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Abstract

The influence of annealing temperature on the fracture properties of iPP films (one homopolymer and two propylene–ethylene block
copolymers) is presented. The fracture behaviour is studied by means of the Essential Work of Fracture (EWF) procedure, and is comple-
mented by the study of the effect of thermal treatment on tensile properties and microstructure, using differential scanning calorimetry (DSC)
and wide-angle X-ray scattering (WAXS). It is shown that the initial metastable phase of quenched iPP films, widely known as smectic,
transforms gradually into the monoclinic form as the annealing temperature is increased, resulting in an important improvement of the tensile
properties, whereas the fracture parameters have different evolutions depending on the ethylene content. The reasons for a decrease in the
essential work term and an increase in the plastic term as the crystal perfection grows are discussed on the basis of the microstructural
changes of the crystalline phase and the smectic–monoclinic strain-induced phase transformation.q 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Recently, various papers have treated the influence of
thermal treatment of iPP films on their mechanical and fati-
gue life properties [1–3]. In addition, it has been shown that
annealing isotactic polypropylene (iPP) homopolymer and
copolymer pieces can improve notably their toughness [4–
6], although no studies on films of iPP have been done
concerning this matter, probably because until now it was
difficult to find a reliable method for studying fracture para-
meters for thin ductile films. However, the recent develop-
ment of the Essential Work of Fracture (EWF) procedure as
a good alternative for studying polymeric films with a frac-
ture mechanics approach [7–10] gives the opportunity of
analysing the effect of annealing on film toughness, and
thus increasing the understanding of the relationship
between morphology and fracture properties in semicrystal-
line polymers. Moreover, this work contributes to estimate
the EWF procedure possibilities, which in recent years is
being used in a wide range of studies.

The material studied is particularly interesting because it
suffers a phase transformation with annealing that modifies
substantially its microstructure. Initially, when an iPP film is

cast-extruded and rapidly cooled to room temperature, a
metastable phase is obtained, giving an intermediate state
between ordered and amorphous phase, and widely known
as “quenched” or “smectic” phase (sm-PP) [1,12,13]. This
phase is stable at room temperature, but transforms into the
monoclinic iPP phase (a-PP) on heating to temperatures
above 70–808C [13,14], or by applying plastic deformation
to the material [2].

The EWF concept, which has been increasingly used in
recent works, was developed initially by Cotterell and
Reddel [15] on the basis of Broberg’s idea [16], who
suggested that the total work of fracture (Wf) dissipated on
a pre-cracked body could be divided into the work done in
two distinct zones, the inner and the outer regions, yielding
to the essential work of fracture (We) and the non-essential
(or plastic) work of fracture (Wp), respectively (Fig. 1). The
former corresponds to the instability in the crack tip — the
real fracture process region — and the latter to the yielding
in the surrounding region. Thus, the following relation can
be written:

Wf �We 1 Wp � welt 1 wpbl2t �1�

wherewe is the specific essential work of fracture (per liga-
ment area unit),wp is the specific non-essential work of
fracture (per volume unit),l is the ligament length,t is the
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specimen thickness andb is a plastic zone shape dimension-
less factor. The specific work of fracture is then:

wf �Wf =lt � we 1 bwpl �2�
According to this equation, the plot ofwf as a function ofl

should be a linear relation, whose intercept with the Y-axis
and slope would givewe, andbwp, respectively. Thus, the
EWF method consists of testing specimens with different
ligament lengths, measuringWf for each (area under the
force–displacement curve), plotting thewf–l diagram and
calculating the best-fit regression line. More details about
the restrictions on the ligament length and its discussion,
according to the European Structural Integrity Society
(ESIS) EWF protocol [17] are given elsewhere [9] (and in
the references therein). As the calculation of thewp para-
meter is omitted in the last protocol, the 1993 version [18]
has been used to calculate it, although a new shape-factor
calculation is introduced in the present work.

2. Material

With the objective of studying simultaneously the mate-
rials and the possibilities of EWF as a means for toughness
measurements, three commercial grade PPs with different
ductility were chosen: one homopolymer (called H0) and
two low-ethylene-content block copolymers (EPBC) or
impact copolymers, with 5.5 and 12% ethylene (called C1
and C3, respectively), as determined by Fourier Trans-
formed Infra Red (FTIR). The material was received in
the form of pellets, and was cast-extruded to obtain
90mm nominal thickness unoriented films, which were trea-
ted for 1 h in a fan-assisted oven at different annealing
temperatures (Ta) between 80 and 1508C (measured to
^28C). Then, the annealed films were conditioned at 238C
and 50% RH for 48 h, prior to testing. The nomenclature

used refers to the material, followed by the annealing
temperature (UA means unannealed).

