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ABSTRACT: We report a study of the effects of molecular weight on the structure and properties of
poly(phenylene sulfide), PPS, crystallized from the rubbery amorphous state at temperatures just above
the glass transition. PPS films were characterized using temperature-modulated differential scanning
calorimetry (MDSC), small angle X-ray scattering (SAXS), and dynamic mechanical analysis (DMA). For
samples crystallized so as to have the same half-time, we find (1) the degree of crystallinity, øc, is not
dependent upon molecular weight and (2) as the molecular weight increases, the heat capacity increment
at the glass transition increases. These results suggest that lower molecular weight PPS contains a
greater fraction of the rigid amorphous phase, probably as a result of formation of taut tie molecules
between crystals. It is found from DMA that molecular weight is the determining factor that affects the
Young’s modulus value at the higher temperature. A lower E′ is observed for the higher molecular weight
material. MDSC data suggest that higher molecular weight PPS has a slower crystallization rate and
reorganization rate. The amount of crystals formed during heating is smaller in higher molecular weight
PPS, and this may be the explanation for the reduced Young’s modulus above Tg.

1. Introduction

Semicrystalline polymers may be regarded as com-
posite materials comprising lamellar crystals separated
by uncrystallized polymer. The highly entangled melt
state is the usual starting point for crystallization
studies in which the temperature of the melt is de-
creased to the crystallization temperature, Tc. As
crystals grow in the entangled melt, chain constraints
are created that limit the ultimate crystallinity that can
be achieved and serve to constrain the molecular mobil-
ity of the uncrystallized amorphous material located in
the “interlayer” between the crystals.
In some polymers with relatively stiffer chains and

elevated glass transition temperatures (Tg), the crystal-
lization rate is slower, and as the material is cooled
rapidly through Tg, crystallization may be suppressed
entirely. Examples of polymers that can be quenched
to the glassy amorphous state are poly(ethylene tereph-
thalate), PET, poly(ether ether ketone), PEEK, and poly-
(phenylene sulfide), PPS. When the quenched amor-
phous sample of these polymers is heated from below
to above Tg, the molecular mobility increases and the
previously amorphous chains may now crystallize. This
affords the opportunity to study crystallization kinetics
and structure development in these polymers at very
low crystallization temperatures. In this work we
examine the effects of molecular weight on the structure
of PPS, which is crystallized very close to Tg.
Poly(phenylene sulfide) is an engineering thermo-

plastic polymer with a glass transition above room
temperature (at 90°C) and a relatively low degree of
crystallinity (<0.40) determined from differential scan-
ning calorimetry (DSC).1-7 PPS can be crystallized
either from the melt or from the rubbery amorphous

state. Crystallinity, glass transition temperature, and
endothermic response are affected by prior thermal
history4,8,9 and by molecular weight.1,2,10,11 Effects of
molecular weight on the melt and/or cold crystallization
kinetics of PPS have been studied.1-16 The crystalliza-
tion rate of PPS decreases as the molecular weight
increases.10,12 As a function of crystallization temper-
ature, asymmetric linear growth rate curves are ob-
served for PPS.15,17

The first purpose of the present work is to examine
the effects of molecular weight on the structure of the
amorphous phase in semicrystalline PPS. In this
polymer, the amorphous phase has been shown to be
highly constrained by the crystals, leading to a reduction
in its molecular mobility.4,8,9 The quantification of the
effect of chain constraint was done initially through
thermal analysis of the heat capacity increment, Cp(T),
at the glass transition.4,89 Wunderlich’s group found
that the heat capacity increment at Tg was decreased
by an amount much greater than that which could be
anticipated on the basis of the known degree of crystal-
linity.4 Subsequent dielectric relaxation experiments9
also showed the signature of the constraining effects of
the crystals on the amorphous phase mobility. Al-
though many reports exists on the effects of molecular
weight on crystallization kinetics,1,2,10-16 until our work
there had been no studies of the effects of molecular
weight on the structure of the amorphous phase and
the constraining effects of crystals. It was our hypoth-
esis that lower molecular weight material would be
more constrained by the crystals than higher molecular
weight material. We imagine a picture in which the
crystal/amorphous interphase would contain loops whose
size and flexibility depend upon molecular weight. And,
for a given length of amorphous phase “interlayer”
between adjacent crystals, the shorter chains would be
more likely to form interlamellar taut tie molecules that
could contribute to reduced molecular mobility in the
amorphous phase. Indeed, in a brief report of the
results of temperature-modulated differential scanning
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calorimetry,18 we found that lower molecular weight
PPS was more constrained.
A second purpose of this work was to explore a range

