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LOW AND HIGH-YIELD ISOTACTIC POLYPROPYLENE 
Isothermal crystallization from the melt 

M. Avella, E. Martuscelli and M. Pracella * 

ISTITUTO DI RICERCHE SU TECNOLOGIA DEI POLIMERI E REOLOGIA 
DEL CNR, 80072 ARCOFELICE (NA), ~CENTRO STUDI DEI PROCESSl 
IONICI E DELLA PROPRIETY, DEI SlSTEMI MACROMOLECOLARI DEL CNR, 
INGEGNERIA CHIMICA, UNIVERSITY, DE PISA, 56100 PISA, ITALY 

The crystallization and melting behaviour of isotactic polypropylene (iPP) samples 
synthetized with different catalyst systems (low and high-yield) have been studied by dif- 
ferential scanning calorimetry and optical microscopy. The isothermal crystallization rates 
from the melt have been found to depend on the catalyst system employed and on the 
isotacticity index of the sample. Moreover, for low-yield iPP, Avrami analysis of the overall 
kinetics has provided evidence of the presence of secondary crystallization phenomena. The 
values of the equilibrium melting point, energy of nucleation and surface energy of folding 
of iPP lamellar crystals have been calculated according to the 'Kinetic theories' of polymer 
crystallization. The observed variation of such thermodynamic parameters for the various 
iPP samples has been accounted for by the amount and type of configurational irregularities 
present along the chains and by the differences in the molecular weight distribution. 

The presence of configurational irregularities in isotactic polypropylene (iPP) 
chains influences the morphological parameters, the thermal behaviour, and the 
rheological and mechanical properties of this polymer [1 ,2 ] .  The most recent methods 
of  iPP industrial production are based on the employment of new (high-yield) catalyst 
systems which yield materials wi th a control led distr ibut ion of the average molecular 
weight and a chain stereoregularity giving iPP properties di f ferent from those shown 
by the polymer obtained wi th tradit ional (low-yield) catalyst systems. 

The main aim of the present research is to study the kinetics of isothermal crystal- 
l ization from the melt, and the melting behaviour of (low- and high-yield) iPP samples 

wi th dif ferent isotacticity indices, in order to analyze the influence of the chain 
stereoregularity on the morphological, kinetic and thermodynamic parameters con- 
trol l ing the crystall ization processes of such materials [3]. 

Materials and experimental procedures 

Four dif ferent samples of iPP (supplied by Centro Ricerche G. Natta, Monte- 
pol imeri) were examined: one of these, Moplen S, was obtained in the tradit ional way 
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with a catalyst system denotes ' low-yield', while the remaining three samples were 
synthetized with 'high-yield' catalyst systems. The characteristics of al l  samples are 
reported in Table 1. 

Table 1 Isotacticity index and physical-chemical characteristics of iPP samples obtained by low- 
and high-yield catalyst systems 

Catalyst Heptane Isotacticity Viscosity, Melt flow Melting Crystallinitv, 
Sample system extract, index, index, point, 

wt % % dl/g g/10 K % 

Moplen S Low-yield 2.5 97.5 2.35 2.1 436.6 64 
H97.5 High-yield 2.5 97.5 2.52 1.6 435.7 68 
H96.0 H igh-yield 4.0 96.0 2.43 1.8 434.5 68 
H90.0 High-yield 10.0 90.0 2.47 1.6 433.4 57 

The value of the isotacticity index was determined from the weight percentage of 
polymer undissolved in heptane. 

The kinetics of isothermal crystallization from the melt for all samples were studied 
by using a Perkin-Elmer DSC-2 differential scanning calorimeter operating under a 

N 2 atmosphere. The following procedure was employed: the samples were kept for 
10 minutes at 190 ~ and then rapidly cooled to the crystallization temperature T c. 

The heat (dH /d t )  evolved during the isothermal crystallization was recorded as a 
function of time t, and the weight fraction X t of material crystallized after time t 
was determined via the relation: 

- 

X t  -- o t d t  ] 0 

where the first integral is the crystallization heat evolved at time t, and the second 
integral is the total crystallization heat for t = co. 

The melting temperature T m and the apparent enthalpy of fusion /~H~ of each 
sample after isothermal crystallization at T c were measured from the maxima .and 
the areas, respectively, of the DSC endotherms obtained by heating the samples 
directly from T c to T m at heating rates of 20 degree/min. Higher scan rates (40 or 
80 degree/min) were also used in order to check the influence of the heating rate on 
the melting point. The temperatures of the calorimeter were calibrated against the 
melting points of high-purity standards under different heating conditions, with a 
precision of +0.2 degrees. 

