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The spherulitic growth rate ofisotactic polypropylene in dotriacontane was studied using optical microscopy. 
Polymer concentration was varied from 100 to 10 wt% iPP in 10 wt% intervals. Crystallization temperature 
was varied from 372 to 429 K in 1 K intervals. The influence of these variables on polymer spherulitic 
growth rate and regime transitions was analysed using the Lauritzen-Hoffman and Toda nucleation theories. 
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INTRODUCTION 

The Lauritzen and Hoffman (LH) surface nucleation 
theory for polymer crystallization is based on the 
following points1'2: 

1. The chain folding character of polymer molecules is a 
kinetics-controlled phenomenon since the chain-folded 
structure is not in equilibrium with its environment. 

2. Spherulite growth has a strong dependence on 
crystallization temperature, To. 

The LH theory has been used to quantify polymer 
crystallization kinetics in the melt H ° .  Although the LH 
theory was derived for pure homopolymers, the theory 
has also been applied to polymer blends ~1-15 and 
single crystals in dilute solutions 16'17. Other surface 
nucleation theories have been proposed to quantify the 
kinetics of melt crystallization is and dilute solution 
crystallization 1°'19-2~, but have not found widespread 
use. The objective of the study reported here was to 
evaluate the applicability of the LH theory over the 
concentration range 10-100% polymer. The model 
system isotactic polypropylene (iPP) and dotriacontane 
(C32H66) was studied using optical microscopy. 

The LH theory indicates the crystal growth rate 
is characterized by three regimes that depend on T¢, or 
more specifically, supercooling (AT, defined as T~-T~,  
where TO is the equilibrium melting temperature). For 
polymer crystallized at small supercooling, lamellar 
growth is initiated by the deposit of a single nucleus on 
a substrate. Polymer molecules fold onto the substrate 
to complete a layer. The growth rate of polymer crystals, 
G, expressed in terms of length/time, can be formulated 
as3: 

G = Go exp{-  U*/R(T¢- T~)} exp(--4baa e T~/kAHT~ATf) 

(l) 
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where: 

Go is the pre-exponential factor; 
b is the thickness of a monolayer (cm); 
ae is the fold surface free energy (erg cm-2); 

is the lateral surface free energy (erg cm-2); 
AH is the polymer heat of fusion (erg cm- 3); 
k is the Boltzmann constant (erg K -  a mol-  1); 
T¢ is the polymer crystallization temperature (K); 
To~ is the temperature at which polymer crystallization 
ceases (K); 
T~ is the equilibrium melting temperature (K); 
ATis the degree of supercooling, defined as T ~ -  T¢ (K); 
U* is the Williams, Landel and Ferry (WLF) shift 
constant (cal mol-  1); 
R is the gas constant (cal mol-1 K-t) ;  
f i s  defined by 2T¢/(T~+ To). 

The crystallization driving force is proportional to AT. 
When ATis increased, multiple nucleation occurs on the 
substrate and the crystallization rate enters regime II 
growth. In this regime, the growth rate is expressed as2°: 

G = G O exp{ - U*/R(T¢ - To~)} exp{ - 2baae T~/kAHT~ATf} 

(2) 

When the supercooling is increased further, the average 
separation of nucleation sites is close to the polymer 
molecular stem width, and regime III growth occurs. In 
regime III, the final expression is similar to equation (1) 
except G O differs from that found in regime 122. 

Comparing equations (1) and (2), one obtains 

G = Go exp{ - U*/R(T~-- To~)} exp{ --Kg/rcATf} (3) 

or in logarithmic form 

In G+ U*/R(T~-- T~) =ln  Go-Kg/TcATf (4) 
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where Kg is defined as 

Kg = xboa  e T ~ k A H  (5) 

with the value of x depending on the growth regime; x 
is 2 in regime II and 4 in regimes I and III. Thus, if 
I n G + U * / R ( T ~ - T ~ )  is plotted against T~/TATf,  a 
straight line should be obtained with slope Kg and 
intercept In G o. 

