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Isotactic polypropylenes of different 
molecular characteristics: influence of 
crystallization conditions and annealing 
on the fracture behaviour 
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Fracture mechanics analysis at high speed and low temperature has been carried out on 
polypropylene samples of various molecular weights, obtained under different crystallization 
conditions. In addition differential scanning calorimetry measurements and morphological 
observations by scanning electron microscopy have been also performed. It has been found 
that the fracture mechanics parameters Gc and K c increase markedly with enhancing the 
molecular weight, whereas an opposite trend is observed with increasing the crystallization 
temperature. Furthermore it has been seen that an annealing procedure, on the already solidi- 
fied samples, strongly enhances the fracture toughness parameters. The above findings have 
been confirmed by fracture surface observations showing that crazing is the dominant feature 
of deformation in such materials. Possible underlying molecular mechanisms, which can 
explain the overall properties and the morphological characteristics, are discussed as well. 

1. I n t r o d u c t i o n  
The properties of semicrystalline polymers have been 
extensively investigated in the past several years [1-4]. 
It is now well established that spherulitic microstruc- 
ture has a strong influence in determining the fracture 
behaviour and other physico-mechanical characteris- 
tics of such materials [5-9]. However, there is not a 
complete explanation of the mechanisms through 
which the various structural elements forming the 
spherulites control the growth and propagation of 
cracks in semicrystalline polymers. One aspect that 
has become increasingly evident over the years is the 
role of tie-molecules. Electron spin resonance and 
other studies [10, 11] have showed that these molecules 
act as local transducers of stress among crystallites 
and are broken during deformation and fracture. 
Therefore the number of tie-chains, which is related to 
the crystallization conditions, can have strong effects 
on the mechanical and fracture behaviour, even 
though other structural features developed within 
spherulites can contribute. 

In the present paper the approach of linear elastic 
fracture mechanics has been used to study the influ- 

ence of molecular weight and different heat treat- 
ments, such as crystallization conditions and anneal- 
ing, on the high-speed fracture toughness of poly- 
propylene samples. The aim has been to correlate the 
fracture mechanics parameters like the critical strain 
energy release rate (Go) and the critical stress inten- 
sity factor (Ko) with the different microstructures 
obtained. This should provide also useful information 
on how the complex spherulitic architecture affects the 
failure mechanisms. For such a purpose morphologi- 
cal and fractographic analyses by means of scanning 
electron microscopy (SEM) have also been performed. 

2. Experimental procedure 
2.1. Materials 
Four samples of isotactic polypropylene (PP) with 
different molar masses and molar mass distributions 
were used in the present work. Their molecular 
characteristics, together with their code numbers and 
sources, are reported in Table 1. 

2.2. Specimen preparation 
The polymer in chips was placed between two teflon 

T A B L E  I Molecular characteristics ofpolypropylene samples 

Code Company  and trade name ~w ~ Mw/M, 
PP1 R AP R A* 
PP2 Exxon Chemical Co. PPM 260 
PP3 Exxon_ Chemical Co. PPE 111 
PP4 Montedipe-Himont  

3.1 x 105 1.6 • 104 20 
4.4 x 105 1.0 x 104 4.4 
6.3 • 105 1.9 x 104 3.3 
8.9 x 105 1.1 X 10  4 8.2 

*Rubber and Plastics Research Association of  Great Britain. 
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T A B L E I I Crystallization temperatures (T b) and times (t) 

T b (~ 135 120 90 60 20 
t (rain) 300 120 30 30 30 

sheets and laterally contained in a 4.0 m m  thick steel 
frame. The whole system was inserted within the 
plates of  a hydraulic press heated at 200~ under a 
pressure of  200 kg cm -2. After a delay of  10 min after 
melting the pressure was released and the sandwiched 
sample was suddenly immersed in a glycerol bath and 
kept at a fixed temperature for certain times. 

