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A series of samples of oriented poly(methy! methacrylate) was produced by hydrostatic extrusion at
temperatures below the glass transition temperature. The development of orientation in the process
was monitored by the measurement of birefringence which was shown to depend on the extrusion
temperature as well as on the applied deformation. Additional information to characterize the
oriented state was obtained by measuring the shrinkage force which developed when the oriented
sample, constrained to constant length, was heated to a temperature just above the glass transition
temperature; specimens free to contract all recovered to the isotropic state and original dimensions
on annealing at this temperature. Most measurements were made on specimens ‘as extruded’ with
additional studies made on specimens annealed at temperatures above the extrusion temperature but
below the glass transition. The data, which have strong implications with regard to deformation
mechanisms, are interpreted both at a molecular level in terms of deviations from an ideal rubber
network, and at a more phenomenological level in terms of the Mooney—Rivlin equation.

INTRODUCTION

The research described in this paper forms part-of a more
extensive study of hydrostatic extrusion as a:method of
producing oriented polymers. Considerable attention has
been given previously to crystalline polymers, where the
aim has been to produce ultra-high modulus oriented mate-
rials’. Poly(methyl methacrylate) (PMMA) was chosen for
this work as an example of an amorphous polymer, partly
because isotropic cast sheet is readily available from com-
mercial sources and partly because of our interest in the
mechanism of deformation and the relationship between
molecular orientation and imposed deformation. In the
latter respect, previous studies of molecular orientation in
PMMA using broad-line nuclear magnetic resonance? and
laser-Raman spectroscopy? were expected to provide pre-
liminary guidelines which would be of assistance.

In the present paper we will be concerned with the use
of birefringence and shrinkage force as methods of charac-
terizing the extruded samples. The measurements of bire-
fringence relate to and extend previous studies of the de-
velopment of birefringence in PMMA as a function of strain
in plane strain compression, by Raha and Bowden®. It was
clear from the latter work that the use of birefringence as a
measure of molecular orientation is fraught with interpre-
tative difficulties. This is even more true if one seeks to
use birefringence as a tool to characterize a possible mole-
cular network. For this reason we have followed previous
research’ on poly(ethylene terephthalate) (PET) and deter-
mined shrinkage force as an additional measure of the
structure produced by deformation. This combination of
birefringence and shrinkage force measurements links with
previous stress optical studies on PMMA undertaken on
samples deformed in a much higher temperature range, by
Shishkin and Milagin®.

* Present address: National Institute of Physics, JL. Cisitu 21/154D,
Bandung, Indonesia.
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It will be shown that such measurements on an extensive
series of oriented samples prepared by extrusion at different
temperatures, in some cases followed by annealing treat-
ment, provide considerable insight into the mechanism of
deformation.

EXPERIMENTAL

Preparation of samples

Uniaxially oriented rods of PMMA were produced by
hydrostatic extrusion. The deformation was imposed by
extruding PMMA rods through a die of exit diameter 0.7 cm.
The nominal extrusion ratio (ratio of the final rod length to
initial rod length) was determined by machining the rods to
a given initial diameter. The pressure vessel containing the
die was held at a fixed temperature, and extrusions were
carried out at 50°,90° and 100°C. A few additional extru-
sions were also made at 30°C. The highest nominal draw
ratio which could be extruded successfully was 2.48. The
hydrostatic pressures ranged up to about 1.5 kbar, and were
applied using castor oil as the transmission fluid. Full de-
tails of the hydrostatic extrusion results, together with a
detailed analysis of the mechanics of the process, are given
elsewhere”. Particular points to note regarding the proce-
dure were the use of molybdenum disulphide as a lubricant
to reduce friction between the PMMA billet and the die, and
the application of a small haul-off load to maintain a straight
rod after extrusion. Swelling of the extrudate always occur-
red on leaving the die, reducing the maximum draw ratio
achieved to about 2.0.

Thermal treatment of samples

The first type of sample studied was the untreated extru-
date. In this case, the isotropic PMMA billet was heated up
to thermal equilibrium at the extrusion temperature and
then extruded through the die at a relatively slow rate of
deformation (strain rates ~10~4—10—3 sec~1). On leaving
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Figure 1 Shrinkage force apparatus

the die the extrudate was allowed to cool rapidly to room
temperature. For the different extrusion temperatures the
extrusion conditions (haul-off load, extrusion speed, etc.)

were made as close as possible for all draw ratios.

