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In the present work, the effect of composition and related morphology on the fracture behavior of LLDPE/PP
blends was thoroughly investigated. Fracture behaviors evaluated under quasi-static loading conditions and
different fracture mechanics methodologies were applied to assess fracture toughness depending on the materials
behavior. For pure PP and 2575 blend, J at instability was chosen whereas for blends which exhibited completely
ductile behavior (such as LLDPE, 7525 and 5050), the EWF methodology was used. Fracture mechanisms were

elucidated with the aid of scanning electron microscopy, and results correlated with blends morphology. It was
observed that fracture properties are mostly dominated by the majority component properties. In addition, for
the 5050 blend, the presence of a co-continuous morphology is responsible for the high scatter of experimental

data obtained.

1. Introduction

Characterization of polymer blends has been of great interest in
recent decades since blending is an easy and efficient strategy to
generate new polymeric materials with improved performance. In part,
this is due to the interest in designing new materials that include or
share the advantages of its pure components. On the other side, there are
cases in which blending is unavoidable [1]. The latter situation is the
case of polyethylene (PE) and polypropylene (PP) from post-consumer
waste. Both polyolefins have very similar characteristics that make
them difficult and expensive to separate with the usual industrial stra-
tegies (for example, flotation). Then, the need to solve an environmental
problem requires reprocessing polyethylene and polypropylene as mix-
tures [2-4].

It is known that blend properties are strongly dependent on the
microstructure and phase morphology of the constituent materials, and
their interaction. Several studies have been conducted about blends
between different types of polyethylene (lineal, low density, high den-
sity) and varying relative amount of PP [5]. Furthermore, this kind of
blends have been compatibilized with various copolymers [6-10] and
processed by all plastics conventional processing methods. Mourad et al.
[11] made a good summary of the current bibliography, specifying the
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idea of each one. An exhaustive work of the scientific community has
been carried out to understand how blending influences morphology,
thermal and rheological properties [12-18], and especially, mechanical
behavior of these blends.

However, investigation related to the mechanical properties always
empathized in conventional mechanical characterization, i.e., tensile
and impact tests (Izod or Charpy) [5,7,12,14-16,19], but these tests are
not always sensitive to microstructural differences and related param-
eters are not useful for design purposes. Meanwhile, even though frac-
ture toughness is an essential design parameter, it has not been studied
in depth for many polymers and blends. It is indicative of the material
resistance to fracture in the presence of a sharp crack, which is not
completely avoidable in the processing of a polymeric material. The
resistance to fracture in a blend is affected by several factors:

@ the compatibility between constituents;

@ the presence and amount of compatibilizer, which determines the
particle size of the minority phase in the blend and interfacial in-
teractions between phases;

@ the intrinsic characteristics of the material of the matrix [20].

However, the determination of fracture parameters is not a trivial
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task, much less for a blend. That is the reason why no studies regarding
the fracture behavior and deformation mechanisms of PE/PP systems
have been reported at the time of writing, to the authors’ knowledge.

This work is the natural sequel of a previous work, in which
morphology and tensile performance of LLDPE/PP blends was reported
[21]. The novelty of the present work relies in the study of the influence
of blending in the fracture performance of LLDPE/PP blends, in the
entire range of compositions. To the best of authors’ knowledge, there is
no such a report in the literature. The fracture resistance of LLDPE/PP
blends was studied in detail. Blends were evaluated under quasi-static
loading conditions. The effect of blending content on the resistance to
crack initiation, subsequent crack propagation, and energy consumed or
dissipated during the fracture process, and fracture toughness were
quantified by different fracture mechanics methodologies, depending on
the materials behavior. Failure modes and micromechanical and
toughening mechanisms were elucidated with the aid of scanning elec-
tron microscopy on post-mortem specimens, and results were correlated
with blends morphology.