The temperature of  bath (Tb) and the residence 
times were varied as reported in Table II. Success- 
ively the crystallized samples were fast-cooled in 
ice and water at about  0 ~ C. Some of them were 
also annealed in a oven at 140~ under vacuum for 
24h. From such sheets rectangular-type specimens 
(60 mm x 6.0 mm x 4.0 ram) were cut by means of a 
saw to obtain samples for impact tests. 

Prior to testing the specimens were notched as 
follows: first a blunt notch was produced using a 
machine with a V-shaped tool and then a sharp notch 
0.2ram deep was made by a razor fixed to a micro- 
metric apparatus. The final value of  the notch depth 
was measured after fracture by using an optical 
microscope. 

2.3. Thermal analysis 
Differential scanning calorimetry measurements to 
detect melting points (Tin) and crystallinity contents 
(Xr were made by a Mettler TA 3000 system appar- 
atus. All the measurements on samples (whose weights 
ranged from 4.0 to 8.0mg) were performed at a 
scanning rate of 20 ~ C min-  L. 

2.4. Morphological analysis 
Microtomed surfaces were examined by means of a 
Philips 501 scanning electron microscope. Before 
observation the specimens were etched with CrO3- 
H2SO, saturated solution to destroy amorphous 
material among and within spherulites. The etching 
solution was prepared as follows: first concentrated 
sulphuric acid (95 % by weight) was diluted with water 

(the ratio of  H2SO4 to water was 1:4). Then it was 
heated to about  80 ~ C and the CrO3 was added to form 
the saturated solution. Specimens were immersed in 
the solution for 60 min at 80 ~ C and were then washed 
with clear water and dried in a vacuum oven for 8 h at 
50 ~ C. 

2.5. Impact fracture measurements 
Fracture tests were carried out on a Charpy instru- 
mented pendulum (Ceast Autographic Pendulum 
MK2) at an impact speed of 1 m sec -~. Samples with 
a notch depth-to-width ratio of  0.3 and a span test of  
4 8 m m  were fractured at - 1 0 0 ~  using liquid 
nitrogen as a cooling medium. The relevant curves of  
energy and load against time or displacement were 
recorded. 

2.6. Fracture toughness parameters 
The impact data were analysed according to the linear 
elastic fracture mechanics approach [12]. The critical 
stress intensity factor Kc, was calculated by means of  
the equation 

K~ = a y a  1/2 (1) 

where a is the nominal stress at the onset of  crack 
propagation; a is the initial crack length and Y a cali- 
bration factor depending on the specimen geometry. 
For singly cracked bent specimens, Y is given by 
Brown and Strawley [13]. 

For  the determination of the critical strain energy 
release rate Go, the following equation was used: 

G~ = U / B W ( ~  (2) 

where U is the fracture energy corrected for the kinetic 
energy contribution; B and W are the thickness and 
the width of  the specimen, respectively, and (b is a 
calibration factor which depends on the length of 
crack and the size of  the sample. The values of  (I) were 
taken from Plati and Williams [14]. 

2.7. Fractography 
Fracture surfaces of  notched specimens were exam- 
ined by SEM, after coating the broken surfaces with a 
thin layer of  gold-pal ladium alloy. 

3. Results and discussion 
3.1, Thermal properties 
In Table I lI ,  the melting points (Tin) and the crystal- 
linity content (Xc) for unannealed and annealed sam- 
ples are reported as a function of the crystallization 
temperature Tb. 

As shown for unannealed samples, the melting 
points are scarcely affected by the thermal history and 
molecular characteristics of  PP. Only at high T b is a 
slight enhancement in the Tm values observed. This 
effect seems to be due to the great molecular mobility 
of  the chains and to the long crystallization times. 

