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SYNOPSIS 

Isothermal crystallization kinetics were investigated by differential scanning calorimetry 
(DSC) for poly(p-phenylene sulfide) (PPS) doped with amorphous carbon or crystalline 
graphite particles. Both types of carbon forms have been found to affect the crystallization 
behavior of PPS to different extents. The crystalline graphite particles have a more pro- 
nounced effect on the overall rate as well as mechanisms of PPS crystallization than do 
the amorphous carbon particles. Relative contributions and competition from crystallizations 
of two different crystals in the later-stage crystallization of PPS have been found to cause 
the phenomenon of deviation from linearity in the Avrami plots. A sequential crystallization 
model has been shown to describe well the crystallization behavior of the PPS doped with 
the particles. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Crystallization is one of the most studied subjects 
in polymer physics. The crystallization of filled or 
reinforced polymers can also be influenced by factors 
including fillers, fibers, additives, or temperature. 
Poly(pheny1ene sulfide) (PPS) is a high-tempera- 
ture semicrystalline thermoplastic polymer with 
many desirable mechanical properties. PPS is find- 
ing versatile uses in technological applications such 
as electronic component encapsulants, conducting 
polymers, printed circuit boards, and optical fibers.'T2 
More recently, PPS has also been considered for use 
as a matrix material in fiber-reinforced composites. 
PPS has a strong tendency to crystallize when cooled 
to temperatures below its melting temperature ( 270- 
290°C). Its properties, therefore, are greatly influ- 
enced by the kinetic process of the crystallization 
and, consequently, by the morphological micro- 
structure developed during processing. There have 
been a large number of studies3-'' dealing with the 
crystallization behavior of neat or reinforced PPS 
in the past few years. It has become well known that 
the degree of crystallinity and/or morphology can 
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be influenced directly by the thermal treatment 
during processing and that the thermal treatment 
subsequently influences the mechanical properties 
of the processed polymers. Desio and Rebenfeld4*5 
and Auer et a1.6 studied the effects of various rein- 
forcing fibers on the crystallization rate of PPS and 
found that the fiber types (carbon, aramid, or glass) 
as well as the fiber sizings may affect the crystalli- 
zation rates. They found that both carbon and ar- 
amid fibers caused a decrease in the crystallization 
half-times, with the aramid fiber exhibiting a more 
pronounced effect and the glass fiber having almost 
no effect a t  all. 

The crystallinity-property and morphology- 
property relationships of neat PPS and fiber com- 
posites have also been well studied.".12 Transcrys- 
talline growth of PPS on the interface of reinforcing 
fibers has been one of the most studied subjects. 
Nucleating effects of fibers have been reported by 
Zeng and Ho, l3 who observed that single-carbon and 
glass-fiber filaments embedded in a thin film of PPS 
resin exhibited a pronounced nucleating effect. 
However, the reported effects of fibers on the total 
crystallinity of PPS seemed inconsistent among 
various researchers. Some concluded a higher degree 
of crystallinity of carbon and glass-reinforced 
PPS,14*15 while others reported a decrease in crys- 
tallinity.16 Correlation between the transcrystalline 
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crystals and effects on crystallization kinetics have 
yet to be investigated. 

While the commercial carbon /graphite reinforc- 
ing fibers offer a unique aspect of studies on under- 
standing the effect of reinforcing materials on PPS 
crystallization, they, however, may introduce com- 
plicating factors such as different degrees of surface 
treatment, various levels of graphitization, or effects 
of sizings, which all can affect crystallization mech- 
anisms and kinetics. To simplify the observation, 
we investigated the kinetics of crystallization of PPS 
doped with carbon or graphite particles instead of 
complicated fiber systems in this study. 

