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ABSTRACT: The old controversial idea of structures in molten
amorphous polymers is being accepted with theoretical and exper-
imental evidence. Wool'’s twinkling fractal theory of the glass tran-
sition and recent atomic force micrographs are convincing proof
of the dynamic, solid aggregate presence below and above Tj.
This article offers detailed analysis of the experimental data from
high-pressure dilatometry, as well as from the oscillatory shear
tests in the glassy and the molten state of polystyrenes. The results

INTRODUCTION The glass transition temperature (7g) is con-
sidered a boundary between the vitreous and molten phase. It
is recognized that glass is a supercooled liquid, not at thermo-
dynamic equilibrium, and as the temperature decreases from T,
there are several glass/glass transitions all the way to the
reduced quantum temperature, T =~ 0.004, or T =~ 50-80 K!
Similarly, in the molten phase above T, there are liquid/liquid
transitions, kinetic or thermodynamic in nature (e.g., melting
of syndiotactic dyads in polyvinyl chloride), which depend on
temperature 7, pressure P, time t, and so forth.2 Boyer has
been a persistent proponent of the liquid-liquid transition
temperature (Ty.) above which “entire polymer chain is free
to move as a unit”>® Transitions usually indicate some
change of the molecular mobility and/or structures. The ki-
netic nature of T is reflected not only in the well-recognized
diversity of glass behaviors but also in properties of molten
polymer within the temperature span: T, < T < T, where T,
~ T, is the crossover temperature; T./T, ~ 1.25 * 0.10.57°

According to Gotze and Sjogren, T, is readily observed by
neutron scattering and other vibrational spectra, and it
appears in molecular modeling. Furthermore, T, “seems to
be an equilibrium parameter of the system, which separates
the supercooled liquid state in two regions.”'° The molecular
modeling and dynamic measurements established several
relaxation modes at 1 < T/T; < 1.6, which affect the T and
P dependencies of liquid viscosity or relaxation time.'*™'* At
T < T, the mode-coupling theory (MCT) considers liquid as
an assembly of particles enclosed in cages formed by their
neighbors with vitreous-type o-relaxation controlling the
behavior, whereas at T > T, the molecular vibrations domi-
nate.’>® In other words, cooling the liquid involves two

'© 2011 National Research Council Canada.
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indicate the presence of a transient structure at 7> Tg; transient as
it depends on the structure of the vitreous polymer and the rate of
heating it across T,. Thus, molten polymer is not always at the
thermodynamic equilibrium. © 2011 National Research Council
Canada.” J Polym Sci Part B: Polym Phys 49: 1369-1380, 2011

KEYWORDS: compressibility; dynamic moduli; equation-of-state;
polystyrene; rheology; thermal expansion

relaxation mechanisms—segmental (at T > T.) and struc-
tural (dominant at T < T). Their crossover at T. depends on
the fragility index of the glass-forming liquid, m:

= () (arm) ®

1,)\dW/1)) 1y,
The T./T, ratio ranges approximately from 1.6 (for B,0s
where m = 32) to 1.35 (for polyisobutylene, PIB where m =
49) and 1.15 [for polystyrenes (PS) where m = 139].8%17-19
It is noteworthy that m also increases with the number aver-

age molecular weight, M,, (e.g., for PS from m ~ 70 to 145
for M, = 0.5 to 3000 kDa) and so does the T./T, ratio.

The polymer dynamics at T < T. is complicated by other
relaxation processes such as the fast and the elementary.
The former, which originates in backbone chain vibrations or
side group’s motion, starts in the vitreous state near the
Vogel-Fulcher-Tammann-Hesse (VFTH) temperature T, and
ends above T.. The elementary relaxations (only in molten
polymers) are related to conformational transitions, which
extend to temperatures well above T..'*2%%!

In 2008, Wool proposed the twinkling fractal theory (TFT),
which postulates that solid-percolating fractal structures form
in liquids cooled from T > T.?*? The theory was derived from
the Boltzmann population of excited states in the anharmonic
intermolecular potential between atoms, coupled with percolat-
ing solid fractal structures near T,. Noteworthy, a similar model
of a dual nature for molten amorphous polymers was discussed
by Robertson already in his 1975 review.*® At that time, the evi-
dence was based on X-ray or neutron scattering (X-ray diffrac-
tion (XRD), small angle X-ray scattering (SAXS), and small angle
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neutron scattering (SANS)) and on a variety of electron micro-
graphs. The reported grain sizes ranged from about 3 to
200 nm; after quenching the initially small grains grew during
annealing by a factor of about five.

TFT predicts that the temperature-dependent volume frac-
tion of solid and liquid (¢s and ¢y, respectively) follows the
relations:

B 1P <§:(}i’i“ PRGN
Ptos=1 T—Te= de=(1-p)Te/Tg—1

(2)

where p. is the rigidity percolation threshold. Accordingly,
the solid-like aggregates first appear near T.. The glass tran-
sition (Tg) occurs when the solid fraction of aggregates reach
the rigidity percolation threshold, ¢ss = 1 — ¢ = po
while complete solidification is expected only at absolute
zero, T — 0 K. Physics recognize several values of the perco-
lation threshold, for example, for perfect crystalline packing,
for random packing of uniform spheres, for anisometric par-
ticles with variable aspect ratio, and so forth. Consequently,
like p., Ty is also controlled by such quantities as geometry
(e.g., dimensionality, packing arrangement, and segmental as-
pect ratio), as well as on the thermodynamic interactions, on
three-dimensional flow stresses and strains, rate of tempera-
ture changes, pressure effects, and so forth. For example:

