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Abstract 

We report a thermal analysis study of the effect of molecular weight on the amorphous phase 
structure of poly(phenylene sulfide), PPS, crystallized at temperatures just above the glass tran- 
sition temperature. Thermal properties of Fortron PPS, having viscosity average molecular 
weights of 30000 to 91000, were characterized using temperature modulated differential scan- 
ning calorimetry (MDSC). We find that while crystallinity varies little with molecular weight, 
the heat capacity increment at the glass transition decreases as molecular weight decreases. This 
leads to a smaller liquid-like amorphous phase, and a larger rigid amorphous fraction, in the 
lower molecular weight PPS. For all molecular weights, constrained fraction decreases as the 
scan rate decreases. 

Keywords: constrained amorphous phase, modulated differential scanning calorimetry, molecu- 
lar weight, poly(phenylene sulfide) 

Introduction 

Poly(phenylene sulfide) is a semicrystaUine polymer with a glass transition tem- 
perature at about 90~ and a melting temperature (Tin) of 280~ from differential 
scanning calorimetry (DSC) [1--4], Its structure and properties can vary quite sig- 
nificantly with previous thermal history [1-6] and with molecular weight [7, 8]. 
Several research groups have studied the effect of molecular weight on the crystal- 
lization kinetics of PPS [4, 7-12]. It is found that the crystallization rate of PPS de- 
creases as molecular weight increases [7, 9]. Asymmetric linear growth rate curves 
are seen for PPS [4, 13]. Non-isothermal crystallization was studied by Collins et 
al. [10, 11]. 

In this work, we 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 
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molecular mobility [2, 5, 6]. The quantification of the effect of chain constraint is 
done through thermal analysis of the heat capacity increment, ACp(T), at the glass 
transition [2, 5, 6]. Although many reports exist on the effects of molecular weight 
on crystallization kinetics [7-12], so far there have been no studies of the effects of 
molecular weight on the structure of the amorphous phase and the constraining ef- 
fects of crystals. It was our hypothesis that lower molecular weight polymer would 
have more taut tie molecules between crystals, leading to larger rigid amorphous 
fraction. Here we report effects of molecular weight on structure of PPS crystal- 
lized close to Tg. A more extensive study including results of small angle X-ray 
scattering and dynamic mechanical behavior will be reported later [14]. 

Since the rate of formation of crystals will likely be an important factor in cre- 
ating constraints on the amorphous phase, we decided to minimize this effect 
among the different molecular weight samples by selecting different isothermal 
crystallization temperatures that would guarantee identical rates of crystallization. 
With kinetic rate effects minimized, the influence of molecular weight on structure 
could more easily be assessed. Small angle X-ray scattering studies [14] confirm 
that the crystallization kinetics are the same for all materials crystallized so as to 
have the same half-time. SAXS also reveals [14] that the long period varies with 
molecular weight, while the lamellar thickness does not vary (within experimental 
error). Thus, to the best of our ability we have kept the structure of the materials 
roughly the same by choosing crystallization conditions of constant half-time for the 
~ r e n t  samples. 

We characterize the relative phase fractions in our PPS materials using DSC and 
MDSC [15-19]. MDSC is able to separate the total heat flow (7) 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), and is the sample response in phase 
with the sinusoidal temperature profile. The difference between T and R is used to 
obtain a third heat flow, the result of the non-heat capacity effect, such as cold crys- 
tallization, often referred to as non-reversing heat flow (NR) [17]. 

