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ABSTRACT: Fracture mechanics study of polypropylene samples of various molecular
weight, obtained under different crystallizations conditions, is reported. Fracture
toughness values obtained at high speed of impact as well as at low temperatures
increased with increasing molecular weight and decreasing crystallization temperature.
Scanning electron micrographs of fractured samples aided in elucidating the fracture
mechanism of the polymer studied. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69:

2657-2661, 1998
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INTRODUCTION AND THEORY

A number of theories of fracture have been postu-
lated over the years to explain the deformation
behavior of polymers. This article summarizes the
major points of the Grifith and Irwin models as
applied to the deformation and fracture of poly-
mers. '3

Grifith considered that fracture produces a new
surface area, and that for fracture to occur, the
increase in energy required to create the new sur-
face must be balanced by a decrease in elastically
stored energy in the sample. To explain the large
discrepancy between the measured strength of
materials and that based on theoretical considera-
tions, he postulated that the elastically stored en-
ergy is not distributed uniformly throughout the
specimen or sample, but is concentrated in the
neighborhood of small cracks. Fracture occurs due
to these cracks which originate from preexisting
flaws.

The growth of any crack is usually associated

Journal of Applied Polymer Science, Vol. 69, 2657—-2661 (1998)
© 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/132657-05

with an amount of work, d W, being done on the
system by external forces and a change, dU, in
the elastically stored energy, U. The difference
between these quantities, d W — dU, is the energy
available for the formation of a new surface.

A crack of length, dc, grows when,

dW/dc — dU/dc = ydA/dc (1)

where v is the surface free energy per unit area
of surface and, dA, the associated increament of
surface. If there is no change in the overall exten-
sion when the crack propagates, dW = 0 and,

—(dU/dc) = ogdAl/dc (2)

The first term of this equation is a positive
quantity.

Equation (2) allows the fracture stress, op, of
a material to be defined in terms of the crack
length, c, by the relationship

o = (2yE*/mc)'? (3)
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E* is equal to the Young’s modulus, E, for a
thin sheet under plane stress conditions and to
E/(1—v?), where v is the poisson ratio for a thick
sheet in plain strain conditions.

Linear elastic fracture mechanics, LEFM, ap-
proach, with some modification, has been used
with a high degree of success in explaining the
fracture behavior of polymeric systems, whether
these be semicrystalline polymers or toughened
rubbers.* ¢ It is generally agreed that in semi-
crystalline systems the spherulite architecture
plays a major role in altering the fracture behav-
ior of these polymers.

Generally, an increase in spherulite size has
been observed to alter the mechanical behavior of
polymers such as PP and PE. Tensile properties
such as yield stress, elongation at break, and mod-
ulus decrease with increased spherulite size. This
is attributed to impurity segragation at the spher-
ulite boundaries, the regions from where fracture
is initiated and propagated. However, how the
spherulitic morphology controls crack initiation,
growth, and crack propagation mechanisms in
these materials is not completely clear.

For an infinite sheet with a central crack of
length, ¢, subjected to a uniform stress o, Irwin
showed that

K, = o(me)'? (4)

Irwin postulated that when o reaches the frac-
ture stress, op, K; has a critical value given by

Kic = B(c)'? (5)

The fracture toughness of the material can then
be defined by the value of K;c, called the critical
stress intensity factor which defines the stress
field at fracture. Equation (5) can be written as

op = (K%¢c/me)Y? (6)

which is identical in form to eq. (3), which is Grif-
fith’s formulation. The strain energy release rate
is the energy available for a unit increase in crack
length

G =dW/dA — dU/dA
= 1/V[dW/dc — dU/dc] (7)
where W and A have their usual meaning, and B

is the thickness of the specimen. Fracture occurs
when G reaches a critical value Ge,

G = Gce (8)

and Gc is equal to 2y in Grifith formulation. The
critical strain energy release rate, Gc, can be de-
termined directly by combining a load-extension
plot from a tensometer with the determination of
the movement of the crack across the specimen or
sample and noting the load for a given crack
length. On the other hand, test pieces of standard
geometry can be used for which the compliance is
known as a function of crack length.

