation. If
the sample is considered to consist of units of
intrinsic birefringence 4ny then with increase in
the orientation of the units from a random
distribution, the sample birefringence 4dn will
increase from zero up to the maximum bire-
fringence dng. If 0 is the angle of any unit to the
deformation direction, then___
An = Anp(1 — (3/2)sin? &) (see [3) (1)

Now all molecular segments in the sample
influence the birefringence. Hence the orientation
function sin? & gives an overall average orient-
ation function for molecules in crystalline and
non-crystalline regions.

Other orientation functions can be defined
from X-ray diffraction measurements. The
intensity of X-rays diffracted from crystal planes

60

is measured as a function of the angle to the
deformation direction. Hence the relative num-
bers of planes oriented in each direction in the
sample can be measured and average orientation
functions, sin? 0, sin? @ etc, for the normals to the
selected planes can be calculated. For planes
perpendicular to the c-axis of the crystal, the
orientation functions indicate directly the mole-
cular orientation in the crystal. Unfortunately
for polypropylene, there are no crystal planes
perpendicular to the c-axis which diffract X-rays.
Hence the orientation functions for the crystal
c-axes cannot be determined directly from a
single intensity scan. They can however be
calculated from the intensity distribution of
radiation scattered from two sets of crystal
planes, both of which contain the c-axis [9].
Elaboration of the theory behind this technique
is contained in the Appendix.

If deformation occurs with no change in vol-
ume and molecular segments are aligned at the
same rate as macroscopic lines connecting
different points in the sample, then an average
orientation function sin? § for all molecular
segments can be related to the deformation ratio
R:

K
[cost K — K(1 — K¥)'2] (2)
where K = R~%2 This is called pseudo-affine
deformation [3].

sin2 § =

2.2, The aggregate model

The aggregate model [3] predicts the elastic
moduli of a partially-oriented, transversely-
isotropic polymer. In the model, the polymer is
considered to consist of transversely isotropic
units of structure, each of which has the pro-
perties of the fully extended fibre. As a result of
the drawing process, the units of structure are
re-oriented towards the draw direction. With a
given orientation distribution, the moduli of the
units can be averaged to give the moduli of the
polymer sample. In the averaging procedure it is
necessary to assume that either the stress or the
strain is the same in each unit. These assumptions
give two limiting bounds (the Reuss and Voigt
bounds respectively).

It has been shown that the Reuss (lower)
bound gives the better fit to polymeric behaviour.
This bound involves the averaging of compliance
constants and these are more easily determined
from experimental measurements. It predicts
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that the extensional compliance along the draw
direction Sg5" and the torsional compliance S,,’
of the aggregate are given by:

S,y = sin® S, + cos* 6 S,y

+ sin? 8 cos? ¢ (2S5 + Sy4) 3
(sin? ¥ + 2 sin?  cos®* 0) S;; — sin2 6 S,
+ 2sin® ¢ cos? 0 (Sy3 — 2S;3)

+ (2 — sin? 8 — 4 sinZ 6 cos? 6) Sy,/2 (4)
where 8 is the angle of the axis of a unit to the
deformation direction and S,;, Sy, etc. are the
compliance constants of the units.

The Voigt (upper bound) relates the stiffness
constants of the aggregate to those of the units
by equations similar to Equations 3 and 4. To
test the model it is first necessary to predict the
stiffness constants of a unit of structure. This can
be done using matrix inversion formulae and
previously-determined compliance constants. To
compare predicted aggregate stiffnesses with
experiment it is again necessary to use matrix
inversion formulae to obtain the equivalent
compliances which relate directly to experi-
mental measurements.

Su

3. Experimental details
3.1. The hydrostatic extrusion process

Solid cylindrical billets of undrawn polymer are
necessary for the process. Most work was carried
out using commercially-available, melt-extruded
rods of Hoechst Chemicals grade PPH 6065
polypropylene. Molecular orientation was just
detectable in these rods, the birefringence being
0.001. This is negligible compared to the orient-
ation achieved by the process, a typical extrudate
birefringence being 0.030. In preparation for
hydrostatic extrusion a cone with the same angle
as the die was machined at one end of the poly-
mer rod.