3. Experimental

3.1. Differential scanning calorimetry (DSC)

A Perkin-Elmer Pyris1 thermal analysis system was used
for heat flow measurements in order to study the smectic to
monoclinic transition. The temperature and heat flow scales
were calibrated using high purity indium and lead samples.
About 8 mg of the specimens treated under various anneal-
ing conditions were studied at a heating rate of 108C/min,
from 40 to 2008C. The melting temperature of smectic and
monoclinic phases,Tm

sm andTm, respectively, were reported.

3.2. Wide-angle X-ray scattering (WAXS)

Wide-angle X-ray scattering patterns of H0 samples
under all annealing conditions were recorded from samples
that consisted of two 50 mm squares mounted on a Silice
monocrystal. A Siemens D-500 diffractometer was used
with Cu-Ka radiation, a 2u range from 1.5 to 508, a step
size of 0.058 and a scan rate of 18/min. From the scans, the
degree of crystallinity (Xc) of the various samples was
deduced by estimating the contribution of the crystalline
and amorphous regions to the scattering pattern area [19].
Also, the average crystal thickness (L) was deduced using
the Scherrer equation [20]:

L � l=�D cosu� �3�
whereL is the apparent crystal size (A˚ ), l is the wavelength
used (Å), D is the half-height angular width (rad), andu is
the diffraction angle.

3.3. Tensile tests

Tensile tests were conducted on a universal testing
machine (Adamel Lhomargy) equipped with a 100 N load
cell, at 23̂ 18C (RT) and crosshead speed of 10 mm/min.
To increase the accuracy of the results, the dumb-bell speci-
mens, tested according to ASTM D638-91, were individu-
ally measured for their thickness with an induction based
coating measurer (precision of 1mm). The yield stress (as
the maximum stress) and the elastic modulus were calcu-
lated from the engineering stress–strain curves.

3.4. Fracture tests

The EWF tests were performed on the same machine as
the tensile tests, at RT and a crosshead speed of 2 mm/min.
Tests with specimens of the three materials were carried out,
though in only three annealing conditions: UA, A120 and
A140. Deeply double edge-notched samples (DDEN-T,
Mode I) were prepared by cutting the sheets into rectangular
coupons of total lengthZt � 90 mm (with a length between
the grips ofZ � 60 mm� and of widthW � 60 mm (Fig. 1).
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Fig. 1. DDEN-T specimen used for the Essential Work of Fracture tests. A
schematic representation of the different zones is shown.



Initial notches were made perpendicularly to the tensile
direction (which coincided with the extrusion direction)
with a fresh razor blade, obtaining for each set at least 24
specimens with ligament lengths varying between 1 and
25 mm. The ligament lengths and the thickness were
measured before the test using a travelling binocular lens
microscope and the apparatus described above, respectively.
The load vs displacement curves were recorded, and the
absorbed energy calculated by computer integration of the
loading curves.

4. Results and discussion

4.1. Annealing-induced phase transition

The DSC results in Fig. 2 show that there are clear differ-
ences between the curves whenTa is varied. Analysing the
H0 sample response for simplicity (no additional melting
peaks due to ethylene sequences are present in the homo-
polymer), it can be seen in Fig. 2(a) that there is an

endotherm (Tm
sm) before the main melting peak (Tm). The

value of Tm
sm varies gradually with the annealing tempera-

ture, while the main melting endotherm is found to have the
maximum aroundTm � 1638C; independent of the thermal
history of the sample. The pre-melting peak is situated
aroundTa (see Table 1), thus indicating that there is a strong
interrelation between both temperatures. For the unannealed
sample, this peak is broader, with a maximum at about 608C,
and its temperature increases with the heat-treatment
temperature. This fact is probably related to an increase in
crystal thickness [21]. As has already been stated by other
groups [1,2,13,20–23], this endotherm reveals the presence
of the smectic metastable phase, and has been attributed to
the melting of small monoclinic crystals formed during the
original quenching process. These works show that, for the
annealed samples,Tm