For iPP, ab=34.37]~ 2, b=6.26/k on the (1 10) 
growth plane, c r= l l . 5e rgcm 2, length of monomer 
unit = 2.165 ~, and AH = 1.96 x 109 erg cm- 3 (ref. 22). The 
value of x is equal to 2 or 4 when the regime under 
consideration is II or III, respectively. Hoffman found 
T~ = Tg- 30 K and U* = 1500 cal mol-  1 by fitting the 
crystallization kinetics rate data for various polymers 3. 
In the iPP-C32H66 system, a value for Tg was estimated 
using the Fox equation: 

1//Tg(mix, = Wpp/Tg(pp)~- Wc32/Tg(c32) (6) 

where W~ and Tgi are the mass fraction and glass transition 
temperature of component i, respectively. 

Numerous homopolymers 3'23, including iPP 24 26, 
have been found to have growth rates in more than one 
regime. 

The crystallization kinetics of polymer~tiluent systems 
over wide concentration ranges has been studied 2v-31. 
However, little work has been done to study the effect 
of diluent on regime transition in dilute solution polymer 
crystallization32 35. Thus, a study of diluent effect on 
the crystallization kinetics and regime transition is 
warranted. The crystallization kinetics data of this work 
are quantitatively analysed using the LH theory. The 
results are qualitatively explained by LH, kinetic 
roughening surface growth (KRSG), and impurity 
theories developed by Hoffman, Lauritzen, Sadler and 
Gilmer36 41 and Toda et al. 42. 

MATERIALS AND METHODS 

The materials used in this study have been described 
elsewhere 43. A Brinkman Model R110 rotary evaporator 
was used to make samples for optical microscopy. All 
glassware was thoroughly cleaned by immersion in 
Alconox overnight, washed offwith deionized water from 
a Mega Pure filtering system, and heated in a Blue M 
convection oven. Isotactic polypropylene (iPP) and 
dotriacontane (C32H66) were used without further 
purification. The p-xylene (Aldrich Chemical Co.) was 
vacuum distilled and the middle cut was collected in a 
round-bottomed 500ml flask, iPP and C32H66 in 
appropriate weight proportions were added to a 250 ml 
boiling flask. The weight of iPP used for each batch was 
0.10 g and the volume of p-xylene was 100 ml. The boiling 
flask was rotated and heated so that p-xylene began to 
boil and the iPP dissolved. Vacuum was applied to the 
boiling flask for 10min upon boiling (to ensure the 
solution was homogeneous) to withdraw the p-xylene at 
a fast rate. A thin layer of precipitated polymer and 
diluent formed and was peeled off the flask after 
immersing the flask in water at room temperature. 

The vapour pressure of C32H66 at 313 K (the boiling 
point of the system) is ~0.307 Pa (~2.3 × 10 -3 mmHg) 
based on the known vapour pressure of nonacosane 
(C29H6o) at 303 K; therefore, entrainment of C32H66 in 
the evaporating p-xylene should be minimal. Samples 
made by evaporation were wrapped in filter paper and 

C32H66 was extracted for 24 h using p-xylene. The mass 
balance was closed to within 0.5 wt% for samples of all 
concentrations. 

The sample was mounted on a 2.2 × 2.2 cm glass slide 
cover (used as received) and heated on a Kofler hot stage 
at 493K for 10min. Preliminary studies showed iPP 
growth rate remained unchanged even for samples heated 
at 493 K for I h. Annealing conditions of 473 K for 10 rain 
did not affect the growth rate of pure iPP. 

The annealed sample was quickly transferred to 
a waiting Mettler FP82 hot stage at the desired 
crystallization temperature. The growth rate was 
monitored under an Olympus IMT2 inverted microscope 
equipped with ultralong working distance phase-contrast 
objectives. The image of the spherulite was projected to 
the side port of the microscope and picked up by a 
Dage-Mti video camera. The video signal was transferred 
through a coaxial cable to an Image Technology 
acquisition board. The signal was digitized and stored in 
an IBM AT computer for later analysis. The acquired 
image was analysed by measuring the spherulite radius 
as a function of time. The radius was measured with a 
digitizing tablet (Digi Pad). The measured spherulitic 
radius was plotted against time. The growth rate was 
taken as the slope of the linear portion of the plot, where 
linearity was defined as the range of data that gave a 
linear regression slope with coefficient >~0.98. 