Solid phase extrusion was carried out in a
rod-spinner apparatus. The principle of oper-
ation is evident from Fig. 1. A plunger was forced
by a ram down a barrel containing the billet and
hydraulic fluid. The machined end of the billet
sealed the hole in an extrusion die which was
attached to the end of the barrel. Pressure was
transmitted from the plunger to the fluid and
forced the billet through the extrusion die. As
well as transmitting pressure, it was found that
the fluid lubricated the billet at the die and helped
give the extrudate a very smooth surface finish.
This contrasts with our efforts at dry ram extru-
sion which gave a product with a very rough

l

Figure 1 Hydrostatic extrusion apparatus.

surface texture [10]. For the experiments des-
cribed herein, ICI Silicone Oil F111/300 was
used as the hydraulic fluid together with an
extrusion die with cone angle of 30° and aperture
diameter 0.3 in. Extrusion was carried out at a
temperature of 100°C.

After starting the downward motion of the
ram, an increase in pressure was observed. At a
critical pressure the material yielded and extru-
sion commenced. As soon as this occurred, a
sudden decrease in pressure took place and steady
extrusion occurred at a lower pressure. Typical
hydrostatic pressures were in the range 5000 to
15000 psi. The value was found to be highly
dependent on the polymer species, temperature
and the amount of deformation attempted [10].
As the extrudate started emerging from the die,
a weight (typically 700 g) was clamped to it. This
tensile stress kept the extrudate straight.

The amount by which the billet was deformed
during the process can be defined by the ratio of
the areas of the original billet and the final
extrudate. This deformation ratio was adjusted
by machining the original billets to different
initial diameters. Using the initial billet diameter
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as the only variable it was found to be impossible
to achieve a deformation ratio greater than 5.
When larger ratios were attempted, the extrudate
relaxed after emergence from the die and the
final diameter was such that R was smaller than
5. This difficulty was overcome, however, by
increasing the tensile force on the emerging
extrudate to a sufficient level to eliminate
relaxation. Typical weights required were in the
range 80 to 130 kg. In this manner, deformation
ratios up to a value of 15 could be obtained.

Much more detailed discussion of the process
and the effect of variables such as die geometry
and size will be made in a separate publication
[10].

3.2. Tensile modulus measurements

Tensile properties were determined at room
temperature at a constant strain-rate of 7%, min—
using a Hounsfield tensometer. During the test,
the extrudate was held by self-gripping jaws.
Sample extension was measured using a 2 in.
gauge length extensometer clamped to the
sample. The output was fed to the x-axis of an
x-y recorder. The output of the load cell was fed
to the y-axis and thus a force-extension curve
was plotted directly during the test. The secant
modulus at 0.2 % strain was taken as a measure of
the tensile modulus.

3.3. Birefringence measurements

A Zeiss Ultraphot-2 polarizing microscope was
used to measure the birefringence of thin sections
of extrudate. The conventional way of obtaining
the thin sections necessary for birefringence
measurements is to cut strips using a microtome.
This technique was found to give highly variable
results due to relaxation of the sections during or
immediately after sectioning. Relaxation was
evident since sections were shorter than the rod
from which they were cut. It was therefore neces-
sary to mill the cylindrical extrudate down from
two directions to give a flat section. When the
section thickness was smaller than 1 mm,
variable results were again obtained, presumably
due to machining effects on the sample. The
limited travel of the compensator meant that for
our samples, thicknesses larger than 2 mm could
not be used. However, for thicknesses in the
range 1 to 2 mm, results from neighbouring
sections of extrudate were reproducible to
within 439, the expected tolerance of the
measurements. Such samples were used for all of
the birefringence data quoted.
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3.4.Wide-angle X-ray diffraction

Qualitative information concerning the orient-
ation of molecules in the crystalline regions of the
samples were obtained using conventional wide-
angle X-ray diffraction.

