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ABSTRACT: This paper explores the relationship between the level of preferred molecular orientation at different
length scales and the subsequent glassy stress/strain behavior of polystyrene. To produce samples with a range
of orientation states, samples of a commercial polydisperse polystywgne 274 000 g/mol, polydispersity

2.74) were first drawn to a set draw ratio and then annealed for a range of times: subsequent to this the glassy
stress-strain behavior of the various annealed samples was then measured. Appropriate annealing times, and
temperatures, were informed by the molecular based theories for the melt state. In particular, annealing times
were chosen to span the range between the entanglementgjraad the typical reptation timeg. Differences

in the deformation behavior were linked to measurements of the birefringence and thermal shrinkage, reflecting
short-range orientation and orientation of the order of the entanglement length, respectively. Results showed that
for short annealing times-(z¢) the birefringence fell almost immediately and that the true streBain curves
measured for these samples could be superposed by shifting along the true strain axis by an amount which correlated
with the sample birefringence. For longer annealing times, of the order of the Rousegtithe stress/strain

curves were found to no longer superpose in the higher true strain region. The shape of the strain hardening
curve was found to correlate very well with the measurement of thermal shrinkage of the samples obtained after
annealing. Samples with different initial draw ratios (and hence different initial birefringence and shrinkage), but
then annealed to have the same shrinkage, were found to show the same shaped strain hardening curve: that is,
the higher strain region of the curves superposed.

1. Introduction suggest different mechanisms in these two temperature regions,
affine aboveTy and “pseudo-affine” below: for a review of
these studies see ref 10 (and more recently Okurftuakso on
PET). A key question is the relationship between the imposed

and Doi and Edwardswith the recent work of, among others macroscopic deformation and the strain at a molecular level.
Likhtman and McLeisK.Much of this theoretical progress has ~Neutron scattering studies on glassy polycarbonate and poly-

arisen from the insight that polymer chains of sufficient length (methyl methacrylate) have confirmed that deformation is affine
in the melt state arentangledand that topological entangle- for long chains, and for length scales above.the entanglement
ments between polymer chains restrict their dynamics. Motion /€ngth, but have also shown, for shorter chains and for length
perpendicular to the contour length of the chain is suppressedscales of the order of a few monomer units, that the local
by entanglements, giving rise to the common theoretical picture deformation can diverge from the affine assumptidt

that each chain is confined within a “tube” by the surrounding Recently, an NMR study of segmental orientation in deformed
chains. By building on this basic concept, it now appears to be cross-linked poly(methyl methacrylatéjlemonstrated a strong
possible, at least in the case of monodisperse linear polymers difference between deformation above and below the glass
to make an accurate theoretical prediction of measurements oftransition temperature. The data were analyzed in terms of the
linear and nonlinear rheology and then (by embedding the apparent network density required to reproduce the observed
developed constitutive laws in fluid dynamics software) to levels of segmental orientation as a function of strain; it was
predict behavior in nonuniform flow. This is exemplified by found that the apparent network density for deformation in the
the recent study of Collis et d.who followed such a route  glassy state was significantly higher than in the rubbery state.
with polybutadiene and polystyrene. Previously, Kashiwagi, Folkes, and Ward in their NMR study

The goal of the present study has been to extend these idea®f oriented PMMAS concluded that the deformation had been
of linking molecular structure and mechanical properties to the “pseudo-affine”, implying enhanced orientation at the segmental
solid state. Structure/property relationships in solid polymers scale. In their shrinkage studies of PET, Bhatt and ‘Bell
is an extensively researched area, with both experimental andsuggested that, as temperatures approachéwm above, the
theoretical based studies, the majority of the studies looking at deformation continued to be rubberlike but with an increasing
amorphous polymers. Some of the earliest experimental studiesentanglement density. Furthermore, they suggested that with
were carried out by Ward and co-workers working on poly- increasing deformation at the lower temperatures there was
(ethylene terephthalate) (PET)? It was clear that there are  network slippage resulting in a birefringence/draw-ratio plot
considerable differences in the birefringence/draw-ratio plots which was concave to the draw ratio, strongly reminiscent of
between PET drawn above and bel@y which led Ward to the pseudo-affine model of WatdAll of these studies suggest

that there are deviations from affine behavior at short length

t School of Physics and Astronomy. scales especially arourig and below, and these might mimic

* Department of Applied Mathematics. the “pseudo-affine” assumption.