sm depends mainly on the annealing
temperature, but also on the annealing time, generally
reporting that the main effect is reached after about 1 h of
thermal treatment. This annealing time (1 h) was chosen in
the present work after some exploratory analysis that
confirmed this fact. After the first endotherm, an exothermic
peak shows that there is a re-ordering process that involves
recrystallisation of the crystals just before melting in a more
stable PP form. In fact, the difference in the melting
enthalpy area of the recrystallisation exotherm compared
to the monoclinic melting endotherm brought Alberola et
al. [1] to suggest that the less stable microcrystallites
progressively melt, while almost simultaneously, new crys-
tallites, which are increasingly thicker and/or stable are
formed, thus compensating the endothermic melting process
by a re-ordering process involving energy dissipation.

The copolymers show an identical thermal response to the
homopolymer (Fig. 2(b) and (c)), with the addition of a
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Fig. 2. Melting DSC curves of homopolymer and copolymers annealed at various temperatures, obtained at 108C/min.

Table 1
Influence of annealing on the microstructural and mechanical properties for
H0

Ta (8C) Xc L (Å) Tm
sm (8C) smax (MPa) E (MPa)

UA 0.36 24.7 60.5 20.32 1015
80 0.39 24.7 89.2 21.83 1039

100 0.43 92.3 98.5 24.66 1223
120 0.55 119.2 123.3 28.26 1565
130 0.58 119.2 130.3 29.46 1602
140 0.62 136.2 134.3 30.54 1644
150 0.65 159.9 147.9 33.36 1854



small endothermic peak at 115–1208C, which corresponds
to the melting of the crystallites made of ethylene
sequences. Such a peak is higher for C3, as the ethylene
content of this material is about twice that of C1, and it
can also be observed how this peak superposes to the smec-
tic one for the C3A120 sample, as both signals occur at the
same temperature.

Taking into account all these facts, the value ofTm
smcan be

taken as a simple indication of the order perfection of the
material (strongly related to the crystal size [21]) at different
annealing conditions.

4.2. Strain-induced phase transition

According to a recent work [2], by applying plastic defor-
mation to a quenched film thesm-PP! a-PP transforma-
tion is also induced, bringing a disorder–order transition. It
is interesting to note that Karger-Kocsis [11] suggested that
the phase transition from a less towards a more dense crys-
talline state may be a means for toughness improvement
(commonly called Phase Transformation Toughening or
PTT). In the case referred to, the transition that was occur-
ring with applied strain was from the hexagonal and less
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Fig. 3. (a) Tensile (T) and DDEN-T (EWF) samples after testing, showing the deformed region where the DSC samples were taken; (b) melting DSC curves for
annealed and unannealed H0 films, taken in the deformed and undeformed regions of the samples shown in Fig. 3(a).



denseb-PP form to the monoclinic and more compacteda-
PP form, though thesm-PP is also less dense thana-PP.

In this work, various DSC samples of H0 were taken from
the deformed part of tested tensile and fracture specimens

(Fig. 3(a)), some of which had suffered a previous annealing
process. The deformed part of the tensile specimens had
reached a strain (e ) level of 300% (the tests were interrupted
before the final fracture), roughly the same value ofe to that
occurring in the sample extracted from the EWF specimens,
though it is more difficult to estimate it due to the fact thate
can vary from one part to another in the plastic zone. The
DSC curves in Fig. 3(b) indicate that thesm-PP peak disap-
pears for the deformed specimens, suggesting that no trace
of metastable phase remains after applying these strain
levels. Moreover, all curves are very similar, independent
of their thermal history before the plastic deformation. As
explained by Seguela et al. [2], the reason for this transition
is probably that the mechanical work brought about by the
applied load helps the metastable crystals to transform into
more stablea-PP crystals during the deformation process.
On the other hand, the melting peak temperature of the
strain induceda-PP phase increases about 68C in relation
to the undeformed sample, suggesting that the plastic yield-
ing contributes in a better way to improve the perfection of
all crystals, compared with the annealing-induced structure.