Quantitative measurements were made using a
Siemens Texture Diffractometer [I11]. This
instrument can be used to automatically map out
the pole figures of crystalline material. Full pole
figures were constructed in the conventional
manner for a few samples of extruded poly-
propylene and these confirmed that as might be
expected from the geometry of the deformation,
the samples were transversely isotropic. Hence
complete quantitative information of the orient-
ation distribution in each sample can be obtained
by scans at constant diffraction angle. A trans-
mission technique was used since, with this
technique, no correction is required for changes
in absorption with rotation of the sample (this
fact was checked using an isotropic melt-pressed
polypropylene sheet). For measurements on
extruded polypropylene, milled sections of 2 mm
thickness were used. The baselines of the inten-
sity scans were determined for each sample with
the analyser of the diffractometer set at 2° away
from the diffraction angle.

4. Results and discussion
4.1, Flow pattern and uniformity of extrudate

From the nature of the deformation, it might be
thought that there would be some variation in
orientation, and hence mechanical properties,
across the extrudate cross-section. This was
checked using birefringence as a measure of the
orientation. Surprisingly, no variation in bire-
fringence could be detected across the entire
width of a section. Now the volume sampled in
each birefringence measurement is a cylinder of
%+ mm radius and 2 mm length. Thus any vari-
ation must be fluctuations occurring on a scale
much smaller than 1 mm or be smaller than the
possible error in birefringence measurements of
+39%;,. The uniformity in orientation implies that
all parts of the original billet undergo similar
deformations in the extrusion process. This has
been demonstrated by Cassin [10] using split
gridded billets to map out the manner in which
deformation occurred. A typical diagram of
the flow pattern they observed during deform-
ation is contained in Fig. 2.

A few experiments have been carried out using
dies which produce non-circular cross-section
extrudate. Other extrusion conditions were
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identical to those described ‘earlier. One die
employed deformed circular cross-section billets
to I-section extrudate. Much more complicated
flow patterns are involved than with the radially-
symmetric case of extrusion of one cylinder into
another concentric one. Even for this compli-
cated extrusion, however, the extrudate was found
to be surprisingly uniform. The total spread in
birefringence was 109, with the largest orient-
ation in the flanges.

The tendency for the process to give uniform
deformation across the entire section is probably
due to the increase in stiffness of the material
with increased deformation. Thus the change in
properties of one element as a result of its
deformation make it less amenable to further
deformation. Hence extra load is placed on
neighbouring elements until they too have been
deformed to give the same change in properties.

Nr—

Figure 2 Gridded billet showing flow pattern during
hydrostatic extrusion (after Cassin [10]).

4.2. Birefringence measurements

The birefringence induced in the extrudate as a
result of solid-phase extrusion increases with
increase in the deformation ratio. In Fig. 3, the
increase is compared to that expected on the
basis of pseudo-affine deformation (Equations 1
and 2 above). A value of 0.036 was used in
Equation 1 for dny since this empirical value

gave agreement between the theoretical and
experimental curves at large deformation ratios.
At small deformation ratios the actval bire-
fringence was always smaller than that predicted
theoretically. The orientation therefore occurs
more slowly than predicted by an affine deform-
ation model. It also occurs more slowly than
during cold-drawing of polypropylene fibres [6]
for which a similar discrepancy between theory
and experiment was observed. For polypropylene
fibres a fit to the affine deformation theory was
obtained when a “theoretical” deformation
ratio Ry was used in Equation 2 instead of the
true value R. In that case, Ry was found to be
related to R by the equation:

log Rr = (R — 1)/6.44
A similar form of empirical adjustment also gives
a better fit in the case of hydrostatically-extruded
polypropylene (see Fig. 4). In this case the best
agreement was obtained using an equation:

log Rt = (R — 1)/8.4
A departure from the new theoretical/empirical
curve is still evident at large deformation ratios.
No such departure was detected in the previous
work with fibres.
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Figure 3 Variation of birefringence with deformation

ratio. The dotted curve is the theoretical curve deduced
assuming affine deformation.