EXPERIMENTAL 

Materials and Preparation 

Two types of carbon filler were used amorphous 
carbon black and crystalline graphite particles. The 
carbon or graphite particles have an average size of 
about 70-90 pm. Poly (phenylene sulfide) ( PPS ) was 
obtained from commercial sources ( Philips Petro- 
leum Co., Ryton V - l )  in fine powder form-melt 
viscosity = 90 Pa-s, and M ,  = 15,000 g/mol. The 
PPS was compounded with micron-sized carbon or 
crystalline graphite particles with the solid loadings 
ranging from 5 to 50 wt %. Compounding of the 
solid fillers with PPS was performed by direct melt 
blending or solvent mixing. The solvent mixing was 
done by dissolving the PPS in a-chloronaphthalene 
(Merck Co.) at 210°C under continuous stirring with 
the solid particles being added gradually. After sol- 
vent mixing, the compounded PPS-filler mixture 
was placed in a vacuum oven at 200°C until all the 
residual solvent was completely evaporated. 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) offers a 
convenient, accurate method of following quanti- 
tatively the crystallization progress and analysis of 
crystallization parameters. The crystallization ki- 
netics of PPS were investigated by observing the 
heat flow from an isothermal DSC scan as a func- 
tion of time. A power-compensated type of differ- 
ential scanning calorimeter ( Perkin-Elmer DSC-7, 
equipped with an intracooler and a DEC computer 
for data acquisition/analysis ) was used for various 
thermal treatments of the samples and to observe 
the melting endotherm peaks. Prior to DSC runs, 
the temperature and heats of reaction were Cali- 
brated with indium and zinc standards. Relatively 

small sample sizes (4-7 mg ) were used to minimize 
the heat-transfer effect of low thermal conductivity 
of the polymer. The sample was heated in the DSC 
quickly to 320"C, held there for 5 min to eliminate 
residual crystals, then quenched (at  -32O0C/min) 
to the designated crystallization temperature, and 
data acquisition was begun immediately. For bring- 
ing the samples to the crystallization temperature 
from the pretreatment temperature above the melt, 
the fastest cooling rate ( -32O0C/min) was neces- 
sary to prevent any effect of nonisothermal crystal- 
lization, during the ramping transient, on the mag- 
nitudes of heat to be measured. During the pretreat- 
ment, isothermal crystallization, or DSC scanning, 
a nitrogen purge was provided throughout the run. 
The isothermal melt-crystallization experiments 
were performed at four to five different temperatures 
between 220 and 250°C. For experiments on the 
melting behavior of primary and minor crystals, a 
uniform heating rate of lO"C/min was used. 

RESULTS AND DISCUSSION 

Carbon Black and Graphite Particulate 
Fillers in PPS 

Crystallization isotherms for the carbon- or graph- 
ite-filled PPS samples were generated at  five iso- 
thermal temperatures: 220,230,240,245, and 250°C. 
For the kinetic analysis of the filled PPS samples, 
the well-known Avrami equation "*18 was employed 
for preliminary analysis: 

1 - X, = exp[ -kt"] (1) 

where X, is the relative crystallinity a t  time t ;  k ,  the 
crystallization rate constant depending on nucle- 
ation and growth rates; and n, the Avrami crystal- 
lization exponent depending on the nature of nu- 
cleation and growth geometry of the crystals. Avrami 
plots were constructed from these isotherms by 
plotting log [ -In ( 1 - X,) ] vs log( t )  for the carbon- 
filled PPS samples (5-50 wt % of carbon) and the 
graphite-filled PPS samples (5-50 wt % of graphite). 

Effect of Fillers on Crystallization Exponent 

To examine the effects of the carbon or graphite 
fillers on the mechanisms and rates of crystallization 
of PPS, Avrami plots were similarly constructed. 
Figures 1 and 2 show that the Avrami plots for the 
two amorphous carbon-filled PPS samples ( 5  and 
10 wt %, respectively) are mostly linear straight 
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Figure 1 
samples crystallized at  230, 235, 240, 245, and 250°C. 