of crystallization temperatures that has so far been
ignored in the study of amorphous phase structure. All
prior work in this area, both in PPS4,89 and in other
high-performance polymers like PEEK,19-21 has inves-
tigated the range of cold crystallization temperatures
above the temperature, T′, of fastest linear growth rate.
This type of crystallization may be better termed “cold
annealing” because of the inherent difficulty in heating
the sample through T′ without initiating crystallization
prior to equilibration at Tc. For PPS of medium molec-
ular weight, T′ is close to 150 °C. Cheng et al.4 studied
the constrained amorphous phase of PPS for Tc ) 170°C
and above. Our group studied cold crystallization
temperatures of 150°C and above.8,9 The present work
is aimed at the cold crystallization temperature range
above Tg but below T′. In this temperature range,
crystallization kinetics become faster (crystallization
half-time, t1/2, decreases) as Tc increases.
Molecular weight is known strongly to affect the

crystallization kinetics so that samples isothermally
crystallizing at identical temperatures have done so at
vastly different rates. Since the rate of formation of
crystals will likely be an important factor in creating
constraints on the amorphous phase, we decided to
minimize this effect among the different molecular
weight samples so that the influence of molecular
weight on structure could more easily be assessed.
We characterize the relative phase fractions in our

PPS materials using modulated differential scanning
calorimetry (MDSC), normal DSC, and wide angle X-ray
scattering (WAXS). Long periodicity, lamellar thick-
ness, and crystallinity of lamellar stacks are evaluated
in situ during isothermal crystallization using real-time
small angle X-ray scattering. Finally, we investigate
the effect of molecular weight on the mechanical proper-
ties of PPS using a combination of dynamic mechanical
analysis (DMA) and MDSC.

2. Experimental Section
Three different molecular weight powders of Fortron PPS,

from Hoechst Celanese, have been used in this investigation
and are referred to as F-200, F-214, and F-300. All materials
had a linear chain architecture. Intrinsic viscosity and viscos-
ity average molecular weight (Mv) are summarized in Table
1. These PPS powders were dried inside a desiccator for
several days at room temperature. Amorphous films were
prepared by melting the powder in a hydraulic hot press
between two pieces of Kapton film at 320°C for 2 min to destroy
the crystallization seeds, followed by quenching into ice water.
The amorphous samples obtained were transparent and
showed no birefringence under crossed polarizers. Some of
these amorphous samples were used directly in our study.
Others were crystallized at different cold crystallization tem-
peratures Tc until the completion of the crystallization.
A differential scanning calorimeter, DSC, Perkin-Elmer

DSC-7, was utilized to study the isothermal crystallization

kinetics of all the powders. The sample was encapsulated in
an Al pan, loaded into the DSC cell at 60°C, and then heated
at 20°C/min to Tc. The exothermic heat flow was monitored
until the completion of the crystallization, at which time no
further heat flow could be detected. A Perkin-Elmer DSC-4
was used to study the heat capacity increment at the glass
transition, crystallization, and melting behavior of PPS. In-
dium was used to calibrate temperature and heat flow
throughout the DSC study. The sample weight was around 8
mg, and a scan rate of 20°C/min was used. The heat of fusion
of perfect PPS crystals was taken to be 112 J/g.8
A modulated DSC from TA Instruments was used to

examine the initial degree of crystallinity and the ability for
reorganization/recrystallization of PPS. A modulation ampli-
tude of 0.318°C and a modulation period of 60 s were used to
ensure that no cooling occurred during the experiments. The
average sample weight was 8 mg, the heating rate was 2°C/
min, and experiments were performed under a He flow of 30
mL/min.
SAXS experiments were performed at Brookhaven National

Synchrotron Light Source using a high-intensity X-radiation
source in transmission mode. The wavelength was 0.148 nm,
and the sample-to-detector distance was about 1.46 m, cali-
brated using cholesterol myristate. The beam profile at the
detector is 300 µm × 300 µm and can be treated according to
a pinhole geometry. The isotropic SAXS intensity was circu-
larly integrated and normalized for changes in incident beam
intensity and sample absorption. A discrete Fourier trans-
form22 has been applied to the Lorentz-corrected intensity to
obtain K(z), the one-dimensional electron density correlation
function, from