4.3.Wide-angle X-ray diffraction

The manner in which the orientation of the
crystalline regions develops is indicated quali-
tatively by wide-angle X-ray diffraction. The
original billet has a diffraction pattern consisting
of concentric rings (Fig. 5a), i.e. the intensity of
diffracted radiation from each set of atomic
planes is independent of the rotation of the
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Figure 4 Comparison of the increase in birefringence upon deformation (a) with an affine deformation model after

empirical adjustment of the deformation ratio scale (b).

sample. This indicates that the billets are essenti-
ally isotropic. {In fact, the outer rings of Fig. 5a
are oval and not circular because, for this
qualitative work, a cylindrical plate was used.)
After the largest deformation ratios, each reflec-
tion is confined to vary sharp maxima (Fig. 5¢)
as a result of a very high state of crystalline
orientation. After intermediate deformation
ratios, most of the material is well-oriented, but
there is still a significant amount of randomly-
oriented crystals, shown by the background ring
upon which the diffraction maxima are super-
imposed (Fig. 5b). Above a deformation ratio of
5, no randomly-oriented crystals could be
detected. These observations show that the
deformation process is non-affine since affine
deformation would simply cause a gradual
reduction in angular width of each reflection.
The randomly-oriented crystals present after
relatively large deformations could be present as
small ““islands” in a uniformly-oriented structure.
Such islands have been observed using optical
microscopy and are probably present because of
the non-uniform manner in which the spherulitic
structure is deformed [12].

4.4, Crystalline orientation functions
The presence of randomly oriented crystals, as
discussed above, for deformation ratios up to 5,
was detected in the texture diffractometer scans
as a constant shift from the baseline. Because the
actual baseline has to be measured independently,
quantitative estimation of the amount of
randomly-oriented crystals is subject to con-
siderable error.

The peaks in the diffractometer scans for both

64

highly-oriented and slightly-oriented samples
were shown to be gaussian. In all cases, therefore,
the orientation functions could be determined by
computation using the standard deviation
estimated from the width at half peak height.
This of course neglects the randomly-oriented
crystals which are present at low deformation
ratios. The results differ considerably at low
deformation ratios from those calculated includ-
ing the random crystals and their precision is
much greater. Results both including and
excluding the random crystals are likely to be
significant and either could relate to mechanical
properties. For this reason both were measured
and will be discussed.

The variation of sin? 8 with deformation ratio
(Fig. 6) indicates that most crystalline orientation
has occurred during deformations up to a ratio
of 5. Larger deformations produce only very
small increases in orientation.

Values of the average crystailine orientation
function sin%#, calculated from the entire
diffractometer scans including random crystals,
agree to a first approximation with values for
sin? § calculated from birefringence using Equ-
ation 1. A small systematic difference, as indi-
cated by the results shown in Fig. 7, is to be
expected since birefringence is influenced by
molecular segments in non-crystalline regions as
well as those in a crystal lattice. There could also
be a “form birefringence” term [13]. The bire-
fringence of a polymer is sometimes considered
to consist of two separate components: one due
to the crystalline regions and one due to the dis-
ordered regions. The difference between X-ray
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UNDEFORMED

Figure 5 Wide-angle X-ray diffraction patterns of extru-
date (extrusion direction vertical) (a) original billet
(undeformed) (b) deformation ratio R = 5 (¢) R = 7.7.

and birefringence data (indicated in Fig. 7) can
then be used to quantitatively estimate the
disordered contribution to birefringence if
allowance is made for form birefringence [13].

4.5. Tensile modulus

With increase in deformation ratio R, the tensile
modulus of the extrudate increased (Fig. 8). At
small values of R the rate of increase of modulus
was relatively small, but above a value of about 5,
a dramatically large constant rate of increase was
observed. The linear modulus increase continues
up to the largest obtainable deformation ratio
(R =15). At this deformation the value
achieved was 1.7 x 101 Nm~2 (2.4 x 10% psi),

i.e. twelve times that of the original billet. This
behaviour can be contrasted with drawn poly-
propylene fibres also contained in Fig. 8.
During the drawing process there was evidence
of a saturation in modulus at values of R of
about 8 to 10 with an upper modulus limit of
about 7 x 10° Nm~2 (1.0 x 10°% psi), i.e. much
less than achieved in solid-phase extrusion.