E x p e r i m e n t a l  sec t ion  

Different molecular weight powders of Fortron TM PPS, were obtained from 
Hoechst Celanese and are referred to as F-200, F-214 and F-300. The viscosity av- 
erage molecular weight (My) are listed in Table 1 and range from 30000 to 91000. 
Amorphous films were prepared by melting the powder in a hydraulic hot press be- 

,TM o tween two pieces of Kapton film at 320 C for 2 min to destroy the crystallization 
seed nuclei, then quickly quenching into ice water. The amorphous samples ob- 
tained were transparent and showed no birefringence upon rotation under crossed 
polarizers. Some of these amorphous samples were used directly in our study. Oth- 
ers were crystallized at cold crystallization temperatures T e (from 110.6 to 135~ 

A TA Instruments 2920 DSC was used for thermal property measurements. 
MDSC scanning rates were 5 and 3.5~ min -1. The modulation amplitude and pe- 
riod were varied according to the manufacturer's recommendation [17] to ensure 

J. Thermal Anal., 49, 1997 



Lid, CEBE: EFFECT OF MOLECULAR WEIGHT 527 

Table 1 Viscosity average molecular weight, glass transition temperature and non-isothermal 
cold crystallization temperature of amorphous samples, and isothermal cold crystal- 
lization temperature of Fortron PPS 

Fortron PPS M v T~ / ~ T~m/~ T~/0(2 
F-200 30000 84 112 110.6 
F-214 50000 90 116 116.0 
F-300 91000 92 133 135.0 

a From viscosity determined in 1-chloronaphthalene at 208"C 
o Glass transition of quenched amorphous sample scanned at 3.5"C min -1 
c Peak of the crystallization exotherm in amorphous samples, scanned at 3.5~ min -I 
d Isothermal cold crystallization temperatures chosen for a crystallization half-time of 200 s. 

that almost no cooling occurred during the experiments. Sample mass was between 
5 and 7 mg and experiments were performed under a nitrogen gas flow of 
30 ml min 4. The empty reference pan was matched in mass to the sample pan to 
within 0.05 rag. Indium was used to calibrate temperature and heat flow throughout 
the MDSC study. 

The heat of fusion of perfect PPS crystals was taken to be 112 J ~-1 [5]. Sapphire 
was used to calibrate the heat capacity. Heating rate of 200C min- 'was used in the 
non-modulated mode (similar to ordinary DSC). 

Wide angle X-ray scattering was performed using a rotating anode Rigaku 
RU300 ~enerator operating at 45 kV and 60 mA with diffracted beam monochro- 
mator. Samples were examined in 0 / 2 0  reflection mode with ~,= 1.54A. Calibra- 
tion of peak position was made using National Institute of Standards and Technol- 
ogy silicon powder standard. 

Results and discussion 

Figure 1 shows the total heat flow curves vs, temperature for quenched amor- 
phous F-200 (dashes) and F-300 (solid line), respectively. The scan rate is 
3.5~ rain -1, and these scans were taken only up to 175~ The total heat flow 
curves show the same information as is provided by non-modulated DSC. The glass 
transition relaxation is followed by a sharp crystallization exotherm. Tg and Tc data 
are listed in Table 1. Comparing F-200 with F-300, we see that the position of the 
crystallization exotherm in F-300 is about 20 degrees above that of F-200. The 
crystallization kinetics of F-300 are much slower than F-200 due to the factor of 
three difference in molecular weight. For this reason, selecting the same crystal- 
lization temperatures for both materials would not provide comparable crystal 
structures. We used detailed crystallization studies of these two materials [14] to se- 
lect cold crystallization temperatures that would yield the same rate of crystal- 
lization, i.e., the same half-time for crystallization. To provide a half-time of 200s, 
F-200 is crystallized at 110.6~ F-214 is crystallized at 1160C, and F-300 is crys- 
tallized at 135*C. The isothermal cold crystallization temperatures are listed in the 
last column of Table 1. 
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Fig. 1 MDSC total (T) heat flow vs. temperature for quenched amorphous Fortron TM PPS. 
Scan rate was 5~ min -1, with oscillation amplitude of 0.796~ and period of 60 s. 
F-200 (dashed line); F-300 (solid line) 