where

In eq 1, z is the direction normal to lamellar stacks, N is the
number of actual data points, Icorr is the intensity corrected
for background and thermal density fluctuations, and s is the
scattering vector (s ) 2 sin θ/λ). Linear extrapolation of
intensity from the beam stop region to s ) 0 was used in the
summation, while Porod’s law23 was applied to the high-s
region. The resulting correlation function starts off with a z
spacing of 1/smax, but a spline interpolation routine fills in the
missing values in the region of interest. The treatment of
Strobl and Schneider24 was used for data analysis, yielding
SAXS parameters of long period L and crystal thickness lc.
An estimate for the linear crystallinity, øcl, is made from either
lc/L or the correlation triangle (see ref 24 for details). A two-
phase model is employed to obtain the amorphous interlayer
thickness, la (la ) L - lc).
Dynamic mechanical analysis was carried out using a Seiko

DMS 200 system under a nitrogen gas flow of 300 mL/min.
The samples were cut into a 5 mm× 10 mm rectangular shape
with a thickness of 0.6-1.0 mm. The scans were performed
from 30 to ∼240°C at a heating rate of 2°C/min, and data were
collected at frequencies of 1, 2, 5, 10, and 20 Hz.

3. Results
3.1. Crystallization Kinetics. Cold crystallization

kinetics of different molecular weight PPS samples were
characterized using the Avrami equation.25,26 The
purpose of this analysis was to obtain the crystallization
half-time, t1/2, at which relative crystallinity ) 0.5.
In Figure 1A, a generalized sketch of t1/2 vs crystal-

lization temperature is shown for two samples obeying
different kinetics. The sample represented by curve A
has a shorter half-life at any crystallization temperature
than that shown by curve B. The minimum half-time
for curve A occurs at the temperature marked as T′. The

Table 1. Intrinsic Viscosity and Viscosity Average
Molecular Weight for the Fortron PPS Used in This

Study

fortron
PPS

intrinsic
viscosity,a [η] (g/dL)

viscosity
av mol wtb Mv

F-200 0.20 30 000
F-214 0.29 50 000
F-300 0.45 91 000

a Intrinsic viscosities were measured in 1-chloronaphthalene at
208 °C. b Mv calculated using Mv ) (1.122 × 104 [η])1.339.

K(z) ) ∑
j)1

N

4πIcorrs
2ωN

(j-1)(z-1) (1)

ωN ) e-2πi/N (2)
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horizontal dashed line represents a cut through both
crystallization curves at the same half-time.
In Figure 1B, we plot t1/2 vs temperature for the three

different molecular weight samples studied here. We
observe an increase in t1/2 with increasing molecular
weight, which indicates slower crystallization kinetics
for the higher molecular weight sample consistent with
other reports on PPS.10-15 It is apparent from Figure
1B that isothermal crystallization studies in which Tc
is held the same for all molecular weights would result
in vastly different kinetics of crystallization among the
samples. Comparisons of the effects of molecular weight
on structure would suffer from the complications of
crystallization rate differences. It is our intention to
minimize the effects of the differences in kinetics of
these different molecular weight PPS samples by crys-
tallizing at temperatures giving all the samples the
same half-time.
Through the curves in Figure 1B, we take a horizontal

slice (as shown in Figure 1A) at half-times of 200 and
700 s and determine the cold crystallization tempera-
ture at the intersection point. These crystallization
temperatures are listed in Table 2 for each molecular
weight sample. From Table 2 we see that (approxi-
mately) a 4 deg change in Tc results in a change in half-

time from 200 to 700 s for F-200 and F-214. A 10 deg
change in Tc is required to change the half-time of F-300
by the same amount.
3.2. Thermal Properties. The mass fractions of the

constituent phases were determined from WAXS and
thermal analysis of well-crystallized samples using
normal DSC scanning. Samples were crystallized inside
a hot stage for a time equal to 6 times t1/2, and then
air-quenched to room temperature. The WAXS inten-
sity of the semicrystalline material was used to deter-
mine the mass fraction crystallinity, øc, by subtraction
of the scaled amorphous halo obtained from the WAXS
pattern of purely amorphous samples. These results are
almost exactly the same as the degree of crystallinity
calculated from thermal analysis.18 Crystallinity values
are listed in the second column of Table 3. There is very
little difference among the three molecular weight PPS
samples crystallized under conditions giving the same
t1/2. When the half-time is increased (i.e., Tc is de-
creased) there is a small reduction in the degree of
crystallinity for a given molecular weight. All the PPS
samples have øc of 0.25-0.28 from WAXS.
Normal DSC at 20°C/min was used to determine øa,