® Face-centered cubic and hexagonal close-packed, z = 12:%4
plc = 0.120164 = 0.000001

e Body-centered cubic, z = 8: p°° = 02459615 =
0.0000010

e Experimental data for polydispersed spherical drops:
pPheres = 0.18 = 0.03

25

Assuming that, on cooling, the solid aggregates start forming at
T,, then from the experimental values of T./T; = 1.15 and 1.35
(for PS and PIB, respectively) one calculates pipheres = 013
and 0.26, bracketing the values observed in immiscible poly-
mer blends.” Accordingly, while T is MCT-derived equilibrium
parameter, T is a dynamic macrotransition controlled by criti-
cal percolation of segmental or molecular aggregates. T, is con-
sidered isoviscous, but it is not iso-free volume state, and vol-
ume changes at T, have been reported early.® Furthermore, T,
in reduced variables: Tg = Ty/T* # const. (T* is the equation
of state scaling temperature, characteristic for the given poly-
mer); thus, the transition is not the corresponding state vari-
able, as, for example, is the critical point.27'30

Recently, Wool and his coworkers used the atomic force mi-
croscopy (AFM) in the tapping mode for detecting the perco-
lating twinkling fractal solid aggregates in PS below and
above Tg.31‘32 As tapping-mode AFM detects local variation
of substrate rigidity, it indeed provides a direct evidence for
the presence of twinkling rigid clusters in liquid matrix. The
twinkling frequency:
%2 2

u} 3)

o(T) = woexp{— T
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(wo ~ 1 THz is the lowest fundamental frequency of the
solid cluster) depends on T, which through the population of
intermolecular oscillators controls the cluster size, observed
by AFM as ranging from 4 to 40 nm (note the relative agree-
ment with about 40-year-old data®®). The two-dimensional
correlation coefficient decreases with time and temperature
indicating increasing randomness of the aggregate formation,
as evident already at T, + 10 K. The fractal dimension of
about 1.88 well agrees with the theory.

TFT is an intriguing concept, which may clarify many conflicts
surrounding the glass transition in amorphous polymers. At
the same time, its implications are serious and disturbing.
The fundamental postulate is the progressive increase of solid
cluster population from zero near T. to totality at absolute
T = 0 (K). Accordingly, T, seems almost an accidental transi-
tion, subjected to all the variables that affect percolation
threshold, that is, formation of an infinite cluster. The cooling
takes the equilibrium liquid at T > T, to nonequilibrium glass
at T < T, However, where during the cooling the nonequili-
brium structure first appears? Up to the present time, the
melts above T, have been treated as equilibrium liquids with
the experimental data interpreted by equilibrium theories—Is
this treatment valid? Furthermore, if the melt structure is not
at equilibrium, how much the performance of the processed
article depends on the structure of vitreous pellets and proc-
essing parameters? Consequently, this article focuses on the
molten PS just above T,. The aim is to examine if different lig-
uid cooling or heating kinetics affect the physical properties
of the polymer at T, < T < T.. This can be done by observing
the effects of temperature changes in thermodynamic or rheo-
logical tests, such as pressure-volume-temperature (PVT)
measurements, or oscillatory shearing versus T of the solid
and molten polymer near Tg.

Zoller and Walsh in their book described four PVT test pro-
cedures that under condition of the thermodynamic equilib-
rium should yield the same dependence. Thus, one may
carry the PVT measurements isobarically or isothermally, ei-
ther increasing or decreasing T and/or P>® However, the
presence of dynamic clusters at T; < T < T, suggests a pos-
sibility of progressively changing behavior with the distance
from the critical percolation volume fraction. As derivatives
are more sensitive than the functions, in addition to V = V(B T)
the thermal expansion and compressibility coefficients, (o and x,
respectively) should be analyzed:

Odln V> (8 In V)
o= K= — 4)
< or TO.Pq op PO Tq

In this general relation for vitreous state, P° and T° are the
glass formation pressure and temperature, respectively with
q being the rate of heating or compressing; evidently, for
equilibrium liquids only P and T, respectively, is important.**

Although the PVT measurements explore the influence of T
and P on V and its derivatives, the dynamic rheological tests
are done only at ambient pressure, scanning PS response
while varying the temperature across Ty, from the vitreous
to liquid phase or vice versa. The dynamic temperature
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TABLE 1 Polymers Studied in this Work

FULL PAPER

No. Polymers Manufacturers M,, (kDa) M, (kDa) Ty (K) £ 0.1 Refs.

1 PS-686 Dow Chem 279 90.7 368.4 35

2 PS-667 Dow Chem 352 215 361.0 34, 36, 37
3 PS-1301 Nova Chemicals 270 - 378 = 0.2 38, 39

4 PS-220 Nova Chemicals 216 56 360.8 40

Note: PS-667 contains 700 ppm Zn-stearate and 2.5% of mineral oil; PS-686 and PS-1301 are lubed grades.

sweep of molten polymer can be carried out by heating and
then cooling. Unfortunately, because of the exponential vis-
cosity increase on cooling toward T, these tests cannot
extend closer than about T, + 20 °C.

EXPERIMENTAL

Polystyrene

PVT behavior of PS has been studied following different test
procedures. The data covering a wide range of T and P will be
analyzed directly, without recourse to theory. The PS grades
used in this study are listed in Table 1. The weight and num-
ber average molecular weights, M,, and M,, respectively, were
determined by size exclusion chromatography (SEC), calibrated
using toluene solutions of narrow molecular weight, anionic
PS. In commercial PS the polydispersity index ranged broadly,
viz.,, M,,/M,, = 1.63-3.85. Furthermore, they do contain differ-
ent type and amount of lubricants. The materials have been
tested “as received,” without purification.