TABLE III  Crystallization temperature (Tb), crystallinity (X~) and melting temperature (Tin) of annealed and unannealed 
polypropylene samples 

T b PP1 PP2 PP3 PP4 

(~ Annealed Unannealed Annealed Unannealed Annealed Unannealed Annealed Unannealed 

~ T~ Z~ Tm X~ T~ X~ T~ ~ T~ Xo Tm X~ T~ ~o T~ 
(~ C) (o C) (~ C) (~ C) (o C) (~ C) C c) (~ c) 

135 59.0 169 58.0 169 56.0 168 53.0 166 54.0 167 53.0 166 50.0 167 48.0 166 
120 56.0 168 55.0 167 54.0 166 53.0 165 52.0 165 50.0 165 49.0 165 47.0 165 
90 53.0 165 51.0 165 52.0 165 49.0 165 51.0 165 47.0 163 48.0 164 45.0 164 
60 52.0 165 49.0 165 50.0 165 47.0 165 49.0 165 46.0 164 47.0 164 43.0 163 
20 50.0 165 46.0 165 49.0 165 45.0 165 48.0 164 44.0 163 46.0 164 42.0 162 
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Figure 1 Crystallinity content X c of 
unannealed PP samples as a function of 
molecular weight Mw. Crystallization tem- 
perature Tb as indicated. 

Such conditions favour the formation of more perfect 
crystallites, yielding therefore higher Tm values. On the 
other hand the degree of crystallinity seems to be 
influenced by the molecular weight (Mw) and crystal- 
lization conditions. This dependence, a decreasing 
linear trend at constant T b is better seen in Fig. 1 
where Xc is plotted as a function of Mw for all the Tb 
values investigated. As the molecular weight increases 
the plateau relaxation time, due to chain entangle- 
ments, is enhanced and the crystallization occurs 
locally in a more and more disordered way. Hence the 
amount of developed crystallinity tends to decrease. 
On the other hand, at a fixed Mw the degree of crystal- 
linity increases with increasing Tb, since the crystal- 
lization rate is lowered. This renders the polymer 
chains more mobile and therefore more able to be 
orderly crystallized. There is a superposed influence of 
Tb and Mw and therefore the effect is the larger the 
lower is the molecular weight. 

A similar behaviour is observed for annealed sam- 
ples as reported in Fig. 2. It should be underlined, 
however, that annealing promotes in all the samples 
an enhancement of the crystallinity levels compared 
with the unannealed ones. This result is a consequence 
of the fact that during such a process further crystal- 
lizations take place, mainly in the interspherulitic 
regions. 

70 

3.2, Morphological analysis 
Scanning electron micrographs of microtomed and 
etched surfaces of some of the samples examined are 
shown in Figs 3 and 4. It can be seen from these figures 
that the overall morphology is dependent on both the 
crystallization temperature and the molecular struc- 
ture of the polypropylene used. Fig. 3 shows the effect 
of different undercoolings on the dimensions, struc- 
ture and perfection of spherulites for unannealed PP1 
samples. At the crystallization temperature of 135~ 
(Fig. 3a), large spherulites with open boundaries are 
visible. In addition adjacent spherulites are bridged 
only by very few interspherulitic links. This poor inter- 
connection derives from the very slow crystallization 
rate used to obtain such a morphology. In fact, during 
the crystallization process, impurities, defective and 
non-crystallizable molecules can be rejected from the 
growing fronts of the spherulites. At the end such 
material, collected in the interspherulites boundaries, 
is easily etched out. 

Conversely as the crystallization temperature is 
lowered (Figs 3b to e), the size of the spherulites 
decreases and the material become more and more 
compact, since the degree of connection between crys- 
tallites and spherulites increases. This is due to the fact 
that at lower Tb, the nucleation rate and density 
as well as the overall crystallization rate increase. 

511 

40 

135 

M w x 10 -5  

Figure 2 Crystallinity content Xc of annealed PP 
samples as a function of molecular weight Mw. 
Crystallization temperature T b as indicated. 
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Figure 3 Scanning electron micrographs of smoothed and etched 
surfaces of unannealed PPI sample for different crystallization 
temperatures (Tb): (a) 135~ (b) 120~ (c) 90~ (d) 60~ (e) 
20" C. 