the amount of liquidlike amorphous phase contributing
to the heat capacity step at Tg, Cp(T), according to the
following expression:4,8,9

where the superscripts sc and a refer to the semicrys-
talline sample and the completely amorphous sample,
respectively. Results are listed in the third column of
Table 3. For material of the same molecular weight,
higher øa is observed for the same crystallized with a
faster crystalline rate, i.e., at a higher Tc. For PPS
crystallized with the same t1/2, the higher molecular
weight sample contains a larger øa. That is, a larger
amount of liquidlike amorphous phase contributes to the
glass transition heat capacity increment in the higher
molecular weight sample. These results agree with our
previous MDSC study of these materials.18
3.3. Isothermal Crystallization Study Using

SAXS. In Figure 2 we present the SAXS parameters
for all three samples, grouped according to the two
different half-times. The SAXS parameters vs time are
shown for samples charactrized by t1/2 ) 200 s in Figure
2. Long period (Figure 2, lower curves marked A),
shorter layer thickness (which we identify with the
lamellar thickness) (Figure 2, middle curves marked B),

Figure 1. (A) Sketch of crystallization half-time, t1/2, vs
crystallization temperature for two materials exhibiting dif-
ferent kinetics. The dashed line represents a slice through
the two curves at the same half-time. (B) Half-time, t1/2 vs
crystallization temperature for Fortron PPS from isothermal
DSC: (b) F-200; (O) F-214; (9) F-300.

Table 2. Cold Crystallization Temperatures ((0.5 °C)
Selected for Fortron PPS To Provide a Crystallization

Half-Time of 200 or 700 s

half-time, s F-200 F-214 F-300

200 110.6 116.0 135.0
700 107.0 112.0 125.0

Table 3. Mass Fractions of Crystal, øc, Liquidlike
Amorphous, øa, and Rigid Amorphous Phases, øra, and
Mass Fraction Linear Stack Crystallinity, ø1c m, in

Cold-Crystallized Fortron PPS after Crystallizing To
Give a Half-Time of 200 or 700 s

Fortron PPS øca ((0.02) øab ((0.02) ørac ((0.04) ø1cm d

Half-Time ) 200 s
F-200 0.27 0.19 0.54 0.36
F-214 0.28 0.23 0.49 0.34
F-300 0.28 0.29 0.43 0.33

Half-Time ) 700 s
F-200 0.26 e e 0.36
F-214 0.25 0.20 0.55 0.34
F-300 0.26 0.24 0.50 0.34

a Determined from WAXS taken at room temperature. b Deter-
mined from DSC using eq 3. c Determined from eq 5. d Converted
from SAXS linear crystallinity to mass fraction by density correc-
tion. Data taken at high temperature, at the completion of
crystallization. e Value unable to be determined from DSC.

øa ) Cp
sc(T)/Cp

a(T)|T)Tg
(3)
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and linear crystallinity (Figure 2, upper curves marked
C) are plotted as functions of isothermal crystallization
time. In these figures, the linear crystallinity was
calculated from the correlation triangle.24 Justification
for the assignment of the shorter layer thickness to the
lamellar thickness will be dealt with in the Discussion.
The arrow on the time axis indicates the crystalliza-

tion half-time, t1/2. We observe from Figure 2, that the
lamellar structure develops very quickly for linear PPS.
At very early times (represented by about the first two
or three data points), the structure has not developed
sufficiently to provide the density contrast for data
analysis. Here, the SAXS parameters show erratic
behavior. After this initial period, by a time about one-
third of t1/2, all parameters settle down, and the data
now show only a little noise. The shapes of the curves
indicate that the isothermal crystallization proceeds
with the same kinetics for all three molecular weights,
confirming our choice of the crystallization temperatures

in Table 2. We observe at the end point of the crystal-
lization that L is largest for the highest molecular
weight. And, for the same material crystallized at
different t1/2, slightly larger L is observed for lower t1/2
(higher Tc). A similar trend is observed in the lamellar
thicknesses, except that within experimental errors, the
differences in lamellar thickness are minimal. The
trends in long period, lamellar thickness and linear
crystallinity were the same for samples characterized
by t1/2 ) 700 s, and these data are not shown for the
sake of brevity.
3.4. Dynamic Mechanical Properties. In order