2. Experimental
2.1. Materials and blends preparation

Polyolefin blends were prepared based on commercial linear low
density polyethylene (LLDPE) Dowlex IP20 (MI = 20 gr/10 min (190 °C/
2.16 kg)) from Dow Argentina, and polypropylene (PP) 1100SC (MI =
25 gr/10 min (230 °C/2.16 kg)) from Cuyolen Petroquimica Cuyo,
Argentina. As compatibilizer a block copolymer was added, 2630 PC
(MI = 20 gr/10 min (190 °C/2.16 kg)) from Cuyolen. Studied materials
(blends and homopolymers) are detailed in Table 1.

PP and PE pellets were manually premixed in a container and then
mixed in a twin screw extruder, with temperatures from hooper to die
equal to 150, 170 and 200 °C, at a rotational speed of 80 rpm. Plaques of
60 mm width, 100 mm length and 2 mm thick of all materials were
obtained by injection molding, using a Multiplast 10T molding machine
equipped with a double gated injection mold. Processing parameters
were previously optimized [21] and were set as: injection temperature
= 210 °GC; injection speed = 45 mm/s; injection pressure = 22 MPa;
injection time = 3 s; packing pressure = 21 MPa; packing time = 15 s;
cooling time = 20 s; mold temperature = 20 °C.

Functional groups and chemical bonds analysis of blends were per-
formed by means of FTIR analysis. A Nicolet 6700 FTIR-spectrometer
was used, using a Attenuated Total Reflection (ATR) attachment. Each
spectra were recorded with a resolution of 4 cm™! and consisted of 64
scans from 500 to 4000 cm ! at 23 C. Two replicas from each sample
were used to obtain each spectra.

2.2. Microstructure and fracture surface morphology analysis

Microstructure was characterized in a previous work by SEM ob-
servations of cryogenically fractured specimens [21]. In order to com-
plete fracture characterization, the surface morphology of fractured
deeply double edge notched tensile (DDENT) specimens was also stud-
ied. Micrographs were taken with a Jeol JSM 6460 scanning electron
microscope (SEM), after they had been coated with a thin layer of gold.

Table 1
Composition and nomenclature of the samples analyzed.

Sample PE (wt%) PP (wt%) Copolymer (wt%)
PE 100 0 0
7525 72.5 22,5 5
5050 47.5 47.5 5
2575 22.5 75.2 5
PP 0 100 0
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2.3. Fracture characterization

Rectangular specimens of nominal width W of 25 mm and nominal
length S of 50 mm were obtained from injected plates. In order to
evaluate inhomogeneities induced by/during processing, samples were
cut from different sites of injected parts: flow direction (FD) and trans-
verse flow direction (TFD), loaded parallel and perpendicular to the melt
flow direction, respectively. As the plaques contain a welding line due to
the double gated injection used, specimens including welding line (WL)
were also cut. Sharp notches were introduced by sliding a scalpel (13 pm
in radius) with a Ceast Notchvis notching machine. Samples are sche-
matized in Fig. 1. Exploratory fracture tests were carried out using
DDENT under quasi-static loading conditions. Tests were performed at
room temperature with a crosshead speed of 2 mm/min on a universal
testing machine Instron 4467. To evaluate results confidence, 5 repli-
cations were performed for each piece position for all blends with notch
length to width ratio, a/W = 0.5.

To identify fracture behavior several factors were evaluated: the
fracture surface appearance, the load-displacement curve shape, and the
concept of ductility level (DL). DL was introduced by Martinez et al.
[22], and for DDENT specimens, DL is defined as the ratio of displace-
ment at rupture and initial ligament length (I). Then, fracture behavior is
classified according to DL value as brittle fracture (DL < 0.1), ductile
instability (0.1 <DL < 0.15), post yielding (0.15 <DL < 1), blunting (1
<DL < 1.5) and necking (D < 1.5). Different fracture mechanics ap-
proaches — J-integral at instability point and essential work of fracture —
were applied to evaluate materials toughness, according to the observed
fracture behavior.

2.3.1. J-integral at instability point

The value of the J-integral at initiation, Ji, is shown to be a good
measure of toughness in cases where there is no significant crack growth
resistance [23,24].