Two further series of samples were prepared from the
initial extruded samples, first by annealing at constant
length and secondly by annealing without constraint. Con-
stant length annealing was carried out on thin sheets milled
from the extruded rod, of length ~3 cm parallel to the ex-
trusion direction. The sheets were held at constant length
and immersed in a silicone oil bath at the annealing tem-
perature. The time of annealing was chosen to be sufficient
for the sample to reach its equilibrium state. It will be dis-
cussed below how this can be monitored by measurements
of shrinkage force and birefringence. After annealing, the
sample was removed from the oil bath and cooled to room
temperature, still at constant length. Constant length an-
nealing was undertaken at 116.5°C (above Tp) in conjunc-
tion with shrinkage force measurements, and also at lower
temperatures, notably at 95°C.

Annealing of similar samples without constraint was car-
ried out both above T, at 116.5° and 125°C, to test for re-
covery to the isotropic state, and at lower temperatures to
produce anisotropic samples in a third well-defined manner.

Measurement of the draw ratio

As discussed above, the actual draw ratio (or extrusion
ratio) of the extrudate is less than the nominal draw ratio.
The actual draw ratios A for the extrudates were determined
from the ratio of the initial cross-sectional area of the PMMA
billet to its final extruded cross-sectional area, assuming
that the volume remains constant. The final draw ratio A’
for samples annealed without constraint was determined
from the initial and final lengths of the sample parallel to
the initial draw direction. The draw ratios calculated as
above were also used to define the strain in the sample,
e=A—1and e =X — 1 before and after shrinkage,
respectively.

Measurement of birefringence

For birefringence measurement, a thin sheet of thick-
ness 0.5—1.0 mm was milled from the extruded rod. The
surface of the sheet was parallel to the axis of the rod,
which is the draw direction. It was shown that variations
in the milling conditions did not affect the resultant bire-

fringence, which confirms previous findings by Haward and
coworkers®, who reported that the milling process does not
alter the birefringence in PMMA.

The birefringences were measured in monochromatic
light at 589 nm with a polarizing microscope, using an
Ehringhaus rotary compensator. Most measurements were
carried out at room temperature, and in a few cases bire-
fringence was also measured at temperatures down to —60°C
using a microscope cold-stage.

Measurements of shrinkage force

A schematic diagram of the apparatus constructed to
measure the shrinkage force is shown in Figure 1. The sam-
ple milled from the extruded rod, with dimensions approxi-
mately 30 x 8 x 0.7 mm, the long axis parallel to the extru-
sion direction, is attached to an Instron load cell at one
end A, and to a fixed metal grip B at the other end. The
position of B can be altered by the screw C so as to set the
sample just taut before heating. For the shrinkage force
measurement the sample is immersed in a silicone oil bath,
whose temperature can be controlled to +0.1°C. The signal
from the load cell is recorded on a chart recorder with two
input channels, the second channel taking the signal from
the thermocouple which monitors the temperature of the
oil bath.

RESULTS

Birefringence measurements

Figure 2 shows the room temperature birefringence of
the extruded samples as a function of the draw ratio. Also
included are data for the samples annealed at constant
length at 116.5°C. In general terms the results are similar
to these obtained by Raha and Bowden for plane strain
compression of PMMA in that the birefringence depends on
both draw ratio and extrusion temperature Tg, although
the data from 30° and 50°C extrusions superimpose. Full
discussion of these results will be deferred until the shrink-
age force data has been considered. The lines in Figure 2
are fits to equation (2) as described in the Discussion section
below.

Results of the low temperature birefringence measure-
ments on selected samples are shown in Figure 3 plotted in
the form log |An| vs. T, the temperature of measurement.
The birefringence of all specimens was observed to change
reversibly with temperature. The general form of the tem-
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Figure 2 Birefringence of extruded PMMA measured at room
temperature. Extrusion temperatures; W, 30°C; ®,50°C; 4, 90°C;
¥,100°C. O, represent the birefringence of samples of all extru-
sion temperatures after the shrinkage force measurement at
116.5°C, continuous curves from equation (2)
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Figure 3 The temperature dependence of the birefringence of

extruded PMMA. A A =134, Tg=50°C; &, A=1.93, Tg =90°C;
O0,A=1.59, Tg=90°C; O, A =137, Tg=90°C
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Figure 4 Shrinkage strain e—e’ vs. extrusion strain e. The

equality of these parameters indicates the complete recoverability
of the deformation on annealing above the glass transition. ®, Tg =
50°C; 4, Tg =90°C; ¥, Tg = 100°C

perature dependence was similar for all specimens as shown
in Figure 3. In particular the results from two specimens,
extruded to the same room temperature birefringence at

different temperatures (50° and 90°C) are indistinguishable.

