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Crystallization behaviour and mechanical 
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The influence of glass fibres on the primary nucleation process, isothermal radial growth rate 
of spherulites and overall kinetic rate constant of isotactic polypropylene (iPP) has been 
examined. The polypropylene was also modified by means of acrylic acid (iPP*) in order to 
improve the adhesion between the matrix and the fibres, and the relative properties were com- 
pared with those concerning the composites having as matrix plain iPP. Moreover the mech- 
anical properties of injection-moulded composites containing iPP and iPP* have been studied. 
These properties improved on increasing the fibre content. It was found that for the same 
glass-fibre content better values of the elongation at break and creep are observed in the case 
of reinforced polypropylenes having as matrix acrylic acid modified polypropylene. 

1. I n t r o d u c t i o n  
Thermoplastic polymers such as isotactic polypro- 
pylene (iPP) are often reinforced by using glass 
fibres in order to increase the stiffness, tensile strength 
and dimensional stability at elevated temperatures 
[1, 2]. The properties of a glass-reinforced polypro- 
pylene (GRiPP) are greatly dependent on the adhesion 
between the matrix and the fibres and then on the 
interface structure. Usually the interfacial bond 
strength between the fibres and the matrix is enhanced 
by using a fibre surface treatment by means of silane 
coupling agents. In some reinforced crystallizable 
thermoplastics it has been found that the fibres, acting 
as nucleating agents, cause an epitaxial crystallization 
of the matrix polymer [3, 4]. 

In the present paper we report the results of an 
investigation concerning mainly the following topics: 

(i) The study of the influence of glass fibres on the 
primary nucleation process, on the isothermal radial 
growth rate and on the overall kinetic rate constant of 
iPP. 

(ii) The study of the influence of a modified poly- 
propylene, obtained by reaction with acrylic acid, on 
the adhesion between the matrix and the fibres and on 
the crystallization process. 

(iii) The study of the properties of injection-moulded 
samples in order to find relationships between the 
nature of the matrix, the fibreglass content and the 
fibre-matrix adhesion. 

2. Experimental procedure 
2.1. Materials 
The samples investigated together with their codes are 
described in Table I. The samples, supplied by Centro 
Ricerche Giulio Natta, Himont (Ferrara, Italy) were 
obtained by using a Bandera type of extruder (~b = 
30mm). An extrusion temperature of 190°C for 
homopolymers and 220°C for reinforced materials 
was used. The components of the formulated samples 
were as follows: 

(i) isostatic polypropylene (iPP) (Mn = 58000, 
Mw = 275000, Mw/M, = 4.74; melt index = 10g 

T A B  L E I D e s c r i p t i o n  o f  the  samples  inves t iga ted  a n d  the i r  codes  

S a m p l e  N o .  iPP  ( % )  Acry l i c  ac id  mod i f i ed  S o d i u m  b e n z o a t e  G l a s s  fibres Code*  

iPP,  IPP*  (wt  % )  (wt  % )  (wt  %)  

1 1 0 0  - -  - -  - -  

2 90 --  --  10 

3 30 --  --  20 

4 70 --  --  30 

5 90 10 - -  - -  

6 81 9 - -  10 

7 72 8 - 20 

8 63 7 - 30 

9 99.70 - 0 .30 - 

l0  89.73 - 0.27 10 

11 79.76 - 0.24 20 

12 69.79 - 0.21 30 

iPP-  1 

G R i P P - 2  

G R i P P - 3  

G R i P P - 4  

i P P - i P P * - 5  

G R i P P - i P P * - 6  

G R i P P  - iPP* -7 

G R i P P  - iPP*-8 

N i P P - 9  

G R N i P P -  10 

G R N i P P -  11 

G R N i P P -  12 

* iPP  = p l a in  i so tac t ic  p o l y p r o p y l e n e ,  iPP* = iPP  mod i f i ed  wi th  acry l ic  ac id ,  G R  = glass  re in forced ,  N = nuc lea ted .  
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Figure 1 Radial growth rate of spherulites G against the glass fibre 
content at constant temperature of crystallization T0 (° C) for iPP 
homopolymer and GRiPP samples. 

per 10min. The iPP was prepared using a Ziegler- 
Natta third generation high yield supported catalyst 
system (super-active catalysts); 

(ii) acrylic acid modified isotactic polypropylene 
(iPP*) obtained by melt-mixing the iPP with 2% by 
weight of acrylic acid at T = 190 ° C; 

(iii) sodium benzoate: this component was used as 
nucleating agent (0.3% by weight); 

(iv) glass fibres CP713 supplied by Vitrofil S.p.A. 
(Vado Ligure, Italy). These fibres are constituted of 
Type E glass coated with a y-amine propyltriethoxy- 
silane, a coupling agent particularly indicated for 
polypropylene matrices. 