4.6. Comparison with the aggregate model

In order to test the model, one must first assign
values to the compliance constants S;; etc. of
the units. On the basis of the model, these are the
values obtained when the fibre is fully oriented.
The minimum values of S, and S,,” for the
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Figure 6 Variation in the X-ray orientation function sin? g
with deformation ratio (a) including and (b) neglecting
randomly oriented crystals.
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Figure 7 Comparison of X-ray and birefringence orient-
ation functions. If the functions for each sample were
equal, each point would lie on the straight line drawn.

TENSILE MODULUS {x10'©Nm-2)

DEFORMATION RATIO

Figure 8 Variation of extrudate tensile modulus with
deformation ratio. Dotted curve shows previous results
for cold-drawn polypropylene fibres [6].

extrudate were therefore selected. Values for
S,; and S;, were obtained from transverse
compressional measurements on the high de-
formation ratio cylindrical extrudate [14].
Poissons ratio v, for highly oriented extrudate
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TABLEI Compliances for polypropylene units of
structure

Material Compliance constants (x 10~ m?
N-1)
Sll S33 S44 S13 Sl2
Hydrostatically-
extruded 109 0.59 84 -—-0.22-1038
Drawn fibres 128 1.0 125 -0.50—-6.6

with axial stresses has been measured at 0.37
[14, 15] and hence S;; (= »,S,;) was calculated.
S,» was calculated in similar manner from
measurements [14] of the transverse Poissons
ratio. The selected values for the constants are
summarized in Table I, together with values
deduced previously for the units of polypropylene
fibres. Differences between the two sets result
from the higher ultimate moduli observed for
extrudate. The one inconsistency in the selected
constants for extrudate and fibres is in the con-
stant S,,. It was pointed out previously, however,
that the fibres value was unreasonable [6], and
this value was only selected in order to give a fit
between the aggregate model and the fibre
torsional compliance.

The matrix inversion formulae used to predict
the stiffness constants for the Voigt bound
involve the expression (S;; + S;s) [16]. Because
—8S,; is very close to S,;, this is a very small
number which cannot be determined very
accurately. It is therefore only possible to define
an approximate trend for this upper bound.

A comparison between experimentally-
observed compliances and those calculated using
the aggregate model is shown in Figs. 9 and 10.
For the Reuss bound, two theoretical curves
have been drawn one using orientation functions
calculated including the randomly oriented
crystals present for deformation ratios up to 5
and the other neglecting these crystals. The best
fit between experimental results and the theory
is obtained using the Reuss (lower) bound and
including the randomly oriented crystals. Even
in this case, however, at intermediate deform-
ation ratios the predicted extensional compli-
ances are too small. In addition the changes in
the orientation functions for deformation ratios
above 5 are much too small to predict the experi-
mentally-observed decrease in compliance in this
region. The latter discrepancy is more serious
than at first apparent in Fig. 9 since the steady
decrease in compliance corresponds to a very
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Figure 9 Comparison of experimental and theoretical
extensional compliances. Experimental points are marked
0. Theoretical values were calculated from the aggregate
model in three different ways: point X from the Reuss
bound including random crystals, points [] from the
Reuss bound neglecting random crystals, and the shaded
area shows the approximate region of theoretical Voigt
bound.

large increase in modulus which is not predicted
experimentally. The continuing decrease in
compliance at large deformation ratios must be
due to structural changes in addition to simple
re-orientation of basic units. In terms of the
model this would correspond to changes in the
compliance constants of the basic units of struc-
ture. Now for comparison with the theory,
compliance constants for the units were pre-
dicted from the ultimate extrudate modulus. A

would be obtained by using larger compliance
constants for the units. For example if S,; was
taken as 2.5 x 10~ m? N-! then the Reuss
curve would fit the experimental results of Fig.
9 up to a deformation ratio of 5. Above this
ratio the decrease in compliance would corre-
spond to a steady reduction in the effective
extensional compliance constant of the unit.