Avrami plots of carbon (5 wt %)-filled PPS 

lines. Only at a few isothermal crystallization tem- 
peratures did the plots exhibit barely visible devia- 
tion from linearity at a later stage of crystallization 
(i.e., at relative crystallinity X ,  > 0.98). The carbon- 
filled PPS samples of other filler contents (from 10 
to 50 wt % )  were found to behave similarly to the 
one with 5 or 10 wt % of carbon. The kinetic con- 
stants derived from the plots for all carbon-filled 
PPS are listed in Table I. The exponents derived 
from the slopes of the plots for the carbon-filled PPS, 
however, were lower than those reported for the neat 
PPS from our previous study.lg The exponents for 
the carbon-filled PPS were found to be 1.7-1.9, while 
the exponents for neat PPS are 2.2-2.5. The values 
of n for the carbon-filled PPS are lower by 0.5-1.0 
in comparison with the neat PPS, suggesting that 
the nucleation mechanism might have changed from 
homogeneous to heterogeneous.20 Clearly, the fillers 
have altered the mechanism of PPS crystallization. 
The lower exponent for the carbon-filled PPS sug- 
gests a change of the crystal growth mechanism at  
the later stage of crystallization. 

Interestingly, the crystallization behavior of the 
graphite-filled PPS was found to be significantly dif- 
ferent from that of the carbon-filled PPS. In contrast 
with the almost linear Avrami plots of the carbon- 
filled PPS, an easily identified discontinuity was ob- 
served in the Avrami plots for the graphite-filled 
PPS at the later stage of crystallization (X, = 0.9), 
at  which the slope (the exponent n) decreases. Fig- 
ures 3 and 4 show that the Avrami plots for the 
graphite-filled ( 10 and 25 wt % ) PPS sample are no 
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Figure 2 
samples crystallized at  230, 235,240, 245, and 250°C. 

Avrami plots of carbon (10 wt %)-filled PPS 

longer straight lines but yield two segments with 
distinctly different values of n corresponding to each 
of the two linear portions. Similarly, plots of the 
graphite-filled PPS samples of other filler contents 
were also found to exhibit a discontinuity. The ki- 
netic constants derived from the plots for the 
graphite-filled PPS samples crystallized at  all iso- 
thermal temperatures are listed in Table 11. Two 
apparent Avrami exponents (nl  and nz)  for the 
graphite-filled PPS were determined from the slope 
of the plots. The values of the exponents nl deter- 
mined from the first linear segment were 1.7-2.0, 
which are about the same as the values of exponents 

Table I Effect of Carbon Contents on 
Crystallization Kinetics of Carbon-filled PPS 

Carbon in T c  kl t l l 2  

PPS (Wt %) ("C) n, (minP1) (rnin) 

5 230 1 .a 2.02 0.56 
5 235 1.8 1.15 0.76 
5 240 1.8 0.57 1.11 
5 245 1.8 0.21 1.93 

10 230 1.7 2.05 0.53 
10 235 1.8 1.22 0.73 
10 240 1.9 0.57 1.11 
10 245 1.9 0.21 1.89 

25 230 1.7 2.0 0.53 
25 235 1.6 1.25 0.69 
25 240 1.6 1.25 0.99 
25 245 1.7 0.25 1.83 
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Figure 3 
samples crystallized a t  230, 235, 240, 245, and 250°C. 

Avrami plots of graphite (10 wt %)-filled PPS 

obtained for the carbon-filled PPS. The carbon-filled 
PPS system, however, does not exhibit a disconti- 
nuity in the Avrami plots. The values of n2 deter- 
mined from the second linear segment of the plots 
for the graphite-filled PPS were 1.1-1.6. The widely 
differing values of n, and n2 suggest that there ob- 
viously were two different mechanisms that evolved 
at different stages of the crystallization for the 
graphite-filled PPS, which will be further discussed 
in terms of series-parallel growth of primary and 
secondary crystals in later sections of this report. 

Effect of Fillers on Crystallization Half-times 

To understand how the overall crystallization rate 
was affected by the fillers, the crystallization half- 
times were compared for neat PPS, PPS/carbon, 
and PPS/graphite systems. The crystallization half- 
time is defined as the time at  which the crystalli- 
zation is half (50% ) completed. A shorter half-time 
reflects a faster crystallization rate and vice versa. 
Figure 5 shows the half-time of crystallization 
( t l I 2 )  plotted as a function of isothermal crystalli- 
zation temperature (T , )  for the neat PPS, PPS 
samples filled with carbon black (a t  5 wt % ) , and 
PPS/graphite particles samples (a t  5 wt %),  re- 
spectively. The crystallization half-times were found 
to decrease significantly for the two filled PPS sys- 
tems, indicating a marked effect of the filler on en- 
hancing the overall crystallization rate. While the 
two types of filler particles both enhanced the crys- 
tallization rate, the graphite particles, by compari- 

son, had a more pronounced effect than did the 
amorphous carbon black on enhancing the crystal- 
lization rate of PPS. Apparently, the type of fillers 
(carbon vs. graphite) influenced the rate as well as 
the mechanisms to different extents. 