2.2. Nucleation and growth of spherulites by 
optical microscopy (OM) 

A Reichert polarizing optical microscope equipped 
with a Mettler hot stage was used for studying 
the nucleation and the radial growth rate (G) of 
spherulites isothermally crystallized at different crys- 
tallization temperatures (T¢). 

The nucleation studies were carried out by utilizing 
microtomed sections of 25/zm thickness. The radial 
growth rate of spherulites was determined on films 
obtained by melt-squeezing part of the samples 
between a microscope slide and a cover glass. 

The following procedure was used: the sample was 
heated at 190°C and kept at this temperature for 
5 min to destroy any traces of crystallinity, then the 
temperature was rapidly lowered to a prefixed T¢ and 
the sample allowed to crystallize isothermally. The 
radial growth of a spherulite was monitored during 
crystallization, taking photomicrographs at appro- 
priate intervals of time. From the measured radius (r), 
plotted against the time (t), the radial growth rate (G) 
was calculated as the slope of the resulting straight 
lines. 

2.3. Overall kinetic rate constant by 
differential scanning calorimetry (DSC) 

The kinetics of isothermal crystallization from the 
melt was studied by using a Mettler TA-3000 differen- 
tial scanning calorimeter operating under N2 atmos- 
phere. The following procedure was employed: the 
samples were kept for 5 min at 190 ° C and then rapidly 
cooled to the crystallization temperature To. 

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

-- ;:  d"/dOd, 
/ 

where the first integral is the crystallization heat evol- 
ved at the time t and the second integral is the total 
crystallization heat for t = ~ .  

The melting temperature Tm and the apparent 
enthalpy of fusion AH* of each sample after isother- 
mal crystallization at Tc were calculated from DSC 

Figure 2 Optical micrographs of melt-crystallized films of iPP-1: 
Tc = (a) 129, (b) 135, (c) 139°C. 
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endotherms obtained by heating the samples directly 
from Tc to Tm with heating rate of 20 (° C) rain 1. 

The temperature of the calorimeter was calibrated 
against the melting points of high-purity standards 
under different heating conditions with a precision of 
+ 0.2 °. The crystallinity fraction X~ of the samples was 
determined at each Tc by the ratio of AH* to the 

Figure 3 Optical micrographs of melt-crystallized films of GRiPP-2: 
T c = (a) 129, (b) 135, (c) 139°C. 

fusion enthalpy of a sample of iPP with 100% crystal- 
linity, taken as 50 kcal kg- 1 (209 kJ kg- l) [5]. 

2.4. Scanning electron microscopy (SEM) 
analysis 

The adhesion and morphological investigations were 
carried out by using a Philips 501 SEM on fracture 
surfaces obtained by tensile breakage. The samples for 
SEM observations were metallized by means of a 
Polaron sputtering apparatus with A u - P d  alloy. 

2,5. Mechanical properties 
The mechanical behaviour was studied on samples 
obtained by injection moulding. Moulding tempera- 
tures of 190 and 250 ° C were used for non-reinforced 
and reinforced samples, respectively. The pressure in 
the mould was 10kgcm -2. 

Tests were performed according to ASTM standard 
methods. 

3. Results and discussion 
3.1. Spherulite radial growth rate 
The trend of radial growth rate of spherulites (G) 
against the glass-fibre content at constant crystalliza- 
tion temperature (To) for iPP homopolymer and 
GRiPP samples (Samples 1 to 4 in Table I) is shown 
in Fig. 1. 

