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Determination of J-R curve of polypropylene

copolymers using the normalization method
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In this paper the applicability of the load normalization method to determine J-R curves of
polypropylene copolymers (PP) is analyzed. This method allows the determination of
resistance curves ideally from a single fracture test, and it is based on the load separation
principle, which assumes that load can be separated in two multiplicative functions, the
geometry function, G(a/W ), and the deformation function, H(νpl/W ), which depend of the
crack depth and the plastic displacement, respectively. The load separation validity has
been checked for two different PP copolymers (block and random copolymers) and the load
normalization method has been applied in order to determine and analyze the resistance
curves, which have been compared, as a reference, with those obtained by the multiple
specimen method. The applicability of the load normalization method to PP copolymers is
analyzed by introducing some variations in the general procedure: Firstly, the deformation
function is determined using either a power law fit or the so-called LMN function. With the
power law, two different fitting methods have been tested: the usual “6+ 1” method and a
“6+ 6” method proposed here for giving more weight to the final point of the curve.
Secondly, the influence of the material crack tip blunting has been analyzed quantifying it
through different values of the constriction factor (m) in the general expression of the
blunting line. Finally, the effect of the separable blunting region extension on the J-R curve
has been also analyzed by establishing different separable blunting zones.
C© 2001 Kluwer Academic Publishers

1. Introduction
The J-integral is one of the most utilised concept to
characterise the fracture toughness of ductile polymeric
materials, due to the high contribution of plastic defor-
mation involved during the fracture of these materials.
Generally, fracture behaviour is studied through the de-
termination of the crack growth resistance curve (J-R
curve) whereJ-integral value is plotted as a function
of the crack extension,1a. The experimental deter-
mination of theJ-R curve requires a measurement of
the crack extension during the test. The most utilised
method forJ-R curve determination is the multiple-
specimen method proposed by Begley and Landes [1]
and normalised by ASTM [2] for metals and by ESIS [3]
for polymeric materials. In this method, identical speci-
mens are loaded monotonically to various values of
loadline displacement in order to obtain different lev-
els of crack extension and then fully unloaded. The
specimens are then broken in brittle conditions and
a direct measurement of crack extension can be re-
alised on the fracture surface. Due to the high time and
material consummation of this method, considerable
attention has been paid to the development of alter-
native test methods that require a smaller number of
specimens. The normalisation method proposed by
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Landes and Herrera [4] allows the determination of the
J-R curve ideally through a single fracture test. In this
method, the deformation properties are assumed to fol-
low a reproducible curve in which load, displacement
and crack length are uniquely related. Considering the
work of Ernstet al. [5, 6] it can be assumed that load
can be separated in two independent and multiplica-
tive functions, which depend respectively to geometry
and plastic displacement, and the key of the normalli-
sation method lies thus in determining these functional
relationships.

Since the relationship between load and geometry
has been determined for several specimen geometries
(SENB, CT,. . .) [7], the main interest of the nor-
malisation method resides in determining the rela-
tionship between load and plastic displacement. For
this, the method assumes a functional form with un-
known constants for the calibration curve of normalised
load versus plastic displacement, and determines the
constants at known calibration points, namely where
load, displacement and crack length are known simulta-
neously. Finally, as the functional relationship between
load, displacement and crack length is completely de-
fined, the crack length value can be determined at any
instant of the test.
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Although normalisation method was firstly applied
to metallic materials [4, 8–10], it has been also success-
fully applied to different kinds of polymeric materials,
either glassy (ABS [11], rubber-modified PS [12], PVC
[13], PC [14] and toughened amorphous nylon [15]),
as crystalline (toughened PA66 [15], MDPE [16] and
a thermally treated homopolymer PP [12]). The pro-
cedure of the method has suffered some modifications
since its development by Landes and Herrera [4]. Sev-
eral functional forms have been proposed to describe
the deformation function. The original work [4] con-
sidered that a power law equation described adequately
the deformation behaviour of the material. Although
this functional form gave consistent results, a second
form consisting in a combination of a power law and a
straight line was proposed, based on the observation of
many true stress versus true strain tensile curves [17].
Finally, it has been reported that the use of the LMN
function developed by Orange [18] results in a better
accuracy of theJ-R curve, especially for low incre-
ments of crack length [10]. Considering the calibration
points used to determine the constants of the functional
form, some corrections have been also introduced to
take into account the variations of crack length in the
initial stage of the test due to crack tip blunting [10].

