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ABSTRACT: The isothermal and nonisothermal crystallization kinetics of nonnucle-
ated and nucleated isotactic polypropylene (iPP) were investigated by DSC and a
polarized light microscope with a hot stage. Dibenzylidene sorbitol (DBS) was used
as a nucleating agent. It was found that the crystallization rate increased with the
addition of DBS. The influence of DBS on fold surface energy, se , was examined by
the Hoffman and Lauritzen nucleation theory. It showed that se decreased with the
addition of DBS, suggesting that DBS is an effective nucleating agent for iPP. Ozawa’s
theory was used to study the nonisothermal crystallization. It was found that the
crystallization temperature for the nucleated iPP was higher than that for nonnucle-
ated iPP. The addition of DBS reduced the Ozawa exponent, suggesting a change in
spherulite morphology. The cooling crystallization function has a negative exponent
on the crystallization temperature. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69:
2089–2095, 1998
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tion; isotactic polypropylene

INTRODUCTION ties to crystallize the polymer by reducing the
spherulite size. Various authors have conducted

It is known that isotactic polypropylene (iPP) fundamental studies regarding the influence of
shows unsatisfactory impact strength at low tem- nucleating agents on the kinetics of polymer crys-
peratures because of its production of large spher- tallization from the melt.6–8 However, the effec-
ulites when it crystallizes from the melt. Three tiveness of a nucleating agent varies from polymer
means are often used to overcome this shortcom- to polymer. Much work has been done on the ef-
ing. The first is the production of physical blends fects of nucleating agents on isothermal crystalli-
of the homopolymer with various types and zation of iPP.4–8 However, the actual processing
amounts of rubber,1,2 the second is developing the is performed under nonisothermal conditions. So
copolymer,3 and the third is adding nucleating nonisothermal experiments are often a useful
agents to lower the dimensions of the spheru- complement to understand crystallization behav-
lite.4,5

ior of a semicrystalline polymer in its processing.
Nucleating agents are used routinely in indus- The objective of this study was to analyze the ef-

trial practice to shorten injection-molding cycles fect of a nucleating agent, dibenzylidene sorbitol
and/or to improve optical and mechanical proper- (DBS), on the isothermal and nonisothermal

crystallization of iPP. Knowledge of the effects of
Correspondence to: Y. Feng. such a nucleating agent on isothermal and noniso-
* Present address: Department of Chemistry, University thermal crystallization is useful in determining

of Waterloo, Waterloo, Ontario N2L 3G1, Canada.
processing conditions and in evaluating the effec-
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EXPERIMENTAL

Materials

Commercially available iPP (grade HV206, sup-
plied by Solvay) was used in this study. DBS (sup-
plied by Milliken Chemical, Millad 3905) was a
white powder with a size ofõ250 mm. The melting
point for DBS is 2207C, and the crystallization
temperature is 1807C.

Specimen Preparation

DBS was added to the iPP by mixing the polymer
and DBS on a heated two roll mill at 1907C.

Figure 1 Variation of crystallization half-life with
Apparatus and Experimental Procedures temperature: (a) iPP, (b) 0.25% DBS, (c) 0.5% DBS,

and (d) 1% DBS.A Perkin–Elmer differential scanning calorime-
ter (DSC-2), interfaced with a BBC-Master com-
puter via an analogue to digital converter was Xc (t ) /Xc (0) Å 1 0 exp(0ktn ) (1)
used. The temperature scale of the DSC was cali-
brated from the melting points (mp) of zone re- where Xc (t ) and Xc (0) are the crystallinity at time
fined stearic acid (mp, 343.50 K) and high purified t and the crystallinity at the end of crystallization,
metals such as indium (mp, 429.78 K), tin (mp, respectively. The time t was measured from the
505.05 K), lead (mp, 600.50 K), and zinc (mp, time when samples were cooled to the crystalliza-
692.65 K). A 10-mg sample containing DBS (in tion temperature. Because determination of the
an aluminum pan) was heated above 470 K in N2, absolute degree of crystallization is not required
kept 5 min at that temperature, and then cooled in the Avrami analysis, the ratio of the area at
to crystallizing temperature (Tc ) rapidly to ob- time t and the area of the whole exotherm was
serve the process of crystallization. used for Xc (t ) /Xc (0). The exponent n is dependent