This effect tends to freeze somewhat the melt confor- 
mations of the molecules, allowing only for local 
crystallite formation. 

This process provides in the fully crystallized sam- 
ple a number of tie-chains among crystallites which is 
higher the lower is Tb. The concentration of such 
tie-chains can also be varied by changing the mol- 
ecular weight. This is evident in Fig. 4. It shows that 
under the same crystallization conditions the degree of 
interconnection within the material increases with 
enhancing the molecular weight. The higher the mol- 
ecular weight the longer the polymer chains, and the 
relative relaxation times. This yields an increased 
number of tie molecules. Therefore increasing mol- 
ecular weight has an effect on the tie-chains density 
similar to that of an increased undercooling. The influ- 
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ence that these tie-chains have on the crack growth 
and on the fracture toughness of such materials is 
reported and discussed in the next section. 

3.3. Impact fracture toughness and 
fractographic analysis 

The critical strain energy release rate Gc and the criti- 
cal stress intensity factor Kc, calculated according to 
Equations 1 and 2, are reported as a function of the 
molecular weight Mw in Figs 5 and 6 for unannealed 
samples and in Figs 7 and 8 for annealed ones. 

From these kinds of plots it is possible to make the 
following observations: 

(i) For unannealed samples (Figs 5 and 6), Gc and Kc 
increase with increasing molecular weight in all the 
range of Tb investigated. Moreover, for a fixed Mw, 
decreases in' the K~ and Gc values are detected with 
increasing Tb. This effect is more marked for the 
lowest M w sample, probably due to its broad molar 
mass distribution. 

(ii) For annealed materials (Figs 7 and 8) the trend 
is quite similar, but the values of G~ and Kc are 
much higher than for the corresponding unannealed 
materials. Only at Tb = 135~ with the exception of 
the highest Mw do the two sets of samples yield identical 
toughness values. 



Figure 4 Scanning electron micrographs of smoothed and etched surfaces of unannealed PP samples for different molecular weight and 
T b = 135~ (a) PP1, (b) PP2, (c) PP3, (d) PP4. 

On the basis of  the above results it emerges that the 
fracture parameters Gc and Kc of bulk-crystallized 
polypropylene are particularly suitable to monitor  
morphological and structural changes induced by dif- 
ferent heat treatments and molecular weights. 
Therefore an at tempt was made to correlate such 
parameters with the resistance offered to crack growth 
by the various structured elements present in the 
material such as spherulites and sperulite boundaries. 
For this purpose two limiting cases were examined, 
samples crystallized at low and at high Tb. 

In Fig. 9 are reported the scanning electron micro- 
graphs of  fractured surfaces taken near the notch tip 
of  unannealed PP1 samples. As can be seen, the coarse 
spherulitic material (Fig. 9a) shows a very small 
amount  of  plastic deformation in the boundary zones 
and the spherulites are practically undeformed. Such 
features are related to the fact that spherulitic bound- 
aries are much less crack-resistant than the inner zones 
because of  the sparsity of  interspherulitic links (see 
Fig. 3a). Therefore they can act as effective crack sites 
and easy fracture paths. Thus the contribution to the 

2 

60 
90 

~ ~ ~ 1'o 
Mw • 10 -s  

Figure 5 Critical strain energy release rate G c as a 
function of molecular weight Mw, for unannealed 
PP samples crystallized at different temperatures T b 
as indicated. 
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Figure 6 Critical stress intensity factor K c as a 
function of molecular weight Mw, for unannealed 
PP samples crystallized at different temperatures Tb 
as indicated. 

Figure 7 Critical strain energy release rate Gc as a 
function of  molecular weight Mw, for annealed PP 
samples crystallized at different temperatures T b as 
indicated. 