to explore the correlation between molecular weight and
the mechanical properties of these cold-crystallized
samples, we have performed DMA experiments on both
the highest weight sample F-300 and the lowest molec-
ular weight sample F-200. In Figure 3, we present the
DMA data of F-300 and F-200 at 1 Hz, for materials
crystallized with t1/2 ) 700 s. We observed no ap-
preciable changes in mechanical properties for F-300
and F-200 crystallized at other cold crystallization
temperatures. Curves A and B represent the modulus
E′ and loss factor tan δ, respectively, changing as a
function of temperature. F-300 data are indicated by
the solid line, and F-200 by the broken line. The arrows
indicate the cold crystallization temperature Tc. In the
lower temperature region, we observe in Figure 3,
curves A, that the modulus for F-300 (solid line) shows
a glassy modulus of 1.8 GPa. As the temperature
reaches 100°C, F-300 material starts to soften, resulting
in a drop in E′. E′ continues to drop about 1 order of
magnitude and then flattens at 140°C with E′ around
0.13 GPa. F-200 (broken line) has a slightly higher
glassy modulus, before 100°C, then drops off as the
temperature increases, and reaches a rubbery plateau

Figure 2. SAXS parameters as a function of crystallization
time during isothermal cold crystallization of Fortron PPS with
t1/2 ) 200 s: (lower curves, A) long period, L; (Middle curves,
B), lamellar thickness lc; (upper curves, C) linear crystallinity,
øc. Key: (O) F-200; (*) F-214; (+) F-300. Arrows indicate t1/2.

Figure 3. (Upper curves, A) modulus E′ and (lower curves,
B) tan δ, vs temperature for Fortron PPS F-300 (solid line)
and F-200 (broken line) crystallized with t1/2 ) 700 s, measured
at 1 Hz. Arrows indicate Tc.
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after the temperature is above 130°C. F-200 has a much
higher rubbery plateau modulus of 0.23 GPa.
In Figure 3, curves B, a strong asymmetric relaxation

tan δ loss peak is observed for both F-300 (solid line)
and F-200 (broken line). The peak maximum temper-
ature for F-300 is around 120°C, and the peak height
is about 0.24. The relaxation peak tan δ for F-200 has
a peak maximum temperature of 120°C, with peak
height about 0.26.
3.5. Modulated DSC Study. In order to under-

stand what aspects of amorphous phase structure
determine the mechanical properties of F-200 and F-300
at temperatures above Tc, we have used temperature-
modulated DSC, or MDSC.27,28 MSDC is able to sepa-
rate the total heat flow (T) into two parts: one is the
result of the heat capacity effect, such as glass transition
and melting, often referred to as reversing heat flow (R);
the other is the result of the non heat capacity effect,
such as cold crystallization, often referred to as nonre-
versing heat flow (NR).27-32 In this study, the same
heating rate is used as in the DMA experiments to
facilitate direct comparison. The three heat flow curves
are plotted in Figure 4 for F-300 (4,A,C) and F-200
(4B,D), respectively. Parts C and D of Figure 4 reflect
expanded views of the glass transition region. The
arrows again indicate the temperatures at which the
samples have been cold crystallized.
Figure 4A,C shows the MDSC results for the F-300

sample. In the total heat flow curve (T), a small step
occurs at about 105°C as the result of the glass transi-
tion, followed by a small melting peak just above Tc (Tc
) 125°C). Then an immediate upturn crystallization
occurs at about 10 deg higher than Tc, followed by the

major melting peak at about 278°C. These results are
indentical to what we observed after normal DSC
testing. In the reversing heat flow curve (R), the glass
transition appears at 105°C, followed by a major melting
peak at around 276°C. In the nonreversing heat flow
curve (NR), the cold crystallization starts about 10 deg
higher than Tc. The material continues to crystallize
until the temperature reaches 270°C, and then a
nonreversible melting occurs, driving the curve down-
ward. All three curves become flat when the temper-
ature is above 285°C, indicating that all the crystals
have melted.
MDSC results of the F-200 sample with t1/2 ) 700 s

are shown in Figure 4B,D. In the total heat flow curve
(T), we observe that the glass transition and the small
melting occur at the same time since Tc (Tc ) 107°C) is
very close to Tg. Following that, crystallization occurs,
as the curve shows an upturn. A melting peak finally
appears at about 287°C. In the reversing heat flow
curve (R), a glass transition appears at about 110°C
followed by a major melting peak with the peak maxi-
mum at 285°C. In the nonreversing heat flow curve
(NR), a cold crystallization exotherm appears at about
10 deg higher than Tc. The F-200 material continues
to crystallize as the temperature increases. The major
exothermic peak appears at about 282°C. No melting
endotherm is observed in the NR curve.