Despite the fact that load separation has been ana-
lytically demonstrated for Ramberg-Osgood materials
[19], it has been only experimentally checked for a few
number of metallic [7–9] and polymeric [11, 12, 14,
16, 20] materials. The aim of the present work is to
study the applicability of this method for determining
the resistance curve of two different types of polypropy-
lene materials (block and random copolymers). For the
polymers studied in this work, the validity of the sepa-
ration principle has been checked using the load separa-
tion criterion proposed by Sharobeam and Landes [7],
and the geometry function has been experimentally de-
termined. During the application of the normalisation
method a special attention has been paid to the study of
the influence of the functional form used for the cali-
bration curve on the resultingJ-Rcurve. The influence
of the way that crack tip blunting is introduced in the
procedure has also been studied and the discussion of
the results of the normalisation method is based on the
comparison with the resistance curve obtained by the
multiple specimen method.

2. Theoretical background
2.1. Load separation principle
The principle of load separation, firstly proposed by
Rice [21], allows load,P, to be written as a function
of the crack length,a, and plastic displacement,νpl, by
two separate multiplicative functions [5]:

P = G(a/W)× H (νpl/W) (1)

W is the specimen width,G and H are the so-called
geometry and deformation functions. The plastic dis-
placement is obtained from the total displacement,d,
and the elastic displacement,νel:

νpl = d − νel = d − C(a/W)P (2)

whereC(a/W) is the compliance.

The load separation criterion proposed by
Sharobeam and Landes [7] introduces the separati-
on parameter,Si j , defined as the ratio between the load
values obtained with two specimens with stationary
crack length,ai andaj , at constantνpl:

Si j = P(ai ; νpl)

P(aj ; νpl)

∣∣∣∣
νpl

(3)

Combining Equations 1 and 3:

Si j = G(ai /W)× H (νpl/W)

G(aj /W)× H (νpl/W)

∣∣∣∣
νpl

= G(ai /W)

G(aj /W)

∣∣∣∣
νpl

(4)

The load separation criterion establish that load is sep-
arable for stationary cracks when the separation pa-
rameterSi j maintains a constant value over the whole
domain of plastic displacement.

The geometric factor (ηpl) can be determined using
the analytical form obtained by Sharobeam and Landes
[7] from the derivation of the separable form:

ηpl = dG(b/W)/d(b/W)

G(b/W)

b

W
(5)

whereb is the ligament length (b=W−a).
The geometry function can be determined from ex-

perimental data by using the separation parameter val-
ues obtained from different test records, as follows:

Si j = ClG(bi /W) (6)

being (bj /W) constant.
The curveSi j versusbi /W gives the functional re-

lationship between the geometry function and the liga-
ment length, which is usually approximated by a power
law fit:

G(bi /W) = C2(bi /W)C3 (7)

Thus, from Equations 5 and 7, it can be noted that
ηpl=C3.

2.2. Load normalization method
Once the geometry function is known, the normalized
load can be obtained:

PN = P

G(a/W)
= H (νpl/W) (8)

The determination of the relationship between normal-
ized load and normalized plastic displacement requires
the emission of a hypothesis about its functional form.
The functional form initially used by Landes and
Herrera [4] followed a power law expression:

PN = β(νpl/W)n (9)

Although good results were obtained with this expres-
sion [11, 22, 23] it was observed that a better accuracy
was obtained for the initial region (small crack growth)
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of the J-R curve when a combination of a power law
and a straight line was used [14]. These results encour-
aged the utilization of the so-called LMN function, de-
fined by Orange [18] as:

PN = L + M(νpl/W)

N + (νpl/W)

(
νpl

W

)
(10)

This functional form has the advantage of describing
a power law at low plastic displacement level and a
straight line at high plastic displacement level, and its
good convergence for metals [10] has been also con-
firmed for certain glassy polymers as PVC [13] and
PC [14].

Once geometry and deformation functions are
known, the instantaneous values of the crack length
can be calculated by solving the next equation trough a
numerical routine:

PN = P

G(a/W)
= H

(
d − PC(a/W)

W

)
(11)

The instantaneous values ofd and P are known from
the test andC(a/W) is the compliance. The resistance
(J−1a) curve can then be easily determined with the
calculated1a and J-integral values. TheJ-integral
approximate expression is used for this purpose:

J0 = ηU

B(W − a0)
(12)

And corrected for crack growth [3]:

J = J0

[
1− (0.75η − 1)1a

W − a0

]
(13)

where U is the energy measured as the area under
the load/displacement curve, anda0 is the initial crack
length.

3. Experimental procedure
Two polypropylene injection grades were studied: PPB
(Isplen PB140), a block copolymer produced by Repsol
Quı́mica S.A. and PPR (Novolen 3200H), a random
copolymer produced by Targor. The basic characteris-
tics of these materials are shown in Table I.