4.3. WAXS

The WAXS intensity profiles of H0 samples with various
thermal treatments are shown in Fig. 4. They corroborate the
DSC results, as the crystalline phase evolution fromsm-PP
to a-PP can be very well observed. Thesm-PP structure
(found in the UA and A80 samples) is revealed by the
presence of a broad peak at about 158, while the a-PP
phase (which starts to appear forTa � 1008C� gives a
narrow peak localised at 148 (among other peaks at higher
2u values, indexed in Fig. 4). Between the extreme cases
(UA and A150), a wide range of intermediate states are
found, which agrees well with the gradual increase in crystal
perfection that could be followed by the DSC thermograms.
These profiles have been used for calculating the crystal size
and the crystallinity (Table 1). It can be observed that both
parameters increase clearly with the annealing temperature,
mainly atTa . 808C: WAXS is shown to be a good means
to measureXc, which is particularly interesting as it could
not be calculated by analysing the DSC traces because the
re-ordering process occurs during the temperature scan, thus
modifying the enthalpy absorption that should correspond to
the initial frozen structure.

4.4. Mechanical behaviour

The mechanical parameters reported,E andsmax (Table
1), are highly improved with increasingTa for H0, though
the copolymers present similar variations. Such a result is
doubtless related to thesm-PP phase evolution already
commented on in previous sections, as it is well known
that an improvement in crystal perfection, packing and
size enhances the mechanical properties in semicrystalline
polymers [1,2,24–26], due to better molecular cohesion of
the a-PP compared to thesm-PP. If tensile properties are
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Fig. 4. WAXS patterns of H0 films with different annealing conditions.

Fig. 5. (a) Evolution of the mechanical properties with the crystallintiy for
the H0; (b) correlation of the elastic modulus with smectic phase melting
temperature.



correlated to the microstructural parameters calculated
previously, one can find very good relations as shown in
Fig. 5(a) and (b). It can also be observed that the improve-
ment of the mechanical properties is rather similar for the
three materials in the quenched state, and increasingly
different as the monoclinic state is approached (detected
by an increase inTm

sm). This could indicate that the role of
the ethylene blocks is increased when the crystalline perfec-
tion is improved, while this phase has little influence in the
presence of the smectic form of iPP.

4.5. Fracture behaviour

The fracture of EWF samples was ductile and showed the
typical behaviour of iPP, widely described in previous
works [8,27], with a stable and ductile crack propagation
as shown in Fig. 6(b). However, the C3UA set underwent an
unusual propagation behaviour: in spite of starting to propa-

gate perpendicular to the tensile direction, in all specimens
of this set both cracks grew in a 608 direction from the notch
plane (Fig. 6(a)), producing an intermediate state between
tensile and fracture tests, as the extension to failure reached
much higher values than are usually found in EWF tests.
Thus, the use of the EWF procedure was discarded for this
set, and the reasons for such behaviour are being studied in
detail but will not be treated in the present work. However, it
is to be noticed that similar problems with propagation have
been found during our work with PP films when they were
tested at higher temperatures than RT, which might reflect a
limitation of the method. In a recent paper, Karger-Kocsis
[28] also discusses this kind of phenomenon observed in
rubber toughened PP with a skin-core morphology. It
would seem that for high ductility conditions (sm-PP, high
T, high rubber content), a strong blunting may render the
normal propagation of the crack difficult or irregular.

As an example of the wf vs l diagrams obtained, Fig. 7
shows the plots for C1UA, C1A120 and C1A140. Only the
data with l . 5 mm were used for the calculation of the
regression lines, because as has been widely discussed in
other works [8,9] and in the references therein, and as is
stated in the last EWF protocol version [17], the plane-stress
fracture mode appears forl . 5 mm: Below this threshold,
mixed-mode conditions prevail during the fracture process,
giving lower fracture work values.The value ofb (shape
factor) was determined by using the relation between h
(plastic zone height) andl, as recommended in the first
EWF protocol version [18], which suggests three different
possibilities for the plastic zone shape (circular, diamond
and elliptical, shown in Fig. 8). Usually, this zone has an
intermediate shape between elliptical and diamond, as can
be seen in the figures reported in several works [29–33].
However, a new plastic zone shape that the authors think
gives a better representation of the deformed region is used
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Fig. 6. Broken DDEN-T specimens of unannealed and annealed samples of
C3.

Fig. 7. Plot of specific work of fracture vs ligament length for the C1 films in
three annealing conditions.