The same enhancement effect was also observed 
for the carbon- or graphite-filled PPS samples of 
other contents (10-50 wt % ) .  The rate increase, 
however, did not increase with the filler content in 
PPS. The crystallization half-time plotted as a 
function of the filler contents is shown in Figure 6. 
Graphite particles more effectively increase the 
crystallization rate. However, an increase in the filler 
contents does not seem to have any effect in the 
range of filler contents investigated (5-50 wt % ) . 
Our interpretation for the change in the crystalli- 
zation kinetics is that the nucleation capability of 
the filler particles may be dependent on the crystal 
structure of the particle surface with which PPS in- 
teracts. Noncrystalline surfaces, such as amorphous 
carbon, are less able to provide sites for initiating 
nucleation than, e.g., are the crystalline graphite 
particles. 

Solvent Effect on Doped PPS 

It was also found during the course of this study 
that the behavior of the solvent-compounded PPS / 
filler mixtures was completely different from the 
melt-processed counterparts. One of our reports on 
similarly related studies has attempted to demon- 
strate the effects of solvent treatment of neat PPS 
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Figure 4 
samples crystallized a t  230, 235, 240, 245, and 250°C. 

Avrami plots of graphite (25 wt %)-filled PPS 
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Table I1 Effect of Graphite Contents on Crystallization Kinetics of PPS 

Graphite in PPS TC ki 
(Wt %) ("C) nl (min-"' ) n2 

k2 
(min-w) 

5 
5 
5 
5 

10 
10 
10 
10 

25 
25 
25 
25 

230 
235 
240 
245 

230 
235 
240 
245 

230 
235 
240 
245 

1.8 
1.9 
1.9 
2.0 

2.0 
1.9 
1.9 
1.9 

1.7 
1.7 
1.7 
1.6 

8.5 
3.8 
2.0 
0.9 

12.3 
5.4 
2.8 
1.0 

11.5 
7.4 
3.1 
1.7 

1.3 
1.4 
1.3 
1.3 

1.2 
1.3 
1.3 
1.7 

1.1 
1.1 
1.1 
1.1 

5.5 
3.6 
2.1 
1.4 

6.3 
4.6 
2.8 
1.3 

6.5 
5.2 
3.7 
2.4 

on the crystallization  kinetic^.'^ Solvent compound- 
ing induced higher melt crystals that were more dif- 
ficult to destroy at  the precrystallization melting 
treatment at 320°C. Residual crystals left in the 
crystallizing PPS may provide extra solvent-induced 
nucleation sites in addition to the nucleation sites 
provided by the solid filler particles. Additionally, it 
has also been suggested that the increased nucleation 
could be due to occluded a-chloronaphthalene sol- 
vent in the dried PPS sample. 

The solvent-compounded mixtures of PPS with 
carbon black or graphite powders were similarly an- 

100.0 ,- I I I I I 

0 purePPS 
0 5% Ncarbon 
A 5%Ngraphite 

0.1 
220 230 240 250 

Crystallization Temperature (C) 

Figure 5 Comparison of crystallization half-times 
(tIl2) for neat PPS and PPS doped with carbon or graphite 
particles at  various temperatures. 

alyzed for understanding the crystallization kinetics. 
Figure 7 shows the Avrami plots for the solvent- 
processed carbon ( 5 wt % ) -PPS samples. The plots 
are no longer straight lines, indicating that solvent 
compounding obviously introduced additional effects 
on the crystallization behavior of the carbon- or 
graphite-filled PPS. The kinetic constants derived 
for the solvent processed carbon- or graphite-filled 
PPS samples are listed in Table 111. Solvent com- 
pounding of the filled PPS is seen to further increase 
the crystallization rates. 