Annealing without constraint above Tg

Samples were annealed without constraint at 116.5° and
125°C for 30 min. The shrinkage strain € — ¢’ was then
calculated from the length changes and compared with the
actual draw ratio determined from the change in the cross-
sectional area of the initial billet, as described above. The
results are shown in Figure 4. No difference could be de-
tected between results for two temperatures of annealing,
nor were any further changes in length observed in samples
annealed for 24 h. Complete recovery was achieved by
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annealing above Ty, as confirmed by the absence of bire-
fringence in the annealed samples.

The relationship between residual strain and birefrin-
gerice on annealing without constraint at 116.5°C shows
remarkably similar behaviour for all materials tested.
Figure 5 shows data from three extrusion temperatures
50°,90° and 110°C plotted in the form An'/An versus €'[e
and all samples can be seen to follow a single curve. (An’
and €' represent the current values of birefringence and
sample strain during shrinkage of specimens extruded to the
initial values An and €, respectively.)

Annealing without constraint below Ty

Two methods for studying the free annealing (without
constraint) were used. In the first experiment a single
specimen was annealed for a fixed time (10 min) at each
of a series of increasing temperatures 40°, 60°, 80°, 100°,
105°, 110° and 120°C. After each annealing period the
specimen was cooled to room temperature to measure its
birefringence An’ and dimensions before proceeding with
the rest of the programme. In Figures 6 and 7 the results

O

e'/e

Figure 5 Recovery on free annealing at 116.5°C. An’ and A are
the values of birefringence and deformation ratio after annealing
of samples extruded to initial values Anand A. ®, Tg = 50°C;

A TE=90°C; 0, Te=100°C
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Figure 6 Isochronal annealing results. The relative residual

strain €'/e is measured at the end of a 10 min period at each of the
increasing temperatures 40°, 60°, 80°, 100°, 120°C. ®, Tg =50°C;
N, Tg=90°C
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Figure 7 1sochronal annealing results. The relative residual bire-
fringence An'/An is measured at the end of a 10 min period at

each of the increasing temperatures 40°, 60°, 80°, 100°, 120°C.
® Tc=50°C;¥, Tg=90°C
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Figure 8 Relative residual strain €' /e vs. annealing time for free
shrinkage at 80°, 100° and 105°C. The annealing was interrupted
to monitor the residual strain and birefringence at various instants.
Note that complete recovery is not reached even at the 105°C.
The samples were taken from an extrudate with A = 1.99, Tg =
50°C. Annealing temperature: O, 80°C; 0, 100°C; 4, 105°C

are presented for annealing two samples A = 1.96, An =
~10x 104, Tg =50°Cand A = 1.97, An = —5.6 x 1074,
Tg = 100°C) in the form of relative residual strain €'/e and
birefringence An'/An, respectively, versus temperature.
The results show that appreciable shrinkage is observed at
temperatures in the vicinity of and above the extrusion
temperature, but that complete recovery is not achieved
even at 105°C. These observations are confirmed by the
results of the second method, shown in Figures 8 and 9,
where the residual strain is plotted as a function of log
(annealing time) for samples of the two extrudates featured
in Figures 6 and 7, at each of the temperatures 80°, 100°
and 105°C.

Shrinkage force measurements

As in previous works, the shrinkage force was measured
as a function of time. In the first measurements to be con-
sidered the temperature was 116.5°C i.e. above T, Some
key features of the behaviour are illustrated in Figures 10
and 11. First, in Figure 10, samples extruded to the same
final draw ratio at different extrusion temperatures (50°

and 100°C) are compared. Although the sample with the
higher birefringence (extruded at the lower temperature)
has the higher initial shrinkage force, the shrinkage force
decays to a constant value which is identical for both sam-
ples. Secondly, it is interesting to make the opposite com-
parison, between samples extruded at different tempera-
tures (50° and 90°C) to give the same birefringence. In
this case there is a difference in draw ratio, the lower tem-
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Figure 9 Relative residual strain vs. annealing time, as for