The J-integral is conventionally defined for nonlinear elastic mate-
rials as a path independent line integral. The multi-specimen procedure
offers a more conservative approach to obtain a JR curve because each
data point comes from a separate specimen. Nevertheless, the J formu-
lation for single-specimen has been extensively used in the past to
characterize ductile fracture in polymers [25]. Although ASTM E813
and ASTM E1152 standards apply only to ductile fracture, more recent
standards, allow the application of J-integral to test materials that fail by
cleavage. The J. parameter [26] can be applied to characterize materials
that exhibit load—displacement curves with sharp load drop at the point

Injection points

Weld line

WL

TFD

@ L/ J

Fig. 1. Scheme of the location of specimens extracted from the injected plates.
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of fracture, i.e. quasi-brittle failure behavior, by using specimens with a
crack to depth ratio close to 0.5. J. was evaluated at the instability load
point by calculating the fracture energy required to produce cleavage
behavior of pre-cracked specimens having a crack depth-to-width ratio
of 0.45 < a/W < 0.55 as:

7] Utol

" TEW-a)

@

where Uy, is the instability fracture energy, i.e., the area under the load-
deflection curve till the instability point, B is the thickness of tested
specimens, and 7 is a geometry factor that for DDENT specimens is
expressed as [27]:

n=—006+599(%) 77.42(%)2 +329 (%)2 o)

The J-integral approach is a natural extension of linear elastic frac-
ture mechanics and works best for not too ductile fractures.

2.3.2. Essential work of fracture

According to the Essential Work of Fracture (EWF) theory, the total
work required to fracture a notched specimen can be divided in two
parts associated with two zones [28]. The first part is related to a process
zone where the actual crack is running. The energy associated with it,
the essential work of fracture, (W,) is proportional to the ligament
section It. The second part is related to a plastic zone, which surrounds
the process zone and the energy involved there is the non-essential work
of fracture or plastic work (W,), which is proportional to the volume of
the deformed region. It can be written therefore:

Wr =W, + W, = w,.lt + pw,.I’t 3)

where w, is the specific essential work of fracture (per unit ligament
area), w, is the specific non-essential work of fracture (per unit volume),
lis the ligament length, t is the specimen thickness and g is the plastic
zone shape factor. Dividing eq (3) by the ligament area It, the specific
work of fracture is obtained, wy:
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Wf:Wf/lt:Wg +ﬂwp (4)

An important prerequisite of the plane stress EWF approach is that
crack propagates only after the ligament has been fully yielded, and
load-displacement curves should be self-similar among all specimens
tested while ligament length is varying.

3. Results
3.1. Blends morphology and chemical characterization

In order to correlate fracture results with morphology, SEM images
of cryogenic fracture surfaces are presented here. Morphology of blends
is a critical parameter which affects mechanical performance, i.e. size
and distribution are very important when toughening process is studied
[29,30]. Micrographs of neat polymers and blends are shown in Fig. 2.
Morphology varies from the typical particulate morphology of minority
phase for the 2575 and 7525 blends to a co-continuous like phase for the
5050 blend, characteristic of immiscible blends. The size of second
phase particles was very small and finely dispersed into the matrix. This
morphology is related with processing parameters, volume fraction and
different properties of polymer components, such as viscosity ratio,
interfacial adhesion, etc (see Ref. [21]). As PP has a limited compati-
bility with LLDPE, small voids (see yellow arrows in Fig. 2-a and c) are
observed on the cryo-fractured surface because of the pullout of LLDPE
droplets from the matrix [31]. This is due the absence of strong in-
teractions between the two polymer components [29,32]. More details
are given in a previous work [21], and are similar to other authors
findings [5,9,33,34]. Regarding the morphology near the weld line,
elongated particles are present probably due to the elongation stresses
induced by flow during mold filling. A clear example of this situation is
shown in Fig. 2-¢ and 2-d in which the same blend is shown but in
different location in the injected plaque, far from welding line and in
welding line, respectively.