The carbon-filled PPS system did not exhibit a 
discontinuity in the Avrami plots. However, the sol- 

Carbon-Filled PPS 

Carbon-Filled PPS (solvent processed) 
0 Graphite-Filled PPS 

0 Graphite-Filled PPS (solvent processed) 

100.0 

* 

t 1 
0.1 11111111111 

0 10 20 30 40 50 

Filler content (X)  
Figure 6 Crystallization half-times as a function of filler 
contents for the carbon- and graphite-filled PPS samples. 
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I ' I ' I ' I '  -1.5 
by many, there has not been any direct evidence 
showing a relationship between the minor melting 

Table I11 Effect of Carbon Contents on Crystallization Kinetics of PPS (Samples Processed with 
a-Chloronaphthalene Solvent) 

Filler Contents Tc ki k2 
(Wt %) ("C) nl (min-"1 ) n2 (rnin-*) 

Carbon-PPS 
5 
5 
5 
5 

10 
10 
10 
10 

25 
25 
25 

5 
5 
5 
5 

25 
25 

Graphite-PPS 

235 
240 
245 
250 

235 
240 
245 
250 

240 
245 
250 

230 
235 
240 
245 

240 
245 

2.3 
2.3 
2.2 
2.5 

2.3 
2.5 
2.4 
2.3 

1.4 
1.5 
1.6 

2.8 
3.5 
3.4 
3.2 

2.0 
2.0 

22.39 
5.2 
1.86 
0.5 

24.5 
7.6 
2.7 
0.76 

1.8 
1.1 
0.43 

75.9 
54.9 
19.5 
5.4 

5.7 
1.9 

1.1 
1.1 
1.3 
1.2 

1.2 
1.5 
1.6 
1.7 

1 .o 
1.1 
1.1 

1.0 
1.4 
1.3 
1.1 

1.1 
1.6 

6.3 
3.47 
2.1 
1.0 

7.59 
4.47 
2.75 
1.15 

1.4 
0.9 
0.42 

6.0 
6.0 
4.2 
2.5 

4.2 
2.2 
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Figure 8 DSC endotherms showing the sequence of ap- 
pearance of the multiple melting peaks as functions of 
crystallization time for the carbon-doped PPS samples. 

melt-crystallized, or solvent-crystallized samples of 
poly(ary1 ether ket~ne).~'-~'  

DSC Evidence of Sequential Growth of Two 
Crystal Types 

Earlier, Budge11 and Day7 attempted to explain the 
phenomenon of discontinuous Avrami plots for PPS 
and some other polymers by assuming that the two 
portions of the curves were due to crystallization of 
two types of crystals formed at different times of 
crystallization. However, they provided no direct 
evidence. Cebe and Chung2l also proposed a prelim- 
inary correlation between the formation of primary 
and secondary crystals by observing the melting be- 
havior for PPS. In this study, we attempted to pro- 
vide more convincing evidence for the mechanism 
of sequential development of two different types of 
crystal entities by conducting DSC melting studies 

on PPS samples crystallized for various times before 
a model was proposed to explain the observed crys- 
tallization behavior. 

Figure 8 shows the DSC melting endotherms 
(curves a-e) of the dual peaks of the carbon-filled 
PPS samples that had been subjected to various pe- 
riods of crystallization time at  250°C. A minor, low- 
temperature peak is observed in the DSC thermo- 
grams (curves c-e) of the samples that had been 
crystallized for 4 min or longer. On the other hand, 
for the samples crystallized for times less than 4 
min, the low-temperature peak is not observed 
(curves a and b). As the crystallization time is in- 
creased, the low-temperature peak is seen to increase 
in magnitude as well as in the peak temperature 
location. A quantity, a, is defined as 