In recent years there has been significant progress in linking
the dynamics of polymer molecules with their melt flow
behavior! This has built on the original work of de GenAes
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Recently, there has been some effort to model and understandistory during processing and the effect this will have on solid-
the deformation of amorphous glassy polymers via molecular state deformation.
simulation, using techniques such as molecular mechahiés, For the work reported here, the aim has been to establish
molecular dynamicd??! and dynamic Monte Carlo simula- how molecular orientation at different length scales affects the
tion2223 Although the effective deformation rate in these glassy stressstrain behavior of polystyrene. This has been
simulations is much higher than in experiments (and is ef- achieved by looking at the effect of the combination of a
fectively infinite in the case of molecular mechanics, which does controlled predeformation, followed by an annealing stage, on
not include thermal motion), some interesting features emergethe true stress/true strain curve. Suitable annealing times and
which potentially have experimental relevance. The molecular temperatures were chosen on the basis of molecular parameters
mechanics simulatiod&%indicate that plastic relaxation events described in Collis et & Birefringence and thermal shrinkage
are highly cooperative and involve many (perhaps thousandshave been measured for the various orientation states, and these
of) atoms. This is also suggested by Capaldi et'akho obtain measurements have been correlated with the shape of the stress/
a transformation volume of 12 rivbased on an apparent strain curves. While the philosophy of the work of our group
activation volume of 0.21 nfnand a transformation strain of  in this area, as exemplified by the published studies of Collis
0.017. Both Li et af? and Chui and Boyc& examine the and Wu?? has been to use monodisperse polymers, there is a
contribution of different types of interatomic force to the sample drawback in that, in general, onty10 g of material is available.
stress. At small strains, all types of interactions For the work reported here, the need to develop and establish
(bonded and nonbonded) make contributions to the increasea new set of experimental testing protocols meant that a more
in stress. However, both studies conclude that the observedwidely available polymer was advantageous. For that reason
strain hardening at large strains arises fréwonded inter- we have worked with a commercial polydisperse polystyrene.
actions (and is thus an intrachain effect). This latter observa- i .
tion is an important one: while it is conceptually plausible for 2 Experimental Section
strain hardening to arise both from intrachain interactions 2.1. Sample Preparation and General DetailsThe material
(orientation and stretching of individual chains) and from used throughout this study was a commercially available, polydis-
interchain interactions (e.g., via rearrangement of the locally Perse, polystyrene, BASF PS2, which had a weight-average

packed structure), the simulations strongly suggest only the Molecular weight¥1,) of 274 000 g/mol and a polydispersity of
former is important. 2.74. First, samples were produced for the orientation experiments.

] o ~ This was achieved using an in-house microspinner, set t¢@20
The development of theoretical constitutive models to predlct which produced parallel strips of dimensions 13 mm wide and 0.25

glassy stressstrain behavior has proceeded along classical lines mm thick. Birefringence measurements on these strips showed this
with combinations of spring and dashpot elements (including to be zero, but thermal shrinkage measurements, carried out in a
3D extensions of this concept). A common feature of the silicone oil bath at 125C for 1 h, showed a small amount of
majority of such models is the use of a nonlinear viscous dashpotshrinkage. An additional annealing stageld at 140°C under a

in series with a stiff spring to describe the small strain elastic VerY light pressure, was found to reduce this shrinkage to zero,
response and yield of the material; in parallel with this, a weaker giving fully isotropic samples as the base for the subsequent tests.

sometimes nonlinear) spring provides strain hardening at high In the next stage, samples were drawn 1o a set ratio at a fixed
( ) spring p g athig temperature, annealed at this temperature for a range of times,

strains?*~2% With respect to the strain hardening portion of the r5;en, and then retested under uniaxial tension. These tests were
stress-strain curve, the simulations referred to above support carried out using an Instron Extra Series 5500 screw driven tensile
the frequently proposed idea that the additional stress arises fromest machine and a temperature-controlled cabinet. Following
orientation and stretching of polymer molecules (the strain previous work at Leeds investigating molecular orientation in
hardening was shown to arise from bonded interactions). It polystyrene’®we chose 115C as the temperature for the drawing
appears common to describe this molecular orientation asand annealing tests. The choice of annealing times was informed
occurring due teentanglementbetween polymer chains. The from a knowledge of the various relaxation times involved with
strain hardening stress in these constitutive models is thusPolYstyrene, calculated from the fitting of linear rheology measure-