Figure 8. The samples were taken from an extrudate with A =
2.00 Tg = 100°C. Note that recovery is negligible at temperatures
below the extrusion temperature. Symbols as for Figure 8
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Figure 10 Typical shrinkage stress curves on annealing at constant
length at 116.5°C for specimens with the same extrusion ratio.
Note the tendency of all three curves towards finite shrinkage
stress at long times. A,A=1.564,Tg= 50°C; B,A=156,Tg=
100°C; C common curve for specimens as A and B, after heat treat-
ment at constant length at 116.5°C until stress became constant
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Figure 11 Shrinkage stress curves for samples extruded to the
same birefringence. A,A=1.85, Te =90°C; B,A=1.21,Tg=
50°C. Shrinkage at constant length at 116.5°C
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Figure 12 Shrinkage stress versus birefringence for a range of
samples. Tg: ®,50°C;A,90°C; ¥, 100°C; O, 116.6°C; O, samples
with various heat treatments, e.g. at constant length at tempera-
tures below Ty or after partial shrinkage at 116.5°C

perature extrusion sample having the lower draw ratio. In
Figure 11 it can be seen that the initial shrinkage force for
the two samples is nearly identical, but that the final shrink-
age forces are quite different.

These results taken together suggest the following. First,
the peak shrinkage force is related to the birefringence of
the extruded sample. Secondly, that the shrinkage force
decays to a residual equilibrium value which is now related
to the draw ratio imposed by extrusion and is independent
of extrusion temperature.

The first of these conclusions is substantiated by a com-
parison of shrinkage force and birefringence for all extru-
ded samples, together with those annealed at constant
length in the shrinkage force experiment at 116.5°C. This
comparison is shown in Figure 12, which confirms that
there is a constant stress optical coefficient except for the
highest values of birefringence where a slight increase is
evident.

DISCUSSION

Network theories

The development of birefringence with strain for a
rubber can be understood in terms of the Kuhn and Griin
model of a network of flexible chains consisting of rotat-
able segments called random links®. For uniaxial deforma-
tion the birefringence An is related to the extension ratio
X by the equation:

72 2
n= &7_01—4—-2)_1\[0‘0\2 —1/X) (§8)]
45 n

where, 71 is the mean refractive index of the network, o
represents the difference in polarizabilities of the random
link parallel and perpendicular to its axis and N the number
of chains per unit volume.

The curve for An vs. A is characteristically convex to-
wards the extension ratio axis (Figure 13) this equation
holding in the so-called Gaussian approximation region,
where affine deformation of the network junction points
can be assumed. It has been found that the stretching of
at least one amorphous polymer, PET, can be successfully
modelled by this affine deformation scheme, both in the
commercial spinning process® and in hot drawing at tem-
peratures of ~80°C i.e. above the glass transition®®.
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On the other hand, it is also well established that when
PET is deformed below the glass transition (e.g. at room
temperature) the birefringence/extension ratio curve is
quite different and is now concave toward the extension
ratio axis (Figure 13). It has been shown that the develop-
ment of molecular orientation, measured by many tech-
niques including birefringence, can then be modelled by
assuming that the polymer consists of transversely isotropic
units whose symmetry axes rotate on stretching in the
same manner as lines joining pairs of points in the bulk
material, which again deforms at constant volume*!. This
deformation scheme ignores the change in length of the
units on deformation and considers only the rotational
contribution. It has therefore been called ‘pseudo-affine’*2.

It can be seen from comparison of Figures 2 and 13 that
the behaviour of PMMA is in some ways intermediate be-
tween these two deformation schemes*. Indeed the results
for the development of birefringence on extrusion at 30°
and 50°C are very reminiscent of similar data for PET,
where below the glass transition the pseudo-affine deforma-
tion scheme holds at all temperatures'>'®. In some recent
papers it has indeed been suggested that a mixture of pseudo-
affine and affine deformation occur. These papers include
a study of molecular orientation in PVC by Maeda and co-
workers'® using polarized fluorescence, and neutron diff-
raction studies of polystyrene!® where the authors refer to
pseudo-affine deformation as ‘uniformly affine’.

It is therefore of particular value to undertake measure-
ments of shrinkage and shrinkage force since these provide
information regarding a possible molecular network, separat-
ing this from the information on molecular orientation ob-
tained from birefringence.