From the figure it emerges that, for a given sample, 
G decreases with an increase of To; moreover it seems 
that the presence of glass fibres, especially at low 

Figure 4 Optical micrographs of melt-crystallized films of GRiPP-3: 
T c = (a) 129, (b) 135, (c) 139°C. 
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Figure 5 Optical micrographs of melt-crystallized films of GRiPP-4: 
T~ = (a) 129, (b) 135, (c) 139°C. 

undercooling, does not significantly influence G. A 
slight decrease in G is observed only at very high 
undercooling and at higher fibre content. Optical 
photomicrographs of thin films of iPP and GRiPP 
samples crystallized at different temperatures (129- 
135-139°C) are shown in Figs 2 to 5. From a com- 
parison of the photomicrographs it clearly emerges 
that the glass fibres determine a strong nucleating 
effect as evidenced by the fact that the average dimen- 
sions of iPP spherulites are comparatively lower in 
GRiPP samples. 

This effect is more accentuated in samples with 
higher glass fibre content (see Fig. 5). No formation of 
transcrystalline regions between glass fibres and 
matrix interface is observed. In the case of samples 
containing iPP* and nucleating agents the crystalliza- 
tion leads to microspherulites, thus no G measure- 
ments were possible. 

3.2. Overall kinetics of crystal l izat ion 
The half-time of crystallization t0.5 for the plain iPP 
and GRiPP samples (Samples 1 to 4) and for iPP-  
iPP* and GRiPP* composites (Samples 5 to 8) is 
shown as a function of T0 in Figs 6 and 7, respectively. 

From an examination of the trends of the curves the 
following emerges: 

(i) In the case of iPP and GRiPP (Samples 1 to 4), 
the values of t0.s for a given Tc decrease with an 
increase of glass fibre content. This fact is in agree- 
ment with Equation 1 that links the overall kinetic rate 
constant K, with the spherulite growth rate G and the 
nucleation density N- [6]: 

K n - -  4~z0~ G3/~  - (1)  
30a(1 - -  )~m) 

31 88 

with 

In 2 
K. - (2) 

to.5n 

where 0a and 0c are the density of amorphous and 
crystalline phases, respectively, 2oo is the overall crys- 
tallinity at the time t = oo and n is an Avrami 
exponent. As the density of nucleation increases with 
an increase of glass fibre content, whereas the vari- 
ation of G is practically negligible, the values of t0.5 
decrease (K, increases) with an increase of glass fibre 
content. 

(ii) iPP-iPP* and GRiPP-iPP* (Samples 5 to 8) 
show values of t0.s lower than GRiPP (Samples 1 to 4). 
Such a finding is accounted for by the predominant 
nucleating effect of acrylic acid; moreover the t0.5 
values of reinforced samples (Samples 6 to 8) are 

tO'5(se°) [ 
2 6 0 0  

2 2 0 0  

1800 

1 4 0 0  

1 0 0 0  

6 0 0  

2 0 0  

0 125 129 133 137 
rc(*Cl 

Figure 6 Half-time of crystallization t0. 5 as a function of crystalliza- 
tion temperature for (O) iPP-1, ( 0 )  GRiPP-Z, ( e )  GRiPP-3, (A) 
GRiPP-4. 
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slightly higher than for the iPP- iPP* sample (see 
Table II). 

Plots of  log [ - l o g  (1 - X,)] against log t turn-out 
to be linear for all samples and Tc investigated, indi- 
cating that the kinetics of bulk crystallization follows 
the Avrami equation [6]: 

log [ - l o g ( 1  - X,)] = 2-~logkn + n logt  (3) 

In Equation 3 Xt is the weight fraction of crystallizable 
material crystallized at time t, n is the Avrami expo- 
nent and K, is the overall kinetic rate constant. The 
values of  n and K,, obtained from the slopes of the 
straight lines and from Equation 2, are reported 
together with to. 5 in Table II for all samples examined. 
The n values vary, for all samples, between 1.8 and 2.9. 

3.3. Melting behaviour 
The temperature corresponding to the maximum in 
the DSC endotherms has been assumed to be the 
apparent melting temperature T£ of  the samples. In 
agreement with the Hoffman relation [7], 

T~ = T m ( 7 -  1~ + - -  Tc (4) 
2 Y /  

Straight lines are obtained when the observed melting 
temperature (Tm) of iPP, GRiPP and GRiPP- iPP*  
(Samples 2 to 8) are plotted against the crystallization 
temperature To in Figs 8 and 9. In Equation 4, Tm is 
the equilibrium melting temperature and 7 is a con- 
stant that is given by the ratio between the final thick- 
ness of the crystalline lamellae and the initial critical 
thickness. 