- .- . . ments to molecular based theorfeBor a monodisperse polymer
formulated by appeallng to rubber glastlcny thgory, using either there are three important time scales,tr, andzg, which are the
a simple Gaussian rubber or nonlinear constitutive law.

entanglement, Rouse, and reptation times, respectivelig. the

Given that there is a common concept of “entanglements” in time for a segment between entanglement points to relax and so is
the description of both polymer melt flow behavior and strain independent of molecular weight. For polystyrene this is given as
hardening of amorphous glassy polymers, it is natural to ask 7-13 x 10 s at a temperature of 17. From this the Rouse
whether these are, in fact, the same thing. The observations ofiMe at 170°C (the relaxation of the whole chain in an unentangled
the NMR study of Wendlandt et &t.demonstrate that they are  Stat€) can be calculated from = 7o2*, whereZ = (Mu/Mq). The

not the same: the apparent network density for deformation in Rouse time is thought to be the time scale for retraction toward
: PP Y the equilibrium contour length of a polymer chain within its tube

the glassy state is higher than in the rubbery/melt state. This iStg|iowing a nonlinear deformatiohThe reptation timerg, is the
consistent with the observation that the strain hardening moduluscharacteristic time for curvilinear diffusion of the chain along the
in the glassy state is, typically, much larger than the melt plateau contour length of the tube and is given by the equation of Likhtman
modulus?® Questions of this kind are important if one is and McLeisH as

interested in how melt processing affects subsequent solid-state

deformation behavior after cooling: one needs an understanding 3 2C, C, G

of the development of molecular structure and orientation in 4= (32 TQ(l - EJrf ZT/z)

both the melt and glassy states. It is known that flow in the

melt. state can produce different levels of molecular orientation whereC, = 1.69,C, = 4.17, andCs = 1.55. Time-temperature

at different length scal€s®=!It is important to know which  gyperposition is then used to determine the values of these three
length scales are important in amorphous polymer deformation. rejaxation times at other temperatures.

One might, ultimately, hope to be able to predict the level of  As is seen from the above equations, the Rouse and reptation
molecular orientation induced by a given flow and temperature times are both dependent on molecular weight, so the equations
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Figure 1. Calculated values for the three relaxation timeszg, and

74, for BASF polystyrene PS2M,, = 274 000 g/mol). Tims st 115°C (ssconds)

Figure 2. Birefringence #) and thermal shrinkagds of drawn and
are strictly applicable only to monodisperse polymers. The calcula- annealed samples vs annealing time at 1Q5fter an initial draw at
tions for the BASF polydispersed polystyrene used in this work 115°C of 4:1. The dotted lines show the positions of the three relaxation
were therefore determined assuming that the appropriate moleculatimes at a temperature of 12&.
weight M,, is the weight-average value from GPC measurements
(i.e., 274 000). As such, we use these calculations only to give a in a silicon oil bath. Following previous work at Leeds investigating
guideline as to time scales of the typical molecular processes molecular orientation in polystyrerféa temperature of 125C and
occurring at the different annealing times. Obviously, there is a a time d 1 h were chosen to carry out these measurements. The
distribution of Rouse and reptation times in this material, brought samples to be measured were placed between mica sheets which
about by the polydispersity. Figure 1 shows the results of these were held together with paper clips at their edges, and their length
calculations forze, 7r, andzy against temperature, in the range of before and after immersion in an oil bath was measured using a

interest from 100 to 140C. traveling microscope. The shrinkadg was then determined from
2.2. Tensile Testing.To find the appropriate temperature for
the subsequent “glassy” stresstrain measurements on the annealed _ original length

samples, uniaxial tensile tests were carried out at a range of
temperatures. In the event, there was only a narrow temperature