where AH1 is the final melting enthalpy related to 
the high-temperature crystal (Crystal-I), and AHl,ti, 
the melting enthalpy for the high-temperature crys- 
tal (Crystal-I) when the low-temperature crystal is 
just initiated at time ti. The difference of these two 
terms (AHl - is the enthalpy increase of the 
Crystal-I from ti to final time. AHz is the final melt- 
ing enthalpy of the low-temperature crystal (Crystal- 
11). The ratio a therefore indicates relative contri- 
butions of the low-temperature and high-tempera- 
ture crystals in the later-stage crystallization, which 
occurs after ti. A greater contribution from the low- 
temperature crystal could result in a deviation from 
the original crystal growth from the high-tempera- 
ture crystal. If this is the cause of the observed non- 
linearity phenomenon in the Avrami crystallization 
plots, the ti observed in the DSC melting peak results 
should be the same as the time (td) at  which the 
discontinuity is located in the Avrami plot. Table 
IV lists the results of these quantities generated from 
the DSC observations. The ti and td for various PPS 
systems are also compared in the same table. Since 

Table IV Ratios of Melting Enthalpy Changes of Low-Melt vs. High-Melt Crystals after ti or t,! 

Samples ti (min) td (min) ff 

Virgin neat PPS 
Carbon (lO%)-PPS 
Solvent-processed samples' 

Neat PPS" 
Carbon (5%)-PPS' 
Graphite (5%)-PPs" 

None 
None 

2.5 
1.6 
0.7 

0.11 
0.13 

0.56 
0.53 
1.67 

a PPS doping with particles was done by a-chloronaphthalene solvent. 
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Figure 9 Series-parallel model fitting with the 25OoC 
crystallization data of the carbon-doped PPS samples 
processed with solvent. 

the samples for DSC melting experiments were 
crystallized for different times in 1 min increments, 
the reported ti values would have an approximate 
error of 50.5 min. Within acceptable experimental 
errors, these two observed times are seen to agree 
quite well. Obviously, the systems that exhibited two 
portions of the Avrami plots all have a greater value 
of a, indicating a greater contribution from the 
growth of the minor crystal. These observations 
should provide direct evidence for the mechanism 
of sequential appearance of the primary and minor 
peaks in the DSC melting endotherms of the PPS 
samples subjected to various crystallization times, 
suggesting that the primary and secondary crystal 
entities might evolve in,series during the later stage 
of crystallization. 

Model for Sequential-Parallel Growth 
of Two Crystals 

The Avrami eq. (1) was found to be adequate for 
describing the crystallization behavior of the carbon- 
filled PPS or the neat PPS since the Avrami plots 
for these two PPS systems were all straight lines 
with no apparent discontinuity. However, when ap- 
plied to describe the PPS systems showing relatively 
more significant growth of the low-temperature 
crystals in the later stage of crystallization, the 
Avrami equation [eq. (l)] was found to deviate pro- 
nouncedly. A parallel crystallization model was pro- 
posed earlier by Velisaris and S e f e r i ~ ~ ~  for describing 
the nonlinear behavior of the Avrami plots of PEEK. 

In their model, the kinetic constants were generated 
by curve fitting. As a result, some of the fitting pa- 
rameters were difficult to be correlated to realistic 
physical significance. A later modification and im- 
provement has been done by Cebe.34 However, the 
parallel model by Velisaris and Seferis or the later 
modification by Cebe was based on a parallel as- 
sumption of the primary and secondary crystalli- 
zation. Direct experimental evidence supporting the 
assumed parallel crystal growth, though, was not 
given in those studies. 

To describe the crystallization of the primary 
crystal growing initially followed by sequential 
growth of the secondary crystal a t  t = td in parallel 
with the still growing primary crystal, the result is 
expressed by the following two equations, each de- 
scribing one of the two stages: 

First-stage crystallization occurring at t < t d ,  

X,, = 1 - exp[-klt”’] (3A 

Second-stage crystallization occurring at  t > t d ,  

X, = X,, + oI[l - exp(-k,tnl)] 

+ W I I [ ~  - eXp(-k’,(t - t d ) n h ) ]  (3B 

where the constants bear the same symbol meanings 
as those in eq. (l), except that the subscript “1” 
refers to the first stage and “2” refers to the later 
(second) stage of crystallization. In the equation, wI 
and wII are the weight factors representing the 
quantities of the high-temperature and low-temper- 
ature crystals, respectively, developed in the second 
stage. Earlier, the DSC results on the melting be- 
havior of the primary and secondary crystals of PPS 
demonstrated the fact of sequential appearance of 
two melting peaks, suggesting that the crystal en- 
tities appeared sequentially. The growth in the sec- 
ond stage of crystallization can be described by a 
parallel expression following the preceding growth 
of the major crystal. The overall crystallization could 
therefore be expected to be more reasonably de- 
scribed by a series-parallel expression, as repre- 
sented by eqs. (3A) and (3B). 