The value of  Tm and ,/calculated by extrapolation of 
the Tin-Tc lines to the line of  equation Tm = Tc and 
from the slopes, respectively, are reported for all 
samples in Table III. 

As shown the T m values for Samples 1 to 4 decrease 
slightly with the glass fibre content, whereas Tm is 
constant for the samples containing IPP*. It is inter- 
esting to observe that ~ is almost constant (between 1.9 
and 2.1) for all samples investigated. 

3.4. Nucleation control of crystallization rate 
Assuming that the growth of  lamellae is controlled by 

T A B L E  I I  Ha l f - t ime  o f  crystal l izat ion t0.s, A v r a m i  index n an d  overal l  kinetic ra te  cons tan t  K,  o f  samples  as a funct ion o f  crystal-  

l ization temperature 

T c iPP-1 [1] G R i P P - 2  GRiPP-3  G R i P P - 4  

t0. 5 n K, t05 n K, t0. 5 n K, t0. 5 n K.  

125 246 1.8 6.6 x 10 -6 . . . . . .  

127 370 1.7 2.8 x 10 -6 198 1.9 1.0 x 10 -5 - - - 

129 552 1.8 1.2 x 10 .6 337 1.9 3.4 x 10 -6 198 1.9 1.8 x 10 s 

131 1320 1.9 1.9 x 10 -7 528 2.1 1.3 × 10 .6 352 2.2 5.6 x 10 -6 

133 1860 2.4 9.4 x 10 -8 990 2.2 3.5 × 10 7 492 1.9 4.3 x 10 .6 

135 2232 2.4 6.4 x 10 8 1176 2.0 2.5 x 10 -7 740 2.0 1.3 x 10 6 

137 3234 2.4 2.9 x 10 -8 1832 2.3 9.7 x 10 -8 1200 2.0 4.8 x 10 -7 

139 . . . . . . . . .  

141 . . . . . . . . .  

m m m 

_ m _ 

_ m m 

140 2.8 3.0 x 10 6 

195 2.5 1.3 × 10  - 6  

378 2.4 2.5 x 10 7 
773 2.7 4.2 x 10 8 

1155 2.5 1.5 x 10 -8 

I P P - i P P * - 5  G R i P P - i P P * - 6  G R i P P  iPP*-7 G R i P P - i P P * - 8  

~5 n K, ~5 n K, ~s n K, 
/ 0 . 5  n g n 

. . . . . .  170 2.5 1.8 x 10 -6 205 2.3 6.8 x 10 -7 

233 2.0 1.4 x 10 6 320 2.8 1.2 x 10 7 269 2.4 5.8 × 10 -7 316 2.3 2.2 x 10 -7 

384 2.4 4.3 × 10 -7 490 2.7 3.8 x 10 -8 467 2.5 1.5 x 10 -7 562 2.7 4.9 x 10 8 

580 2.6 1.6 x 10 7 812 2.8 9.7 x I0 9 670 2.4 6.0 x 10 -8 903 2.9 1.4 x 10 -8 

930 2.4 5.2 x 10 -8 1260 2.7 2.9 x 10 -9 1178 2.7 1.4 x I0 8 1092 2.9 8.7 x 10 -8 

31 89 



T,~(°C) 

200 

190 

180 

17o rg:& 

16G 

L//, 
125 145 165 185 Tc (o C} 

Figure 8 Variation of  the melting tem- 
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a process of coherent two-dimensional surface second- 
ary nucleation, then, in accordance with the kinetic 
theory of polymer crystallization [8], the temperature 
dependence of K. is given by the relation 

1 AF* A ~ *  
- l o g K .  = A0 (5) 
n 2.3 R T  c 2.3 KTc 

where A 0 is a constant (assuming that the density of 
primary nucleation at each Tc examined does not vary 
with time), AF* is the activation energy for the trans- 
port of crystallizing units across the liquid-solid inter- 
face, and A~* is the energy of formation of a nucleus 

T A B L E  I I I  Value of the equilibrium melting temperature T m 
and constant 7 for the various samples of  iPP 

