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Abstract-The effects of nucleating agent on nonisothermal crystallization were examined for syndiotactic poly-
styrene (SPS) using Differential Scanning Calorimetry (DSC). The crystallization peak temperatuectys-
tallization rate parameter (CRP), the enthalpy of crystallization and melting, and the recrystallization behavior were
compared between organic (DMBS, 1,3,2,4-dis-5-(3,4-dimethyl benzylidene) sorbitol) and inorganic (talc) nucleat-
ing agents. Both of the nucleation agents promoted the crystallization rate of SPS until some critical concentra-
tion of about 3,000 ppm. DMBS worked more effectively as a nucleating agent than talc, althougthtieet
lower level in SPS/DMBS than SPS/talc.
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INTRODUCTION than that of polyethylene [Cimmino et al., 1991; Wessen, 1994].
The SPS is almost new material and only two companies pro-
Syndiotactic polystyrene (SPS) is a new semicrystalline ther-duce it with small scale. It is very difficult to find any results
moplastic polymerized via homogeneous catalyst system [Ishi-about an effect of nucleating agent for SPS. Therefore, we chose
hara et al., 1986a, b]. It has phenyl rings regularly attached taucleating agents used for Polypropylene (PP). Numerous results
the polymer backbone chain. This regular structure allows SP3ave been reported about the nucleating agent effect for PP. The
to crystallize and gives rise to a high melting temperature oftypical nucleating agents for PP are sorbitol derivatives (organic)
about 270C. It also offers excellent chemical resistance. When and talc (inorganic). While organic nucleating agents have been
SPS is reinforced with glass fiber of about 30 wt%, it shows used to improve stiffness and transparency of PP, inorganic ones
good mechanical properties that can be comparable to the levdlave been used to improve mechanical properties of PP and of-
of other engineering plastics. These merits enable us to expeten used as an additive in large quantity, which results in higher
that SPS will be a new engineering polymer with a niche at thecrystallization temperature [Mitsuishi, 1996].
middle to top of the performance polymer market [Dias, 1996].  In this work, we have studied the nonisothermal crystallization
In semicrystalline polymers, the crystallization behavior is behavior of SPS by comparing the melting/crystallization re-
guite important in their final properties. Numerous studies havesults of organic 1,3,2,4-dis-5-(3,4-dimethyl benzylidene) sorbitol
been carried out about the isothermal crystallization of poly-(DMBS)/SPS and inorganic talc/SPS mixture. From the crys-
mers based on the Avrami equation to investigate the isothermadallization peak in various cooling rates, we obtained the crys-
crystallization kinetics. However, since isothermal crystallization tallization rate parameter (CRP) which corresponds to the crys-
is rarely used in practice and often restricted to a narrower temtallization rate of polymer [Zhang, 1994]. It will contribute to
perature range, it is more practical to study the crystallization ofthe SPS processing as basic data. Studies on the crystallization
polymers under nonisothermal conditions. To obtain the appropriform and the detailed kinetics remain as a future work.
ate property for semicrystalline polymer, nucleating agents have
generally been used. They change the crystalline size and crys- EXPERIMENTAL
tallization rate while polymer is cooling down after processing. In
general, nucleating agents lead to more uniform microstructure irl. Materials
polymer because of reduced spherulite size. The SPS used in the present study was polymerized by Cp
The degree of crystallinity of SPS after melt processing isTiCl, (pentamethyl cyclopentadienyl titanium trichloride)/MAO
typically 40% based on DSC and X-ray measurements [Gian{methylaluminoxane) catalyst system atG{Al/Ti=1742) and
otti and Valvossori, 1990]. The crystallization rate of SPS is separated from the non-SPS that was soluble fraction in boiling
much faster than that of isotactic polystyrene (IPS) and similaracetone (IJ=204,800/g-mol, PDI=2.08). The nucleating agents
to that of polyethylene terephthalate (PET), but much slowerused in this study were commercial ones and their characteris-
tics are summarized in Table 1.
To whom correspondence should be addressed. 2. Sample Preparation
E-mail: oopark@sorak.kaist.ac.kr The fine powder type of SPS was blended with each nucleat-
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Table 1. Characteristics of used nucleating agents