The crystallinity fraction X c of the samples was determined at each T e as the ratio 
of z&Hf* to the fusion enthalpy / kHf  of a sample with 100% crystallinity, taken as 
50 cal/g (209 kJ/kg) [4]. 
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The morphology and the radial growth rates of iPP spherulites isothermally crystal- 
lizing at various temperatures T c were studied by examining thin films of the samples 
with a Reichert polarizing optical microscope equipped with a Mettler hot stage. 
The radial growth rates G were measured from the linear variation of the spherulite 
radius as a function of the crystallization time at T c. 

Results and discussion 

Overal l  c rys ta l l i za t ion  rates 

The iPP samples were isothermally crystallized from the melt in the temperature 
range from 396 K to 407 K. 

On decrease of the isotacticity index, the overall crystallization rate becomes 
progressively slower, as shown in Fig. 1, where the values of the half-time of crystal- 
lization t0. 5, defined as the time taken for half of the crystallinity to develop, are 
plotted against T c for all the examined polymers. From this plot it emerges that at 
constant T c the overall crystallization rate of Moplen is higher than those of high-yield 
samples, while further the crystallization rate of iPP decreases with decrease of the 
isotacticity index. Similar results were earlier found in the case of fractions of iPP's 
with different degrees of stereoregularity (on the basis of C-13 NMR analysis), 
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Fig. 1 Half-time of crystallization to. 5 of low-yield iPP (Moplen) and high-yield iPPs with dif- 
ferent isotacticity indices (H97.5, H96.0, H90.0) as a function of isothermal crystallization 
temperature T c 

synthetized by using titanium-based catalysts and fractionated by successive extrac- 
tions with hydrocarbon solvents or by isothermal crystallization from solution at 
different temperatures [1]. 
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Fig. 2 Half-time of crystallization t0. s of low-yield iPP (Moplen) and high-yield iPPs (H97.5, 

H96.0, H90.0) vs. the undercooling Z~T 

Figure 2 shows the variation of the half-time of crystallization with tht~ under- 
cooling A T =  T m - Tc, where T m is the equilibrium melting temperature of each 
sample. It may be noted that at the same AT the crystallization rate of the high-yield 
iPP decreases with the increase of the isotacticity index, analogously to what was 
observed in blends of isotactic and atactic polypropylenes, for which the spherulite 
growth rate at constant undercooling increases with the content of atactic polymer in 
the blend [2, 5]. 

The analysis of the crystallization kinetics has been performed following the 
Avrami equation [6]: 

1 - X~ = exp ( -  Khan)  (1) 

where Kn (= In 2/t~).5) is the kinetic constant and n is a parameter dependent on the 
nucleation type and on the geometry of the growing crystals. Values of K n and n have 
been calculated at each T c from the intercept and the slope, respectively, of the linear 
plots of the quantity log I log (1 - X t) I vs. log t (see Table 2). 

As shown in Figs 3a, b, such plots for the high-yield iPP samples are single straight 
lines over the whole temperature range explored, with slopes varying from 2.5 to 2.0, 
corresponding closely to a heterogeneously nucleated three-dimensional growth of 
the crystals [6]. 

In contrast, as shown in Fig. 3c, abrupt changes in the slopes of the Avrami plots 
are observed in the case of Moplen at values of the crystallization time which increase 
with increasing T c. The exponent n first ranges between 2.5 and 2.0, as for the high- 
yield samples; then, at larger times, it fa'lls to values between 1.7 and 1.0 characteristic 
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o f  a one-dimensional  g row th  o f  crystals. This behav iour  is a clear ind icat ion tha t ,  

dur ing the isothermal c rys ta l l i za t ion o f  the  low-y ie ld  iPP, t w o  d is t inc t  processes are 

present:  a ' p r imary  c rys ta l l i za t ion '  character ized by  the g row th  o f  the f ibr i ls  o f  the  

Table 2 Values of half-time of  crystallization t0.s, Avrami exponent n, kinetic constant K n and 
spherulite growth rate G of low- and high-yield iPP samples at various temperatures T c 

Sample T c, K to. $, sec n Kn, sec - n  G, #m/sec 

Moplen S 401 130 2.5/1.3 2.5 X 10 - 6  0.142 
402 154 - - 
403 204 2.0/1.0 1.0 • 10 - s  
404 235 2.3/1.5 9.0 • 10 - 6  
405 252 2,311.7 4.7 X 10 - 6  0.061 
406 342 2,2/1.6 4.2 • 10 - 6  
407 378 2,0 /1 .0  7.3 X 10 - ?  
408 -- -- -- 0.036 