PVT Tests

Excepting PS-686 (Styron®-686, studied in a specially con-
structed bellows dilatometer) other PVT data were obtained
using Gnomix™ — a commercial, high-pressure dilatometer
from Gnomix, Boulder, CO. PS-686 was measured isobarically
by cooling from about 200 to 8 °C, remelting to 200 °C,
annealing there for about 2 h, increasing P, and stepwise
cooling at 10 °C/min to the lowest T:>° Also, PS-677 was
measured isobarically but by slow heating from about 30 to
250 °C in 170 T-steps, each lasting about 25 min. After the
maximum temperature was reached, the sample was cooled,
the pressure was increased by 30 MPa, and then the next
isobaric heating step commenced for the total of 71 h auto-
matic test run. PS-677 and PS-1301 were tested isothermally,
starting at the lowest T and P. At each T-level, the pressure
was increased from about 10 to 190 MPa in steps of 30
MPa, then temperature increased by about 10 °C, and so
forth. This procedure is considered “standard.”*

Thus, during the isobaric run at each selected P, the volume
gradient, AV, is measured from the highest to the lowest T
(or vice versa), then the material is cooled down to the low-
est T, another pressure is set in, and AV is measured up to
the highest T, and so forth. By contrast, during the isother-
mal measurements at each selected temperature, P is step-
wise increased from the lowest to the highest value; thus,
the sample sees the top T and P only at the end of the test.
These different methods of measurements affect volume
changes of the vitreous phase but not that of equilibrium lig-
uid. However, one may pose a question: under which condi-

WWW.MATERIALSVIEWS.COM
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tions (time, t, T and P) the molten polymer on cooling or
pressurizing departs from the thermodynamic equilibrium?

Rheological Tests

The viscoelastic properties across the glass transition region
were measured in a dynamic-mechanical thermal analyzer
(DMTA V, Rheometric Scientific) in a single cantilever bend-
ing mode. For these tests, the dried (under dynamic vacuum
at 55 °C for > 72 h) PS-1301 pellets were molded at 200 °C
into rectangular specimens: for 8 min without pressure, com-
pressing for 1 min at P = 3.2 MPa, and then cooling in one
of these sequences:

1. The quenched specimens (qu) were prepared by heating
the polymer in steel tooling for 9 min at 200 °C in a
molding press and then removing the steel tooling from
the mold and immersing it in cold water (ca. 15 °C).

2. The slow-cooled specimen (sl) remained in the press at
P = 3.2 MPa during cooling to room temperature (RT) in
about 10 min, while the free cooling rate decreased from
the initial 35 to 5 °C/min.

3. The annealed specimen (an) were prepared following the
same procedure as that for sl, but in addition, they were
placed in a vacuum oven at 90 °C for 3 h, and then with
power cutoff slowly cooled to RT in about 1.5 h.

360 376 392 408 T (K)

[ ] ' ‘ [ ' log E " #209
M‘ - log E " #210
9L ! W —9
g b | m
w . % 2
E{ESTE RN R
! BA VIR Wi
{Quenched PS-1301 two %é, x—
runs at g = 4 °C/min b
L ‘ L L | lg
34 360 376 392 ()

FIGURE 1 Storage and loss tensile moduli of quenched PS-
1301 at the heating rate, g = 4 °C/min and frequency o = 1
rad/s.
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<Tg>‘ of PS-1301 from dE "/dT

384 -

<T (K)>

380

error bars + 0.5°C

< | 'rg (an) =375.0 + 2.37q; r= 0988
- T (qu)=376.0 + 1.78; r=0.997
E Tg (sl) =374.6 +2.24q; r=0.994

1 ) 3 4
Heating rate, g (°C/min)

FIGURE 2 Average Ty of the annealed (an), quenched (qu) and
slow-cooled (sl) of PS-1301 versus q at frequency o = 1 rad/s.

The specimens were stored at RT ~ 22 °C, that is, below the
beta-transition temperature, Tz ~ 51 °C, thus avoiding the
danger of structural changes by physical aging at Ty < T < T,

The DMTA temperature scans were carried out at frequency
o = 1 rad/s, at constant heating rates: ¢ = 1, 2, 3, or 4 °C/
min and at T ranging from about 30 to 130 °C. The run-time
ranged from 100 to 25 min with the corresponding reduc-
tion of the number of data points from 600 to 150. Reprodu-
cibility is illustrated in Figure 1. T, was determined by nu-
merical differentiation of the dynamic loss (E”) modulus (see
Fig. 2), plotting the derivative versus T and then finding the
temperature, T = T, at which: [dlnE”/dT|T_Tg = 0. Evi-
dently, T, depends on o, the specimen preparation and g,
but as the experiments were performed at @ = const, the
transition depended only on the preparation method and gq
(see Fig. 2) with an error of AT, ~ *0.5 °C, decreasing with
increasing q to about =0.2 °C.

The oscillatory shearing of molten PS was carried out in an
advanced rheometric expansion system (ARES-LS with 25-mm
parallel plates) at @ = 0.1 or 1.0 rad/s (0.0159 or 0.1592 Hz)
and strain y = 5%. The test specimens were compression
molded and slow cooled into circular discs, 25 mm in diame-
ter and 0.7-2.0 mm thick. The specimen thickness was not
affected the results. The PS pellets were dried under dynamic
vacuum for 72 h at 60 °C. The specimens were subjected to a
four-step programmed temperature ramping:

1. Applying the initial compressive force of 10 or 100 g for
120 s;

2. Increasing T from 110 to 200 °C at 1 or 2 °C/min;

. Annealing for 10 min at 200 °C;

4. Decreasing T from 200 to 116-118 °C at the rate of 1 or
2 °C/min.

w
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For compensating the effects of tooling thermal expansion,
the instrument was programmed for correcting it at T >
90 °C at a rate 2.6778 um/°C. The recovered samples were
smooth, slightly deformed and without discoloration, cracks
or gas bubbles.

RESULTS

PVT Data

Figure 3 displays InV, « and « for PS-686, PS-667 and PS-
1301 at low (P = 0.1 or 10 MPa) and high (P = 160 or 190
MPa) pressures. For the ease of comparison, Figures 3(A)-
3(D) is drawn on the same scale. The T,'s reported in the
original publications (refs. 35-39) are also marked. The data
points for InV are experimental; those for « and x were
numerically computed using the nine-point moving-arch
procedure.

