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Abstract

Nucleation activity of unsized and differently sized glass ®bers during the crystallization of polypropylene from melt was investigated by

polarizing light microscopy and DSC. Depending on the type of surface treatment, glass ®bers were shown to exhibit different nucleating

effects, evaluated by induction time of crystallization, crystallization onset temperature as well as half-time of crystallization in model

composites with 50% wt glass ®bers. Predominant nucleation activity was found for glass ®bers sized with polypropylene compatible

dispersion containing polyurethanes. However, according to the results of DSC measurements, unsized glass ®bers slightly depressed the

nucleation of polypropylene. Using the approach of Dobreva et al., the activity of the ®bers towards heterogeneous nucleation during

nonisothermal crystallization was evaluated. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Crystallization of thermoplastics has recently been rein-

vestigated due to the increasing technological interest

towards thermoplastic matrices for ®ber reinforced compo-

sites, in which the polymer is in the form of ®laments (in

hybrid yarns), powder (in so called FIT's Ð ®ber impreg-

nated thermoplastics), or ®lms [1,2], and also due to a need

for better understanding of the relation between the con-

solidation conditions, morphology and the properties of

the composites.

Both thermodynamic equilibrium and kinetic considera-

tions govern the crystallization, which involves two

consecutive phenomena Ð nucleation and growth, both of

which are affected by the viscosity of the melt, temperature

and pressure. The morphology developed during the

crystallization is greatly dependent on cooling rate (in

dynamic regime), and on undercooling (in isothermal

regime) [3].

The presence of a solid surface/substrate in contact with

polymer melt generally favors heterogeneous nucleation.

During the crystallization of ®ber reinforced polymers,

®bers are shown to have a dual effect, depending on the

interplay between their enhancing impact on nucleation

and the depressing effects on spherulitic growth, caused

by an impingement mechanism [4]. Growth of transcrystal-

line zone is often reported, as well as phenomenon of

epitaxy. For iPP, transcrystallinity has been observed

in the presence of crystalline/semicrystalline substrates,

such as carbon ®bers, talc etc. [5,6]. Numerous results are

also reported on glass ®bers/iPP composites and it was

shown that transcrystalline zone appeared only when the

®ber is pulled out from the melt or when shear stress is

applied at given crystallization temperature [7,8].

However, there are still con¯icting ®ndings concerning

the relationship between the polymer morphology and

the mechanical properties of composite materials, governed

by particular crystalline morphology and the existence

of transcrystalline or cylindrite interfacial morphology

[9±13].

Nucleation ef®ciency of glass ®bers, among other

factors depends also on the surface energy, which can be

tailored by chemical constitution of the sizing used, and is

measured by the in¯uence on global crystallization

kinetics. On the other hand, characterization of the

in¯uence of differently sized glass ®bers on crystallization

kinetics of polymer is of importance in the design and
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optimization of the processing cycle of thermoplastic

composites.

This article is a part of a study of model and bulk composites

based on glass ®ber reinforced polypropylenes produced from

different preforms [2,14,15]. To provide information about the

role of the surface on nucleation and crystallization processes

of polypropylene, unsized untreated, thermally treated and

sized glass ®bers were previously analyzed [16,17]. Melting

behavior of PP in model composites was also investigated and

it was found that the crystal structure of the polymer in

composites exhibit lower lamellae thickness but is less

disposed to recrystalize and is more stable.

The aim of this paper was to investigate the crystalliza-

tion behavior of modi®ed and unmodi®ed iPP in composites
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Fig. 1. (a) Isothermal crystallization �Tc � 1308C� of MPP in quiescent melt in presence of GF1; (b) Crystallization of PP in sheared melt in presence of GF0

�Tc � 1278C; Tpull � 1388C�; (c) Structure after melting, T � 1458C and (d) T � 1558C; (e), (f) and (g) are related to PP/GF1 (the same temperature regime as

for (b), (c), (d)); (h), (k, T � 1458C� and (l, T � 148±1508C� show GF2 morphology developed during isothermal crystallization �Tc � 1278C; Tpull �
1388C� : melt shearing caused by ®ber pulling is associated with development of a-row nuclei which may further induce a growth of b-iPP. This effect is not

®ber-surface speci®c: similar results were obtained with all ®bers and PPs analyzed.



with differently sized glass ®bers and to evaluate their

nucleation activity during isothermal and nonisothermal

crystallization.