H97.5 396 106 2.5 1.3 • 10 - s  
397 135 2.4 5,1 X 10 - 6  
398 164 2.5 3.7 X 10 - 6  
399 202 2.5 2.3 X 10 - 6  
400 234 2.5 1.6 X 10 . 6  
401 315 2.5 6,6 X 10 - 6  0.138 
402 412 2.5 2,6 • 10 . ?  
403 551 2,5 1.5 X 10 . ?  
404 667 2.3 3.9 X 10 - ?  
405 923 2,5 3,6 X 10 . 8  0.073 
408 -- -- -- 0.032 

H96,0 396 130 2.0 4,5 X 10 . 5  
397 163 2.1 2,0 • 10 . 5  
398 193 2.1 1,6X 10 . 5  
399 232 2.1 1.1 X 10 - 5  
400 279 2.0 1.0 X 10 -5  
401 375 2.2 1.8 X 10 - 6  0.118 
403 612 2.4 1,5 X 10 . ?  0.093 
405 993 2,4 4.7 X 10 . 8  0.052 
408 - - - 0,025 

H90.O 396 169 2.2 1.1 • 10 - 5  
397 208 2.3 6.3 X 10 - 6  
398 258 2.4 1.3 X 10 - 6  
399 320 2.5, 5.5 • 10 - ?  
400 394 2.4 4.8 X 10 - ?  
401 510 2.6 9.1 X 10 - ?  0.113 
402 673 2,5 8,9 • 10 . 8  
403 840 2.5 6.0 X 10 - 8  
404 1080 2.4 3.9 X 10 - 8  0.043 
408 -- -- -- 0.023 
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Fig. 3 Avrami plots at various crystallization temperatures, according to Eq. (1). (a) high-yield iPP 
H 9 7 . 5 ,  (b) high-yield iPP H90.0, (c) low-yield iPP Moplen. The values of the slopes and the 
intercepts of the straight lines are reported in Table 2 
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spherulites, and a 'secondary crystallization', which is active at larger crystallization 
times, related to the crystallization of more defective molecules in the intraspherulitic 
or interfibrillar regions, and to phenomena of partial melting and recrystallization 
at T c [7]. 

Effects of secondary crystallization were also observed in the case of iPP fractions 
with Iow~legrees of stereoregularity [2]. Accordingly, the observation of such 
phenomena during the crystallization of Moplen should indicate that this polymer 
mainly contains molecules with a lower configurational regularity, while in the case of 
high-yield samples the crystallizing molecules probably have the same average stereo- 
chemical composition with a degree of stereoregularity which does not give rise to 
relevant secondary c rys ta l l i za t ion  processes. Consequently, the variations observed in 
the values of the kinetic parameters with variation of the isotacticity index of the high- 
yield samples must be mainly ascribed to differences in the amount of atactic mole- 
cules in such materials. Thus, it is possible to suggest from this analysis that the two 
catalyst systems considered give iPP samples which differ not only in their stereo- 
regutarity degree, but also in their atactic content. 

Mel t i ng  behav iou r  

DSC curves of high-yield samples present only one fusion peak, independently of 
the heating rate and crystallization temperature. In contrast, the curves of the low- 
yield iPP generally show a large fusion peak with a shoulder at lower temperature. 
The latter is clearly distinct and resolvable from the former in Moplen samples crystal- 
lized at T c < 400 K, where the crystallization is very fast and does not occur under 
isothermal conditions. 

~ a6c 

45C 

44C 

430 
L, O0 420 440 z,60 

Tc ~K 

Fig. 4 Variation of the melting temperature T~n of low-yield iPP (Moplen) and high-yield iPPs 
(H97.5, H96.0, H90.O) with the crystallization temperature T c. The extrapolation of the 
experimental points to the line Trn = Tc determines the value of the equilibrium melting 
temperature T m of each sample (see Table 3). o Moplen, �9 H97.5, �9 H96.0, �9 H90.O 

J. Thermal AnaL 28, 1983 



244 AVELLA et al.: LOW AND HIGH-YIELD IPP 

As shown in Fig. 4, the melting temperatures T m of the various samples crystallized 
at the same T c increase with increase of the isotacticity index and, for each sample, 
increase linearly with T c according to the relation [8]. 