The three polymers were tested following different
procedure:
e PS-686 was tested isobarically, decreasing T (rapid

cooling),
® PS-667 was tested isobarically, increasing T (slow heating),
e PS-1301 was tested isothermally, increasing T (slow
heating).

These three sets of PVT data were selected from between
nearly 100, measured on the same instrument by the same
technical officer more than 20 years or so. These data are
presented for demonstrating the typical differences caused
by different test procedures, especially within the transition
region, T. In addition to the procedure, the rate of heating or
cooling may also influence the results (see Experimental
section).

The ambient pressure glass transition is insensitive to the
test methods, but the derivatives, o and «, show significant
differences, especially within the transition zone T at T < T,
The transition region is the largest for isobaric cooling [Fig.
3(A)] and the smallest for the isobaric heating [Fig. 3(B)].
The standard test procedure, illustrated in Figure 3(C), leads
to an intermediate distortion. The compressibility coeffi-
cients, x [Fig. 3(D)] show a similar behavior as «. However, it
is noteworthy that within the vitreous and molten regions o
is nearly independent of T, while k increases with it; both
coefficients decrease with P.

Oscillatory Shearing across T,

For the viscoelastic testing in DMTA, the molded PS-1301
specimens were annealed (an), quenched (qu), or slow
cooled (sl). As T, vary slightly with the specimen preparation
method, the abscissa was expressed in relative terms as T, =
T/T, Example of the results is displayed in Figures 4(A)-
4(D) for g = 1 and 3 °C/min, respectively.

Figure 5 shows the difference between the quenched and
annealed moduli for the three heating rates, ¢ = 1, 3, and
4 °C/min. The relative storage modulus, G', is about 50%
larger than that of loss, G", but they both show a similar
tendency: the largest ratio is observed for the fastest heating
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FIGURE 3 (A-C) Temperature dependence of specific volume, V, and the thermal expansion coefficient, «, at nearly ambient and
high pressures for PS-686, PS-667 and PS-1301, respectively, each tested following different PVT test procedure. (D) displays the
compressibility coefficient, «, for the three polymers. The lines represent smoothed « and «x, data. The vertical Ty lines are from

the original publications.

and the shortest annealing time during the T-sweep. At the
lowest temperatures, T < T, —75(K) (ie., below the beta
transition, Tp) the glass moduli are independent of the speci-
men preparation method—an, qu, or sl; the differences dis-
played in Figure 5 only appear at T > T especially in vicin-
ity of the glass transition.

Melt Rheology

For the tests at close proximity of T, the low molecular
weight PS-220 was selected. The DMTA data at w = 1 rad/s
indicated that T,(PS-220) = 360.8 * 0.1 K. Before the tem-
perature sweeps, the thermal stability was examined at fre-
quency o = 6.28 rad/s and T = 473 K — the 2-h testing
proved that the polymer was thermally stable.

The dynamic temperature sweeps of molten PS-220 were
carried out in ARES at the conditions listed in Table 2. The
measurements may be grouped into three series: (I) tests at
frequency @w = 1 rad/s; (II) tests at @ = 0.1 rad/s using
variable gap height; (III) tests at v = 0.1 rad/s and about
constant sample thickness. Considering large T-span, the

WWW.MATERIALSVIEWS.COM
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starting temperature was 110 °C, that is, about 22 °C above
T,. Loading the specimens at this temperature required
application of vertical (normal) force. Unfortunately, ARES
does not have settings for, or readings of, the normal force
during specimen loading; thus. its magnitude could not be
precisely measured and reproduced. The three temperature
ramping rates (1, 2, or 3 °C/min) had a negligible effect on
the results. The examples of data are displayed in Figures
6(A)-6(D).

DISCUSSION

For decades, the glass transition was considered a boundary
between the physically different states of matter; a liquid at
thermodynamic equilibrium above T, and a nonequilibrium
glass below T, the latter characterized by a spectrum
of physical properties dependent on the preparation
method. 3>*' The recent studies raise an impertinent ques-
tion if indeed the liquids above T, are at equilibrium. In par-
ticular, the TFT and the reported AFM images of predicted
solid clusters, force such a question.?”?' The theory

JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 1369-1380
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FIGURE 4 Storage and loss tensile moduli versus reduced tem-
perature for the scan rate 1 and 3 °C/min in plot (A) and (B),
respectively. Behavior of specimens prepared by annealing
(an), quenching (qu) or slow cooled (sl) are shown.

diminishes the importance of T,—it is no longer a boundary
between two thermodynamically different states, but a per-
colation phenomenon, an outcome of progressive crowding
of solid aggregates on the way from the melt at T = T,
(where ¢s = 0) to total solidification (¢s = 1) at absolute
zero. Qualitatively, the material state is the same above and
below Tg, but the only difference being the size of twinkling
clusters. In other words, TFT considers that on cooling from
above T, melts transform into suspensions of twinkling solid
aggregates with concentration at T, reaching the percolation
threshold, p.. In consequence, the vitrification process resem-
bles a formation of infinite clusters in suspensions that leads
to solidification at the maximum packing volume fraction:
lim 5, = co. Thus, since like ¢y, p. also depends on several

o=
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variables (e.g, pseudocrystalline structure of the aggregate,
aspect ratio of the aggregating elements, binary interactions,
cooling kinetics, pressure, etc.), per se, the TFT model implies
multiplicity of structures and performances not only below
but also above T, One must consider the possibility that the
nonequilibrium state is not limited to glass at T < T, but it
extents some distance into the liquid region at T > Tg. It is
noteworthy that the TFT autocorrelation function depends
on time and temperature, thus the nonequilibrium state of
melt at T; < T < T¢ is an inherent part of the theory3? In
other words, at T < T, the melt structure depends on ther-
modynamics and kinetics, the rate of changes slowing down
as the temperature decreases. One may expect that these
changes may stop at T < T/;42