In this study, LEFM approach has been used to
study the relationship between the critical strain
energy release rate, Gc, the critical stress inten-
sity factor, Kc, and the molecular weight of PP
samples. Part of the information that could be
obtained from this study is the influence of the
spherulitic morphology on the fracture mecha-
nism of polymer samples.

EXPERIMENTAL

Commercial samples of isotactic polypropylene
(SH, Shell PP, and BS, British Sidac PP) used in
this study had the following characteristics. The
molecular weight ranged from 10° to 10, the den-
sity from 900-935 kg/m?, and crystallinity from
15 to 53%. Samples were obtained from commer-
cial iPP manufacturers in the United Kingdom.

Flat sheets of 5 mm thickness were obtained
by pressing the material in a hydraulic press
maintained at 200°C. The samples were allowed
to remain in the press for about 10 min, after
which the press was released and the materials
immersed in a thermostated bath. This treatment
resulted in the formation of different spherulitic
architectures in the samples. After the ther-
mostated bath treatment, the samples were
quenched rapidly in ice-cold water. The degree of
crystallinity and melting temperatures were mea-
sured at a scanning rate of 5 K per min using a
model DSC-2 interfaced to a microprocessor for
data collection and analysis. Effect of orientation
on fracture toughness was carried out by cutting
specimens from annealed samples at various
angles of orientation. In the figures that follow,
closed symbols represent Shell iPP, while open
symbols represent British Sidac iPP.

Scanning Electron Microscopy

Microtomed samples were examined using a Cam-
bridge 600 SEM. Samples were etched in a satu-
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Figure 1 Stress strain profiles of iPP at different
crystallization temperatures.

rated solution of either CrO;/Hy,SO, or CrOs/
HNO;. Fracture tests were carried out in a
Charpy Instrumented Impact Tester. The speed
of impact was kept at 1 m/s. Fracture surfaces of
notched specimens were examined using the SEM
after the surfaces of the samples were coated with
a thin layer of gold/palladium alloy.

RESULTS AND DISCUSSION

The stress—strain curves of specimens crystal-
lized at various crystallization temperatures and
cooling conditions is shown in Figure 1. The sam-
ple, which crystallized at 393 K by slow cooling
from the melt, had a spherulite diameter of 120
u while at the same crystallization temperature,
but on fast cooling, there was a decrease in spher-
ulite diameter to 90 u. This suggests that the
spherulite size obtained on crystallization de-
pends more on the rate of cooling than on the
temperature at which crystallization was carried
out. Thus slow cooling rates results in large spher-
ulites and brittle fractures, while fast cooling
rates results in smaller spherulites and ductile
fractures.

The plot of yield stress against spherulite size,
Figure 2, shows an increase of yield stress with
increased spherulite size. This was followed by a
decreased yield stress as the spherulite size in-
creased to about 100 x in diameter. Above this
size, specimens deformed in a brittle mode,

FRACTURE MECHANICS OF POLYPROPYLENE 2659

whereas below this size, deformation was essen-
tially ductile and was accompanied by an increase
in elongation at break and decreasing yield stress.
For specimens that deformed in a ductile manner,
the yield stress increased with increasing strain
rate at a given spherulite size. Similar results
have been obtained for other polymeric systems.”°
For completely brittle fractures, the yield stress
is the fracture stress because the load extension
plots have no linear elastic region. Samples with
large spherulite sizes exhibited brittle deforma-
tion because the yield stress was probably above
the crazing stress.

Thus, the major factor controlling the fracture
mechanism of the polymer samples seem to be the
spherulitic morphology. The observed deforma-
tion characteristics are, therefore, attributed gen-
erally to impurity segregation into the spherulite
boundaries, sample shrinkage, and void forma-
tion during crystallization. This results from dif-
ferences in cooling rates and crystallization tem-
peratures resulting in differences in spherulitic
morphology.