range (1068-120°C) where these tests could be carried out. If the 3. Results
temperature was too high, much greater than°@ahen significant ’
molecular relaxation would occur during equilibrating the sample  3.1. Draw Ratio 4:1.For the first set of experiments, samples
to the test temperature (about 600 s). Alternatively, at temperatureswere drawn at a temperature of 116 to a draw ratio of 4:1
below 100°C, the deformation was found to become localized, (at a speed of 100 mm/min with an initial gauge length of 60
with the formation of a neck, and at even lower temperatures the mm, thus taking a time of 108 s) and then held at constant length
samples broke in a brittle manner. A temperature of 105vas for a range of times betwee2 s and 5 days, at which point
therefore considered optimum for the glassy retest experiments. Asthey were frozen using a freezer spray. The birefringence and

this is in the region of th_e glass transition temperature, accuratethermal shrinkage th d on th les bef
temperature control, to withig=0.1 °C throughout the oven, was . ge were then measured on Inese samples betore
required for repeatability. retesting at the lower temperature of 15 .For retesting, the
While the initial drawing and annealing experiments, detailed Sa@mples were deformed at a constant strain rate of 0.00833 s
in the previous section, were carried out at a constant displacement Figure 2 shows measurements of the birefringence and
rate (100 mm/min, with an initial gauge length of 60 mm), the thermal shrinkage with annealing time at 116 for these
subsequent retest at 106 was undertaken at a constant true strain  samples: the positions of the three major relaxation timgs,
rate of 0.008 33 5. The tests were carried out on an RDP servo- ¢, andry, calculated as described above, are also indicated in
mechanical testing machine and an SPRI environmental chamberthjs figure. The results show that the birefringence begins to
An external voltage source from a computer was used to control fo)) aimost immediately with annealing at 128 but that the
the machine speed, and this was altered incrementally during they, o) shrinkage does not begin to fall until after a few minutes.

test to keep the true strain rate constant (based on the initial gauge., . . .
length and the initial velocity and assuming homogeneous deforma-e.r his thSt lbe I|r_1ked to the cha(;aﬁterlsﬂg Ienlgth scalehlnvolved
tion). The sample strain was measured directly through the glass'™ €ach relaxation process and how this relates to the macro-

oven door using a Messphysik video extensometer, and postpro-SCOPIC properties being measured.
cessing of these results confirmed that a constant true strain rate Birefringence is a measure of the orientation of chain units
was indeed achieved in the tests. at the monomer length scale, i.e., orientation at the smallest
2.3. Birefringence Measurements.The birefringence of the  scales. While this local orientation does not decay completely
samples after the initial spinning, after drawing and annealing, and until the sample becomes completely isotropic at the reptation
after subsequent retest was measured using a Carl Zeiss Jengme of the chains, Figure 2 indicates that the majority of the
microscope and an Ehringhaus compensator. As is normal with pirefringence is relaxed by processes around the entanglement
polystyrene, the direction of maximum change in birefringence was ;q gcalez,. This is an indication that the initial deformation
perpendicular to the main drawing direction due to the transverse was suffici’ently rapid to induce orientation and stretching in

orientation of the polar benzene ring group with respect to the main . . -
chain. For such a situation, relative changes in birefringence, as aShOrt length scale modes of the chain, with characteristic lengths

result of tensile drawing and subsequent annealing, are designate®f Order the entanglement size or less (note that the deformation
as negative. time of 108 s is comparable to the entanglement time

2.4, Thermal Shrinkage MeasurementsThermal shrinkage Te = 65 s at this temperature). These short length scale modes
measurements were also carried out on the same range of sampleselax their contribution to the birefringence on time scales of

final length
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Figure 3. (a) True stresstrue strain curves for 4:1 samples tested at §1 + *
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order the entanglement time, giving rise to the immediate drop Figure 5. True strain offset required for superposition (in the true
in birefringence upon annealing evident in Figure 2. strain range 0.40.6) vs the birefringence after annealing at £%