This article analyzes the material behavior in the vicinity of
Ty using three types of macroscale measurements: (1) PVT
on both sides of T, (2) The viscoelastic T-scan starting
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FIGURE 5 Relative dynamic moduli versus relative temperature
for quenched (qu) and annealed (an) PS-1301 specimens. (A)
and (B) show the relative storage and loss tensile moduli,
E'(qu)/E'(an) and E’(qu)/E’(an), respectively.
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TABLE 2 Summary of Conditions for the Dynamic Shear Tests of PS-220

# Run # h w q F. T (°C) T (°C) Tpeak (°C) Shapes

1 231 1.717 1 2 <10 110-200-110 136/138 136.5 Peak

2 232 1.796 1 2 <100 110-200-110 131/136 136.5 Shoulder
3 237 1.698 1 3 <10 110-200-110 145/140 - Peak

4 240 1.717 0.1 2 - 110-200-110 136/140 - Shoulder
5 240-2 1.811 0.1 1 <100 110-150-110 127/135 135 Peak

6 241 0.744 0.1 1 <10 110-150-110 138/142 - Peak

7 242 0.930 0.1 1 <10 110-200 146/- 145 Peak

8 243 0.970 0.1 2 <10 110-200-110 145/146 - Peak

9 258 0.884 0.1 2 <10 110-200-110 144/146 143 Peak

10 259 0.844 0.1 2 <10 110-200-110 146/146 141 Peak

1 260 0.909 0.1 2 <100 110-200-110 146/146 146 Peak

Differentiation of the dynamic moduli (v = 1 rad/s) from runs #231-237 (shown in bold) show slope change at T, = 140 = 2 °C = 413 + 2 K, that is,

T/Tg = 1.145 = 0.005.

Notes: h = gap between parallel plates; w = frequency (rad/s); g = heating rate ( °C/min); F, = initial compressive force (g); T, = crossover tempera-
ture for heating and cooling (°C); T,eak = derivative peak position (°C); shape of the rheological function (e.g., G' or n*) versus T.

below Ty and stretching to T ~ 1.07T,; and (3) Oscillatory
shear flow of molten PS at T > T, + 22. To avoid prejudicing
the interpretation, the experimental data were analyzed
directly and their derivatives computed numerically. In the
following section, the behavior of amorphous PS will be dis-
cussed progressing from the lowest to the highest
temperature.

The Vitreous Phase

The initial viscoelastic tests were carried out as the T-sweep
from -40 °C to T > T, thus from well below Ty to above T,.
Within the range of temperatures: 0.72 < T/T, < 0.87, the
dynamic moduli were found to be independent of the specimen
preparation method: an, qu, or sl. Only above the upper limit,
being just above Ty = 0.86T, the differences in molecular mo-
bility between the three types of specimens begun. Conse-
quently, the following viscoelastic scans were conducted start-
ing at +-30 °C, that is, the same as that for PVT tests. Thus, for
both type of measurements, the beta transition, T =~ 51 °C, was
very near the initial temperature for allowing its precise deter-
mination. The work, as planned, focused on the glass transition
region.

The Glass Transition Region

This region was probed by the PVT and viscoelasticity meas-
urements conducted, respectively, in a range of 0 < P (MPa)
< 190 and at ambient P. The PVT data illustrate importance
of the rate, and the temperature change during scanning
across the T, region. Because of the time scale, the visco-
elastic measurements more directly revealed the presence of
liquid structures above T,.

The PVT data provide unique information on the P-effects on
the melt structure. Figure 3 displays the T-dependence of spe-
cific volume, V' = V(B T), the thermal expansion coefficient, o,
and the compressibility coefficient, , for the three PS resins:

1. PS-686 was measured isobarically, starting at T, + 30 °C,
annealing there for 2 h, then cooling at 10 °C/min down
to 7.7 °C; see Figure 3(A).3>*3

"
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2. PS-667 was measured isobarically (as well as isother-
mally—not shown), by heating from 30 to 250 °C at a
rate of about 0.05 °C/min; see Figure 3(B).3*3¢38

3. PS-1301 was measured isothermally following the stand-
ard procedure, that is, by heating from 30 to 250 °C at a
rate of 0.05 °C/min; see Figure 3(C).3%3°

For clarity, only two isobaric curves are displayed in Figures
3(A)-3(C). First, let us focus on the low pressure (P <
10 MPa) results. The rapid cooling of PS-686 in Figure 3(A)
makes T, indistinguishable on InV curves. The thermal
expansion coefficient « is constant in the melt but then con-
tinuously decreases on cooling below T,. The compressibility
coefficients x [Fig. 3(D)] indicate that Ty is shifted to slightly
higher T than these determined for other polymers. The InV
and a-coefficients of PS-667 and PS-1301, measured isobari-
cally or isothermally, follow nearly identical T-dependencies,
that is, the isothermal or isobaric slow heating at low pres-
sures generates similar InV and o dependencies. The latter
coefficient increases with T across the glass transition region
up to T. ~ 1.14T, where it becomes nearly constant, mark-
ing the beginning of the equilibrium liquid. By contrast, x of
PS-667 and PS-1301 are apart, the former polymer having
significantly larger compressibility than the latter. As the iso-
thermal data confirm the discrepancy, the reason for the lack
of superposition may be the large quantity of two lubricants
(see Table 1).