ATR-FTIR analysis was performed on pure LLDPE, PP and their

200 nm
—

EHT = 3.00kV

Fig. 2. SEM micrographs from cryo-fractured surfaces: a) DF 7525, b) DF 5050, c¢) DF 2575 and d) WL 7525.
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blends in order to connect IR ray’s due to energy absorbed by blends
with the corresponding vibrational energy of bonds of different func-
tional groups [35]. ATR was used because of its inherent advantage of
obtaining the spectra directly from the sheet, without any further sample
preparation [36]. Obtained FTIR spectra are shown in Fig. 3 and
assignment of absorption peaks of IR spectrum are listed in Table 2.

There are four and two peaks corresponding to pure PP and LLDPE
respectively in the wavenumber range 3000-2800 cm'. The peaks at
2955 and 2873 cm ™! are attributed to CHs asymmetric and symmetric
stretching vibrations respectively, and the peaks at 2922 and 2843 cm ™!
are due to CHp asymmetric and symmetric stretching vibrations
respectively, and are obviously present in both samples. Observing
lower wave numbers, there are four additional peaks: at 1460 em ™Y,
caused by CH3 asymmetric deformation vibrations or CH; scissor vi-
brations; at 1368 cm ™, due to CHj symmetric deformation vibrations; at
730 cm™?, due to CHy rocking vibration of crystalline phase; and at 718
cm™?, attributed to CH, rocking vibration of the amorphous phase
[37-39].

In the spectra corresponding to the blends, the same two regions
previously mentioned are clearly observed. PP or LLDPE characteristics
are seen to be more pronounced with increasing PP or LLDPE relative
content, indicating that the same functional groups are present, but in
different proportions [35], and no changes in chemical structure is
induced by blending. It has been pointed out in literature that when
extensive compatibilization occurs between components of a blend,
structural changes can be detected by FTIR [38,39]. As no structural
changes are observed in our blends, it is concluded that there is no ev-
idence of a good compatibilization between components.

Moreover, previously analysis by X-ray diffraction indicated that the
characteristic crystals of PP and LLDPE are retained [21], namely, the
intrinsic crystal structure of both PE and PP are not influenced by the
presence of the other constituent, neither in the surface nor in the core of
injected pieces.

3.2. Quasi-static tensile behavior

Tensile behavior was studied in a previous work [21], and the ob-
tained results are summarized in what follows, to give an insight into
conventional mechanical behavior of blends. It was observed that all
blends exhibited typical ductile behavior under quasi-static tensile
loading, with a maximum in the stress-strain curve related to the initi-
ation of necking. Materials’ tensile parameters are depicted in Table 3.
They were found to be very dependent on the blend composition,
increasing with increasing PP content, due to the higher stiffness and
crystallinity of this polymer respect to LLDPE [5]. It was also observed

Absorbance

A A

T T T
3000 1500 1000 500

Wave number (cm")

Fig. 3. ATR-FTIR spectra of pure PP, pure LLDPE and their blends.
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Table 2

Assignment of functional groups to absorption peaks obtained in FTIR.
Wave number Assigned groups Present
(em™ b samples
2955 CHj3 (asymmetrical) PP
2922 CH, asymmetric PP, LLDPE
2873 CHj, Stretching (symmetrical) PP
2843 CH, symmetric stretching vibrations PP, LLDPE
1460 CHj3 asymmetric deformation vibrations or CH, PP, LLDPE

scissor vibrations

1368 CHj; symmetric deformation vibrations PP
730 CH,, Rocking vibration, crystalline LLDPE
718 CH;, Rocking vibration, amorphous LLDPE

that yield strength and Young’s Modulus values vary following the rule
of mixtures [5,6,12]. The ductility of blends was lower than that of
homopolymers, i.e. blends failed much more quickly than pure PP and
LLDPE. The necking during stretching of a polymer is, in fact, an
expression of the yield behavior of the material mainly attributable to
the morphological structure and the nature of the interface between the
two phases [22]. It was observed a negative deviation from a rule of
mixtures typically due to the embrittlement common in incompatible
plastic blends [34].