The “shrinkage” indicates how far an unconstrained sample
will shrink upon remelting. The shrinkage process is governed region, up to a stress of roughly-8 MPa, superposes. We
by a competition between stretched chain modes (which haveshall define the “weak strain hardening region” to be that part
a long relaxation time and which drive the shrinkage) and of the strain hardening curves for stresses less than 7 MPa, where
quickly relaxing modes (which act as a background viscosity the rate of increase of stress with strain is relatively shallow. It
to limit the shrinkage rate). Broadly speaking, the long-lived appears possible to obtain superposition of the weak strain
modes can be associated with melt entanglements, and thehardening regions for different samples via a shift along the
structure and orientation of the chains with respect to their true strain axis. We define the “strong strain hardening region”
entanglements govern the degree of shrinkage. Hence, the typicato be that part of the strain hardening curves for stresses greater
annealing time scales for loss of shrinkage are the Rouse timethan 8 MPa, where the rate of increase of stress with
7r (chain retraction within the tube reduces the shrinkage strain is relatively strong and where superposition is not always
necessary to balance the stress due to entanglements) angossible. This definition of the strong and weak strain hardening
reptation time, as is evident in Figure 2. regions is, necessarily, an operational one, yet it appears useful

Figure 3 shows the true stressue strain curves of these for the discussion of this and subsequent results. In particular,
samples when retested at a constant true strain rate: in this figurenote that Figure 4 provides an indication that the shape of the
is shown results for annealing times between 0 and 90 s: First,strong strain hardening region may correlate with the sample
in Figure 3a is shown the data as collected. As the annealingshrinkage.
time is increased it is seen that the initial yield stress falls and For samples annealed between times of 1 min and 24 h,
that the onset of strain hardening moves to a higher true strainFigure 5 shows the relationship between the strain offset
(the arrow indicates curves with increasing annealing time and (relative to the unannealed sample) required to get super-
decreasing birefringence). Second, Figure 3b shows these samposition of the stressstrain curves in the weak strain
curves but shifted along the true strain axis in order to hardening region and the measured birefringence in the annealed
superimpose the strain hardening regions: it is seen that thesamples before retesting. It is seen that this relationship is
superposition is very good. Shifting of the stressrain curves roughly linear. For all annealing times greater than 12 min,
in this way was first proposed in another context by Bfddy  superposition was possible only in the weak strain hardening
and has since been employed by Long and Watt Oku- region.
mura}! among others. 3.2. Draw Ratio 3:1.Experiments were also carried out by

Figure 4 shows data for an additional sample, annealed for drawing to 3:1 and annealing for the same range of times. Plots
12 min; this is the earliest annealing time for which a drop in similar to Figure 2 were generated, and a similar relationship
the sample shrinkage was observed. The stregain curve of was found; that is, both the shrinkage and the birefringence fell
this sample cannot be shifted so that it superposes in the entiretywith increasing annealing time (although starting from lower
of the strain hardening region with the corresponding curves values) with characteristic times similar to those for the 4:1
for the samples with shorter annealing time. It is possible, drawn samples. Figure 6 shows a comparison of the effect of
however, to shift so that the initial part of the strain hardening annealing on the birefringence (a) and thermal shrinkage (b)
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Figure 8. (a) Strain offset for superposition in the weak strain
hardening region vs the starting birefringence of the various samples:
results shown for draw ratios 4, 3, and 2. (b) Strain offset for
superposition in the weak strain hardening region vs the starting
birefringence of the various samples. The results are shifted with respect
to the 4:1 frozen immediately sample. (c) Strain offset for superposition
in the weak strain hardening region vs the starting birefringence of the
various samples. The birefringence values were normalized with regard
to the birefringence of the drawn and frozen sample for each draw
ratio.

birefringence for the 4:1 drawn samples (Figure 5). In Figure

= 8a, the results for the 3:1 samples are plotted against these 4:1
results. Itis seen that 3:1 results also show a linear relationship,
0 but starting from a lower level of birefringence for the 3:1 frozen
04 0.8 1.2 immediately after drawing sample (strain offse®), and also
- show a lower slope.
True Strain

Figure 7. True stresstrue strain curves for 3:1 samples tested at
105 °C, after annealing times at 1F& for 0 and 90 s (constant true
strain rate of 0.008 3373).