Chemical name Chemical formula Appearance m [°T] Code
Inorganic Talc (Magnesium silicate) M8i,O.,)(OH), White powder 850 (Decomposition) SPS/talc
Organic 1,3,2,4-dis-5-(3,4-dimethyl C,,H,,0, White powder 278* SPS/DMBS

benzylidene) sorbitol

*measured by DSC with a 2G/min heating rate.

ing agent powder in a beaker by hand shaking for 10 min to dis- 260 260
perse the nucleating agent uniformly in the SPS. The concentre (@) (b)
tion of the nucleating agent was varied from 1,000 to 8,000 ppm& ° © g
The samples with nucleating agent were then mixed by a ro-3 **°[ o © . 5T v v
tational shear witty=10 s* for 20 min in melt state under,N & M . g ¢ v
condition. £ ol ¢ S ol s e v
3. Measurements z o o v

A DSC (DuPont TA 2010) was used for nonisothermal meas-£ ° v s [ .
urements. All runs were made under nitrogen gas merge. Thé asf” s S ‘;;i 2”@ e -Samin
nonisothermal crystallization experiments were carried out with & : o -gomn & . v -3omn
various cooling rates (2, 3, 4, and@min) until they reached
a temperature of 20C. All cooling runs followed after premelt- T s s w0 e T s 5w
ing at 300°C for 10 min. They were then reheated at a rate of Conceniration of TALC [ x 10 ppm] Congentration of MILLAD [x 10" perr
10°C/min until 30C°C. Fig. 2. Crystallization peak temperature, T, of SPS with nucleal

ing agent as a function of nucleating agent concenti
RESULTS AND DISCUSSION tion in various pre-cooling rates.

(a) SPS/talc system, (b) SPS/DMBS system.

Fig. 1 shows DSC thermograms of SPS with cycled cooling/
heating procedure. As the cooling rate increases, the crystallizatiotihe higher one increases with decreasing pre-cooling rate. All
exothermic peak temperature, 3hifts to a lower value. Such thermograms for SPS containing nucleating agent have the same
a behavior of SPS is attributed to its shortened crystallizationtrend with that for neat SPS. In the following, the crystallization
time corresponding to a faster cooling rate. At the heating scamehavior of SPS containing nucleating agent is to be interpreted
with a 10°C/min heating rate, it shows dual melting endothermic from these DSC thermograms.
behavior. The lower melting peak shifts to a higher temperature Fig. 2shows a change of &s a function of nucleating agent
with decreasing pre-cooling rate, while the higher melting peakcontent with various cooling rates. The whole crystallization is
does not change. The area ratio of the lower melting peak t@omposed of nucleation and a growth step. At low temperature,
the nucleation step is dominant over the growth, but at high tem-
perature the growth step becomes dominant. The addition of nu-
cleating agent increases the nucleus density above the crystalli-
/\ zation temperature and makes the crystallization peak shift to a
/\ -5°C/min higher temperature. However, at high contents over about 3,000
J\ -4:C/m{n ppm, the increase of nucleus density was no longer effective. By
ZZ::: comparing values of Tor the SPS/talc with those of the SPS/
DMBS, we could find that the, Df the former is a little higher
than that of the latter at all concentrations. The DMBS itself
S Cmi showed a melting temperature (2Z8with a heating rate of 10
-£°C/mi L.oH °C/min) slightly higher than neat SPS. Therefore, the tempera-
_3°C/mi () ture at which DMBS acts as a nucleating agent would be lower
-2°C/mi than that of talc, because the talc is at a solid state during the
crystallization of SPS.
There have been many suggestions to make a material para-
meter for directly comparing crystallization rates. Among them
180 200 220 240 260 280 300 320 we adopted the crystallization rate parameter (CRP) proposed
Temperature [°C] by Zhang et al[1994]. From the nonisothermal crystallization
Fig. 1. The DSC thermograms of SPS. thermogrgms, t.hg width of the crystalhzatpn exothgrmlc peak
(a) crystallization from 308C melt in various pre-cooling at half-height divided by the cooling rate yields the isothermal

(a)