The spherulite growth was investigated by a on the type of nucleation and the crystal growth
polarized light microscope (Leitz Dialux) with a geometry; the parameter k is also a function of
Linkam hot stage (TH600) and a temperature nucleation and growth. The Avrami parameters
controller (PR600), working in the range of ambi- n and k are determined by taking the double loga-
ent temperature to 773 K with heating rates of rithm of eq. (1) to yield a plot of ln{0 ln[10 Xc (t ) /
0.1–99 K min01 . Calibration of the hot stage was Xc (0)]} versus ln t , and k can also be obtained
achieved by an electronic method with a standard from the expression
resistance across the output from the temperature
controller. A very small amount of sample (a few

k Å ln 2
tn

1/2
(2)milligrams) was sandwiched between two circular

acetone cleaned glass plates of about 0.5-cm diam-
eter. The hot stage was then heated to above the

where the half-life, t1/2 , is the time taken for 50%melting point of iPP. After 5 min at the melting
of the total crystallization to occur.temperature, the hot stage was set to the crystalli-

Crystallization rates of polymers can be ex-zation temperature and reached this temperature
pressed in terms of t1/2 obtained from the isother-in approximately 30 s. Spherulite growth was re-
mal exotherms of the DSC results. The shortercorded at the crystallization temperature as a
the half-life, the faster the crystallization rate,function of time using visual tape.
and vice versa. Figure 1 gives the results of the
relationship between t1/2 and crystallization tem-

RESULTS AND DISCUSSION perature, Tc , for nonnucleated and nucleated
samples. Figure 1 indicates that the crystalliza-Isothermal Crystallization
tion rate increases with decreasing Tc . When the

Overall Crystallization Kinetics Tc is lowered, the driving force (which is propor-
tional to the difference between the equilibriumThe Avrami equation has been widely used to ana-

lyze isothermal crystallization9: melting point and the crystallization tempera-

8e5c 5422/ 8e5c$$5422 06-23-98 20:05:43 polaa W: Poly Applied



CRYSTALLIZATION OF iPP 2091

Table I Values of Crystallographic Unit Cell
Dimension for Polypropylene

(110) Growth Plane

a0 (m): 5.49 1 10010

b0 (m): 6.26 1 10010

a0b0 (m2): 3.43 1 10019

ture) for crystallization increases because of the
increased nucleation density and growth rate of
the spherulites. The experimentally accessible
crystallization temperatures for the nucleated
samples also shown in Figure 1 were higher than
those accessible for the nonnucleated samples, in-

Figure 2 Relationship between ln G / DE /R (Tcdicating that the addition of DBS increased crys-
0 T ) and 1/ f TcDT for samples crystallized at varioustallization; furthermore, the crystallization rate
Tc temperatures.increased with increasing the amount of DBS be-

cause of the increase of nucleation density. Simi-
lar results were obtained for sorbitol derivatives melting temperature; DT is the supercooling and
by Kim et al.10 who found that the number of is equal to T0

m0 Tc ; and DHm is the heat of fusion.
effective nuclei in the nucleated samples was esti- Equations (3) – (5) are used for crystallization
mated to be 3 1 102–105 times larger than that occurring in regimes I and III. The slope of a plot
in the neat iPP. of ln G / DE /R (Tc 0 T` ) with 1/TcDT yields the

The Hoffman and Lauritzen nucleation theory fold surface energies. In determining the se , the
has been used to quantity polymer crystallization s is estimated using the following equation:
kinetics in the melt.11,12 The growth rate of poly-
mers during crystallization can be described s Å a(a0b0)1/2DHm (6)
within a given regime by the equations

where a was derived empirically to be 0.1 and is
patterned after the Thomas–Stavely relation-GÅG0 expF0 DE

R (Tc0T` ) GexpF0 Kg

TcDTG (3)
ship,13 and we take 1/t1/2 as G . The material con-
stants for iPP used in the analysis are listed in
Table I. The material constants for nucleated iPP

ln G / DE
R (Tc 0 T` )

Å ln G0 0
Kg

TcDT
(4) used in the analysis are the same as those listed

in Table I. The equilibrium melting points were
determined by DSC via the Hoffman–Weekswhere
method.14