Figure 8b,c explores alternative methods for presenting the
results of Figure 8a, for the different draw ratios. Results
presented in the following section (Figure 9) will show that the
samples drawn at different draw ratios and then frozen im-

for samples initially drawn to a ratio of 3:1 and 4:1 and confirms mediately can also be superposed in the weak strain hardening
a similar shape for both, albeit starting from lower values. Figure region. Using the 4:1 drawn and frozen sample as the reference,
7, which shows the true stress/true strain curves for a 3:1 drawnthe results of the lower draw ratios shown in Figure 8a can be
and frozen immediately sample and one annealed at@C¥ér shifted by the true strain offset shown in Figure 9b and then
90 s, confirms that the true strain offset also works at this lower replotted as shown in Figure 8b. It is seen that when presented
draw ratio. A similar superposition, in the weak strain hardening in this way, the results fall on a rough master curve, suggesting
region, was found for a sample annealed for 47 min, albeit with a link between the absolute birefringence and the true strain
a larger true strain offset. offset. An alternative representation is to normalize the bire-
In the previous section it was shown that there was a linear fringence values for each draw ratio set, by the birefringence
relationship between the true strain offset and the starting of the drawn and frozen immediately sample. The results
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Table 1. Product Draw Ratio (Initial Draw at 105 °C plus Retest at
115°C) of Samples 3 in Figure 11 at a Stress Indicated by the

! . ) White Circle

immediately and then retested at 185 at a constant true strain rate — - -

of 0.008 33 s, Shifted along the true strain axis to give superposition initial nominal draw ratio for _

in the intermediate true strain region. draw ratio retestto 7 MPa  product nominal
sample (at 105°C) (at 115°C) draw ratio

presented in this way (Figure 8c) suggest a strong link between ~ 4:1 4 12 4.8

the “relative” change in birefringence and the true strain offset. 3;1 g ig gg

Further work is required to establish the most appropriate

method for the presentation of these results. 3.4. Further Annealing of 4:1 and 3:1 SamplesThe results

3.3. Draw Ratios of 4:1, 3:1, and 2:+No Annealing. obtained so far suggest that we can, to first approximation,
Figure 9 shows a comparison of the true stress/true strain curvescorrelate the weak strain hardening region (and in particular
for samples drawn to three different draw ratios, frozen the offset required to achieve superposition) with the sample
immediately, and then retested at 1 Figure 9a shows the  birefringence and the strong strain hardening region with sample
curves as measured and Figure 9b the curves after shifting toshrinkage. To investigate this supposition, additional annealing
achieve a superposition in the weak strain hardening region. studies were carried out. In the first experiment, a 4:1 drawn
This was done so as to match the curves at a true stress of Gample was annealed for a time to give the same thermal
MPa (at much higher stresses the curves begin to divergeshrinkage as a 3:1 drawn sample (67 min at 2C5gave a
significantly). These curves show a reasonable superpositionshrinkage of 3.1 as shown from Figure 2). Figure 10a shows a
in the weak strain hardening region but require a true strain comparison of the true stresue strain subsequent retest of
shift for superposition due to a different starting birefringence these two samples. It is seen that the weak and strong strain
(—0.0092,—0.0059, and—0.0033 for the 4:1, 3:1, and 2:1 hardening regions both superpose very well (the samples have
samples, respectively). However, the strong strain hardeningsimilar shrinkage) but that there is a true strain offset (due to a
regions, at higher values of true strain, do not superpose. Thisdifferent level of birefringence:—0.0025 and-0.0059 for the
remains consistent with the hypothesis that this latter portion 4:1 67 min and 3:1 frozen samples, respectively).
of the curve is correlated with sample shrinkage. To clarify this  In the second, analogous, experiment, a 4:1 drawn sample
point, the combined draw ratio at the true stress of 7 MPa haswas annealed for a time to give the same thermal shrinkage as
been calculated for the three samples and is shown in Table 1.a 2:1 drawn sample (24 h at 1€ gave a shrinkage of 2.1 as
So, for example, although the 2:1 sample requires a higher levelshown from Figure 2). Figure 10b shows that again, in the
of true strain to reach the true stress of 7 MPa, compared to theentirety of the strain hardening region, the curves superpose
4:1 sample, the combined draw ratio at this stress is lower thanvery well but that there is a true strain offset due to a different
the 4:1 sample (3.2 compared to 4.8), leading to a lower strain birefringence {-0.0005 and-0.0033 for the 4:1 24 h and 2:1
hardening rate. frozen samples, respectively).
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40 involving correlations between a few statistical segment lengths
at most. This finding is very much in agreement with that of

o i Wendlant et all* who show that the apparent network density

20 | for deformations in the glassy regime (for PMMA) is equivalent

Decreasing
shrinkage

to just 2-3 statistical segment lengths per affine chain strand
: and thus significantly higher than the entanglement density.
3 It is important, however, to discuss this result in the light of
computer simulation¥192which suggest that plastic relaxation