3.3. Fracture behavior

Typical load-displacement curves obtained in quasi-static fracture
tests on DENT samples are shown in Fig. 4 together with macroscopic
photographs of tested specimens in the flow direction (FD) for all ma-
terials. It is observed that the shape of load-displacement curves
significantly varied as the relative amount of LLDPE increases: the
fracture behavior changes from ductile instability to completely ductile
(necking). At the same time, maximum load gradually decreases
whereas the displacement at break increases.

A more detailed insight in fracture behavior in all evaluated loca-
tions of injected samples (DF, DTF and WL) is presented in Fig. 5, and
corresponding fracture surfaces are shown in Fig. 6.

A semi-brittle behavior is observed for PP (Fig. 5-a), regardless of the
load direction, with a typical smooth fracture surface with no sign of
plastic deformation (Fig. 6-a and b).

2575 blend is in the ductile-brittle transition zone. Some 2575 blend
samples failed in a ductile mode, and the other specimens — that do not
exhibit fully ductile mode of failure — present two different behaviors:
semi-brittle (for TFD and WL samples) and semi-ductile (for FD samples)
(Fig. 5-b). The semi-ductile behavior can be easily explained by SEM
observations of fracture surfaces (Fig. 6-a). Skin delamination and
stretching are the cause of the apparent large deformations observed in
ductile samples.

Samples of the 5050 blend show differences between locations in
injected pieces. DF samples achieve larger maximum loads and elon-
gation at break than TFD and WL samples (see dotted curves in Fig. 5-c).
The slope of load-displacement curves during the tearing stage of frac-
ture process is much steeper for TFD and WL samples than for DF ones,
suggesting less stable crack propagation in the former blends, in which
load is applied transversal to flow direction, i.e. perpendicular to

Table 3
Quasi-static tensile properties of blends.

Sample  Tensile parameters
Young modulus Yield strength Elongation at break (mm/
(MPa) (MPa) mm)

LLDPE 387 + 22 8,7 £0,5 54+0,5

7525 609 + 21 12,9+ 0,3 0,8 +1,2

5050 933 + 42 16,3 +1,1 0,4 +0,3

2575 1158 +£ 121 24,9 + 1,7 1,3+1,7

PP 1367 + 55 31,9+ 1,9 34+1,2
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Fig. 4. Load-displacement curves and macroscopic damage images.

macromolecules orientation. Observation of the macro photographs
demonstrated that the specimen damage development is initiated by
crack blunting that grows until the maximum load, followed by necking
and stable crack propagation. It is observed in SEM micrographs that the
presence of PP domains causes matrix cavitation which triggers crazing
and matrix fibrillation (Fig. 6-f).

7525 and LLDPE samples show a completely ductile behavior, with
no apparent differences between locations in pieces, indicating that in-
homogeneities induced by the process are not determining factors of the
fracture behavior of these materials. Observations of the macro photo-
graphs indicate that failure mechanisms are similar to those of 5050
blend, i.e. crack blunting, necking and stable crack propagation. SEM
observations for 7525 samples are similar to those for 5050 samples, but
with longer and more homogeneously distributed fibrils in the fracture
surface (Fig. 6-g).

3.4. Fracture mechanisms

The deformation mechanism for 2575 and 7525 blends is outlined in
Fig. 7-a. Their micrographs reveals the formation of cavities which are
related to the detachment of PP or LLDPE particles (depending on the
blend composition) from the matrix on mechanical loading. This is due
to the decohesion process of dispersed particles from surrounding matrix
and development of voids at the interfaces. These findings denote poor
interfacial adhesion between particles and matrix in LLDPE/PP blends
(despite the presence of compatibilizer), which results in unavailing
stress transfer from the matrix to domains during tension mechanical
loading. However, particle cavitation has been largely discussed for
rubber or elastomer modification as toughening mechanism [28,29].
Cavitation process is associated with the formation of fibre like structure
inside the matrix. During loading, fracture energy given to the blend is
absorbed by the matrix. This absorption leads to fibrils formation in the
path of the fracture propagation and the pulling out of the dispersed
phase from the matrix. Therefore the particles remain intact [20,40,41].
This mechanism seems to operate in our blends. Subsequently, no

toughening effect can be achieved from this mechanism for LLDPE/PP
blends. The fibrillation effect is more noticeable in the case of highest
concentration of LLDPE. The number and appearance of the fibers
change from 2575 to 7525 blend.