The complete recovery of the extruded PMMA samples
to their original dimensions and zero birefringence on heat-
ing above Ty, does indeed suggest that the oriented glassy
polymer can in all cases be considered as a deformed mole-
cular network, irrespective of the details of the molecular

* Note the extended range of A (<4) in Figure 13 compared with
Figure 2

Birefringence |Ani
s3]

| 2 3 4
Extrusion ratio, A

-

Figure 13 Expected dependence of birefringence on extrusion
ratio according to A ‘pseudo affine’; B, rubberlike affine model
deformation schemes
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50°C {0}, 90°C (0), and 100°C {A). ®, W A represent the residual
birefringences of these samples after 10 min at constant length at
116.5°C

orientation. This network is ‘frozen’ in a strained configu-
ration at room temperature, but on heating to temperatures
above the extrusion temperature recovers some mobility,
and in the absence ot external constraint shrinks back to-
wards the isotropic unstrained state, annealing above Tg
producing complete recovery. The measurement of peak
shrinkage force confirms the birefringence data in showing
that the network deformation as well as the development
of molecular orientation is not in accordance with the sim-
plest molecular theory for the deformation of a rubber
network.

Raha and Bowden? suggested that the development of
birefringence in plane strain compression of PMMA could
be described by the Kuhn and Griin model but adding the
assumption that the network junction points were broken
down with increasing strain. For a uniaxial deformation A
their theory gives:

An = CNya(A2 — 1/ )exp(—k\) 2)

where, C = (27/45) (72 + 2)2/n, 1 is the mean refractive
index, a the difference in polarizabilities of the random

link and N exp(—k)\) represents the number of network
junction points/unit volume in the strained state. Ng is the
number of junction points/unit volume in the unstrained
state and was found by Raha and Bowden to depend strong-
ly on the deformation temperature, whereas k was an em-

pirical constant approximately independent of temperature.
In Figure 14 data from the present work are plotted in the
form of log (An)/(A2 — 1/\) vs. X and can be seen to con-
firm the general form of equation (2). This equation was
used to construct the full curves in Figure 2 using the values
of Ng and k shown in Table I1. The values of Ny presented
are in excellent agreement with those from Raha and Bow-
den, but small systematic differences are found between
the values for k between the results for extrusion and plane
strain compression as might be expected from the differ-
ences in the nature of the deformation. As discussed by
Raha and Bowden® and Shishkin and Milagin® the tempera-
ture dependence observed for Ny is consistent with a co-
hesive energy of the junction points of 5-9 kcal/mol.

A very remarkable feature of the present study is the
result that the peak shrinkage force from the extruded sam-
ples, measured at 116.5°C, is approximately proportional
to the room temperature birefringence independent of de-
formation history. This suggests that despite the changes
in the structure of the effective molecular network for de-
formation at different temperatures, there is nevertheless
a constant stress optical coefficient. This is also true for
samples which are subsequently heat treated, whether at
constant length or free to relax. This result suggests that
the nature of the ‘random link’ is unaffected by the defor-
mation process or subsequent thermal history. Decreasing
the temperature of deformation increases the number of
network junction points Ny, and therefore only decreases
the number of random links in each elemental chain of the
network. The few results in Figure 2 from extrusion at
30°C suggest that below S0°C no further increase in Ny
occurs and it appears that we are in a regime where the
deformation no longer depends on temperature. In this
regard the results are similar to the drawing of PET at low
temperatures, and suggests that some of the ideas which
have been used to describe the development of molecular
orientation in PET*! may prove to be of some relevance
for PMMA. In particular, both in this work and in that of
Raha and Bowden the development of birefringence at very
low deformation ratios is more akin to the pseudo-affine
deformation scheme.

Evidence for the nature of the random link itself comes
from the absolute magnitude of the stress optical coeffi-
cient:

An  2m (n?2+2)?
g N

o A45kT n

3

With reference to the current study, o in this equation rep-
resents the shrinkage stress measured at T=116.5°C of a
sample of birefringence An. From the room temperature

Table 1 Parameters obtained from analysis of birefringence data
in terms of equation (1)

Te (°C) Ng X 1026 {m—3) k
50.0 15.1 1.42
90.0 84 1.22

100.0 6.4 1.18

1165 2.4 0.58

+ The limited data from extrusion at 30°C do not appear signifi-
cantly different from those at 50°C and can therefore be charac-
terized by identical values of Ny and k.
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Table 2 Model calculations for random link anisotropy in PMMA

Conformations of —COOCH3 group

Trans with  Free Free
Anisotropy of respect to rotation rotation Source
link polariz- C—C and about C—0 about C—O ({(refer-
ability (m3) c-0 trans C—C and C-C ence)
(ay—a ) X 1031 —18.2 -15.3 —1.87 18
-13.9 -10.0 110.44 19

(20°C) birefringence data presented in Figure 12 we obtain:

Anyg

o

=_1.5x 10-19m2/N

By combining equations (3) and (4) and using 7 = 1.493

we find that apg = —4.8 x 10~31 m3. This figure represents
the polarizability difference of the random link at room
temperature.