Tm = T i n  3"-_1 + Tc (2) 
3" 3" 

where Trn is the equilibrium melting temperature and 3' is a constant determined by 
the ratio between the final thickness of the crystalline lamellae of the spherulites and 
the initial thickness of the nuclei at the same temperature. In Table 3 the values of 
T m and 3', calculated respectively by extrapolation of T m to the line T m = Tc and 
from the slopes of Eq. (2), are reported for all the samples. In the case of high-yield 
iPP the values of T m decrease with decreasing isotacticity index, while the T m extra- 
polated for Moplen is unusually lower than those of the other samples in spite of its 
high isotacticity index [1, 2]. A possible explanation of this effect is that, though the 

Table 3 Values of the equilibrium melting temperature 
T m, of the slope ~( in the plots of T~n vs. T c for 
various low- and high-yield iPP samples 

Sample T m, K 3' Oe, J/m 2 

Moplen S 449.6 4.3 55 X 10 - 3  
H97.5 464.5 2.5 166 X 10 - 3  
H96.0 457.7 2.7 122 X 10 -3  
H90.0 4533 2.9 110 X 10 -3  

T m values for Moplen are close to those for sample H97,5 the value of 3' for Moplen is 
about twice those for the high-yield samples. This implies that the thickening of the 
lamellae (3' > 1) during the crystallization at T c [8] is more pronounced in the case 
of Moplen and could relate to a distribution of the thicknesses of the crystalline 
lamellae different from those for other samples, and hence to different behaviour 
during the heating run. Moreover, the presence of a multiple fusion peak in DSC curves 
of Moplen can be related to the occurrence of different crystallization phenomena 
(Fig. 5). In fact, Moplen samples partially crystallized at the same T c for various times 
-corresponding to the two straight lines of the Avrami plot in Fig. 3 - show a unique 
melting peak for low crystallization times (primary crystallization) and a second peak 
at lower temperature only for longer times (secondary crystallization). Such results 
suggest that when polymers with configurational chain defects are allowed to crystal- 
lize isothermally at moderate undercooling values, molecules with lower stereoregu- 
larity give rise to crystalline regions with a degree of order smaller than that corre- 
sponding to the crystals of highly stereoregular chain segments [9]. 
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Fig. 5 DSC melting peaks of low-yield iPP (Moplen) after various crystallization times. (a) after 
70 Sec, (b) after 155 sec, (c) 600 sec 

Nucleation control of  crystallization rate 

Assuming that the process of crystal growth (corresponding to the primary crystal- 
lization) is controlled by a mechanism of surface-coherent bi~limensional nucleation, 
then in accordance with the kinetic theory of polymer crystallization [8] the tem- 
perature<lependence of the overall kinetic rate constant may be expressed by the 
relation: 

1 A F *  ~ *  
n I~ Kn = AO 2.3 RTc 2.3 KT c (3) 

where A 0 is a constant (on the hypothesis that the density of primary nucleation at 
each T c examined does not vary with time), AF*  is the activation energy for the 
transport of the molecules at the l iquid-solid interface, K is the Boltzmann constant, 
and ~ *  is the energy of formation of a nucleus of critical dimensions, expressed as: 

4boooeTm 
A ~ *  = - - - -  (4 )  

In Eq. (4) b 0 is the distance between two adjacent fold planes, o and o e are the free 
energies of formation per unit area of the lateral and folding surfaces of the crystals, 
and ~/-/f is the enthalpy of fusion. 

The transport term A F *  is usually expressed as the activation energy of viscous 
flow according to the relation of William et al. [10]: 
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Cl Tc 
~ur (5 C2 § Tc- Tg 

where C1 and C 2 are constants generally assumed equal to 17.2 kJ/mol and 51.5 K 
respectively, and Tg is the glass transition temperature. For all the samples examined 
Tg = 260 K has been used, in accordance with the literature data. 

As shown in Fig. 6, plots of the quantity 

[ 1  2.3F*RTc Tm Iog,o K. + ] 

are straight lines whose slopes, according to (3) and (4), are given by the quantity 
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Fig. 6 Plots of the quantity (1In Ioglo K n + AF~VLFI2.3 RT c) vs. Tm/TcA T , according to Eq 
(3) and (4), for various low- and high-yield iPP samples 

Substitution of b 0 = 0.525 nm [11], A H f  = 209 kJ/kg [4] and o = 0.1(b0L~-/f} [8 
into Eq. (5): allows the surface energy of folding o e of iPP lamellar crystals to bl 
calculated. Analogously, with the use of Eq. (4) the energy of formation of a nucleu 
of critical dimensions ~ *  has been calculated for different values of the undercoolin! 
AT. The values of o e and A ~ *  for the various iPP samples examined are reported if 
Table 3 and Fig. 7, respectively. 