In the case of 5050 blend, the deformation mechanism differs from
the one sketched above, and it is outlined in Fig. 7-b. In this co-
continuous morphology, PP fails in a more brittle manner, while
LLDPE presents a fibrillar deformation. Then, the macroscopic response
and toughness depends on the notch path and the components it find in
its path. This is the reason of the observed dispersion in both fracture
behavior and toughness of 5050 blend.

It seems that a more fine and uniform distribution of PP particles as
the one of 7525 samples [21] favors matrix cavitation and fibrillation. In
the case of LLDPE, fibrillation is maximized, and very stretched fiber
bunches are observed (Fig. 5-h and i). Crack initiation and growth in
polyethylene is known to take place through formation and subsequent
breakdown of a craze zone ahead of the crack tip [42,43]. Localized
plastic strains, initiation and coalescence of voids, and formation of fi-
brils that eventually fail drive this process [44].

The above observations correlate well with DL calculations, which
are shown in Fig. 8 as a function of blend composition (the effect of
inhomogeneities is also included). J-Integral at maximum load was
selected as the parameter to evaluate toughness of samples exhibiting
ductile instability [22]. The essential work of fracture method is strictly
applicable only to post-yielding fracture behavior, while for necking or
blunting another requirements suggested by the ESIS TC-4 Committee
must also be fulfilled. Taking into account these recommendations, the
EWF methodology was applied for ductile samples (7525 and 5050
blends, and LLDPE). As the 2575 blend exhibited both ductile and brittle
behavior, i.e. a ductile-fragile transition, the EWF method was not
applicable, and J at maximum load was selected as the fracture tough-
ness parameter in this case.
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Fig. 5. Load-displacement curves for all blends: a) PP, b) 2575, ¢) 5050, d)7525 and e) LLDPE.

3.5. Jc determination

Based on previous observations, J. was selected as the fracture me-
chanics approach to evaluate fracture toughness for PP and 2575 sam-
ples. In the case of PP, J, at instability calculation is direct. However, for
the 2575 blend, instability point was estimated as the area just after the
maximum load drop point, due to the large differences observed in en-
ergy for being in the ductile-brittle range.

Obtained J, values for both materials are shown in Table 4. J. values
are similar for FD and TFD samples, with a lower value in the case of WL

samples, as expected due to the weakness of the welded zone [45-47].
This effect is emphasized in 2575 samples due to the complex
morphology developed during molding, i.e. elongated second phase
domains parallel to weld line (see Fig. 2-d) that act as sharp stress
concentrators.

3.6. EWF analysis

As it can be observed in Fig. 5-c, d and e, in which load-displacement
curves for different ligament lengths for LLDPE, 7525 and 5050 blends
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Fig. 6. SEM micrographs obtained from fracture surfaces of all materials at different magnification.: a) PP specimen, b) PP fracture surface, c) 2575 skin delami-
nation, d) 2575 fibrillation, e) 2575 skin induced by processing, f) 5050 bulk fibrillation, g) 7525 longer fibrillation, h) LLDPE massive plastic deformation and, i)
LLDPE extensive fibrillation.
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are shown, the ligament yields before crack propagation, validating the
applicability of the EWF method [48]. In the case of the 5050 blend,
load-displacement curves similarity requirement is not completely ful-
filled. This self-similarity pre-requisite ensures that crack propagation
occurs under similar stress conditions, in spite of the different ligament
lengths. It is a first indication that the w, parameter cannot be extracted
in the traditional way in this case [49].