RESULTS AND DISCUSSION 

The logarithm of growth rate, G, was plotted versus T c 
in Figure 1. Regime II and III growth behaviour are 
observed for each sample. The procedure for determining 
the transition temperature or break point for each system 
was as follows. 

(i) A likely break point was selected based on visual 
inspection of Figure 1. 

(ii) Regression analysis was performed using the selected 
break point and all points extending to the right, 
including end point to the right of the selected break 
point. 

(iii) The end point in (ii) was omitted in each subsequent 
regression until the number of points between the 
break point and end point was equal to four points. 

(iv) The analysis in (ii) and (iii) was repeated with a new 
break point to the right or left by five points from 
the break point selected in (i). 

(vi) Analysis similar to that described in (ii) through (iv) 
was performed using points to the left of the original 
break point in (i). 

(v) The break point that yielded the best regression 
correlation coefficients to the right and left was 
selected. 

The transition temperatures so established are indicated 
in Table 1. 

For pure iPP, the growth rate plot appears to change 
slope at Tc=413 K. For Tc <413 K, crystal growth is in 
regime II and for T~ >413 K, crystal growth is in regime 
Il122'26. A similar trend was observed for the other 
samples in Figure 1. The break point moved to lower 
temperatures as the polymer concentration decreased. 
The trend can be understood in terms of the nucleation 
density in each of the two regimes. As the iPP was diluted 
by C32H66 , the equilibrium melting temperature of 
the iPP was decreased; therefore, at a fixed Tc the 
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Figure 1 Growth rate data for iPP-C32H66 system. (a) 100 to 60 wt% 
iPP; (b) 50 to 10 wt% iPP 

supercooling was reduced. Consequently, the nucleation 
density on the substrate decreased. The reduction in 
nucleation density made less nucleation sites available 
for further crystallization, which is characteristic of 
regime III to lI transition. Thus, the regime transition 
temperature was lowered as the amount of diluent in the 
system increased. 

The growth regime transition seemed to disappear at 
40wt% iPP but appeared again in the more dilute 
samples. At iPP concentration < 40 wt%, the regime Ill 
slope at high T~ is smaller than the slope at low To. That 
is, the trend in Figure 1 resembles a regime II to ! 
transition in this concentration range. To be sure the 

5 
g 

E-' 

t 
o 4 

. 5 

+ 
2 

~b 

-1 
2.0 

0 ' , l 

O 
0 0 100 wtZ PP 

~e~O • 90 wt% PP 
V ~  V 80 wt% PP 

• 70 wt% PP 

Ooo o 
o ~ '  • o 

° °  o 
o 

0 o 

• ~ ~ % 0  

2.5 3.0 3.5 

Tm/ToZXTf x 10 2 

4.0 

8 

o 

V 

"Xr 

+ 

~3 

b 
-1 

2.0 

% 
0 50 wt% PP 
• 40 wt% PP 

v 30 wt% PP 
• 20 wt% PP ~ t~ D 10 wt~  PP 

O0 v7 ~. 
O O V  i~ 

O •  ~ • 
O D D  

0 • 

J 
o 

I I 

2.5 3.0 3.5 

T m / T c A T f  x 10 2 ( K - 1 )  

Figure 2 Lauritzen-Hoffman (LH) kinetic analysis based on the 
melting points obtained by the Hoffman-Weeks method. (a) 100 to 
60wt% iPP; (b) 50 to 10wt% iPP 
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Regime III 

iPP Range Kg m a~ 
(wt%) (K) × io 5 (K 2) (erg cm 2) 