Figure 9 shows that the series-parallel crystalli- 
zation model (solid line) describes well the crystal- 
lization behavior of the carbon-filled PPS (processed 
with solvent) at 250°C. The prediction by the un- 
modified Avrami equation (dashed line) shows sig- 
nificant deviation in the later stage of crystallization. 
Since the first-stage crystallization was entirely 
populated by the primary crystal, the kinetic con- 
stants including the exponent nl were readily ob- 



CRYSTALLIZATION OF POLY(p-PHENYLENE SULFIDE) 885 

i 
o , d ,  , I , I , I , , 

Table V 
with Carbon or Graphite Particles 

Kinetic Constants for the Series-Parallel Crystallization Model a t  250°C of PPS Doped 

Sample T, ("0 n1 k,  (min-"I) ni k!! (min-"p) 

PPS-carbon" 

PPS-graphite" 
(5 wt %) 250 2.5 0.51 1 1.1 

(5 wt %) 250 3.2 5.4 1 2.2 

a Compounding was done by a-chloronaphthalene solvent. 

tained experimentally from the Avrami plots using 
the early-stage crystallization data. When crystal- 
lization entered the second stage after t d ,  the kinetic 
constants for the crystallization of the primary 
crystal should remain unchanged the secondary 
crystal joined in parallel with the primary crystal at 
this time. The crystallization of the secondary crys- 
tal after t d  was a heterogeneous nucleation process 
with a line growth mechanism (n; = 1). The value 
of t d  was taken directly from the location of the dis- 
continuity. The only kinetic constant that had to 
be estimated from the model was kl, for the crystal- 
lization of the secondary crystal in the later stage. 

Similarly, Figure 10 shows that the series-parallel 
crystallization model describes well the actual crys- 
tallization behavior of the graphite-filled PPS (pro- 
cessed with solvent) at 250°C. The kinetic constants 
for the series-parallel crystallization model are 
summarized in Table V. All kinetic constants de- 
rived for this model are seen to be reasonable, sug- 

100 

80 

- 60 
z 
8 

40 

20 

& 

0 Data points 
- Series-Parallel model 
.__ -- Avrami equation i 

gesting a physical significance of the model in ex- 
plaining the crystallization mechanisms of the PPS 
systems. Figure 10 shows that the straight Avrami 
equation [eq. (I)] deviates quite significantly from 
the data in the later stage of crystallization by pre- 
dicting that X, approaches the final 100% comple- 
tion point prematurely. The sequential growth of 
two types of crystals in the graphite filled-PPS could, 
on the other hand, be well described by the series- 
parallel crystallization model. 

CONCLUSIONS 

The crystallization of PPS doped with the carbon 
or graphite particles has been found to be influenced 
by the different forms of carbon. Both crystalline 
graphite and amorphous carbon particles induced a 
higher crystallization rate of PPS by providing more 
nucleation sites. In comparison with the neat, un- 
filled, PPS, the crystallization exponents are lower 
for the PPS doped with the carbon or graphite par- 
ticles, suggesting a nucleating effect of the carbon 
or graphite surface. However, the nucleating effect 
is different. The crystalline graphite particles have 
a stronger effect on the overall crystallization rate 
than did the amorphous carbon. In the Avrami plots, 
the carbon-filled PPS yielded straight lines while 
the graphite-filled PPS exhibited an apparent dis- 
continuity a t  a time corresponding to a separate 
stage of crystallization taking place. To explain the 
discontinuity, a series-parallel crystallization model 
has been proposed to describe the dual crystalliza- 
tion mechanisms of the minor and major crystals. 
This sequential crystallization model has been 
shown to describe well the crystallization behavior 
of PPS systems that exhibit nonlinear Avrami plots. 
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