Examination of the birefringence data at low temperature
in Figure 3 reveals that the absolute value of the birefrin-
gence of any sample depends (reversibly) on the tempera-
ture of measurement. Furthermore, the observation that
data from different temperatures can be superposed by a
simple shift along the log(An) axis suggests that the form
of the temperature dependence is identical for all samples,
following the relationship:

An(T) = CNg exp(—k\) (A2 — 1/\)e(T) )

The temperature dependence of the birefringence of orient-
ed PMMA and other polymers was observed by Andrews
and Hammack!”. They attributed the effect to the progres-
sive quenching-out at decreasing temperatures of the CHs
rotations on the pendant side groups. The birefringence
measured at low temperatures must therefore be attributed
to a ‘frozen’ network in which the random link anisotropy
is numerically greater than at room temperature, and analy-
sis of our data suggests that at —60°C:

a_gp=—6.5 x 10-31 m3

It is helpful to compare the measured values of & with
model calculations based on an assumed isotactic monomer
conformation. These calculations*®*? are very sensitive to
details of the conformations and of the side-group rotations
assumed, as shown in Table 2. Inspection of this Table
shows that the measured values are consistent with a ran-
dom link comparable with one monomer, birefringence
measurements down to even lower temperatures would be
necessary to confirm this statement.

The discussion so far has concentrated on analysis of the
birefringence and shrinkage force data from the main extru-
dates. The data have been shown to be consistent with the
concept of a frozen network with a junction point density
dependent on extrusion temperature but with a constant
random link. Further information is available from speci-
mens which were heat-treated at temperatures above the
extrusion temperature (but below Tg). It is very significant
that again the shrinkage force on heating above T and the
final birefringence change is an exactly equivalent fashion.
After sufficient annealing time the samples reach a new
equilibrium state which is equivalent to extrusion to the
same strain at the temperature of annealing (see Figure 5).
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It is to be recalled (Figures 10 and /1) that on heating the
extruded samples at constant length above 7 the shrinkage
force decays to a constant value which we believe reflects
the existence of a ‘permanent’ network of molecular en-
tanglements. The new equilibrium achieved by heating to a
temperature below T, might therefore be attributed to a
thermal breakdown of some temporary junction points
(e.g. the electrostatic interaction crosslinks envisaged by
Raha and Bowden?) to a level appropriate to the annealing
temperature; this network of temporary junction points

is augmented by the ‘permanent’ network of molecular en-
tanglements. The exact correspondence between the chan-
ges in shrinkage force and birefringence is consistent with
the view that a single mechanism, viz. the change in the
total number of junction points in the network, is sufficient
to explain the results.

We must also consider data from samples annealed with-
out constraint above and below T,. Annealing above Ty
results eventually in complete recovery of the isotropic
state. Interruption of this process to measure the current
values of birefringence An and extension ratio A, respec-
tively, reveals that for all specimens independent of pre-
vious history the fractional residual birefringence An'[An
depends only on the relative residual strain €' /e as shown in
Figure 5.

Annealing below T}, (but above the extrusion tempera-
ture) results in partial recovery, with samples following the
‘trajectories’ marked by broken lines in Figure 15. Again
the samples reach a new equilibrium state, in this case with
a new value of the extension ratio \". The new equilibrium
is such that an annealed sample is equivalent in shrinkage
force and birefringence to a sample which had been extruded
to the final extension ratio A" at the annealing temperature.
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Figure 15 Logyp |Anl/(A2 — A—1) vs. A. O, Data from samples
annealed free at 100°C. —— ——, represent data on ‘as-extruded’
samples (from Figure 14). , ‘to A = 1' shows the trajectory
of a sample annealed free at 116.56°C (from Figure 5). Extrusion
temperature: A, 50°C; B, 90°C; C, 100°C
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Figure 16 1Anl/{(A2 — A1) vs. A—1, following Mooney —Rivlin2!
and Saunders22. Tg=0,50°C; 4, 90°C; J, 100°C and @, samples
after annealing at constant length at 116.5°C