Regime II 

Range Kg.n rr . 
(K) x 10 5 (K 2) (erg cm ~') Kg,lll/Kg,ll 

100 402-414 2.785__+0.109 55.74_+2.22 
90 401 411 2.732_+0.165 55.87__+3.37 
80 402-410 2.564__+0.086 52.71 +__ 1.76 
70 397-408 2.471 +0.135 51.11 +2.81 
60 395 407 2.410-+0.137 50.17_+2.85 
50 394- 403 2.517 ± 0.166 52.72 __+ 3.47 
40 389- 400 2.355 + 0.152 49.63 + 3.20 
30 382 397 2.421 __+0.099 51.48_+ 1.65 
20 377-387 2.357 _+ 0.077 50.58 -+ 1.65 
10 372 281 2.394 ±0.068 51.83 ± 1.47 

414M24 1.403 ± 0.031 57.17 + 1.26 1.98 
413-423 1.386 ± 0.075 56.69 + 3.06 1.96 
410M20 1.286 + 0.101 52.88 _+ 4.15 1.99 
408-418 1.280 + 0.061 52.95 + 2.52 t.93 
407-413 1.268 ± 0.046 52.80 ± 1.91 1.90 
403-411 1.319_+0.164 55.25_+6.87 1.9t 
400M07 1.524_+0.088 64.24_+ 3.70 1.54 
397-405 1.559 _+ 0.076 66.33 ± 3,23 1.56 
387-401 1.653 _+ 0.079 70.94 + 3.39 1.41 
381 396 1.777_+0.037 76.95_+ 1.60 1.32 

high T~ regions of Figure lb are in regime II instead of 
regime I, Lauritzen's Z test was conducted 3. While this 
test is not able to identify the exact growth regime, it is 
able to indicate whether the regime proposed is 
reasonable or not. The Z test equation is: 

Z = z(L/2a) 2 e x p ( -  4borer e T~/kAH T~A T) exp(2ab~e/k T~) 

(7) 

where L is the substrate length, z is the ratio of lamellar 
thickness to length of a monomer  unit, and all other 
symbols have the meanings previously defined. Z~<0.01 
corresponds to regime I; Z~> 1 indicates growth is in 
regime II. The 100 wt% iPP crystallized at 493 K has 
lamellar thickness determined by transmission electron 
microscopy measurement to be 0.02/~m. For the calculated 
Z of the 10wt% iPP crystallized at 493K, which 
represents the extreme of the conditions used in this study, 
to be <0.01, L/2a must be <0,44; this is impossible. If 
Z ~> 1, then 1 2  a, which is reasonable. It  is concluded that 
none of the growth rate curves are in regime I. 

The absence of a break in the 40 wt% iPP sample and 
the fact that the regime II I  slope is smaller than the 
regime II slope for samples of <40  wt% iPP cannot be 
explained by the LH theory and are discussed below. 

Analysis of kinetic data by the Lauritzen-Hoffman theory: 
pure iPP samples 

The crystal growth rate data in Figure 1 were 
analysed using equation (4) with ATcalculated using the 
equilibrium melting temperature (T~ = 459.5 K) obtained 
by the Hoffman-Weeks  method 44. The results are plotted 
in Figure 2. The regime II to III  transition occurred at 
Tm/TcATf=2.39 x 10 -2 K - I  (Tc=413 K) in Figure 2 for 
pure iPP. Clark and Hoffman 22 have prepared the same 
kinetic plot using data collected from the literature and 
found the transition occurs within a range of temperatures 
near 410K. Monasse and Haudin 26 indicated in their 
literature survey that the transition point was in the range 
406-416 K. 

The data in the T~/TcATfrange 2.16-2.53 x 10 2 K - 1  
(To =413-410 K) represents regime III,  while the data in 
the range 2.53 3 .19x10 -2 (T~=413-424K) represent 
regime II. The slope in regime III  is greater than 
the slope in regime II, which is to be expected 
based on equations (1) and (2). In the T~/T~ATf range 
2.03-2.16 x 10 -2 K -1 (7 ;=  398.403 K) the growth rate 

appears to be greater than the regime III straight line 
predicted by the LH theory. Likewise, in the Tm/TcATf 
range 3.2%3.65 x 10 -2 K -  1 (T¢ = 425.429 K) the growth 
rate is greater than the predicted regime II straight 
line 45.46. 