Prismatic bars with nominal dimensions 6.35×
12.7× 127 mm3 were injection-molded using a
Mateu-Solé 440/90 injection-molding machine. The

TABLE I Basic characteristics of the studied PP copolymers

MFI(1) HDT(2) Vicat(3) σ
(5)
y

Material (g/10 min) (◦C) (◦C) % ethylene(4) (MPa)

PPB 3.5 55 70 10-11 20.1
PPR 2.4 50 65 2-3 25.1

(1) Measured at 230◦C, with 2160 g.
(2) Measured at 120◦C/h with 1.8 MPa.
(3) Measured at 120◦C/h with 50 N.
(4) From manufacturer data.
(5) Tensile yield stress determined at room temperature and at 1 mm/min.

nominal injection pressure was 100 MPa and the bar-
rel maximum temperature 190◦C. All the specimens
were annealed at 110◦C during 24 h in order to release
residual stresses. Any deformed specimen was rejected.

Three point bending tests were performed on sin-
gle edge notched bend (SENB) specimens (span
S= 50.8 mm) at a crosshead speed of 1 mm/min using
a universal testing machine (Instron 4507). The speci-
mens were obtained by cutting the injected prismatic
bars into halves. The nominal dimensions of the speci-
mens wereB×W× L = 6.35× 12.7× 63.5 mm3, and
the true dimensions had to be measured in each spec-
imen due to the high degree of cooling shrinkage of
polypropylene. A notch was inserted centrally in the
narrowest side of each specimen, using a 45◦ V notch
broaching tool with a notch tip radius of 0.25 mm.
Two kind of tests were realized: On one side, three-
point bend tests were performed on these blunt notched
specimens in order to retard crack initiation up to suffi-
ciently large displacements and, thus, apply the load
separation criterion. Notch depth to width ratios of
0.48<a0/W< 0.73 were used.

On the other side, fracture tests were carried out on
precracked specimens in order to apply the normaliza-
tion method. These specimens were obtained by sharp-
ening the blunt notches (typical deep of the sharpened
zone 200µm) with a single cut from a razor blade
(approximate tip radius 0.1–0.2µm). According to the
ESIS protocol for plastic materials [3] the crack deep
was always in the range 0.55<a0/W< 0.65. The final
crack length was measured directly on the fracture sur-
face, after completing the specimen fracture in brittle
conditions.

4. Results
4.1. Analysis of load separation validity
Initially, load/displacement curves were obtained by
testing blunt notched specimens having differentb/W
ratio. These plots and the corresponding load/plastic
displacement curves are shown in Figs 1 and 2, re-
spectively. Since at low displacement levels the influ-
ence of notch tip blunting is negligible, the compliance,
C(a/W), could be taken as a constant value in the plas-
tic displacement calculation.

According to Equation 3, the separation parameter
Si j was determined for seven specimens with different
ligament length, and its evolution relative to the plastic
displacement has been plotted in Fig. 3.

In this figure, leaving aside the irregularities pro-
voked by oscillations of the load recorded in the test,
one can see that the separation parameter maintains
a constant value over the plastic displacement, except
in a short region limited to the early plastic deforma-
tion (νpl<νplmin). This initial variation ofSi j has been
observed in both metallic [7, 8] and plastic [12, 14,
20] materials, and it is usually associated to the tran-
sition from the elastic to the plastic behavior. Thus,
from the observed mean constancy ofSi j load separa-
tion is assumed for both kinds of polypropylene studied
here, except for very low values of plastic displacement.
Also, it can be observed that beyond a certain value of
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Figure 1 Load/displacement records for (a) PPB and (b) PPR. Numbers
indicate the ligament length to width ratio.

plastic displacement the separation parameter tends to
decrease slightly in specimens with higher ligament
length. This slight decrease seems to be promoted by
the notch tip blunting behavior, since the higher the
specimen ligament length, the higher the energy stored
by the specimen at a constant value of displacement
in the test, and thus the higher the increment of notch
length due to the tip blunting.

Once load separation is assumed, the geometry func-
tion, G(b/W), could be determined from the relation-
ship betweenSi j andbi . Values ofSi j againstbi /W
have been plotted in Fig. 4 for both kinds of PP copoly-
mers, and fitted according to a power law. In Table II
the resulting values ofηpl for different plastic displace-
ments have been compiled, and the average value (ηav

pl )

TABLE I I ηpl values obtained by graphical determination

Plastic displacememt (mm) ηpl(PPB) ηpl(PPR)

0.5 2.05 1.83
1 2.05 1.84
1.5 2.07 1.84
2 2.06 1.82
2.5 2.04 1.82
3 2.02 1.80
ηav

pl (0.5<νpl < 2 mm) 2.05 1.83

Figure 2 Load/plastic displacement curves for (a) PPB and (b) PPR.
Numbers indicate the ligament length to width ratio.

is also shown; for specimens with larger ligament length
only the region of plastic displacement whereSi j re-
mained constant was considered in the average.