4. Discussion

4.1. Structure from SAXS. In analyzing the SAXS
data presented in Figure 2, we adopt a simplified two-
phase model in which the crystal lamellae alternate

Figure 4. Total heat flow (T), reversing heat flow (R), and nonreversing heat flow (NR) from MDSC for Fortron PPS samples
cold crystallized with a half-time of 700 s. Scan through the melting region: (A) F-300; (B) F-200. Expanded scale near the glass
transition: (C) F-300; (D) F-200. Arrows indicate Tc.
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with noncrystalline material of lower density. The long
period, L, reflects the separation distance between the
midpoints of two adjacent lamellae. The thicknesses of
phase 1 (l1) and phase 2 (l2) are such that l1 + l2 ) L,
and l1 e l2. The thickness of phase 1 and the linear
fraction of phase 1 (v1) are estimated from the correla-
tion triangle using the method of Strobl and Schneider.24
SAXS data alone do not allow the distinction to be made
in associating either phase 1 and phase 2 with the
crystal lamellae (thickness lc). Recently, two different
approaches have been followed in the assignment of the
crystal thickness. Jonas et al. chose the shorter length
for lc in their SAXS studies of PEEK33 and PET34
polymers. Fougnies et al.35,36 for the PEEK polymer also
chose lc to be the shorter length, based upon the
temperature evolution of the longer and shorter lengths.
Only the shorter length increased with annealing tem-
perature. The opposite choice was made by Hsiao et
al.37,38 for the PEEK polymer. In this work on PPS, we
are in agreement with the assignments made by Jonas
et al.33,34 and Fougnies et al.35,36 and assign the minority
fraction (shorter length, l1) to the crystal lamellae.
Jonas et al.33 conclude that for PEEK lc < la since the

density of the amorphous phase within the semicrys-
talline sample, Fac, is greater than the density of the
amorphous phase in the purely amorphous sample Fa0.
The opposite choice, of longer length for lc, would have
resulted in a lower amorphous phase density, Fac < Fa0,
which is not observed experimentally. From our earlier
work,8 we showed that also in PPS Fac < Fa0 for samples
crystallized from the glassy state. Thus, the assignment
of lc < la is consistent for PPS as for PEEK and PET.
The fraction of the crystal phase within the lamellar

stacks, or the linear crystallinity, øcl, is related to the
overall volume fraction crystallinity, Φc, according to

where øs is the fraction of space filled by coherently
scattering stacks of lamellae. Jonas et al.33,34 reject lc
> la because of implications for øs. lc > la results in øs
values that are deemed unreasonably low for PEEK.34
For PPS, the choice lc > la also would result in very low
filling fractions, with øs ranging from 0.35 to 0.38. This
would imply that very large amounts of amorphous
phase material reside outside the lamellar stacks, which
seems contrary to the observed dense space-filling
nature of PPS spherulites.5,39-42 In this work, therefore,
we choose the minority component, v1, as the crystal
phase. Then the shorter length l1 represents the
lamellar thickness and v1 is the linear crystallinity of
the lamellar stacks, as plotted as Figure 2.
In prior work we used SAXS to study the structure

of Ryton PPS8 after isothermal melt or cold crystalliza-
tion. In that work we used simple application of Bragg’s
law to determine the long period, and lc was found by
multiplying L by the bulk crystallinity. For cold crys-
tallization, the long period weakly decreased as Tc
decreased, and at the lowest Tc investigated (150°C), L
∼ 102 Å.8 We also found that lc decreased as Tc
decreased, and at Tc ) 150°C, lc was 29 Å,8 which is
very comparable to the values of lc determined here for
Fortron PPS.
Figure 2B indicates that the lamellae develop their

ultimate thickness, lc, early in the crystallization pro-
cess. For both crystallization conditions and all three
molecular weights, lc reaches a constant value at times
shorter than the crystallization half-time (at t ∼ 0.5t1/2).
On the other hand, the long period (Figure 2A) continues

its overall decreasing trend until the half-time has been
exceeded (at t ∼ 1.5t1/2). The result that L decreases
and lc remains constant is in agreement with the
observations of Jonas et al. for PEEK nonisothermally
crystallized from the quenched amorphous state.33
During the time that L decreases while lc is constant,

we conclude that the average amorphous layer thick-
ness, la, decreases. We suggest that as the spherulites
grow isothermally, the lamellar thickness is controlled
predominantly by the crystallization temperature,
through the degree of undercooling. But the average
long period decreases during crystallization, even after
spherulite impingement at ∼t1/2, because the crystals
are forced to grow into smaller available spaces among
surrounding crystals. These space constraints, rather
than being asserted on the crystal thickness, are felt
within the amorphous phase, causing reduced la.
In Table 3, we compare the linear crystallinity with