For the torsional compliance, it will be noted
that the results do not fit close to the Reuss
bound, although this bound does predict the
correct trend with deformation ratio. It is not
unreasonable, however, for wuniform stress
conditions to hold for one mode of deformation
and not for another mode. A decrease in unit
compliance constants with increase in deform-
ation ratio above 5 is again necessary for experi-
mental results to lie between the upper and lower
bounds at all deformation ratios.

4,7. Low-angle X-ray diffraction

A Franks camera was used to obtain low angle
X-ray diffraction patterns for sections cut from
the extrudate. The uniform ring of the isotropic
original billet was replaced by an arc with
maximum intensity on the meridian (i.e. in the
deformation direction) after small deformation
ratios. Increase in the deformation ratio up to a
value of 5 reduced the width of the arc indicating
that the crystal surfaces were becoming more
highly oriented in planes perpendicular to the
deformation direction. The periodicity was
constant at 189 45 A. For deformation
ratios above 5, much more complex structural

better fit to the theory at low deformation ratios changes were indicated. The reflections
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Figure 10 Comparison of experimental and theoretical torsional compliances. Experimental points are marked O.
Theoretical values were calculated from the aggregate model in three ways: point X from the Reuss bound
including random crystals, points [ from the Reuss bound neglecting random crystals, and the shaded area
shows the approximate region of the theoretical Voigt bound.
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broadened in a direction perpendicular to the
meridian and formed a layer-line pattern as is
frequently observed for cold-drawn polymers. In
addition, an extra reflection became apparent
on the equator, i.e. corresponding to a structural
regularity perpendicular to the deformation
direction. The deduced periodicity of this extra
reflection was 45 A. Its origin is at present not
known. It is interesting to compare the low-angle
X-ray measurements with the discussion of the
applicability of the aggregate model. For
deformation ratios up to 5, simple lamella re-
orientation is consistent with both sets of data.
The complex low-angle X-ray diffraction changes
occurring above a deformation ratio of 5 and the
large increase in modulus which occurs in this
region could be related. It is for this reason that
the low-angle X-ray diffraction data has been
mentioned in this paper. More detailed measure-
ment and discussion of the diffraction patterns
will be made later [17].

4.8. Dynamic mechanical data

Torsion pendulum measurements of torsional
modulus (7) and tan § as a function of temper-
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Figure 11 Torsional dynamic mechanical properties of
extrudate: (O) original billet; ([]) deformation ratio
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ature (Fig. 11) show complicated features. At
temperatures below 0°C the unoriented sample
has the largest modulus. There is a reversal in
torsional stiffnesses accompanying the loss
process at 0 to 10°C and at room temperature, 7
increases with deformation ratio. A reversal
could be caused simply by the temperature
causing the stress state in the sub-units to move
towards the uniform strain condition with
decrease in temperature. Alternatively, one could
consider that there might be two different modes
of deformation, one in operation well above
room temperature and the other well below
room temperature. It is obvious therefore that
for a full understanding of the relationship
between structure and mechanical properties of
solid-phase extruded polymers, a long, detailed
scientific investigation will be necessary.

5. Conclusions

It has been shown that application of the metal-
shaping technique solid-phase hydrostatic extru-
sion to plastics gives rods of high uniaxial
orientation. As in the case of fibres and films,
this molecular orientation causes large increases
in stiffness. Indeed solid-phase extruded poly-
propylene has a larger modulus after a given
deformation than drawn polypropylene fibres.
In addition, higher deformations can be achieved
and hence the ultimate modulus obtainable is
much larger using solid-phase extrusion.

Birefringence measurements have demon-
strated that the orientation variation across
sections of extrudate is surprisingly small, even
for complicated extrusion flow patterns. This is
thought to be due to the increased resistance to
yielding of the material following deformation. A
strained element therefore resists further strains
until neighbouring elements have been equally
deformed.

Both birefringence and wide-angle X-ray
diffraction indicate that deformation is non-
affine. The latter technique shows that even when
most crystals have been well-oriented there are
still a small number of randomly-oriented
crystals.