Figure 2 shows MDSC raw data, modulated heat flow curve (upper curve) and 
derivative of the modulated temperature, or heating rate (lower curve), for F-200 
crystallized at 110.6~ to give a half-time of 200 s. This material was scanned 
through the melting region at an average heating rate of 5~ min -1, with an oscilla- 
tion amplitude of+ 0.796~ every 60 s. The heating rate curve is above zero during 
most of the scan, indicating that the sample is nearly always heated and not cooled. 
Only during the first order melting phase transition does the heating rate go mo- 
mentarily below zero, owing to the difficulty in oscillating the temperature of the 
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Fig. 2 MDSC raw data for Fortror/TM F-300 PPS cold crystallized at 110.6~ with tzz2 = 
200 s. Scan rate was 5"C rain -1, with oscillation amplitude of 0.796~ and period of 
60 s. Modulated heat flow (left hand axis) and simultaneous derivative of the modu- 
lated temperature, or heating rate, (right hand axis) vs.  scanning temperature 
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entire sample, when a portion of it is remaining at constant temperature during its 
phase transition. 

The raw data' are used to derive the total (T), reversing (R), and non-reversing 
(NR) heat flow signals for F-200. Similarly, raw data were acquired for F-214 and 
F-300 crystallized with the same half-time of 200s but these raw data are not shown 
for the sake of brevity. To facilitate comparison among the molecular weights, the 
T curves are all plotted together in Fig. 3a, the R curves in Fig. 3b, and the NR 
curves in Fig. 3c. 

In Fig. 3a, for F-200 crystallized at 110.6~ the T curve sh0;,vs an exothermic 
step at about 115~ followed by the major melting endotherm at 2840C. For F-214, 
the T curve shows the same features as F-200, with different temperatures. The exo- 
thermic step begins at 120~ just after the glass transition. There follows an en- 
dotherm at 282.5~ For F-300, the T curve shows the initiation of crystallization 
at about 145~ followed by melting at 277~ All three curves become fiat when 
the temperature is above 285~ indicating that all the crystals have melted. All 
three materials have about the same net area AH T, (AH r =Aendo__Aexo ) under the to- 
tal heat flow curves, indicating that the initial level of crystallinlty is about the 
same, in spite of the differences in their crystallization temperatures. This result is 
supported by both wide and small-angle X-ray scattering studies to be reported 
separately [14]. The main difference among the T curves is the initiation point for 
the further crystallization of the sample, which occurs just above the prior treat- 
ment temperature of each sample. Arrows mark the treatment temperatures for 
these samples. 

Figure 3b shows the R curves for the three molecular weights. For F-200, the R 
curve shows the glass transition relaxation at 101 ~ and the melting endotherm at 
283~ F-214 R curve shows the glass transition at 103~ and the melting en- 
dotherm at 2820C. Finally, in the R curve of F-300, the glass transition relaxation 
occurs at 102~ and the melting endotherm at 2770C. The major difference occurs 
in the glass transition region and the steady decrease in the area under the R curve, 
as the molecular weight increases. AH R follows the rank ordering: F-200>F- 
214 > F-300. F-200 forms the largest amount of crystals during the scan - F-300 
forms the least. 

The NR curves, shown in Fig. 3c, have only exothermic features. In F-200, 
crystallization starts at about 114~ which is just above the previous cold crystal- 
lization temperature, and continues to a large exothermic peak at 280~ F-214 
shows a crystallization exotherm starting with an upturn at about 120~ and a large 
peak at 278~ Finally, F-300 NR curve has an upturn at about 145~ and a large 
exothermic peak at 273~ The physical interpretation of the large exothermic heat 
flow near the melting region in the NR curve is a subject of current controversy [17, 
20]. Among these different molecular weights, heat flow area, AH NR, follows the 
rank ordering: F-200>F-214>F-300. Thermal properties and initial degree of 
crystallinity of the cold ciystallized samples are listed in Table 2. 