Both o e and ~ *  increase with the increase of the isotacticity index, while Iowe 
values are observed for Moplen. Such behaviour may be mainly accounted for by thq 
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Fig. 7 Energy of formation of a nucleus of critical dimensions A r  at two different values of the 
undercooling AT as a function of the isotacticity index I.I. of low-yield and high-yield 
iPP samples. 

amount and distribution of the configurational irregularities along the molecules of 
the various samples, and by the molecular weight distribution as a consequence of the 
different catalyst systems employed. The large variations observed in the values of 
o e for high-yield samples is probably to be ascribed to the fact that the fold surface 
of iPP crystals undergoes deep changes and becomes less regular as the content of 
stereoirregular sequences in the chains and/or the presence of uncrystallizable polymer 
increases. 

Moreover, it is interesting to underline that a similar trend in ~ *  has also been 
observed in the melt crystallization of isotactic (propylene-1, butene) random co- 
polymers [11] and for iPP fractions with different degrees of stereoregularity [2]. 
In fact, ~ *  was found to decrease with increasing butene content or with decreasing 
isotactic pentad concentration. These findings are in agreement with the trend ob- 
served for the values of the half-time of crystallization t0. 5 at constant AT, as shown 
in Fig. 3, i.e. the increase of the overall crystallization rates in the iPP samples with 
low isotacticity degrees under the same undercooling is to be ascribed to the lowering 
of the energy of formation of critical nuclei. 
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Zusammanfassung -- Das Kristallisations- und Schmelzverhalten von mit Hilfe verschiedener kataly- 
tischer Systeme (low- and high-yield) synthetisiertem isotaktischem Polypropylen (iPP) wurde 
durch Scanning-Kalorimetrie und optische Mikroskopie untersucht. Die isotherme Kristallisetions- 
geschwindigkeit der Schmelze h~ngt vom angewandten katalytischen System und vom Isotaktizi- 
t~tsindex der Probe ab. Im Falle yon " low-yield" iPP ergab die kinetische Auswertung des Gesamt- 
prozesses nach Avramy Hinweise auf sekund~re Kristallisationsph~nomene. Die Werte des Gleichge- 
wichtsschmelzpunktes, der Keimbildungsenergie und der Oberfl~chenenergie der Faltung lamellarer 
iPP-Kristalle wurden nach der kinetischen Theorie der Polymerkristallisation berechnet. Unter- 
schiede in diesen thermodynamischen Parametern, die fur verschiedene iPP-Proben zu beobachten 
sind, wurden auf die Mange und den Typ  der konfigurationellen Unregelm~ssigkeiten entlang der 
Kettan und auf Unterschiede in der Molekulargewichtsverteilung zur~ckgefLihrt. 

PealoMe - MeTO~OM ~CK H OnTHqeCKO~ MHKpOCKOnHH H3yqeH npou, ecc KpHcTannH3au, HH H 
nnaBneHHR oSpa3u, OB H3OTaKTHqeCKOFO nonHnponHneHa, CHHTea~pOBaHHOFO c pa3nHtlHblMH 
KaTanHaaTopaMH. Ha~/~eHo, qTO CKOpOCTb H3OTepMHqeCKO~ KpHcTanJ1H3aU, HH 3aBHCHT OT THna 
HCflO~b3OBaHHOrO KaTanH3aTopa H OT HHAeKca H3OTaKTHHHOCTH oSpa3u, a. OAHaKO, ,O, nR HH3KO- 
TeKyHero H3OTaKTHtreCKOFO nonHnponHneHa, aHanH3 CyMMapHoFO ypaBHeHHR KHHeTHKH peaKU, HH, 
npoBeAeHHOFO no ABpaMH~ noKa3an HagHqHe BTOpHqHOFO npou.ecca KpHcTan,qHaau, HH. 3HaHeHHR 
paBHoBecHo~I TOqKH nnaBReHHR, 3HeprHH o6pa3OBaHHR u, eHTpOB KpHCTannHaaLtHH H noBepXHOCT- 
HaR 3HeprHR HanoMa flaMennRpHblX Kpl4CTanJ1OB 143OTaKTHqeCKOFO nonHnponHJleHa 6bU1H BbltIHC - 
JleHbl Ha OCHOBe "KHHeTHqeCKHX TeOpH~" KpHcTanflH3au, HH no.qHMepOB. Ha6nto/~aeMoe AnR 
paanH4HblX o(~paattOB nOJ1HMepa H3MeI-leHHe TepMOAHHaMHqeCKHX napaMeTpoB, 6blnO O6bRCHeHO 
H3ME~IeHHeM cTeneHH H THna KOH(~HFypa~HOHHblX HapyuJeHHI4 B,O,O]lb u, ene~ H paaRHtlHRMH 
B pacnpeAeneHHH MoneKynRpHOrO Beca. 
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