2. Experimental

The experiments were carried out with three PPs: maleic

anhydride modi®ed (MPP), produced by melt blending of

homo-PP (PP) and commercial modi®er (MAH-grafted-PP,

PB) in the Institute for Polymer Research, Dresden. Char-

acteristics of MPP as an adhesion promoter for glass ®ber

composites are given elsewhere [18]. Unsized untreated

(GF0) and sized glass ®bers (GF1 and GF2) were used for

composites. The used sizings for GF were g-AMPS-based

with different ®lm formers: thermoplastics compatible

sizing (GF1) and thermoplastics compatible sizing contain-

ing polyurethane (GF2).

Model composites with GF content 50% wt were

prepared for DSC analysis. DSC experiments were

performed with DSC-7 analyzer under nitrogen (Perkin±

Elmer). Several samples were parallel taken for analysis

from GF2/MPP composites, produced by hot pressing of

composite preform, consisting of GF and MPP-split ®lm

and PET yarns as binding component for the preform

[14,19] in order to compare the results with those for

model composites. Reproducibility of the obtained results

was in the range of 3±5%. The glass ®ber content in model

and bulk composites was determined by TGA. In the

isothermal regime the samples (10 mg) were rapidly heated

to 478 K and the molten state was held 5 min to erase the

thermal history of the polymer. Then the samples were

rapidly cooled to a given crystallization temperature (Tc)

and crystallization was carried out until it was completed.

Nonisothermal crystallization was carried out at different

cooling rates, b (1±20 K/min) to analyze the effects on

the crystallization kinetics.

Theoretical background for calculations of parameters of

crystallization is given in our previous articles [16,20].

Melt nucleation and crystallization of PPs were

paralelly followed by polarizing light microscope (PLM)

(Leica, Biomed) equipped with a hot-stage device, tem-

perature controller and photocamera, as described in Ref.

[21].

3. Results and discussion

In our earlier publication [16] we investigated the in¯u-

ence of glass ®bers on crystallization of PPs over a wide
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range of ®ber content (1±60% wt). It was shown that GFs

enhanced the crystallization rate, and the effect of glass

®bers was reaching its maximum at approximately 30%.

The growth rate of spherulites was not changed by the

presence of ®bers [21]. Our results were consistent with

previous studies [22,23] in which it has been found that

there is no difference in spherulites growth rate for PP to

grow either on the ®bers or in the bulk. The increased rate of

crystallization was therefore attributed to enhanced nuclea-

tion caused by GFs.

For practical reasons, in this paper we analyzed compo-

sites with 50% GF, for which it was previously concluded

that the ®bers were uniformly wetted by polymer melt. The

investigations on b-nucleated PP, carried out in our

laboratory by PLM, DSC and X-ray diffractometry, have

shown that GF favor the crystallization of a-PP, acting as

a-nucleators: namely, the amount of a-phase in b-nucleated

PP was increased by increasing the percent of GF in the

melt.

The ability of different ®bers, whose surfaces provide

nucleation sites for iPP, to promote a transcrystalline layer

of different morphology, including g-form [24], is widely

discussed in literature. It has been shown that aramid and

high modulus carbon ®bers, as well as polyethylene-

terephthalate and polyamide ®bers can generate a-trans-

crystalline layer of PP [25,26,27].

Although they in¯uence the nucleation, GFs are known

not to induce transcrystallization in quiescent PPs melt,

phenomenon systematically investigated by Varga and

Karger±Kocsis (see for instance Ref. [28]). Among the

factors, controlling the transcrystallinity, the surface energy

of ®bers, changed by sizing and coupling agents, is often

reported [26,29]. However, transcrystallinity was not

observed in our experiments with PP, MPP and PB, inde-

pendently on the GF used, i.e. chemistry of the surface

(Fig. 1a).

PET ®bers induce a growth of transcrystalline layer

around their surface without shear stress or ®ber pulling

applied (Fig. 2).

Melt shearing, caused by ®ber pulling, was associated

with a development of a-row nuclei, which may further

induce a growth of b-modi®cation of PP. This effect was

not ®ber-surface speci®c (Fig. 1h, k and l).

From isothermal DSC runs (see Fig. 3) induction time

(ti) and half-time of crystallization (t0.5) were determined.

Equilibrium melting temperature (Tm
0) was determined by

Hoffman±Weeks method, and the obtained Avrami plots

(Fig. 4) allowed us to calculate Avrami exponents, n, and

the rate constant, k, as well as free energy of folding, s .

The results are presented in Table 1.

As can be seen, the highest values for Tm
0 were obtained

for the homo-PP and its model composites. The changes of

Tm
0 in composites are obviously due to different morphology

and the perfection of spherulite structure of the polymer. In

fact, for MPP the ®nest morphology was found by PLM

[30]. Comparing the model composites, those with GF2
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Fig. 2. Growth of transcrystalline zone on the surface of PET ®bers during

isothermal crystallization of MPP in quiescent melt.
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have lowest Tm
0 , whilst the highest was found for composite

with unsized ®bers, GF0.