The sensitivity of the kinetic plots to the estimated 
parameters T~ and U* was evaluated to see if appropriate  
values of these parameters could be found to linearize 
the data. The T~ value of 459.5 K obtained 43 and used 
throughout the data analysis is in good agreement with 
the accepted literature value of 460.6 K 47. Although the 
activation energy has been known to affect the linearity 
of kinetic plots when Tc is close to Tg 25"43, such an effect 
was not observed for pure iPP for activation energies 
ranging from 300 to 2700 cal mol-1 .  The fact that the 
change in activation energy has little effect on the linearity 
of the kinetic plot for the iPP is understandable since in 
the temperature range of interest in this work, iPP 
molecules are well above its glass transition temperature 
(253 263 K). Thus, the migration of iPP molecules is not 
controlled by the free volume available for the jump but 
rather the nucleation process. 

Sadler proposed the following explanation for the 
deviations from linearity at extremely large AT. Sadler 
and Gilmer 4°'41 criticized some points of the LH theory 
and proposed a two-dimensional model based on the 
kinetic roughening surface growth (KRSG) mechanism. 
Sadler pointed o u t  36 41 that the one-dimensional model 
developed by LH for regime III  is not based on a 
nucleation phenomenon, but instead is based on an 
aggregation phenomenon. The LH theory suggests that, 
since the supercooling is large in regime III,  detachment 
of polymer molecules from the growth site is not possible 
once the polymer is deposited on the substrate. However, 
the driving force for crystallization is still finite in 
regime III. As pointed out by Sadler 3~' 39 this constraint 
against detachment is in violation of microscopic 
reversibility. Sadler also pointed out that the current 
regime III  theory neglects cavity creation. Thus, the 
LH regime III theory probably has to be modified 
according to the two-dimensional growth model with a 
kinetic roughening step at large supercoolings. 

The data at small supercoolings in Figure 2 represent 
a deviation from straight-line regime l I growth and 
not a transition to regime I, although Cheng 4s has 
recently demonstrated that regime II to I transition 
occurs only for low-molecular-weight iPP. The increase 
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in growth rate relative to the extrapolated regime II values 
at small supercoolings may be the result of fractionation 
of the iPP as explained in another paper in this series 43. 
Thus, high temperature crystallization causes fractionation 
of the polymer and a preferential crystallization of 
high-molecular-weight chains 49, which grow at a faster 
rate 45. Scanning electron microscopy analysis of these 
samples has provided evidence of this fractionation 5°. 
Until a sharp fraction of iPP is used in the crystallization 
study, an exact reason for this increase in growth rate 
cannot be resolved. 

Analysis of kinetic data by the iauritzen-H offman theory." 
iPP-Cx2H66 samples 

The results for iPP-C3zH66 are presented in Figures 
1 and 2. Regime II and III growth behaviour are observed 
for each sample. The transition temperatures established 
are indicated in Table 1. Kg was obtained from the slope 
of a regression analysis of equation (6) using the data in 
Figure 1; the results are listed in Table 1. 

Kg,n I appears to decrease slightly as the polymer 
concentration decreases from 100wt%, eventually 
reaching a constant value at the lower polymer 
concentrations. Kg,n appears to have an even slighter 
decrease as the polymer concentration is decreased from 
100 wt %; however, instead of reaching a plateau at lower 
concentrations, Kg,u appears to increase with further 
dilution. This increase in Kg,ll upon dilution is discussed 
below. The ratio of Ko,nl/Kg,H is approximately 2 (as 
expected by equation (5)), indicating a regime III to II 
transition for the high polymer concentration samples. 
However, the lower polymer concentration samples 
indicate otherwise. The trend in Kg,~i indicates the LH 
regime II mechanism must be modified for dilute 
iPP-Ca2H66 samples. 