We have recently become aware of an independent study
of the free shrinkage of oriented PMMA by Hennig?® which
suggests that the recovery can be considered as the sample
‘creeping’ towards the isotropic state; the entropic restoring
forces are opposed by the time dependent creep modulus
appropriate to the annealing temperature. (At temperatures
below 50°C say the glassy modulus is high and so there is
negligible shrinkage whereas at 116.5°C the glassy modulus
is effectively zero and shrinkage is unimpeded.) This ex-
planation is consistent with the present investigation and
we can see that in a general sense our results conform. For
example the degree of shrinkage (and rate of shrinkage) at a
given temperature is related to the initial birefringence,
which is proportional to the shrinkage force (Figures 8 and
9).

With these considerations we are now moving away from
the ideas of Raha and Bowden in our interpretation of the
term exp(—k\) in equation (2). They suggested that this
term arose from the breakdown of junction points during
deformation and associated it with No(Tg), the unstrained
junction point density at the deformation temperature.
This interpretation leads to difficulties when interpreting
changes of deformation during shrinkage. There are also
difficulties in understanding the relative independence of
temperature of the parameter & if it is supposed to model a
specific molecular mechanism. We therefore propose that
the term exp(—kA) (A2 — 1/A) can be considered together
as modelling the finite deformation of the network, which
takes place at constant junction point density, No(Tg).
This essentially phenomenological interpretation is pursued
further in the next section.

Phenomenological approach

We have just seen that the data presented here can be
adequately represented by equation (2). There is however
an alternative representation of the development of bire-
fringence and shrinkage force with deformation. It is well
known that the stress developed in a rubber can often be
accurately described by the Mooney—Rivlin equation:

0=202—1/0) (C1 + /) ©

where C and C, are constants®!. Saunders? has shown
that a similar equation holds for the birefringence as a
function of strain for elastomers. It is however not neces-
sary (or even perhaps usual) for there to be a constant stress
optical coefficient?® as observed here for PMMA.

Figure 16 shows the present results plotted in the form
Anf/(A\2 — 1/)) versus 1/\. Tt can be seen that this represen-
tation of the data is equally acceptable at a phenomeno-
logical level to that provided by equation (1). The physical
interpretation of the deviation from the simple statistical
relationship:

An =CNya(A\2 — 1)

is however quite different from that proposed by Raha and
Bowden®. We do not have to infer that there is a breakdown
of network junction points during deformation. Rather
the deviations are seen as a common feature for all rubber
networks as emphasized in a recent review by Treloar?’.

In the original treatment due to Mooney the terms Cy
and Cy are related to the stored energy W and the strain
invariants /1 and / through

oW oW
=\ —] adcy= |—
ol | r, ol |

The Mooney theory requires that both €} and Cy should
be constant. In addition C} has frequently been identified
with the entropic contribution to the modulus, as derived
from the statistical theory of rubber elasticity. Treloar®
points out that in general (dW/aly)y, and (3W/dl7)y, are not
constant, and moreover cannot be dzetermined from uni-
axial data alone. It is therefore not possible to interpret
the slope and intercept of Figure 16 in molecular terms.
There are however a number of factors (for review see

refs 23 and 24) which suggest that the deviations from the
simple theory formally represented by the ( term may be
related to local orientational order, as has been suggested
by Rehage and coworkers®, by Boyer®? and a quantitative
treatment attempted by Schwarz?S,

CONCLUSIONS

The measurements of birefringence shrinkage and shrinkage
force on extruded samples of PMMA are consistent with
the existence of a molecular network. The development of
orientation is dependent on the temperature of deforma-
tion, and certain aspects can be very well understood in
terms of a different density of crosslink points at different
temperatures. It is possible that the crosslinks could be the
electrostatic interactions envisaged by Raha and Bowden,
together with more permanent physical entanglements
which are stable above T.

The development of birefringence and shrinkage force
with strain cannot however be explained on the basis of the
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most elementary theories of rubber networks. The alterna-
tive of a more sophisticated phenomenological approach
(the Mooney —Rivlin equation) has been explored and
shown to give a good fit to the data. More detailed studies,
particularly of the annealing behaviour, are required before
a definitive physical picture can emerge. '
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