Keeping in mind that Tm
0 decreases with nucleation

density, it might be supposed that unsized GF0 slightly

depress the nucleation of MPP. It was shown that differ-

ently treated and sized glass ®bers might exhibit differ-

ent nucleation ability towards iPP [16,17]. A tendency

of decreasing surface free energy of folding and increas-

ing g -constant, representing the ratio between the ®nal

and initial thickness of the lamellae, is seen for all

composite systems, pointing out that the nucleation is

favored in composites; the exception is again GF0/MPP.

Reorganization (thickening) of the lamellae during the

crystallization is more pronounced in the presence of

®bers.

Induction time of crystallization is drastically

decreased in the presence of ®bers, with the exception

of GF0/MPP (Fig. 5). The rate of crystallization is

increased, and this effect is most signi®cant for GF2,

as can be seen from Fig. 6. An additional effect of PET

yarns is also evident from the results of both ti and t0.5.

The possibility of heterogeneous nucleation is enhanced

in the presence of PET yarns, even at low concentra-

tion, which is in agreement with our observations

carried out by PLM.

To quantify the results on isothermal crystallization,

spherulite's growth rates were ®rst determined by PLM,
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Fig. 4. Avrami plots at different Tc (derived from data given in Fig. 3).

Table 1

Equilibrium melting temperature, surface free energy of folding and g constants for pure polymers and model composites with different glass ®bers

PP MPP PB

PP GFO GF1 GF2 MPP GFO GF1 GF2; GF2 1 PET PB GFO GF1 GF2

Tm
0 (K) 466 462 462 461 462 463 461 461; 460 456 455 454 451

s e (mJ m22) 209 181 180 170 187 194 169 178; 171 153 144 143 134

g 2.3 2.4 2.4 2.5 2.5 2.3 2.6 2.5; 2.6 2.7 2.8 2.9 2.9
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and the nucleation density was then obtained for PPs. The

results are presented in dependence of the crystallization

temperature, Tc, but not of undercooling, to avoid the in¯u-

ence of Tm
0 (Fig. 7).

For PP and MPP the changes of nucleation densities,

in¯uenced by the presence of ®bers, are decreasing in

order GF1 . GF2 . GF0. Considerable effect of PET ®bers

was again con®rmed, although the mechanism of their in¯u-

ence on crystallization peculiarities is obviously different

from that of GFs, since PET ®bers induce transcrystalliza-

tion. Transcrystallization is a nucleation controlled process

taking place during the crystallization in a quiescent melts

and is de®ned by heterogeneous nucleation activity of the

surface of the substrate/®bers [10,31]. The results obtained

for PB and MPP were expected, since in these polymers the

presence of oxygen containing groups from maleic anhy-

dride drastically promotes the nucleation, as compared to

homopolymer [18].

During nonisothermal crystallization, the heterogeneous

activity of GFs can be evaluated by the shifting of DSC

exothermic peak towards higher temperature [32]. Fig. 8

represents DSC thermograms for PP/GF composites. As

can be seen from Fig. 9, undercooling at which da /dT-

conversion curve reaches its peak value is lower for all

composites (except for GF0/MPP) as compared to pure

PPs, again pointing out higher nucleation densities in

composite systems.

An attempt was made to evaluate the results of non-

isothermal crystallization with respect to nucleation activity

of GFs used. We applied the approach of Dobreva et al. [33]

for calculation of u -parameter, which represents the ratio

between the work of heterogeneous and homogeneous

nucleation during the crystallization in polymer systems

with different additives/substrates. The values of u-para-

meter were determined from Fig. 10. For extremely active
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Table 2

Dobreva's u-parameter for pure polymers and model composites with

different glass ®bers

PP MPP PB

GF0 0.77 1.2 0.85

GF1 0.70 0.96 0.82

GF2 0.68 0.82 0.76

GF2 1 PET 0.78



substrates u � 0 and for inert substrates u � 1: The results

are shown in Table 2.

Highest activity for heterogeneous nucleation exhibits

GF2, and this ®nding is valid for all PPs investigated.

Additional investigation are needed to clarify the role of

®ber's surface chemistry on the nucleation activity of

GFs. Further experiments are carried out in our labora-

tory to detect chemical reactive coupling effects of

components of sizings used and the functional groups

of MAH-modi®ed PP.

4. Conclusions

It was illustrated that the chemical composition of the

sizing used for surface treatment of glass ®bers has an in¯u-

ence on nucleating processes of polypropylene. The differ-

ent nucleating activity for unsized and sized glass ®bers was

evaluated by induction time of crystallization, crystalliza-

tion onset temperature and half-time of crystallization.