the crystallinity determined from room temperature
WAXS analysis. Caution must be used in interpretation
of the WAXS estimates, especially in systems crystal-
lized at very low temperatures where imperfect crystals
and other rigid, but noncrystalline objects may be
formed. We found a very close agreement18 between the
crystallinity determined by WAXS and that from DSC.
Since noncrystalline entities are unable to contribute
to melting endotherms, we believe that this justifies our
use of the WAXS crystallinity in the present work. In
comparison to the room temperature WAXS data, the
SAXS linear crystallinity is taken at the end point of
the crystallization and is a high-temperature measure-
ment. The bulk crystallinity from WAXS is systemati-
cally lower than the linear stack crystallinity, øcl,
obtained from the SAXS correlation triangle.24 This
indicates some portion of the amorphous phase resides
outside the lamellar stacks, resulting in higher linear
crystallinity within the lamellar stacks.
From Table 3, we see that higher molecular weight

material has a slightly smaller øcl compared with lower
molecular weight material. We conclude that there is
slightly more amorphous phase within the lamellar
stacks in the higher molecular weight sample. How-
ever, the experimental errors on the øcl measurement
are large.
4.2. Thermal Analysis. Thermal analysis at 20°C/

min was used to determine øra, the fraction of amor-
phous chains constrained by the crystals (and not
contributing to the heat capacity increment), from

The rigid amorphous fractions are listed in the fourth
column of Table 3. Since the degree of crystallinity is
virtually the same, this implies that there is a larger
rigid amorphous fraction in samples with lower molec-
ular weight. In F-200, øra ) 0.54, while in F-300 øra )
0.43. While the error bars are larger on the øra
measurement, we note that this trend in øra has been
followed consistently through two sets of samples crys-
tallized independently, and five different experiments
in which either DSC or MDSC18 was used to analyze
the øra content.
For the same molecular weight material, the sample

is more highly constrained when crystallized at a slower
crystallization rate, i.e., at lower temperature. For
example, in Table 3 we see that F-300 has øra ) 0.43
for t1/2 ) 200 s, and this increases to øra ) 0.50 when
t1/2 increases to 700 s. In our previous cold crystalliza-
tion study on Ryton PPS,9 øra decreased from 0.42 to

Φc ) øsøcl (4)

øra ) 1 - øc - øa (5)
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0.33 when Tc increased from 150 to 210°C. Thus,
current results on Fortron PPS agree well with our
previous study on Ryton PPS (Phillips Petroleum) and
suggest that crystals cause a very highly constrained
amorphous phase interlayer when Tc gets close to Tg.
The location of the rigid amorphous phase is sug-

gested to be between lamellar crystals, possibly near the
crystal/amorphous interphase.4 We propose that the
lower molecular weight PPS has a greater number of
taut tie molecules between the crystals, resulting in a
larger fraction of constrained amorphous phase. The
higher molecular weight PPS still has more entangle-
ments within the amorphous phase and therefore has
a slightly higher glass transition temperature and
slower crystallization kinetics. But once crystals form
at low temperatures close to Tg, the longer molecular
length chains do not appear to become as constrained
as do the shorter chains.
4.3. Mechanical Properties. It is generally con-

sidered that higher molecular weight material has
better mechanical properties because of higher density
of chain entanglements.43-45 Obvservation of a lower
E′ for F-300 at the higher temperature was unexpected.
However, in the high-temperature region, the temper-
ature increases above the cold crystallization temper-
ature Tc (represented by the arrows shown in Figure
3). When the temperature rises above the crystalliza-
tion temperature, we expect there to be changes in
polymer structure, for example, perfecting of existing
crystals or formation of new crystals. We postulate that
these structural changes for T > Tc result in the lower
E′ observed in the higher molecular weight F-300.
These changes were observed in the MDSC scans of