EE 
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fracture toughness is determined essentially by the 
energy required to strain and break the very few inter- 
spherulitic links, and hence low fracture parameter 
values are achieved. 

Different features are observable on the fracture 
surface of the fine spherulitic material (Fig. 9b). In this 
case, in fact, a well-defined plastic zone ahead of the 
notch tip (see left side of the picture), with mor- 
phological characteristics similar to the mirror area of 

the amorphous glassy polymers, is visible [15, 16]. The 
presence of such an island-type structure suggests that 
the onset of a crack is preceded by the formation of 
crazes. These crazes may develop and propagate within 
spherulites and interspherulitic regions because, due 
to the quenching treatment, the degree of interconnec- 
tion in both areas is sufficiently high and hence the 
material is able to sustain large deformations before 
the final fracture occurs. Therefore the greater tough- 

,,? 
I =  

2 
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Figure 8 Critical stress intensity factor K c as a 
function of  molecular weight Mw, for annealed PP 
samples crystallized at different temperatures T b as 
indicated. 



Figure 9 Scanning electron micrographs of fractured surfaces of unannealed PP1 sample. (a) T b = 135~ (b) T b = 20~ 

ness observed in the fine spherulitic sample arises from 
a larger energy dissipation due to the crazing mech- 
anism. On the other hand, the amount of  plastic defor- 
mation that can take place at the crack tip in both 
coarse and fine spherulitic morphologies can be 
strongly modified by changing the molecular weight. 
This is evident for coarse samples in Fig. 9a and 10. At 
increasing Mw a higher degree of  plastic deformatior. 
in the spherulitic boundary zones is observed as a 
consequence of  the enhanced tendency to craze for- 
mation. Such a finding is due to the fact that with 
increasing Mw the interspherulitic link density, due 
to the better quality of  the interlayered amorphous 
material, is enhanced (also in these regions such a 

material has a higher Mw). On this basis the fracture 
will be controlled by the number and stability of  the 
crazes formed ahead of the crack tip. The net effect is 
a strong improvement in the impact toughness with 
Mw. 

A similar behaviour is observed for fine spherulitic 
materials. In fact, as shown in Fig. 9b and 11, the 
crazed area is greater the higher the molecular weight. 
Also this result can be associated with the fact that the 
interspherulitic and the intraspherulitic link density is 
highly improved by increasing Mw. Consequently 
numerous crazes with a very fine texture and a large 
resistance to breakdown can be formed in both regions. 
Thus a great hindrance to the crack propagation is 
achieved. 

Further evidence that the fracture process is essen- 
tially controlled by the interconnections within the 
material (which in turn determine the craze structure) 
arises from the annealed specimens. Since annealing is 
believed to operate through a partial melting and 
recrystallization process in addition to lamellar thick- 
ening, the growth of thin crystallites into the amorph- 
ous zones and a rearrangement of uncrystallized 
polymer chains may occur. Therefore annealing 
should produce, especially for specimens crystallized 
at low Tb, a network that is physically more connected 

Figure 10 Scanning electron micrographs of fractured surfaces of 
unannealed PP samples of increasing molecular weight and 
T b = 135 ~ C. (a) PP2, (b) PP3, (c) PP4. 

4177 



Figure I1 Scanning electron micrographs of fractured surfaces of 
unannealed PP samples of increasing molecular weight and 
T b = 20 ~ C. (a) PP2, (b) PP3, (c) PP4. 

than that of the corresponding unannealed samples. 
This makes possible a larger plastic deformation, due 
to the higher strength and stability of the crazed 
material. Such an effect is visible in Fig. 12, where the 
fracture surfaces of annealed fine spherulitic materials 
are reported. It can be seen that the area in which 
the crack initiates is greater relative to that of the 
unannealed specimens (compare Fig. 11 with Fig. 12), 
and it becomes more extended as Mw is increased. 
Furthermore for the highest Mw sample, highly elon- 
gated fibrils are visible in this area. The above points 
indicate that there is a notable enhancement in 
the work required for crack propagation in these 
materials according to the better fracture parameter 
values observed. 