The differences between the three sets of data are more sig-
nificant at higher pressures. Rapid isobaric cooling of PS-686
[Fig. 3(A)] results in abnormal volume increase near Ty, evi-
dent in InV, o and «x [Fig. 3(D)] plots. Hellwege et al.** and
later Breuer in his unpublished dissertation (summarized in
ref. 45) also used isobaric cooling, obtaining similar results to
these shown in Figures 3(A) and 3(D). The abnormal volume
expansion was explained by the high rate of cooling, that is,
caused by a thermodynamic nonequilibrium of the melt that
overshoot the equilibrium volume change with temperature
(an entropic effect).?® If so, the end point of the straight line of
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Series |. (B) Complex viscosity and its derivative in Series II; T, ~

146 is indicated. (C) Complex viscosity versus reciprocal temper-

ature for the four runs of Series Ill. Lower curves represent data collected upon heating, the upper ones on cooling; the crossover-
T is common, T,, = 146 = 2 °C. (D) Doi-Edwards plot for Series Il data. The upper curves were obtained on heating from 110 to
200 °C, the lower set on cooling from 200 °C; for 1 < G"(kPa) < 11 the behavior is common with decreasing slope of —0.273.

V versus T dependence for melts may not represent Tg; nota-
bly, the volume expansion at T < T, is so large that a struc-
tural rearrangement in the vitreous state is less probable than
within supercooled liquid near vitrification. It is noteworthy
that in Figure 3(D), while at low P = 0.1 or 10 MPa, T, =
361.3 £ 1 K for all three polymers, at high pressure (calcu-
lated for P = 190 MPa), the values for PS-686, PS-667, and
PS-1301 are: T, = 432, 418, and 422, respectively, making the
T, value of PS-686 unduly high.*® Furthermore, the volume
expansion within the T, region implies that the isobaric
quenching leads to a nonequilibrium reduction of V.

By contrast with isobaric cooling in Figure 3(A), the high-P
isobaric heating in Figure 3(B) results in a smooth, linear
increase of PS-667 volume on both sides of T, It is notewor-
thy that only these measurements results in a constant slope
of InV, that is, in « ~ constant below and above T, at low
and at high P. Figure 3(C) displays InV and « for PS-1301
measured by the isothermal heating method. The low-P data
in Figures 3(B) and 3(C) are superposable, but the high-P
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ones are not. By contrast with o ~ constant in Figure 3(B),
the dependence in Figure 3(C) shows that « = 0 within the
transition zone T. As it was pointed out?*® the T-zone
starts at T = Ty(P = 0.1 MPa) =~ 361 K and ends at T =
Ty(P = 190 MPa) =~ 422 K. This behavior may originate in
the revitrification of molten polymer under pressure when
isothermally increasing P within the cited above range of
temperature.”

The compressibility coefficients, x, in Figure 3(D) are in rela-
tively good agreements with V and « dependencies for the
three polymers. The rapid isobaric cooling of PS-686
resulted in slightly lower melt compressibility, thus larger V
then those of PS-667 or PS-1301. The “abnormal” high-P
behaviors of PS-686 and to some extent of PS-1301 within
the transition T-zone are also evident. However, for the pres-
ent discussion on the melt structure above Ty, the low-pres-
sure compressibility are highly significant. The original publi-
cations®****® show in detail that as T increases above Ty,
has two slopes on both sides of T, ~ Ty.. Comparing the
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three « versus T dependencies in Figure 3(D), one may note
that the crossover transition is evident from the three test
procedures, but within the temperature range: T, < T < T,
the compressibility is not identical. For example, rapid cool-
ing of PS-686 results in lower slope and behavior shifted to
lower temperatures. By contrast, the slow isobaric heating of
PS-667 reverses those tendencies. These changes can be
understood considering the variable PS structures within
this T-zone.

In short, the three PVT measurement procedures were: (1)
isobaric cooling at a rate ¢ = 10 °C/min, (2) isobaric, and
(3) isothermal heating at a rate ¢ = 0.035-0.050 °C/min.
The melt data in Figure 3(A) may not be at the thermody-
namic equilibrium. Method (2) results in the simplest
dependencies, with constant values of o and regular variation
of x for glass and melt above T.. The resulting V and o data
[Fig. 3(B)] superpose on those obtained by method (3) [Fig.
3(C)] except for the T-region. Thus, the slow isobaric heating
is preferred over the standard procedure as it leads to repro-
ducible PVT results on both sides of T, without the complex-
ity of the T-region. The similarity of the dependencies dis-
played in Figures 3(B) and 3(C) is noteworthy. The thermal
expansion coefficients, o« = «(7), measured isobarically or
isothermally on heating, are nearly superimposable. The
coefficient increases with T across Ty up to T, ~ 1.14T,
where it becomes constant, indicating an equilibrium melt.
Thus, the three methods lead to different V, «, and x behav-
iors not only at T < T, However, the differences are unde-
tectable at T > T.. It is significant that the secondary transi-
tions (e.g, glass-glass transition Tz or liquid-liquid
transition Ty or T.) are as weak as being invisible on V =
V(T) plots.

The dynamic shearing of glass and melt were conducted at
ambient pressure. The specimens were compression molded at
about 200 °C and then cooled down as described in the Exper-
imental section. The viscoelastic measurements of molded PS-
1301 specimens were performed at constant frequency, o = 1
rad/s while heating from about 304 to 405 K at the rates: g =
1, 2, 3 and 4 °C/min; thus, as T, = 378 * 0.2 K, the tests
were conducted at: —74 < [T — Tg} (°c) < 27.

The T-dependences of the dynamic storage and loss moduli
(respectively E' and E”) tested at ¢ = 1 and 3 are presented
in Figure 4. Near T, on both its sides, the derivatives dE'/dT
and dE”/dT show clear difference of behavior, especially for
the quenched (qu) and annealed (an) specimens. Figures
5(A) and 5(B) displays the tensile moduli ratios of the qu-to-
an specimens, thus E’'(qu)/E’(an) and E”(qu)/E”(an), respec-
tively. It is noteworthy that the former ratio is about 50%
larger than that of the latter, but they both reach maxima at
T/T, ~ 1.02, or about 8 °C above T, The largest difference
of behavior of “qu” from “an” specimen was observed for the
fastest heating, ¢ = 4 °C/min, the smallest for the slowest
one, ¢ = 1 °C/min, indicating that during the temperature
increase above T, the solid aggregate structures dissipate
with time. However, even 20 °C above T, the reproducible
data indicate different behavior of differently prepared speci-
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mens, apparently having different structures of the percolat-
ing clusters. In other words, as T, — T, = 41 °C, the visco-
elastic behavior of molten PS may be affected by specimen
history up to half-way from T to T.