Predominant nucleating effects exhibited glass ®bers sized

with thermoplastics compatible dispersion containing poly-

urethanes, pointing out the possible reactive coupling effects

between the components of sizing used and the functional
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groups of maleic anhydride modi®ed PP [34]. The activity

of glass ®bers towards heterogeneous nucleation was

analyzed using the approach of Dobreva et al.

References

[1] Ostgathe M, Breuer U, Mayer C, Neitzel M. Fabric reinforced ther-

moplastic composites Ð processing and manufacturing. In: ECCM-7.

London 14±16 May 1996. Woodhead Publ. Ltd, p. 195.

[2] Mader E, Skop-Cardarella K. In: Tailored thermoplastic composites

based on new hybrid yarns. Key engineering materials 137. In: Ye L,

Mai Y-W editors. Uetikon-Zurich: Trans. Tech. Publ., 1997. p. 24.

[3] Mandelkern L. Crystallization of polymers. New York: McGraw-Hill,

1964.

[4] Krause T, Kalinka G, Auer C, Hinrichsen G. J Appl Polym Sci

1994;51:399.

[5] Avella M, Martuscelli E, Selliti C, Garagnani E. J Mater Sci

1987;22:3185.

[6] Menzel J, Varga J. J Thermal Anal 1983;28:161.

[7] Varga J, Karger-Kocsis J. Polym Bull 1993;30:105.

[8] Campbel D, Qayyum M. J Polym Sci Polym Phys 1980;18:83.

[9] Varga J, Karger-Kocsis J. J Polym Sci, Part B Polym Phys

1996;34:657.

[10] Wu Ch-M, Chen M, Karger-Kocsis J. Polym Bull 1998;41:239.

[11] Wagner HD, Lustiger A, Marzinsky CN, Mueller RR. Compos Sci

Technol 1993;48:181.

[12] Cai YQ, Petermann J, Wittich H. J Appl Polym Sci 1997;65:67.

[13] Varga J, Karger-Kocsis J. Compos Sci Technol 1993;48:191.

[14] Bogoeva-Gaceva G, Mader E, Queck H. J Thermoplastic Compos

Mater 2000;13:363.

[15] Demboski G, Grozdanov A, Ljapceva K, Bogoeva-Gaceva G,

Mangovska B. Textiles 1996;45:11.

[16] Janevski A, Bogoeva-Gaceva G. J Appl Polym Sci 1998;69:381.

[17] Janevski A, Bogoeva-Gaceva G, Mader E. J Appl Polym Sci

1999;74:239.

[18] Bogoeva-Gaceva G, Janevski A, Mader E. J Adhes Sci Technol

2000;14:363.

[19] Mader E. Kettenwirkpraxis 1998;3:55.

[20] Bogoeva-Gaceva G, Janevski A, Grozdanov A. J Appl Polym Sci

1998;67:395.

[21] Grozdanov A, Bogoeva-Gaceva G. J Serb Chem Soc 1998;63:455.

[22] Wang C, Hwang L-M. J Polym Sci, Part B Polym Phys 1996;34:47.

[23] Wang C, Liu C-R. Polymer 1997;38:4715.

[24] Assouline E, Fulchiron R, Gerard J-F, Wachtel E, Wagner HD,

Marom G. J Polym Sci, Part B Polym Phys 1999;37:2534.

[25] Varga J, Karger-Kocsis J. J Mater Sci Lett 1994;18:1069.

[26] Thomason JL, Van Royen AA. J Mater Sci 1992;27:889.

[27] Sukhanova TE, Lednicky F, Urban J, Baklagina YG, Mikhailov GM,

Kudryavstev VV. J Mater Sci 1995;30:2201.

[28] Varga J, Karger-Kocsis J. Polymer 1995;36:4877.

[29] Wang C, Liu CR. Polymer 1999;40:289.

[30] Bogoeva-Gaceva G, Mangovska B, Mader E. J Appl Polym Sci

2000;77:3107.

[31] Billon N, Magnet C, Haudin JM, Lefebre D. Colloid Polym Sci

1994;272:633.

[32] Mitshuishi K, Ueno S, Kadawa S, Kawasaki S. J Appl Polym Sci

1991;43:2043.

[33] Dobreva A, Stoyano A, Gutzov I. Appl Polym Sci, Appl Polym Symp

1991;48:473.

[34] Grozdanov A, Burevski D, Bogoeva-Gaceva G. 16th Congress CHM,

28±30 Oct., Skopje, v.1, 211 (1999).

G. Bogoeva-Gaceva et al. / Polymer 42 (2001) 4409±44164416