For samples crystallized at high Tb, as we have 
already reported, only for the highest Mw materials is 
the annealing procedure accompanied by a strong 
improvement in the impact fracture toughness. Also 
in this case an examination of the corresponding frac- 
ture surface (Fig. 13) shows evidence of extensive 
plastic deformations with a morphology (magnified in 
Fig. 13b) quite different from that of the unannealed 
sample (Fig. 10c). In other words, during annealing 
the zones which more easily undergo melting and 
recrystallization are probably the interspherulitic 
ones. Therefore the spherulites at the end are more 
tightly glued together. The comparison of such figures 
emphasizes again the role played by the structure of 
the spherulite boundaries in determining the craze 
texture and hence the impact fracture toughness. 

Finally, the result that the annealing has little or no 
effect on the toughness of the lower M w samples may 
be attributed to the fact that the samples are kept in 
the bath beyond the necessary crystallization times. In 
fact after complete crystallization the samples are 
annealed for several hours at 135~ (which is close to 
the annealing temperature of 140~ This yields a 
very stable material and no further morphological 
changes can be obtained by the successive heat treat- 
ment. This has been confirmed by enhancing at Tb = 
135~ the bath residence times. The values for each 
sample were calculated assuming that the relaxation 
time is proportional to M 3 [17]. As can be seen from 
Table IV, only for PP4 is there a change in the Ko and 
Gc values as a consequence of its more metastable 
state, whereas for PP2 and PP3 Kc and Gc are 
practically unchanged. 

4. Conclusions 
In this paper it has been shown that crystallization 
conditions, thermal treatment and molecular charac- 
teristics can strongly influence the structure, mor- 
phology and fracture impact toughness of isotactic 
polypropylene. In particular the following points can 
be made: 

1. The amount of crystallinity and the melting point 
are lowered by decreasing Tb and by increasing Mw. 
These effects can be understood on the basis of 
the molecular mechanisms acting during the crystal- 
lization on polymers having different molar masses 
and molar mass distributions. 

T A B L E  IV Fracture toughness parameters G c and K~ for 
unannealed PP samples crystallized at T b = 135~ with different 
residence times 

Sample T b Time G c K c 
(~ (h) (kJm -2) (MNm 3/2) 

PP2 135 5 1.4 2.1 
17 1.3 2.0 

PP3 135 5 1.8 2.4 
40 1.8 2.5 

PP4 135 5 2.5 2.7 
135 3.4 3.5 
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Figure 12 Scanning electron micrographs of  fractured surfaces of  annealed PP samples of  increasing molecular weight and T b = 20 ~ C. (a) 
PP1, (b) PP2, (c) PP3, (d) PP4. 

2. A successive thermal treatment (annealing) 
increases Xc and has no influence on Tin. In the 
solidified samples the enhanced local molecular mobil- 
ity induces new crystallization and molecular 
rearrangements. 

3. The morphological architecture (lamellae, 
spherulites and interconnecting tie-molecules) is 
strongly affected by the above-mentioned molecular 
mechanisms. 

4. Different molecular structures and superstruc- 
tures determine in turn the overall properties. In fact 
Gc and Kc, which represent the resistance of  the 
material prior to fracture, can be considered to be a 

measure of the interconnection existing in the system. 
Since this structural network is built up during the 
crystallization and thermal treatment and depends on 
the molecular characteristics, Gc and Kc must depend 
on all the imposed conditions, as is the case. As a 
matter of fact they are so sensitive to them that can be 
used on the other hand as a useful tool for structural 
investigations. 
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Figure 13 Scanning electron micrographs of fractured surfaces of  annealed PP4 sample at T b = 135 ~ C. 
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