F-200 and F-300 shown in Figure 4. The heats of fusion
from the three heat flow curves are calculated, and the
results are shown in Table 4. Comparing Figure 4A,B,
three significant differences in the thermal behavior
between F-300 and F-200 can be seen. First, the
melting temperatures of the major peaks in both the T
and R curves of the F-200 sample are higher than those
of the F-300 sample. Second, in the nonreversing heat
flow curve (NR), F-300 shows both exothermic behavior
and nonreversing melting at the higher temperature,
while F-200 gives only an exothermic peak. Third, we
observe that even though the two materials have
initially about the same crystallinity (same area under
the total heat flow curve in Table 4), the relative areas
under the reversing and nonreversing heat flow curves
are quite different.
Analysis of MDSC scans in the melting region is still

a subject of intense debate.29,46 Nonetheless, we may
compare the relative behavior of these materials treated
with the same MDSC protocol. Although instrumental
thermal lag may change the apperance of the reversing
and nonreversing heat flow curves, we expect these
effects to be similar for samples of similar mass.
Therefore, the changes seen in the reversing and non-
reversing heat flow curves may tentatively be identified

with real behavior of the materials, reflecting differences
in ability for reorganization during MDSC scanning. It
appears that F-200 has a greater ability to reorganize
and form more crystals during the heating scan than
F-300. Since the DMA experiments stop at an earlier
stage, we have also examined the amount of crystals
formed in these materials before 240°C and find that
relatively more crystals formed in F-200 than in F-300
by this temperature.
DMA and MDSC results can be compared directly

since they are performed using the same heating rate.
The three major differences between F-300 and F-200
fromMDSC suggest that F-200 and F-300 have different
crystallizabilities. F-300 has a higher molecular weight,
and its crystallization is slowed by the large amount of
chain entanglement. Consequently, it has a slower
reorganization/recrystallization rate. Therefore, in F-300
material we observe a smaller amount of exothermic
heat flow during the heating scan and a lower Tm. In
contrast, F-200 is a lower molecular weight material and
tends to crystallize very fast. It also has the ability to
reorganize fast. Therefore, we observe more crystals
forming during the scan and a higher Tm. Generally
speaking, the infinite crystal melting temperature (Tm

0)
increases as the molecular weight increases, since it
corresponds to the largest extended chain crystals
possibly formed by the material. However, polymer
crystallization is controlled by kinetics, rather than
thermodynamics. Therefore, as the temperature in-
creases, lower molecular weight PPS has better reor-
ganization ability and continues to form metastable
crystal lamellae that melt at a higher temperature. We
believe the differences in crystallizability and reorga-
nization ability between F-200 and F-300 also account
for the difference in E′ observed at higher temperature.
In both F-200 and F-300 samples, E′ was unaffected by
the crystallization temperature. Since lower molecular
weight material tends to crystallize faster and form
more crystals, the amorphous polymer chains may be
under constant and large constraints by the formed
crystals. In contrast, the higher molecular weight
material requires a longer time to crystallize and
reorganize, and therefore fewer constraints are asserted
by the crystals. This idea is supported by the smaller
amount of constrained amorphous phase formed in
F-300. Thus, at higher temperature, we observe a lower
E′ for F-300 and a higher E′ for F-200.

5. Conclusions

The effect of molecular weight on the cold crystalliza-
tion behavior and mechanical properties of linear PPS
Fortron has been investigated. We observe the exist-
ence of large rigid amorphous fractions in the cold-
crystallized sample in agreement with our previous
studies,8,18 and the lower the Tc, the higher the øra. The
same crystallinities are found in these cold-crystallized
samples. For different molecular weight samples crys-
tallized with the same t1/2, the more mobile amorphous
phase is observed in the higher molecular weight
material, which leaves it with a less rigid amorphous
phase.
The effects of both molecular weight and Tc on the

mechanical properties of PPS have been investigated
by combining DMA andMDSC. It is found in DMA that
molecular weight is the determining factor that affects
the E′ value at the higher temperature, since the same
modulus E′ and loss factor tan δ are observed for the
samples crystallized at different Tc. A lower E′ is

Table 4. Heat of Fusion, ∆H, of Cold-Crystallized
Fortron PPS Determined from Modulated Differential
Scanning Calorimetry Curves of Total Heat Flow, T,
Reversing Heat Flow, R, and Nonreversing Heat Flow,

NR

Fortron
PPSa ∆HT, J/g ((0.5) ∆HR, J/g ((0.5) ∆HNR, J/g ((0.5)

F-200 27.3 81.5 -52.2
F-300 28.9 42.7 -14.8
a Crystallized at a temperature giving a half-time of 700 s.
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observed for the higher molecular weight material.
MDSC data suggest that higher molecular weight PPS
has a slower crystallization rate and reorganization
rate. The amount of crystals formed during heating is
smaller in high molecular weight PPS, and this may be
the explanation for the reduced Young’s modulus above
Tg.
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