A proof of the analysis goodness is the low disper-
sion level of theηpl values found, with the exception
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Figure 3 Evolution of the separation parameterSi j with plastic displace-
ment for (a) PPB and (b) PPR. Numbers indicate thebj /W value.

of values from higher plastic displacement, which
seems to be due to the negative influence of specimens
with larger ligament length. Theηpl values found for
polypropylene block copolymer are very close to the
theoretical value for SENB geometry (ηpl= 2) [24],
while for polypropylene random copolymer the differ-
ences between the theoretical and the obtained values
results higher. In this sense, values ofηpl 6= 2 have been
experimentally found by Frontiniet al. [12] for a ther-
mally treated PP homopolymer, beingηpl comprised
between 1.9 and 2.2. Although these differences could
be due to experimental error, Sharobeam and Landes
[7] indicate that values ofηpl< 2 may point out the
dependence ofηpl on the material work hardening ex-
ponent with the convergence of their values to the ana-
lytically obtained values for very high work hardening

Figure 4 Determination of the relationship between the separation pa-
rameter and the remaining ligament, for (a) PPB and (b) PPR.

exponent values. In this sense, when fitting stress/strain
data of PPB and PPR to the Ramberg-Osgood equa-
tion [25] we obtained (Fig. 5) a higher value of the
work hardening exponent for PPR than for PPB, which
does not support the observation of Sharobeam and
Landes.

For the application of the load normalization method,
which is shown in the following sections of this
paper, the generally accepted expression ofG(b/W)
for SENB geometry [6] was employed for both copoly-
mers:

G(b/W) = BW(b/W)2 (14)

That is, the theoretical value ofηpl was taken equal to
2 in both cases.
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Figure 5 Stress/strain behaviour fitted to the Ramberg-Osgood equa-
tion. Symbols are the experimental data and line is the Ramberg-Osgood
equation fit.

5. Application of normalization method
The extension of load separation principle to growing
cracks was demonstrated by Sharobeam and Landes [8]
with the condition that the crack growth starts beyond
the non-separable region, i.e. once the plastic deforma-
tion pattern has been developed. In this work, once load
separation validity was checked for both polypropy-
lene copolymers, the load normalization method was
applied in order to determineJ-R curves from a single
fracture test. The resistance curves obtained have been
analyzed according to variations applied in the method.

5.1. Determination of the deformation
function, H(νpl/W )

Firstly, normalized load was determined from fracture
tests data and, it is worth noting that, in the case of
the random copolymer ductile instability was observed,
that is, unstable crack propagation occurred after a
short stage of stable crack propagation. For this reason,
fracture tests with PPR samples were stopped before
the instability, being the final crack extension in this
case lower than that developed in the fracture test on
polypropylene block copolymer.

The deformation function was determined through
the functional relationship between the normalized load
and the normalized plastic displacement. As the crack
length does not remain constant during loading of
sharp-notched specimens, the main problem was to de-
termine the range ofPN versusνpl/W points where
crack length was known and thus where these values
could be correctly calculated. One point needed to de-
termineH function is the final point of the test, which is
obtained with the final values of load and displacement
and with the crack length measured directly on the sur-
face fracture of this specimen. The other points needed
for H function belong to the early plastic deformation
region in thePN versusνpl/W curve. For these points,
an effective value ofPN andνpl/W could be obtained

considering that no crack tip blunting occurred and that
crack length remained thus constant.

In order to determine the limits of the region where
load is separable and where crack length is constant, we
employed the separation parameter,Spb, as suggested
by Cassanelli and De Vedia [26]. This parameter is de-
fined as:

Spb = P(ap; νpl)

P(ab; νpl)

∣∣∣∣
νpl

(15)

where p and b refer to pre-cracked and blunt notch
specimen, respectively. The evolution of the separation
parameter with plastic displacement is shown, for both
copolymers, in Fig. 6. As long as crack remains sta-
tionary, the evolution ofSpb would be similar to that
of Si j , that is, after the non-separable initial region
(νpl>νplmin) the separation parameter would get a con-
stant value. However, because of the crack tip blunting
Spb is not found totally constant but slightly decreases,
and the value of plastic displacement whereSpb be-
gins to be approximately constant (νplmin) defines the
lower limit of the separable blunting region. This value
results approximately the same that in the case of blunt
notched specimens, that is,νplmin≈ 0.2 mm for PPB
andνplmin≈ 0.3 for PPR. The crack growth initiation
defines the upper limit of the separable blunting region
because the slope of theSpb versusνpl plot changes
from this point, decreasing more acutely the separ-
ation parameter value. Values of the upper limit
of the separable blunting region were identified as
νplmax≈ 0.9 mm for PPB andνplmax≈ 0.7 mm for PPR.