The Melt Region and T,
The PVT and flow behavior of molten polymer are related
through the free volume fraction, f, or the hole content, h.
Thus, one may expect that the P and T dependence of the
melt viscosity (1, —const IS the zero-shear or constant stress
quantity) will follow the dependence: *°~>2

In Ngj=const = A0 +a1Ys; Ys= 1/(h+(12) (5
Equation 5 implies that 7, _cons is a function of T'and P only
through h = h(T, P), for example, computed from the Simha-
Somcynsky equation of state (S-S eos).53 For low molecular
weight liquids and their mixtures (e.g., n-paraffins or silicon
oils), good superposition was found in wide ranges of T (e.g.,
20 to 204 °C) and P (e.g, 0.1 to 500 MPa). The parameter aq
in eq 5 is a scaling one, while a; = 0.79 = 0.01 and a, =
0.07 were found common for all the analyzed liquids; the lat-
ter is only needed for the linearization of dependence and
hence fundamentally unimportant.

Few years ago eq 5 was applied to eight molten polymers
whose PVT and capillary shear viscosity n = n(P, T) were
determined up to P = 70 MPa.>* By contrast with the previ-
ously found superposition for solvents and silicone oils, the
polymer data plotted as log 1 versus 1/h did not follow a
“master curve” The discrepancy could be eliminated by
introducing an empirical reducing pressure, Py = {P*, with a
fudge factor, { ~ 1 to 2.1, indicating variable strength of the
Lennard-Jones maximum attractive energy, ¢* caused by var-
iability of structures/aggregations at T, < T < T.. The TFT
model supports this explanation, as the liquid entrapped
within the aggregates would not contribute to flow.

The presence of structure at T, < T < Ty, was also postu-
lated by Boyer and his coworkers. For example, it was noted
that the polymer melt should be processed only above T, as
only then it behaves as a regular liquid.>>>® This postulate
agrees well with the observed constancy of the thermal
expansion coefficient, « = const at T > Ty, as well as the
reported changes of flow behavior at this Ty;. For the practi-
cal reasons, Ty, is the lowest processing temperature for ac-
ceptable surface and performance of extruded or injection-
molded articles.”®

The Ty, concept passed through a series of transformations
and redefinitions, but it is undeniable that its numerical val-
ues are close to those of T.. However, while T;; was consid-
ered a proportional or a linear function of T, the T, was
found dependent on M, and the fragility index, m; for PS the
reported value is: T./T; = 1.15 * 0.09 (the error was calcu-
lated for organic glass formers). TFT postulates an exponen-
tial formation of twinkling solid aggregates at T < T.
Accordingly, the AFM images taken at T/T, = 1.05 showed
relatively low concentration of aggregates®? while the infinite
percolation cluster is expected at T = T,
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Empirically, the transition temperature, T, or Ty, linearly
varies with reciprocal number-average molecular weight:>°

TgiL = TgoiL - KgLL/Mn (6)

The eq 6 parameters depend on polydispersity, for example, for
narrow molecular distribution PS: Tj} = 417.9 (K), K, = 105
(K kDa), while 73" = 386.1(K), K; = 974 (K kDa). Thus, the ratio
T../Ty = 1.083 *+ 0.003 is nearly independent of My, and Ty, ~
Ty + 32. For the commercially polydispersed PS, these quanti-
ties are: T/Ty ~ 1.14 = 0.02 and T. - T, = 44 - 58 °C.

In this investigation, the dynamic melt flow of the low molecu-
lar weight PS-220 was studied by heating the specimens from
T~ T, + 22 = 383 to 473 K, annealing at that temperature and
then cooling to about 390 = 1 K [see Fig. 6(A) and Table 2].
During this heating-annealing-cooling cycle, the storage shear
modulus, log G, of Series I samples initially increased, went
through a local maximum, decreased, was constant at 200 °C,
and then nonlinearly increased on cooling. Good reproducibility
of data was obtained. For the purpose of this publication, the
initial part is most important, during which the dependence
goes through a peak or [e.g, run #232 in Figure 6(A)] a
shoulder. Depending on the heating rate (g = 1 - 3 °C/min),
this stage was reached at T ~ 397 * 3 K, thatis, at T/T, = 1.10
*+ 0.01, thus as it will be shown later, half way between T, and
T.. The good quality of specimens recovered after the test indi-
cates that this effect is not an artifact but the true material per-
formance most likely caused by relaxation of the residual
stresses engendered during the specimen loading so close to T,
Tests summary in Table 2 indicates that none of the examined
parameters, that is, specimen thickness, frequency, magnitude
of the normal force used during sample loading, or T-span, cor-
relate with the rheological response during the initial heating.
The source of this behavior must be formation of a fragile struc-
ture during the specimen preparation, which is being destroyed
atabout T- T, = 19 = 3 °C, and it is not rebuilt on cooling.