[
[,

True Stress (MPa)
[
o

15 | events under flow are highly cooperative and involve many
(thousands of) atoms. (As discussed in the Introduction, Capaldi
10 et al2! obtain a transformation volume of 12 Arnased on an
5 | _ . apparent activation volume of 0.21 Arand a transformation
«f o hﬁﬁ?ﬁéﬁi strain of 0.017.) The question arises: if a plastic relaxation event
0 - - involves a cooperative rearrangement of so many atoms over a
0.2 0.6 1 1.4 1.8 (relatively) large volume, how is it that the flow is able to
True Strain produce orientation in molecules at such short length scales?

Figure 11. Comparison of all the results from Figures 9a and 10a,b. The apparent contradiction can be overcome provided one

recognizes that a plastic relaxation event does not involve the
molecules within the transformation volume exploring all their

— internal degrees of freedom; i.e., it does not equilibrate the whole

measured  annealing nital t%”étr';'al transformation volume. Instead, it seems most likely that each

sample drawratio at115°C birefringence shrinkage plastic .relaxat|on e\(ent (?onstltutes a rearrangemept of all the

atoms involved, which displaces each such atom just a small

Table 2. Birefringence and Thermal Shrinkage Values for the
Samples 15 Shown in Figurell (Measured before Testing)

1 4114 0.10 no-frozen —0.0092+0.0005  3.69+ 0.15 : :

2 301+004 nofrozen —0.0059+0.0006 2.9%t 0.19 distance away from the path it would take under a completely
3 203+ 0.03 no—frozen —0.0033+ 0.0002 1.9G- 0.10 affine deformation. (We note that, in the simulations of Shenogin
4 4.044+0.08 67 min —0.0025+ 0.0001  3.14+0.08 et al.?% a large distribution of local atomic strains were found
5  4.00+£0.07 24h —0.0005+ 0.00003  1.95t 0.07 near the yield point, but the very fact that the local strain could

) ) be defined at all suggests that individual atoms do not move

These two results support quite well the hypothesis that the tar enough to separate completely from nearest neighbors.) For
strong strain hardening region is correlated with the sample thjs reason, the size of the plastic transformation volume is not
shrinkage. the important quantity for the chain dynamics; what matters is
the rate at which the chains are able to explore their surrounding
volume, and this is set by the frequency of plastic relaxation

The experiments described above can be summarized assvents and the effect that each such event has on a given chain.
follows. For all initial strains and annealing times, it was possible We may explore the simplest possible model, in which one
to superpose the weak strain hardening region of the siress considers that each plastic relaxation event involving a given
strain curves £7 MPa) on retesting, via a shift along the true  monomer allows the monomer to make a “hop” of distaxice
strain axis. The amount of shifting required correlates reasonablyaway from its affine path (wher is the monomer step size),
well (though not perfectly) with the sample birefringence. The and« is a parameter we would expect to be less than, or of
strong strain hardening region appears to correlate with sampleorder, one. If we assume each such hop made by a monomer is
shrinkage measurements: samples with the same shrinkageincorrelated with other hops, the number of hops required to
would superpose in the entirety of the strain hardening region, equilibrate a monomer with its surroundings is of ordet?1/
once the appropriate shift for birefringence was made. To (the process is diffusive). But, a chain undergoing local hops
illustrate this, Figure 11 collects all the data from Figures 9a can be described by the Rouse model for polymer dynafnics,
and 10a,b, and Table 2 details the initial draw ratio, annealing for which the time required to equilibrate the internal degrees
regime, and measured birefringence and thermal shrinkage forof freedom of a chain section of monomers is a facton?
these five samples. Curves with the same thermal shrinkage werdarger than the time taken to equilibrate a single monomer.
shifted such their strain hardening regions superposed (curvesHence, the number of plastic relaxation events (per monomer)
2 and 4 and curves 3 and 5 as shown earlier in Figure 10, a andrequired to equilibrate a chain sectionrofnonomers ig?2/i2.
b, respectively), and all the curves were shifted to superpose atSo, an important quantity is the number of plastic relaxation
the intermediate true stress of 7 MPa as shown by the white events, involving a given monomer, which take place within
circle in the figure. one unit of applied strain: this is justA¢ where Ae is the