The Kg values from Figure 2 were obtained
Kg Å

4bsseT0
m

DHmk
(5) from the slope (Table II) . The values of se for

the nonnucleated and nucleated samples listed in
Table II were derived from Kg using eqs. (3) – (5).Here G0 is the preexponential factor containing
According to Beck’s criteria, a good nucleatingquantities not strongly dependent on the temper-

ature; DE is a ‘‘universal’’ constant characteristic
of the activation energy of chain motion (repta- Table II Kinetic Parameters for Nonnucleated
tion) in the melt, DE Å 6280 J mol01 ; R is the and Nucleated iPP from DSC
gas constant; T` is the theoretical temperature at

Sample Kg (11005)/K2 se (J m02)which all motion associated with viscous flow or
reptation ceases and is defined as T` Å Tg 0 30

iPP 5.2268 0.1068K Å 239.6 K; b is the monolayer thickness; s is
iPP / 0.25% DBS 4.0182 0.0821the lateral surface energy; se is the fold surface
iPP / 0.5% DBS 2.4307 0.0497energy; k is the Boltzman constant; Tc is the crys-
iPP / 1% DBS 1.4185 0.0290tallization temperature; T0

m is the equilibrium
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Figure 4 Effect of DBS on growth rate for isothermalFigure 3 Effect of DBS on spherulite growth of iPP.
crystallization of iPP.

agent reduces the interfacial surface free en- the plot. Figure 4 shows the effect of DBS on the
ergy.15 In Table II shows that the addition of nu- relationship between ln G and Tc . It can be seen
cleating agent reduced the se . The lowering of that DBS has little influence on the growth rate
se with the addition of DBS can be due to the of the spherulite. As analyzed above, we can see
occurrence of multiple nucleation, leading to the from Figure 5 and Table III that in using PLM
formation of loops and tie molecules, and dangling we also obtained the reduction of se .
chain ends from primary and secondary crystalli-
zation. These results indicated that DBS is a effec-
tive nucleating agent for iPP. Smith et al.16 stud- Nonisothermal Crystallization
ied the mechanism of action of DBS as a nucleat-

Several models have been proposed for the theo-ing agent for iPP. They proposed that DBS can
retical treatment of isothermal crystallization ki-stabilize the helical form of PP at the molecular
netics.17–19 Conversely, only a few models havelevel. Through molecular modeling, they demon-
been developed to explain nonisothermal crystal-strated that the nucleating ability can be corre-
lization, the most important ones being those oflated with van der Waals attractions of the indi-
Jeziorny,20 Ziabicki,21 and Ozawa.22 In the pres-vidual nucleator molecules with the helical form
ent work, Ozawa’s theory is adopted to describeof PP.

Spherulite Radical Growth Rate

Growth rate studies for nucleated polymers are
experimentally difficult to obtain because of the
reduced spherulite size. In this work, polarized
light microscopy (PLM) observations were carried
out only for iPP and iPP containing 0.25% DBS,
because for samples containing 0.5 and 1% DBS
the spherulites filled the volume rather quickly
and spherulitic growth could not be monitored vi-
sually.

The measured spherulite radius was plotted
against time. A representative plot of spherulite
radius versus time is given in Figure 3. It was
obvious that the size of the spherulite was largely
reduced by the addition of DBS. The growth rate Figure 5 Effect of DBS on Hoffman–Lauritzen

growth rate.was taken as the slope of the linear portion of
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Table III Kinetic Parameters for Nonnucleated
and Nucleated iPP from PLM

Sample Kg (11005)/K2 se (J m02)

iPP 1.7787 0.0364
iPP / 0.25% DBS 1.1135 0.0228

the effect of the nucleating agent DBS on the crys-
tallization of i-PP at a constant cooling rate.