For detecting a transition in rheological data (e.g., T.), Stickel
et al. suggested using differentiated VFTH expression in the
form:°%61

[d(Iny*)/d(1/T)] /* = B2(1 — T,/ T) (7)

where B and T, are constants of the VFTH equation. However,
eq 7 requires positive derivative: d(Iny*)/d(1/T > 0) , which
[as shown in Fig. 6(A)] is not always observable. Therefore, in
Figure 6(B), the complex viscosity and its temperature gradi-
ent are plotted as Iny* and d(Iny*)/d(1/T) versus T. The
change of slope of these functions indicates the transition tem-
perature, T.. = 419 = 1 = T, + 41 K, thus higher than the
peak or shoulder of the n* versus T function in Figure 6(B).
Similar analysis was carried out for the heating and cooling
temperature sweeps of other runs. Figure 6(C) displays Iny*
versus 1/T for Series 11l measurements. The average transition
temperature for the heating and cooling samples, T.. = 419 =
3 K, is indicated and the numerical values are listed in Table 2.
In this Series III measurements, on heating, the dependence
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FIGURE 7 Crossover temperature for all the test runs as deter-
mined from the flow curves on heating, on cooling and from
the first derivatives of complex viscosity, d In #*/d(1/T).

Inyy* versus T is common with a change of slope at T, not as
well defined during the cooling sweeps. As listed in Table 2,
the only difference between this series of samples and the one
shown in Figure 6(B) is the heating rate, thus the latter sample
could join the common behavior sooner than the heated twice
as fast samples of Series III.

Figure 6(D) illustrates the common behavior of Series III
samples plotted as suggested by the Doi and Edwards’s
equation for the terminal zone:®

G'/G" = (6M,/5pRT) [1 + (G’/G”)Z] (®)

where M, is the entanglement molecular weight, p is density,
and R is the gas constant. At constant T, the dependence pre-
dicts that G'/G"*> = const, whereas the experimental plot
shows that, on heating or cooling, the function decreases
with T at a slope of —0.273. Evidently, both V and ¢"/G' =
tan ¢ depend on T [viz. d InV/dT =~ 0.265, and d In(tan 6)/
dT =~ 0.0414]. Both branches, on heating or on cooling a
common behavior shows within the range of " = 1-11 kPa,
with the higher value T =~ 145 = 1 °C, in agreement with T
= 146 *= 3 °C determined above.

Figure 7 displays the spread of T. values. The analysis of the
T-sweeps in heating and cooling cycles was used for deter-
mining T, for Series I-1II with scatter <4 °C, giving the ratio
T./Ty = 1.14, 1.14, and 1.16 (*0.01), respectively. These val-
ues compare well with the earlier reports summarized in
Table 3, which lists Ty, T, Ty and their ratios for commer-
cial polydispersed and often lubricated PS. It is significant
that, while, for the nearly monodispersed, anionic PS, the ra-
tio: Ty/T. ~ 1.08, for the commercial polydispersed and
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TABLE 3 Crossover and Glass Transition Temperature for Commercial PS

M, (kDa) Ty or T, (K) Ty (K)
20.4 414 385
10.3 401 378

2.03 387 339

51 435.8 372
4 401.1 331.5
37 4171 365.9
390 438.1 373.1
3.5 388.1 330.1
9.2 410.1 357.1
16.2 413.1 366.1
2915 424.1 3721
47.5 423.1 373.1
51.4 424.1 373.1

125 429.1 373.1

267 431.1 373.1
10 420 365
56 419 = 3 360.8

lubricated PS, the ratio is T./T; ~ 1.14 = 0.01. Boyer
reported that experimentally:*
Ty, = 30.47 +1.087T, 9

For high molecular weight PS with T, = 105 °C, eq 9 gives
the ratio: Ty /T, = 1.17.

SUMMARY AND CONCLUSIONS

The aim of this article is the analysis of physical behavior of
molten PS, especially in the vicinity of T, In particular, the
studies focus on the effect of the specimen preparation and
measurements of the PVT and rheological behavior. Based on
the collected data, the following observations may be made:

1. Atlow temperatures, T < Ty the dynamic tensile moduli do
not depend on the method of specimen preparation and
measurements. Only above this secondary glass/glass tran-
sition, the moduli of annealed, quenched, and slow-cooled
specimens show different temperature dependencies.

2. The PVT behavior at T < T, show large differences, depended
on the test procedure. The largest transient zone, T, was
observed for rapid isobaric cooling, smaller for the standard
isothermal heating and none for the slow isobaric heating.
Thus, these measurements evidenced the influence of the
cooling/heating rates on specific volume and its derivatives.

3. The slow-heating isobaric and isothermal tests yielded super-
posable V-behavior at T > T, At higher temperatures, the
derivatives, o and «, indicated different behavior of the molten
polymer on the two sides of the crossover temperature, T..

4. The viscoelastic T-scan at w = 1 rad/s across the Tg-region
confirmed the expectation. Of the three types of compres-
sion-molded specimens, the quenched ones showed the
highest moduli while the annealed the lowest. The maxi-
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T/ Tg Comments Refs.

1.08 DMTA 63

1.06

1.14

1.17 PVT 64

1.21 Viscosity and &

polarization

1.14

1.17

1.18 Melt viscosity 65

1.15

1.13

1.14

1.13

1.14

1.15

1.16

1.15 Light scattering 8, 66

1.16 = 0.01 Dynamic flow This work
mum of the tensile moduli ratios: E'(qu)/E'(an) and
E"(qu)/E"(an) was at T = T, + 8 °C. The difference of rigid-
ity was detectable at T > T, + 20 °C, that is, half way to T..

Thus, the data make it evident that, at T > T, the polymer
is not always at the thermodynamic equilibrium.

5. The melt rheology T-scans started at T ~ T, + 22 °C, thus
above the region where the viscoelastic tests detected large
effects of the specimen preparation and testing. The initial
heating showed effects related to the method of specimen
preparation and the normal stress imposed during loading.
The tests yielded consistent values of T, = 419 = 2 K, or
T./Ty = 1.16 * 0.01, in agreement with earlier reports.

6. The presented macro-scale thermodynamic and rheologi-
cal data show that in agreement with the earlier theoreti-
cal and experimental evidences the molten state above
Ty is dynamic and heterogeneous in nature, with the

structure dependent on the initial state and elapsed
time.2-522,2331,32,55,67,68
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