Table 4
J. values for pure PP and 2575 blend.
Sample Position Je (KJ/m?)
PP FD 35.9 £ 5.0
TFD 33.3+5.7
WL 26.2 + 3.3
2575 FD 18.0 £ 2.7
TFD 13.5 £2.0
WL 8.5+43

EWF determination by linear fitting regression of specific work of
fracture vs ligament is shown in Fig. 9, for LLDPE, and 7525 and 5050
blends, for FD samples as an example. Dispersion data are within the
acceptable range for LLDPE [50] and the 7525 blend, but not for the
5050 blend, as expected.

However, displacement curves for 5050 samples showed self-
similarity until load drop just after the maximum load (Fig. 5-c). For
this type of curves, an approach that suggests an energy partition be-
tween yielding and necking for EWF tests has been proposed in the
literature [51]. The procedure is schematized in Fig. 10. This partition is
applicable for load-displacement curves that have a characteristic
behavior where the yielding is separated from the subsequent necking
by a drop of load. This point is easily identified in the curve and means a
clear transition between the beginning and the propagation of cracks.
The first part corresponds to the work required for yielding (until the
load fall) while the second part is related to the work required for
necking (equation (5)). In this way, the value w,, represents the
inherent initiation parameter of the material. This approach has been
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Fig. 9. Comparison of the w¢ vs 1 curves for LLDPE, and the 7525 and 5050
blends, for FD samples.

Wy = Wey + By W,y

Wy =Wen + Bn%,n

Load

necking

Displacement

Fig. 10. Schematic representation of the energy partitioning between yielding
and necking.

applied by several authors [48,52,53].

W =wy +w, = (Weo' +ﬂywp.yl) + (WM +ﬂnwp~”l) (5)

where w,, and w,, are the specific essential work for yielding and
necking, respectively. Furthermore, w},, and wj, , are non-essential work
of yielding and necking, respectively. The values 8, and j, are geometry
factors associated with the shape of the plastic zone during yielding and
necking, respectively.

Then, based on the shape of the curves of LLDPE, and the 7525 and
5050 blends; and on the poor linear adjustment observed for the 5050
blend, we decided to split the curves into two zones, i.e. to split the
specific work of fracture. To ensure that EWF tests were performed
under plane stress conditions, ESIS TC4 protocol suggests a criterion on
the maximum stress values (6max = P’“‘D‘/lt) for DDENT specimens, as

proposed by Clutton [54]. According to this protocol, maximum stress
values should be between 0.9 o, and 1.1 o, — being o,, the average
maximum stress - so that the plane-stress condition prevails. Then, in a
plot of omayx versus ligament length, the data lying outside these limits
should be eliminated. An example of this procedure is shown in Fig. 11
for FD LLDPE samples. Fig. 12 shows the new fitting curves of yielding
specific work of fracture vs. ligament (including points not took into
account due to plane stress criterion). The parameters of essential and
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non-essential yielding work of fracture for LLDPE, and the 7525 and
5050 blends, were calculated by extrapolating the linear fit of wy vs. 1
points in corresponding range of o, to zero ligament length, and are
shown in Table 5.

When comparing different materials at the same location, the initi-
ation parameter we,, is similar for the 7525 and 5050 blends, and smaller
than the value for LLDPE. These binary blends between LLDPE and PP
have a high degree of incompatibility and low interfacial adhesion [21]
so, there is low load transfer between phases and the particles act as
stress concentrators, promoting defects creation and a path for crack
propagation [48]. Addition of 25% PP had an impact not only on the
essential work of fracture but also on the non-essential work of fracture.
It can be seen that LLDPE presents a greater plastic work, while the 7525
blend samples fail with a minimum plastic zone formation, considering
that the term pwy s close to zero. In LLDPE samples chains defolding and
stretching occur before the rupture and crack propagation, producing a
large plastic zone [51]. On the other side, in the 7525 blend, the second
phase (or minority phase) works as an internal restriction on the matrix
polymer, which restricts its capacity for mass deformation and, there-
fore, the formation of a larger plastic zone. It is noticeable that the 5050
blend exhibits a higher propagation value. This mixture presents a
co-continuous like structure, and it is known that the formation of these
structures can impart polymer blends with a good stiffness-toughness
balance [55,56]. It was stated that large propagation values are
observed when failure is not confined to the fracture plane and extend to
the bulk [57]. This may be happened in the 5050 blend, due to the
co-continuous structure that is able to transfer the load to larger vol-
umes. Moreover, great dispersion in total energy could be attributed to
the non-reproducibility of this mechanism in all samples.