Endotherm
-

rates. (b) heating SPS pre-cooled, with &Clfnin rat crystallization half-time, .4, necessary for performing half a
from 200°C. L: lower melting endotherm peak, H: highe transition process at a given crystallization temperature. Poly-
melting endotherm peak. meric material having a slower crystallization rate has a larger
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Fig. 3. Plots of reciprocal half-time, 1/t,, vs. pre-cooling rate
for various concentrations of (a) SPS/talc and (b) SPS
DMBS systems, and (c) the crystallization rate paramete
(CRP) as a function of the concentration of nucleatin
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t.». The CRP is determined by the slope in cooling rate vg. 1/t
plot and corresponds to the crystallization rate of the system.
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Fig. 4. Enthalpy of crystallization, AH,, of SPS with nucleatin
agent as a function of nucleating agent concentration
2 pre-cooling rates.
(a) SPS/talc system, (b) SPS/DMBS system.

at its melting region of about 270. Sweet et al[1972] ex-
plained that the change of the two peak area ratio in the dual
melting endotherm in various conditions was attributed to the
competition of melting and recrystallization of the portion having
lower melting temperature during the heating cycle. As the cool-
ing rate is fast, the crystallization is more deviated from the equi-
librium state and some portion comes to have an imperfect cry-
stalline form showing lower melting temperature, h dual
melting endotherm. This,T shifts to a lower temperature as
the cooling rate is faster. The remaining portion of the crystalline
form has the usual melting temperaturg,, Bind this tempera-
ture does not shift by changing cooling rate. Some imperfect

10 10

Fig. 3 shows the effect of nucleating agent on the CRP. With o ® 5°Cimin o
increasing the concentration of nucleating agent, the CRP in-  4|® B omin s,
creases but does not change significantly at high concentratio [ | v -2C/min g |vh o ¢ e
of nucleating agent over 3,000 ppm. Comparing CRPs in eaci:g sf 2 :g 6l : A A
case, the CRP of SPS/DMBS s a little bit higher than that of -, | o 7 . v v v
SPS/talc. This means that the DMBS acts as a more efficien’y - " . oAl v
nucleating agent than talc does. This behavior is also shown ii5 b - 5
the Fig. 4. The enthalpy of crystallizatiofH,, presents the 2y “ 2y
crystallinity of the sample. The nucleating agent enables SPSti | (@ (b)
crystallize more (talc-10%, DMBS-15%). o — o —
From the DSC thermograms of IM'min heating rate after 4 4
nonisothermal crystallization in various cooling rates, most of
samples show dual melting endotherms. The area ratio of the tw Faf v 2o -
peaks in dual melting endotherm is influenced by the cooling J A N} v v
rate during nonisothermal crystallization and by the addition of ¢ L - . EE 2k YV a4
nucleating agent. With slower cooling rate, the lower melting o z o : ° g a4 A
peak shifts to a higher temperature and its area increases. Tt% . x e : a
lower melting peak also shifts to a higher temperature with in- £ [ Ll ¢
creasing the amount of nucleating agent. Many studies hav 3 © s )
explained the dual melting endotherms in terms of the recrys ol S ——
tallization during heating cycle. Guerra ef#90] demonstrated Concentration of talc [x 10° ppm] Concentration of DMBS [x 10°® ppm]
that the dual melting endotherm of SPS was caused not by th T _ ;
change in crystalline form, but by the recrystallization of a Fo SIQI?S;SIAJQJSS ezagfﬁe?gdtg);,%ﬁ%ﬁ%ﬁg?ﬁﬁﬁﬁ;?ﬁ
portion having lower melting endotherm into a more perfect function of the concentration of respective nucleatir
crystal, confirmed with wide angle x-ray diffractometry (WAXD) agent in various pre-cooling rates.
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% p o % o ture more perfect. This is manifested in highethigher CRP,

_ and larger values of crystallization enthalpy and melting en-
¥ r P e e thalpy. The amount of nucleating agent remained effective until
%E ul g " L S’.E " . 2 8 about 3,000 ppm. The crystallization behavior was not promoted
Sl 3 @ . by further addition of nucleation agent. The effect of DMBS as
% Y g sl a nucleating agent was a little more effective than that of talc in
3z 2 the nucleation of SPS, although thesfiowed lower level in
g a2t % a2t SPS/DMBS than SPS/talc. This implies that the temperature at
& |e o Somn & fo & Somn which DMBS acted as a nucleating agent was lower than that

r ur of talc, since DMBS had a melting temperature comparable to
N N that of SPS. More detailed study for a crystalline structure re-
o 2 4 8 8 10 © 2 4 8 B M mains for future study.
Concentration of talc [ x 10” ppm] Concentration of DMBS [ x 10° ppm]
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