The crystal mass fractions of the constituent phases were also determined from 
WAXS of well-crystallized samples and are listed in Table 3. All the PPS samples 
have a mass fraction crystallinity, Zc, of 0.25-0.26 from WAXS, very close to that 
determined from MDSC. 
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Fig. 3 MDSC heat flow curves for F-200, F-214, and F-300 Fortron TM PPS scanned at a 
rate of 5 ~ rain -L, with oscillation amplitude of 0.796~ and period of 60 s. a) total 
heat flow; b) reversing heat flow; and c) non-reversing heat flow vs. temperature 
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Table 2 Glass transition temperature, heat of fusion, AH, determined from MDSC* total, T, 
reversing, R, and non-reversing, NR, heat flow curves, and weight fraction erystallinity 

Fortron Tg/OC AHT/j g-1 AHa/j  g-l AHNR/j g-i 

PPS a (:L-0.3) (!'0.3) (:L'0.6) 

F-200 101 28.7 115.6 -86.8 0.256 

F-214 103 28.6 103.0 -74.5 0.25 s 

F-300 102 28.5 82.1 -53.4 0.254 

* Scanned at a rate of 5"C min -1 
a Crystallized at a temperature giving a half time of 200 s 
b Determined from the area under the total heat flow curve; last digit is not significant but is shown 
to indicate the variation. 

Analysis of the heat capacity step at the glass transition was used to determine ~a, 
the amount of liquid-like amorphous phase contributing to the heat capacity step at 
Tg, Cp(T), according to the following expression [2, 5, 6]: 

-- C;r IT=T . z, 

where the superscripts sc and a refer to the semicrystalline sample, and the com- 
pletely amorphous sample, respectively. The fraction of amorphous phase con- 
strained by the crystals at this scan rate (and not contributing to the observed heat 
capacity increment), gra, was then found from: 

Zra = 1 - Zc - ga  

These results are listed in Table 3 for two different rates, a regular DSC rate of 
20~ min -1, and an MDSC rate of 5~ min -I. For PPS crystallized with the same 
t:/2, the higher molecular weight sample contains a larger ga. This indicates that a 
larger amount of liquid-like amorphous phase contributes to the glass transition 
heat capacity increment in the higher Mw sample. 

The data indicate that there exists a large fraction of constrained amorphous 
chains inside the cold crystallized PPS. For different molecular weight samples 
with the same crystallization rate, the lower molecular weight sample exhibits a 
higher level of constraint. Current results on Fortron PPS agree well with our pre- 
vious study on Ryton (Phillips Petroleum) PPS [5]. It suggests that crystals cause a 
very highly constrained amorphous phase interlayer, when T c gets close to Tg. Also, 
a reduction in the scan rate causes more amorphous phase to be relaxed at Tg. 

C o n c l u s i o n s  

The effect of molecular weight on the cold crystallization behavior of For t ron  T M  

PPS has been investigated using MDSC. Different molecular weights have about the 
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Table 3 Scan rate, mass fractions of crystal, go, liquid-like amorphous, y~, and rigid amorphous 
phases, Zra, in cold crystallized Fortron PPS 

Fortron Scan ratea/ gc (~.2) ~ (:t0"2) d grap (:L-0"4) d 

PPS *C min -l 

F-200 20 .26 b .20 .45 

F-214 20 .25 b .24 .51 

F-300 20 .26 b .29 .45 

F-200 5 .25 r .31 " .44 
F-214 5 .25 c .355 .395 

F-300 5 .25 e .41 .34 

a 20~ min-I regular DSC; 50C rnin -1 MDSC 
b Determined from WAXS 
e Determined from A/-/r, data listed in Table 2 
d Third digit is not significant, but is shown to indicate the variation. 

same crystallinity, whether measured from endotherm area or X-ray scattering. 
However, amounts of  liquid-like and constrained amorphous phases differ among 
the different molecular weights. For samples crystallized with the same tl/2, there 
is less mobile amorphous phase in the lower molecular weight material,  which 
leaves it with a greater  amount of  constrained amorphous phase. These results sug- 
gest that there may be more taut-tie molecules between crystals of low molecular 
weight PPS, leading to greater constraints on amorphous phase mobility. 
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