Fig. 8. Typical plastic zone shapes proposed in the ESIS EWF protocol of
1993.



in the present work. This is a shape resulting from the inter-
section between two parabolas, giving an ‘eye’-shaped
region (Fig. 9), and that can be defined by the equation:

h� k·b·l; �4�

with k � 1:5 (h is the height of the plastic zone,k is a
constant that takes the values 2 and 1.27 for the diamond
and ellipse cases, respectively). Thus,b can be determined
as the slope of theh vs l plot regression line [18] divided by
a factor of 1.5. Onceb is found,wp can be easily deduced
from the slope of the regression lines of thewf vs l diagrams.

Althoughwp has been calculated by means of estimation
of the plastic zone size, in this work the discussion and the
comparisons between the materials are going to be treated in
terms ofbwp concerning the plastic term of the fracture
parameters. The reason is thatbwp is a global parameter

that takes into consideration the whole plastic energy
spent. It combinesb , which is a material dependent plastic
zone shape factor, withwp, which is the material dependent
specific energy absorption per unit volume. However, the
calculation ofwp may be interesting in other cases, which
justifies the interest in measuring this parameter with better
accuracy.

The analysis of the fracture results listed in Table 2 and
summarised in Fig. 10 reveals that though it was shown that
annealing produced a clear and gradual change in tensile
properties, the effect on the toughness is more complex.
At a first approach, the results show that the homopolymer
(squares) shows almost in all cases higherwe and bwp

values than the copolymers (triangles and circles), which
indicates that an increase in the ethylene content of EPBC
does not improve the toughness when these are tested at low
strain rates and RT, where ductile failure prevails (further
work is being done to find out if this tendency is inverted at
high strain rates or at low temperature).

Moreover, it can be observed (Fig. 10) that the fracture
values of the H0UA and C1UA samples are rather similar,
thus indicating that in the smectic state the influence of the
ethylene phase on the fracture properties is small (no data
for the C3UA are available, as explained before). On the
other hand, when the thermal treatment allows the re-order-
ing processsm-PP! a-PP to be carried out, the values of
the fracture parameters become more different from one
material to another. This agrees well with the analysis of
the mechanical properties variation with annealing tempera-
ture (see Fig. 5(b)).

Taking into account the H0, one can observe thatwe goes
through a maximum and decreases whilebwp increases as
Ta is increased. This reflects the clearly different nature of
the two energy dissipation parameters, and the fact that the
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Fig. 9. Shape of the parabolic plastic zone proposed (the picture is the result of joining both sides of a C1 broken specimen with a strong stress-whitening in the
deformed zone).

Table 2
Influence of annealing on the EWF parameters calculated for H0, C1 and
C3

Ta (8C) Material we (kJ/m2) bwp (MJ/m3) b wp (MJ/m3)

UA
H0 59.812 11.15 0.104 107.487
C1 60.121 10.046 0.120 83.763
C3 – – – –

120
H0 62.026 12.913 0.066 196.845
C1 43.841 13.423 0.117 114.726
C3 37.819 9.1214 0.100 91.214

140
H0 47.513 15.543 0.069 225.479
C1 37.781 12.822 0.161 79.475
C3 28.321 8.9537 0.170 52.525



whole fracture process can hardly be described by a single
parameter, as has also been claimed in the literature [35]. It
can also be seen that, for the copolymers, the essential work
term decreases with an increase inTa, and that the plastic
work (bwp) only increases until 1208C and stabilises at
higher temperatures. Roughly, what Fig. 10 shows is that
we (the value associated to the actual fracture process zone)
decreases whereasbwp increases as the annealing tempera-
ture (and therefore the crystal perfection) increases. This
agrees fairly well with the results of Mouzakis et al. [34],
who found that, for an elastomeric PP (ELPP),we increased
andbwp decreased with decreasing crystallinity. A possible
explanation for this fact is given by Karger-Kocsis [35],
who claims that the toughness dependence on the crystal-
linity relies on two facts: on the one hand, as the crystal
perfection — crystallinity, molecular arrangement, lamellar
size, etc. — grows, the toughness in the bulk crystals
increases because destroying this structure implies a strong
energy consumption; on the other hand, an increase in the
crystal perfection can be obtained by reducing the number
of tie molecules, which act as stress-transfer units between
the crystalline zones. Thus, a crystallinity threshold may
exist, and when it is overcome a decrease in toughness
appears due to the lack of tie molecules. This hypothesis
can reasonably be taken as the explanation for the fracture
behaviour of the materials studied since, as has already been
described, a change in the microstructure into a more crys-
talline state occurs. These considerations are reinforced by
the observations of Alberola et al. [1] who claimed that a
clear loss in the degree of entanglement between amorphous
and crystalline phase occurred as the iPP quenched films
were annealed. Considering that scenario, one can wonder
why bwp increases withXc if the number of stress-transfer