The evolution ofPN with the normalized plastic dis-
placement (νpl/W) has been plotted in Fig. 7. Here,
as mentioned before, despite the fact that crack tip

Figure 6 Evolution of the separation parameterSpb with plastic dis-
placement and determination of the limits of the separable blunting
region.
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blunting is experimentally observed and it can be ana-
lyzed through the separation parameter, its influence on
the normalized load has been neglected as a first step
of the normalization method application.

In Fig. 7, for H determination, a power law was
employed to fit the normalized load values by using
6 points belonging to the separable blunting zone, and
the final point. In order to give to this final point the
same influence that to the initial points, it was set that
the weight of the final point was six times higher than
the weight of each point of the initial region. This fit-
ting method is referred as “6+ 6” in opposition to the
“6+ 1” method, which considers that the final point has
the same weight that any of the initial points.

As it can be appreciated in Fig. 7b, the concordance
found between the power law fit and the experimental
data is poor for PPR sample, probably due to the short
interval of stable crack propagation in this material. So,
the power law fit utilization seems not to be very ad-
equate for this grade of polypropylene when crack tip

Figure 7 Determination of the deformation function for (a) PPB and
(b) PPR specimens. Symbols were used for the power law fitting.

blunting is not taken into account. However, the con-
cordance is found to be rather acceptable in PPB sam-
ple. Using the expressions ofH (νpl/W) obtained for
this material, joint to the instantaneous values ofP and
d, the crack length could be calculated at each instant
through Equations 11 and 14 by means of a numerical
routine. So, once1a was known, theJ-Rcurve of PPB
could be easily plotted (Fig. 8a). Experimental points
obtained by multiple specimen method [27] are also
shown in this figure, for comparison.

Firstly, it can be observed that both “6+ 6” and
“6+ 1” fitting methods resulted inJ-R curves almost
identical for PPB polypropylene (Fig. 8a). For this
polypropylene, independently of the weight that has
been given to the final point, theJ-R curve deter-
mined from the normalization method shows more op-
timist resistance to crack growth initiation than that
obtained from multiple specimen data. In this sense,

Figure 8 J-R curves obtained by the normalisation method for (a) PPB
and (b) PPR using both 6+ 1 and 6+ 6 fitting methods. No crack tip
blunting was taken into account. Symbols correspond to the points ob-
tained from the multiple specimen method and the bold one corresponds
to the particular specimen used for the normalisation method application.
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not considering crack tip blunting introduces error in
the normalization method application, since crack tip
blunting is an important energy-consumption process
that always occurs during crack propagation of ductile
polymers. In following analysis, crack tip blunting will
no longer be considered negligible.

On the other hand, due to the poor concordance
found between the power law fit and the experimen-
tal PN versus (νpl/W) points for polypropylene random
copolymer (PPR), theJ-Rcurve obtained from the nor-
malization method have an important contribution of
uncertainty. In this sense, as shown in Fig. 8b, the ap-
plication of “6+ 6” and “6+ 1” fitting method resulted
in J-R curves very different. Moreover, due to its short
range of stable crack propagation, it was not possible to
obtain enough experimental points from multiple spec-
imen fracture tests to plot a right resistance curve for
this polypropylene, in order to use it as a reference.

5.2. Influence of crack tip blunting
Here, crack tip blunting is considered forH (νpl/W) de-
termination by introducing an equivalent increment of
crack extension (1ab) through the blunting line general
equation:

1ab = J0

2mσy
(16)

wherem is the crack tip constraint factor andσy the
material yield stress, which was adopted to be the max-
imum of the tensile stress/strain curve, determined at
room temperature and at 1 mm/min on the injection-
molded standard tensile specimens (Table I). The equiv-
alent increment of crack extension was introduced
in the calculus of both normalized load and plastic
displacement.