When location in the sample is varied, all materials (LLDPE and the
7525 and 5050 blends) show a resistance to initiation (w,) in flow di-
rection (FD) greater than in transverse flow direction (TFD). This
anisotropy could be explained by the formation of a crystalline structure
oriented by the flow forces during mold filling, which results in tough-
ness increase when the load direction coincides with the orientation
direction. Applying a tension perpendicular to the direction of orienta-
tion results in a lower toughness value [57].

3.7. Influence of composition in fracture toughness

In order to compare fracture toughness of different blends, w, values
obtained from evaluation of complete curves (before partitioning) and J.
values are plotted in Fig. 13. It is easily observed that fracture toughness
values for all blends are lower than the values for each of the constitu-
ents, even lower than the value obtained from a rule of mixtures. This is

184 |E] out point
@ LLDPE
O max Flow direction
16
b ¢ o e o o - = —— = — - _._ ...............
14 ]
(] (]
124 e ._ ..... .._.._.._._. ....... ... ..... -
10 H
8 T i T . T '
5 10 15 20

Ligament (mm)

Fig. 11. oy, values vs. ligament length for LLDPE in flow direction.
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Table 5
EWF parameters for LLDPE, the 7525 and 5050 blends.
Sample Position W, (KJ/m?) pwe (MJ/m>)
LLDPE FD 52+1.0 29+0.1
TFD 33+1.4 3.1+0.2
WL 50+ 1.7 2.6 £0.2
7525 FD 29+ 0.6 0.2+0.1
TFD 1.4 £ 0.5 0.3+0.1
WL 0.7 +£1.2 0.2+0.1
5050 FD 3.3+1.7 1.4+04
TFD 1.5+1.2 0.7 +£0.1
WL - -

mainly due to the high incompatibility between LLDPE and PP. The J.
parameter represents the resistance to unstable crack propagation, and
the addition of 25% of LLDPE to PP turns this value 50% lower than for
pure PP. A similar observation can be done for w, parameter, i.e. 5050
and 7525 blends present a lower value than that one of pure LLDPE. The
weak interfacial adhesion is responsible for creating several stress con-
centrators that easily create a crack path.

In order to obtain a competitive blend in terms of fracture behavior,

45

another strategy such as the incorporation of an elastomeric phase
[58-61] and/or morphology manipulation [62-64] should be intended.

4. Conclusions

In the present work, the effect of the composition and the related
morphology on the fracture behavior of LLDPE/PP blends was thor-
oughly investigated.

Different fracture mechanics approaches were used to characterize
the materials fracture performance depending on their fracture
behavior. For pure PP and 2575 blend, J at instability was chosen,
whereas for ductile behavior the EWF methodology was used (For
LLDPE, 7525 and 5050). From the results of this investigation, it can be
concluded that fracture properties are mostly dominated by the majority
component properties. For the 5050 blend, the presence of a co-
continuous morphology is responsible for the high scatter of experi-
mental data obtained.

Currently, further strategies such as the incorporation of an elasto-
meric phase and/or morphology manipulation are being carried out to
achieve useful and cheap materials from post-consumer wastes, com-
parable to virgin polyolefins.

(KJ/m?)

J /w

5 )

I
PP 2575

LLDPE

[
5050 925

Fig. 13. Fracture toughness vs. composition.
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