units would be decreasing. As has been stated, the two EWF
parameters are related to different phenomena. On one hand,
while we is the energy necessary to create two new surfaces,
it is actually the work done to separate physically the mate-
rial into two parts. On the other hand,bwp includes a sum of
plastic deformation mechanisms that occur around the frac-
ture path (but out of it), and that may be affected differently
from the toughness (we) by a decrease in the cohesion of the
material. In fact, due to the high constraint in which this
plastic strain is being produced, an increase in the stiffness
(due to the increase in crystallinity and the subsequent
growth of the mechanical properties) may be responsible
for this increase in the plastic term.

Another interesting consideration in the case studied is
the fact that a phase transformation occurs during the frac-
ture deformation process, as described in a previous section.
Recently, it was shown [11]thatb-PP undergoes a mechani-
cally-inducedb-PP! a-PP transformation during fracture
tests aboveTg, and that concerning the EWF properties,we

was the same forb- anda-PP, whereas the plastic termbwp

was three times higher for theb-PP. The reason that was
given was that the change in the crystalline state towards a
higher crystalline density is the key factor for improvement
in fracture energy consumption. In our case, thesm-PP also
has a lower density compared toa-PP (0.916 and 0.936)
[36], though no increase in the plastic term is observed for
the less dense phase material. On the contrary, an increase in
we and an opposite trend inbwp are found. This suggests
that PTT does not imply necessarily an improvement of the
plastic work. As presented in this work, it may produce an
increase in the essential work term. Some differences can be
explained by considering thatsm-PP anda-PP are not two
completely different microstructures asb-PP anda-PP are
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Fig. 10. Evolution of the EWF fracture parameters with annealing temperature for H0, C1 and C3.



but, though it is still a controversial matter,sm-PP is, in
some manner, an intermediate form of iPP between amor-
phous and monoclinic.

5. Conclusions

It has been demonstrated that annealing PP and EPBC
films has serious consequences on its microstructure, produ-
cing a gradual smectic to monoclinic phase transition as the
temperature is increased above 808C, and therefore an
important gain in crystallinity and crystal size. The transi-
tion can also be promoted by strain deformation, obtaining
more perfect crystals than by annealing (probably due to the
orientation process).

The tensile properties are highly improved by the anneal-
ing induced microstructural changes, and can be very well
correlated to crystallinity, crystal size and smectic phase
melting temperature.

These changes in mechanical and fracture properties are
more sensitive in the homopolymer than in the copolymers. It
can be observed that, in the smectic state, these properties are
similar for the three materials studied, thus seeming rather
independent of the ethylene content in this iPP form. Thus, it
can be concluded that the presence of the long-order phase
seems to be more important with regard to the fracture prop-
erties than that of the ethylene sequences.

The improvement in crystal perfection produces a progres-
sive loss in toughness (we), but an increase in the plastic work
(bwp). An explanation for these findings could come from a
lack in stress-transfer between the ordered zones in the mate-
rial by a simultaneous increase in the crystal perfection and
decrease in the number of tie molecules, though no experi-
mental data can definitively support this idea. However, a
more complex scenario appears if one tries to find evidences
of PTT, attributed to thesm-PP! a-PP transition that takes
during the deformation. In that way, more work is being
carried out to elucidate what are the actual causes of these
variations in the fracture parameters. At least, one can claim
that if PTT occurs, it does it in a different way than forb-PP.

As has already been stated recently [28], the results of this
work reinforce the idea that, by varying one microstructural
property, it is difficult to increase both fracture parameters at
the same time, which implies that a compromise between
them has to be made in relation to the properties desired for
the material.

It has also been shown that it is difficult to characterise the
fracture properties of ductile materials with a single para-
meter, because they represent different processes that occur
simultaneously during fracture. In that way, the comparison
between the toughness of different materials using the EWF
procedure should take into account both essential and non-
essential (including the plastic shape factor) terms.

A new plastic zone shape, with a parabolic geometry, is
proposed for assessment of the plastic work in the EWF
protocol, and may prove useful in the evaluation ofwp.
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