At low deformation ratios, the variation in
modulus with orientation is not inconsistent
with a simple aggregate model, provided a
suitable choice of compliance constants for the
units of structure is made. The large increase in
modulus at large deformation ratios cannot,
however, be explained by this model and changes
in structure other than simple re-orientation
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must be involved. Complicated structural
changes for deformation ratios above 5 are also
indicated by low-angle X-ray diffraction patterns.
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Appendix ,

Evaluation of c-axis orientation distribution
from measured orientation distribution of the
normals of two planes containing the c-axis

The c-axis orientation distribution has been
calculated from the measured orientation dis-
tributions of normals to two planes containing
the c-axis using an expression quoted by
Wilchinsky [9]. Since the proof of the expression
is not available, it was thought to be desirable to
derive it independently and this is done in this
Appendix.

Let X1Y1Z1 be a set of rectangular Cartesian
co-ordinates fixed in the sample. Z! is the
reference direction which is an axis of symmetry.

Let X Y Z be a set of rectangular Cartesian
co-ordinates fixed in an individual crystal. (Z
is the direction of the normal to the set of planes
whose distribution about 27 is required.)

Let 6 be the angle between Z and Z1.

Figure A1 Geometrical relationship between axes X' Y21
fixed in the sample (Z’ being the deformation direction)
and a set XYZ fixed in an individual crystalline unit,

Now Z1is an axis of symmetry for the sample,
therefore axes X'Y?! can be rotated about 21
and X! can be fixed in the ZZ* plane (see Fig.
Al). For this case, Y is perpendicular to Z and
71, and therefore lies in the XY plane.

Consider a set of planes (normal N) which
contains the Z axis; N is perpendicular to Z.
Thus N is in the YYX plane.

The angle between N and ¥, p, is defined by
the crystalline structure.

The angle between N and 27, ¢ is measured.

With respect to XYZ-axes (which have unit
vectors ij k),

N=sinpi+ cospj (A1)
and
Z1 = sin 6 cos yi — sin 8 sin yj + cos 6k (Aii)
Now,
cosp = N.Z?
= sin p sin 6 cos y — sin # sin y cos p
(Aiii)
. cos? ¢ = sin? p sin® 0 cos? y
+ cos? p sin? § sin® y
— 2'sin p cos p sin y cos y sin® 0
(Aiv)
If x* is the angle between the projection of ¥
on the X*¥?! plane and the Y* direction, then:
cos y = cos y' cos 8
Therefore
cos® y = cos? y! cos? §
and
sin? y = 1 — cos? y cos? §
Equation (Aiv) therefore becomes
cos? ¢ = (sin? p — cos? p) cos? y! sin? 6 cos? 0
+ cos? p sin® 6
— 2sin p cos p sin? 6 cos § cos y*
N1 — cos? x cos? 6) (Av)

Thereis no preferred orientation of the crystals
in a plane perpendicular to Z1. This means that
any crystal direction, e.g. the Y-axis of the
crystal will not be preferentially oriented in the
X'Y?! plane. x* is therefore independent of 4.
Thus averaging for all crystals:

cos? x! sin® § cos? § = cos? y' sin? § cos? § =
{sin? f cos? @
and
sin? § cos 8 cos x* (1 — cos® y! cos? f) = 0
Averaging (Av) for all crystals for a plane N,
with ¢ = ¢ and p = p;
cos® ¢; = 4(sin% p; — cos? p,) sin2 0 cos?  +
) cos® p, sin? §  (Avi)
For a plane N, with ¢ = ¢, and p = p,
cos? ¢, = §(sin® p, — cos? p,) sin® 0 cos® B +
cos? pysin® §  (Avii)
69
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From (Avi) and (Avii)

sin? 6 =

(sinpy— cos?py) cos?p; — (sin®p; —cos?p;) cos? P,
cos? p, sin®p, — cos? p,sin®py

Thus,

costf =1 —

(1 — 2sin? p,) cos? ¢, — (1 — 2 sin? p;) cos® ¢,
sin? p; — sin? p,

(Aviii)
Eliminating sin? ¢ from (Avi) and (Avii) gives
2 cos? py

= Cos? ; —
sin% p; — sin? p, #1

sin2 & cos? 6 =

2 cos? py —_— .
———————— cos?
sin? p; — sin? p, cos* $a (AX)
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