The critical strain energy release rate, Gc,
obtained from plots of the energy absorbed at
fracture, W (or U), against Bd¢ (Fig. 3),
showed an increase of Ge¢ with increasing molec-
ular weight over a wide crystallization range
(closed symbols represent Shell iPP—higher
molecular weight) while open symbols represent
British Sidac iPP—Ilower molecular weight). In
addition, for samples of the same molecular
weight, Gc decreases with increasing crystalli-
zation temperature. This was also the case with
the stress intensity factor, Kc. Gc, however, in-
creased with increased reciprocal thickness.
These results indicate that both Ge¢ and Kc are
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Figure 2 Yield stress as a function of spherulite size.
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Figure 3 (a) G, as a function of reciprocal thickness;

(b) energy as a function of BDd.

dependent not only on the molecular character-
istics of the sample but also on the temperature
at which crystallization was carried out.

The annealing treatments carried out on the
already crystallized samples resulted in the en-
hancement of the fracture parameter values.
Thus, Kc and Ge can be used to monitor the molec-
ular changes in bulk crystallized PP samples in-
duced by different heat treatments and molecular
weight. Values of Gc¢ and Kc could be connected
with material morphology in terms of resistance
to crack growth and propagation by the spheru-
litic microstructure. '

The plot of the fracture toughness as a function
of the angle of orientation of annealed samples is
shown in Figure 4, from where it can be seen that
the fracture toughness increased for deformation
that occurred perpendicular to the draw direction
(cleavage perpendicular to the draw direction)
and decreased for deformation that occurred par-
allel to the draw direction. This is attributed to
the alignment of covalent bonds within the chains

parallel to the orientation direction of annealed
samples. If the applied stress is parallel to the
orientation direction, then craze initiation, growth,
and subsebsequent breakdown and craze exten-
sion are inhibited and only occur at higher stress
levels than in the isotropic material. On the other
hand, if the applied stress is perpendicular to the
orientation direction, crack breakdown and exten-
sion will occur readily.

Spherulite Architecture

The spherulites obtained for deformed oriented
samples were practically undeformed. This is sim-
ilar to the situation that was obtained at high
crystallization temperatures. At high crystalliza-
tion temperatures, the interspherulitic regions
are weak because of few molecular interconnec-
tions. They act as effective sites and easy fracture
pathways. The contribution to the fracture tough-
ness is determined by the energy required to
strain and break these interconnections, and un-
like the high fracture values obtained for oriented
samples, low fracture toughness values are ob-
tained in this case.'® '

Features observed in the SEM micrographs of
fully spherulitic samples revealed the presence of
a well-defined plastic zone. The presence of this
zone suggests that the precursor to crack growth
is the formation of a large number of crazes. The
crazes develop and propagate within the spheru-
litic and interspherulitic regions. When they
break down, cracks are formed. However, at low
crystallization temperatures, the degree of spher-
ulitic interconnection is sufficiently high to sus-
tain large deformation before fracture finally oc-
curs. Thus, the higher Kc and Gc values obtained
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Figure 4 Effect of orientation on fracture toughness.



in the highly spherulitic samples results from
larger energy absorption due to the presence of
crazes and the crazing mechanism.

The plastic deformation that occurs at the
crack tip is coarse, and the fine spherulitic mor-
phology can be modified by changing the molecu-
lar weight. A higher degree of plastic deformation
occurs in the spherulitic boundary when the mo-
lecular weight of the material is increased. This
might be due to the fact that with an increase in
molecular weight, the entanglement density due
to interlayered amorphous material is enhanced.
This results in an improved impact performance
with molecular weight. Because the crazed area
near the notch tip is greater the higher the molec-
ular weight, the resistance to deformation of the
interspherulitic and intraspherulitic link density
increases and, hence, the improved fracture
toughness observed.

CONCLUSION

This study investigated the effect of molecular
weight and spherulitic morphology on the fracture
behavior of isotactic polypropylene samples. The
results suggest that the fracture behavior of the
polymer, that is, crack initiation and growth, as
well their breakdown, is controlled by the inter-
connections within the material, and these deter-
mine the structure of the crazes that are formed.
These interconnections are increased by anneal-
ing treatments as melting and recrystallization
occur within these regions. This would eventually
lead to improved resistance to crack propagation
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and, hence, greater toughness. Differences in
crystallization conditions affect the spherulitic
morphology obtained.
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