The analysis in Table I shows that the Hoffman regime 
II theory may need modification when the polymer 
concentration is low. The increase of Kg,n with decreasing 
polymer concentration at low polymer concentrations 
has been observed in polyethylene single crystals (PESC) 
crystallized from dilute solutions of paraffin, p-xylene, 
n-octane and decaline 33 35,51. The growth rates at small 
AT in regime II are lower than those extrapolated from 
larger ATin regime II. Toda explains the kinetic curve 
break and the resulting morphology using an 'impurity' 
theory, which is a modified form of Frank's model 52. 

In correlating the kinetic data with A Tand concentration 
in dilute solutions, there are several important factors to 
be considered 42. 

1. Once the initial segment of the polymer chain is 
attached to the substrate the remaining segments are 
deposited on the substrate and the patch grows along 
the substrate surface at a lateral velocity 9- However, 
a growing patch will stop growing when there are no 
more segments (that is, because the polymer chain has 
a finite length) or when the growth front encounters 
an immobile step. The probability of patch growth 
termination is 1/h °. The rate of new attachment is i °. 
The probability 1/h ° is a function of the nature of the 
impurity and i ° is determined by the faster of two 
processes: either detachment of impurity from substrate 
or burying of a defect by initiation of a new stem. 

In the system being studied, this effect can become 
important when the diluent concentration is increased. 
C3zH66, which is rejected from the growth front, is 

larger than the solvents used in the PESC growth 
studies of Toda and is more likely to be trapped at 
the growth surface of the substrate. The trapped 
diluent will cause the termination described above. 
Some of the C32H66 is inevitably trapped inside the 
lamellae, a condition that is expected to be more 
pronounced at high diluent concentrations. 

2. Sanchez and DiMarzio 21 developed a dilution- 
solution theory of polymer crystal growth by 
introducing cilia nucleation as a crystal growth 
mechanism. The cilia have been categorized as primary 
cilia and secondary cilia. Primary cilia are the 
result of short chain ends that do not participate 
in crystallization and extend into the solution. 
Secondary cilia are the result of annihilation of growth 
steps. Both types of cilia can participate in future 
crystallization. Toda included cilia nucleation in his 
model. Cilia nucleation may occur in the current 
system at high diluent concentrations. The effect of 
cilia can be lumped into i ° because of the similarity 
in its results. Considering the above factors, the growth 
rate can be expressed by42: 

G ~: exp(- Kg/2 TeA T)/(1 + b 1/{ 1 - b 2 exp( - AA T)}) 1/2 

(8) 
where A is a parameter proportional to the height and 
thickness of a monolayer on the growth substrate as 
defined in ref. 49 and b 1 and b2 are the fitting 
parameters for a particular system. The denominator 
in equation (8) accounts for defects and impurities on 
the substrate growth surface. 

The apparent increase of slope in regime II at high 
diluent concentration can be explained by equation (8). 
Since the denominator is greater than one, G is reduced 
in magnitude when compared with the case of having no 
defects or impurity. The reduction of growth rate 
introduced by the denominator increases as supercooling 
increases. The slope increases at a small AT. The model 
suggests the effect of diluent inclusion on the substrate 
is most evident as the diluent concentration increases. 
The crystallinity determined using wide-angle X-ray 
diffraction 53 for slowly cooled samples showed a decrease 
as the diluent concentration increased to 50 wt%. This 
explains why Kg in regime II has the same trend as 
regime III at high iPP concentrations. The decrease in 
crystallinity at a higher diluent concentration implies that 
more diluent was included in the spherulite. The inclusion 
of diluent coincides with the role of impurity in Toda's 
model. 

The fold surface energy can be calculated from equation 
(5). The results are listed in Table 1. The estimated value 
of the fold surface energy from both regimes follows the 
same trends as Kg discussed above. 

CONCLUSIONS 

The crystallization kinetics of the system iPP-C32H66 
has been analysed using LH theories. Modification to 
LH theories was necessary in the regime at low iPP 
concentrations. Toda's theory 51 was used successfully to 
explain the kinetic behaviour in regime II. Results indicate 
that the diluent has an active role in reducing the 
crystallization rate by inclusion into the polymer crystal. 
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