Although a value ofm= 1 is usually accepted for
Ramberg-Osgood materials, the constraint factor could
be dependent on material (i.e. strengthening behavior),
loading conditions (temperature, test speed. . .) and
thickness and geometry of specimen (SENB, CT. . .).
In this sense, Grellmannet al.report values ofm= 0.7
for a polypropylene homopolymer [28],m= 2 for a
PVC [13] andm= 0.5–1 for ABS with variable rubber
content [29]. Due to this, although the stress/strain be-
havior of both copolymers of PP, shown in Fig. 5, seems
to follow the Ramberg-Osgood equation, other values
of the constraint factor (i.e.m= 2) have been also used
in this work in order to analyze its influence on theJ-R
curves obtained from the normalization method, that is,
to analyze how the crack tip blunting behavior affects
the results of the normalization method application. In
Fig. 9a the resultingJ-Rcurves obtained with different
values ofm are shown.

As mentioned before, if blunting is not considered an
optimistic resistance curve results; however, the intro-
duction of the blunting line general equation, as defined
in ASTM standard [2] (i.e. withm= 1) in H determina-
tion gives a more conservativeJ-R curve, which is due
to crack growth overestimation. This effect can be ob-
served in Fig. 9a. When lower levels of crack tip blunt-
ing (higher values ofm) are considered in the analysis, a

(a)

(b)

Figure 9 Influence of the value of the crack tip constraint factor (m) on
the fracture resistance curves obtained for PP block copolymer using
(a) the 6+ 6 and (b) the 6+ 1 power law fitting.

better concordance between results from both normal-
ization and multiple specimen method is found. The
best accuracy is found with a value ofm close to 2 for
PP block copolymer. In sight of this variation, it seems
that the blunting line equation could be valid to intro-
duce an equivalent increment of crack extension in the
deformation function only when the material constraint
factor is exactly known.

When blunting is considered in the analysis, the
“6+ 6” fitting method seems to result more accurate
than the “6+ 1” method, as it can be seen comparing
Fig. 9a and b, because the first one promote the conver-
gence of the resultingJ-Rcurve at higher level of crack
growth, while the “6+ 1” method results in remarkable
differences between the final value of1a obtained by
the normalization method and the experimental data.
So, the fact of giving higher weight to the final point of
the curve appears as a useful action in order to achieve
better data convergence at the higher values of crack
extension.

1494



On the other hand, in order to analyze the influence
of extension of the separable blunting region on the
J-R curve obtained from the normalization method,
different separable blunting regions were considered.
By one hand, “A” region was the separable blunt-
ing range determined using the separation parameter
0.2 mm<νpl< 0.9 mm. By the other hand, in or-
der to minimize the influence of the crack tip blunt-
ing on H (νpl/W) determination, two smaller sepa-
rable blunting regions were considered and checked:
“B” region (0.2 mm<νpl< 0.6 mm) and “C” region
(0.2 mm<νpl< 0.3 mm). Fig. 10 shows the effect
of these three separable blunting regions when they
are considered separately in the normalization method,
upon the resultingJ-R curve. In this figure, in order
to maximize the influence of crack tip blunting,m was
taken equal to 1. The coincidence between theJ-R
curve obtained from this manner and that of the multi-
ple specimen method at low values of1a is better as the
range of separable blunting is reduced. The explanation
of this is the fact that the error associated to the use of
the blunting line equation in the crack length values is
reduced when smaller separable blunting regions are
considered.

From the above analysis it results thatJ-R curves
with less uncertainty can be obtained using the first
points of the separable blunting region (“C” zone) in
the power law fitting, since the influence of the material
crack tip blunting is so minimized, as it can be seen
comparing Fig. 9a and Fig. 11.

5.3. Utilisation of the LMN function
Several authors [10, 13, 14] have found that the evolu-
tion of normalised load with plastic displacement can
be better described by the LMN function than by the
power law one. A general procedure for determining
the three constantsL, M and N has been described
in details by Landeset al. [10], being these constants

Figure 10 Influence of the separable blunting region extension on the
J-R curve using a power law fit. In these curvesm was considered equal
to 1 and a 6+ 6 fitting method was used.

Figure 11 Influence of the value of the crack tip constraint factor (m) on
the fracture resistance curves obtained using a power law fit and region C.

determined through the use of three calibration points.
Meanwhile the two first calibration points are the final
point of the test and one point of the separable blunt-
ing region, as defined above for the power law fit, the
third point has to be determined using a heavy itera-
tive routine. Nevertheless, in the present work, a direct
determination using a non-linear least squares fitting
method from 6 points of the initial region of the curve
and the final point was used, instead of the use of a third
calibration point.

In Fig. 12, the application of both LMN and power
law functions are shown comparatively for different
values ofm.