The theoretical development by Ozawa22 is
based on constant cooling conditions and is an
extension of the mathematical derivation by Ev-
ans.18 Crystals originate from nuclei and expand
as spherulites, and the radial growth rate is con-
stant at a given temperature. The untransformed

Figure 6 DSC curves corresponding to the crystalli-volume fraction 1 0 X (T ) at temperature T is
zation of iPP containing 0.25% DBS at different coolingrelated to the cooling rate R by the expression
rates.

ln{0 ln[1 0 X (T ) ] } Å Xc 0 n ln R (7)
of Figure 6, as suggested by eq. (7). Then ln{0 ln-

where Xc is a constant and n indicates the type of [1 0 X (T ) ] } is plotted as a function of ln R (Fig.
nucleation and morphology. The constant n at a 8). If eq. (7) is valid, the curve corresponding to
specific temperature is obtained from the slope of a given temperature must be a straight line whose
the plot of ln{0 ln[1 0 X (T ) ] } versus ln R ; Xc is slope is the Ozawa exponent n and whose inter-
obtained from the intercept of the same plot. In cept is the cooling crystallization function Xc . Fig-
polymers where secondary crystallization occurs, ure 8 shows the good agreement between the ex-
the Ozawa method cannot be applied.23 Isother- perimental results and theoretical prediction.
mal crystallization studies24 have shown that sec- In nonnucleated iPP the n increased as the
ondary crystallization does not play an important crystallization temperature was lowered. This
role in iPP crystallization. Ozawa suggested that trend of n with crystallization temperature agrees
plots of ln{0 ln[1 0 X (T ) ] } versus temperature with the finding of Monasse and Haudin.26 The
at different cooling rates can be superimposed by range of n obtained in this study indicated trun-
longitudinal shifts of length n ln R if there is no cated 3-dimensional spherulites resulting from in-
appreciable secondary crystallization. stantaneous nucleation. As the crystallization

Figure 6 shows the crystallization curves ob-
tained for different cooling rates. As in other
studies on crystallization of iPP, 25,26 it was also
found for nucleated iPP that the crystallization
temperature decreased with the increase of cool-
ing rate. With an increasing amount of nucleat-
ing agent, the crystallization temperature in-
creased (Fig. 7) .

The Ozawa analysis has been used to study the
dependence of morphology on temperature during
nonisothermal crystallization.22,23 There are two
previous studies on iPP25,26 that showed that iPP
can be analyzed by the Ozawa analysis. However,
there is no literature on applying the Ozawa anal-
ysis to a nucleated polymer.

For each cooling rate R , the untransformed vol-
ume fraction 1 0 X (T ) at a given temperature T Figure 7 Effect of DBS on the crystallization temper-

ature.can be determined from the experimental curves
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Figure 10 Effect of DBS and Tc on the cooling crystal-
lization function.Figure 8 Interpretation of the DSC curves using Oza-

wa’s theory for iPP sample containing 1% DBS. Tc : (a)
385 K, (b) 390 K, (c) 395 K, (d) 400 K, and (e) 405 K. a negative exponential dependence on tempera-

ture.

temperature was lowered, the nucleation changed
from instantaneous to sporadic, causing n to in- CONCLUSION
crease (Fig. 9).

The n versus temperature plots for the nucle- We can see from the above analysis that the crys-
ated mixtures (Fig. 9) showed considerably more tallization temperatures for the nucleated sam-
scatter than nonnucleated iPP. However, the ples were higher than those for nonnucleated
trend was evident that n decreased as the temper- samples. The crystallization rate increased with
ature was increased. Again the values indicated the addition of DBS and with the increasing
truncated 3-dimensional spherulites. amount of DBS. The fold surface energy was cal-

The cooling crystallization function, deter- culated by Hoffman and Lauritzen theory.11,12 It
mined from the intercept of the double logarithm showed that the addition of DBS can reduce the
plot of eq. (7), is shown in Figure 10 as a function fold surface energy, indicating that DBS is an ef-
of crystallization temperature. Figure 10 indi- fective nucleating agent.
cates that the cooling crystallization function has The Ozawa theory can be used to study the

nonisothermal crystallization of nucleated iPP.22

The Ozawa exponents indicated that the mecha-
nism for crystallization of iPP was usually in-
stantaneous nucleation with truncated 3-di-
mensional spherulites. At a lower crystalliza-
tion temperature, sporadic nucleation occurred.
The addition of DBS reduced the value of the
Ozawa exponent, suggesting a change in spher-
ulitic morphology. The cooling crystallization
function has a negative exponential dependence
on Tc . It is suggested that increased truncation
due to faster impingement must occur before 3-
dimensional growth can occur.
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