Sample T m (K) 

iPP- 1 469 2.0 
GRiPP-2 469 2.0 
GRiPP-3 468 2.0 
GRiPP-4 467 1.9 
iPP-iPP*-5 471 2.0 
GRiPP iPP*-6 471 1.9 
GRiPP- iPP*-7  471 2.1 
GRiPP iPP*-8 471 2.0 
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of critical dimensions expressed as 

4b0 0"0"e Tm 
A~* - (6) 

AHrAT 

In Equation 6, b0 is the distance between two adjacent 
fold planes, a and ae are the free energy of formation 
per unit area of lateral and fold surfaces, respectively, 
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Figure 10 Surface free energy of  folding a e as function of  glass 
content: (e)  GRiPP, (•) GRiPP- iPP*.  1 erg = 10 7j. 
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Figure 11 Free energy of formation of a nucleus of critical dimen- 
sions A~* against the glass content: (e) GRiPP (o) GRiPP-iPP*. 
L = 135°c. 

AHf is the enthalpy of fusion and AT (=  Tm - To) is 
the undercooling. 

The transport term AF* is usually expressed as the 
activation energy of viscous flow according to the 
relation of Williams, Landel and Ferry [9]: 

C, Tc 
AF* = (7) C2+rc-Tg 

where C] and C2 are constants, generally assumed 
equal to 4.12kcalmol -~ (17.2kJmol 1) and 51.5K, 
respectively, and Tg is the glass transition temperature. 
For all samples examined, Tg = 260K was used 
according to the literature data [10]. 

Plots of ( l /n ) logK,  + AF*/2.3RTo against Tin~ 
TcAT are straight lines for all samples investigated. 
From the slopes of these lines the following quantity 
was determined: 

4b0aae (8) 
2.3 K.AHr 

Figure 12 Electron micrographs of fractured surfaces of GRiPP 
samples: (a) GRiPP-3 ( x 575), (b) GRiPP-4 ( x 575). 

Substituting in Equation 8 b0 = 0.525 nm [10], AHf = 
209 kJ kg- ~ [5] and cr = 0.1 boAHf, the surface energy 
of folding cre of iPP lamellar crystals and the free 
energy of formation of a nucleus of critical dimensions 
A(I)* were calculated. Plots of such quantities against 
the glass fibre content for Samples 1 to 8 are shown in 
Figs 10 and 11. From the figures it emerges that 

(i) cre and AcI)* are almost independent of glass fibre 
content in the case of the composite containing iPP*, 
whereas for GRiPP samples both (re and A(I)* decrease 
with increasing glass fibre content. 

(ii) both ~r e and Aqb* are systematically lower for 
iPP* containing composites. 

Figure 13 Electron micrographs of fractured surfaces of GRiPP- 
iPP* samples: (a) GRiPP-iPP*-6 (x  575), (b) GRiPP-iPP*-7 
(x  575), (c) GRiPP iPP-8 (x  1150). 
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3.5. Mechanical  properties 
The results of mechanical tests for iPP, GRiPP, iPP- 
iPP*, GRiPP-iPP*, NiPP and GRNiPP samples are 
summarized in Table IV. It can be observed that in all 
cases the addition of fibres produces enhancement of 
the elastic modulus, the tensile strength, the Izod 
impact strength and the heat distortion temperature. 
On the other hand the elongation at break and the 
creep drastically decrease with an increase of the fibre 
content. Nevertheless it is interesting to point out that 
samples containing acrylic acid modified iPP* show 
values of the tensile strength and creep deflection 
comparatively better than those of iPP and NiPP 
samples, especially at higher fibre contents. Such 
behaviour is accounted for by the SEM observation 
of broken surfaces that show a better fibre-matrix 
adhesion in the case of GRiPP-iPP* samples (com- 
pare Figs 12 and 13). 

The nucleation effect induced by the presence of 
iPP* in the samples could also play an important role 
in determining the mechanical response of the com- 
posites, even though the samples tested have been 
crystallized at very high undercooling. In such con- 
ditions of recrystallization even the plain iPP will 
crystallize according to a microspherulitic texture. 
The fact that in these samples the nucleation does not 
influence dramatically the mechanical response emerges 
from the values of the figures reported in Table IV. 
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