It can be noted that the LMN function coincides cor-
rectly with the final point of the curve without the ne-
cessity of giving a higher weight to this point, and also
that both functions result almost equivalent in the sepa-
rable blunting region because they describe a potential
curve in this region. However, slight differences are
observed between both fitting functions for values of
plastic displacement close to the limit of the separable
blunting region; particularly when crack tip blunting is
not considered or it is over-estimated (m= 1). Beyond
crack growth initiation, the LMN function describes a
straight line, which obviously differ from a potential
trend. Nevertheless, both fitting functions coincide at
the limit of the separable blunting region and also at
the final point, since these points are part of the cali-
bration points used to determine the constants of both
functional forms.

The J-R curves obtained using the LMN functions
determined in Fig. 12 are shown in Fig. 13 for several
crack tip-blunting behaviours.

Comparing these curves with those obtained from the
power law (Fig. 9a), it can be noted that the use of dif-
ferent functional forms results in different trends of the
J-R curve. The best accuracy is found whenm= 2. In
this case, theJ-R curve obtained using the two fitting
functions coincide at low and at high values of1a, as
it was observed forPN in Fig. 12. Between these two
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Figure 12 Comparison between the deformation function obtained us-
ing the power law and the LMN functional form. Different crack tip
blunting behaviours are considered.

Figure 13 Influence of the value of the crack tip constraint factor (m)
on the fracture resistance curves obtained using the LMN function.

regions, one can note that1a is under-estimated by the
use of the LMN function. This observation has to be
associated with the fact that values of the normalised
load predicted by the LMN function are, in this region,
lower than those predicted by the power law. When
others crack tip blunting behaviours are considered (no
blunting andm= 1), the differences observed in the ini-
tial part of theJ-Rcurve, respect to that of the multiple
specimen data, are found higher than when the power
law is used. The approximation introduced in the nor-
malised load fitting has a notorious influence on the
value of the crack length increment obtained by the nu-
merical routine. For example, a difference of 0.22 MPa
in the value ofPN predicted by the fitting functions
involves a difference of 62µm in the value of1a.

In a similar way than with the power law fitting the ef-
fect of several separable blunting ranges has been anal-
ysed with the LMN function, and the three resistance

Figure 14 Influence of the separable blunting region extension on the
J-R curve using the LMN function. In these curvesm was considered
equal to 1.

Figure 15 Influence of the value of the crack tip constraint factor (m)
on the fracture resistance curves obtained using the LMN function and
region C.

curves obtained with the regions previously defined
(A, B and C) are shown in Fig. 14, for a value ofm= 1.

Again, the use of a shorter separable blunting range
seems to result in aJ-Rcurve that is in good agreement
with that of the multiple specimen method, particularly
at low values of crack extension. Nevertheless, the dif-
ferences between curves obtained from both methods
are higher than using the power law fit in the normal-
isation method, as it can be noted comparing Fig. 14
and Fig. 10.

When different crack tip blunting behaviours are
compared on the resultantJ-R curves obtained using
C region (Fig. 15), the differences between them are
found to be reduced in comparison with those observed
in Fig. 13 for A region, since the influence of crack tip
blunting is minimised when a shorter separable blunt-
ing range is considered. Nevertheless, this effect is not
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very notorious and the differences are higher than when
the power law was used (Fig. 11). For PPB sample
with m= 2 the use of C region results in lower concor-
dance with results from the multiple specimen method
than using A region (Fig. 11). This is due to the tran-
sition from a power law to a straight-line behaviour in
the LMN function. If the separable blunting region is
under-estimated (B and C regions), considerable error
could be introduced in the deformation function, which
would be transmitted to theJ-R resistance curve as un-
derestimated1a values. For this polymer, it could be
concluded that the load normalisation method gives bet-
ter results when the normalised load versus the plastic
displacement is fitted using a power law equation. In
this sense, Bernalet al. [23] also found better results
for PP when a power law is used instead of the LMN
function.

5.4. Fracture parameters
From the above results, when the material crack tip
blunting behaviour is not exactly known, a slightly
conservativeJ-R curve can be obtain using a power
law fit calibrated with the very first points of the sep-
arable blunting region, and a value ofm= 1. These
conditions have been applied to both PP block and
random copolymers and Fig. 16 presents the resulting
J-R curves.