As discussed in section 3.1, birefringence is a measure of transformation strain (taken to be 0.017 by Capaldi éfal
the local segment orientation of the samples. Annealing for even Hence, equating?/«? and 1Ae gives the maximum number of
short times (similar to or less thar) was found to relax this  monomers in a chain section which can equilibrate within one
birefringence rapidly, with an associated change in the shapeunit of applied strain, i.e.
of the stress/strain curve. With knowledge of just the sample
birefringence, one is able to make a reasonable prediction of n.~ —X
the yield stress of the samples, and the stress/strain curve up to © JAe
the limit of the weak strain hardening region upon subsequent
retesting. The fact that the birefringence, the yield stress, andTaking Ae = 0.017 and (very generously)= 1 givesn. = 8.
the weak strain hardening region are affected by short annealingSections of chain involving this number, or more, of monomers
times, and that they are correlated, provides a strong indicationwill be strongly deformed by the flow since they are not able
that activated flow in the weak strain hardening region produces to relax all their internal configurations. We may note that
molecular deformations which are very much local in nature, neither entanglements nor the size of the transformation volume

4. Discussion
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is important in this argument. A test of the validity of this 115°C and a subsequent annealing step, have shown how the
argument could be made by computer simulation: one could glassy stressstrain behavior at 105C is affected by molecular
straightforwardly examine the deviation of individual chains orientation at different length scales. The initial part of the
from their affinely deforming path using computer simulation stress-strain curve was found to correlate well with the
and hence test the rate at which chains explore their surroundingmeasured birefringence, indicating a dependence on local
volume. orientation states. Annealing at times of the order of the

With the use of the true strain shift, all the curves were found entanglement timey,, was seen to change the initial part of the
to superpose up to a stressef MPa. If the stress optical law  curve, while leaving the shape of the later, strong strain
was to hold at the testing temperature that was used {C)5 hardening portion, unaffected. It was shown that the annealed
then in the region where they superposed, they should also havecurves could be shifted along the true strain axis such that the
the same birefringence. This hypothesis was checked by a furtherstrain hardening regions superposed and that the amount of this
experiment. A 4:1 sample drawn at 11%, and frozen true strain shift correlated with the sample birefringence. For
immediately, was retested at 106 and taken to a true strain  longer annealing times, of the order of the Rouse tigethe
such that a true stress of 7 MPa was reached (in the plateaustrong strain hardening regions were found to no longer
region of Figure 11 where all the curves superpose as shownsuperpose, with the gradient of this region falling with increased
by the white circle), at which point the sample was again frozen. annealing. This reduction in gradient was found to correlate well
A similar experiment was undertaken with a 2:1 sample, and with the measured thermal shrinkage, that is, orientation at a
then the birefringence of these two samples was measured. Thdonger length scale, of the order of a few entanglements. Finally,
results gave a value 6f0.0235+ 0.0005 for the 4:1 redrawn  samples with a different initial draw, but then annealed to have
sample and-0.0228+ 0.0014 for the 2:1 sample, showing that the same thermal shrinkage, were found to superpose in the
indeed, at the point given by the white circle (and presumably entire strain hardening region, reinforcing the link between the
for all other points where the curves superpose), their birefrin- state of orientation at the entanglement length scale with the
gence was very similar. strong strain hardening portion of the glassy stresgin curve.

The correlation between birefringence and strain offset given Hence, prediction of the initial, weak strain hardening portion
in Figure 8, however, is not perfect. We take this to be an of the stressstrain curve can be made, to a first approximation,
indication that there is some dependence in the weak strainwith only a knowledge of sample birefringence. Prediction of
hardening region on aspects of the molecular orientation which the entire curve requires knowledge of orientation at multiple
are not measured by birefringence: either higher order momentslength scales.
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