The usually usedJ-integral critical values (JIC and
J0.2) have been determined following ASTM and ESIS
recommendations from the resistance curves of Fig. 16.
Also, a third critical value (JSpb) could be obtained from
the energy at the maximum plastic displacement value
(νplmax), considering this point as the crack propaga-
tion onset. Different critical values ofJ-integral have
been obtained for PPB, considering several values of
its crack tip constrain factor, using the power law or

TABLE I I I Critical values ofJ-integral for PPB sample, determined through different methods and fitting function, and for different crack tip
blunting behaviours. The several separable blunting ranges (A, B and C) were also used

Normalisation Method using Power Law (6+ 6)
Critical value of
J-integral (kJ/m2) A B C

w.b. m= 1 m= 2 w.b. m= 1 m= 2 w.b. m= 1 m= 2
JIC 6.34 3.63 11.88 5.72 —* 12.14 5.78 —* 14.19
J0.2 16.50 12.26 14.56 16.16 13.07 14.62 16.16 14.03 15.17

JSpb 8.56

Normalisation Method using LMN (6+ 1)
Critical value of
J-integral (kJ/m2) A B C

w.b. m= 1 m= 2 w.b. m= 1 m= 2 w.b. m= 1 m= 2
JIC 11.17 3.77 22.71 11.45 2.35 23.76 12.81 —* 25.18
J0.2 21.19 11.47 18.89 21.28 15.88 19.52 21.77 18.88 20.62

JSpb 8.56
Multiple Specimen Method

w.b. m= 1 m= 2
Critical value of
J-integral (kJ/m2)

JIC 3.71 — * 14.7
J0.2 15.4

∗ J-R curve and blunting line do not intersect.

Figure 16 J-R curves obtained for both copolymers using the normal-
isation method withm= 1 and a power law fit.

the LMN function, and employing different separable
blunting regions. These values are compiled in Table III.
The value ofJSpb is not affected by these variables.
J critical values from the multiple specimen method
are also shown for comparison.

Firstly, using a power law fit in the normalisation
method andm= 2, the critical values ofJ-integral
for PPB (14.6< J0.2< 15.2 kJ/m2) are in good agree-
ment with results from the multiple specimen method
(J0.2= 15.1 kJ/m2) [27], independently of the separable
blunting range considered. As pointed before on the
resistance curves, considering no crack tip blunting
results in a more optimisticJ0.2 value, meanwhile

1497



introducing a crack blunting (m= 1) gives a more con-
servative fracture resistance value. In this last case,
the blunting line does not usually intersect with the
J-R curve, as it has been reported for polypropylene
from resistance curves obtained with the multiple spec-
imen method [30]. When A region is used, the over-
estimation introduced in the crack length increment
is so important that the resistance curve does inter-
sect with the blunting line. Nevertheless, the corre-
sponding critical value ofJ-integral results very low
(JIC= 3.6 kJ/m2) for a material like polypropylene.

On the other hand, it is worth noting that theSpb

value (8.56 kJ/m2) results more conservative than the
critical values determined by the multiple specimen
method. Theoretically,JIC (for anym value) andJSpb
should coincide, since theνplmax is defined as the limit
of the region where the crack length increment is only
due to the crack tip blunting (1a=1ab), that is, the
point where the resistance curve would diverge from
the blunting line. Differences betweenJIC and JSpb
are due to the differences between the experimen-
tal values of normalised load and those of the power
law fit.

Finally, for PPB the use of the LMN function in the
normalisation method has resulted in over-estimated
J-integral critical values, as it was expected from the
more optimistic resistance curves obtained with this
functional form.

6. Conclusions
The load separation validity has been studied for two
polypropylene copolymers. After a short non-separable
region, corresponding to the material elastic-plastic
transition, the separation parameter gets a constant
value over the plastic displacement, which confirms that
load can be separated.

The normalisation method has been applied to de-
termine the resistance curve, and several crack tip-
blunting behaviours have been considered. Normalised
load has been fitted either with a power law equation
or with the so-called LMN function, and the resulting
J-Rcurves have been compared with those obtained by
the multiple specimen method. It was shown that a cor-
rect resistance curve could be obtained using a power
law fit to describe the evolution of normalised load
with plastic displacement and that the material crack tip
blunting has to be exactly known. For PP block copoly-
mer, a high concordance between normalisation and
multiple specimen methods was observed when a con-
straint factorm= 2 was introduced in the blunting line
equation.

The use of a reduced separable blunting region in the
normalisation method minimised the influence of the
material crack tip blunting on the resultingJ-R curve.
This alternative was found to be a good solution when
the polymer crack tip blunting behaviour is not exactly
known.

Respect to the power law fit the use of the LMN
function resulted in different trends of theJ-R curve.
Beyond the separable blunting region, the crack length
increment was under-estimated respect to the value

obtained by the multiple specimen method, and the
J-R curve was thus found to be more optimist. More-
over, it was shown that using the LMN function,
the influence of the crack tip blunting on the resis-
tance curve was higher than when the power law
was used. Nevertheless, in this case, the use of a
shorter separable blunting region did not result in good
accuracy.
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