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The mechanical behavior of polymer blends containing 80 wt% of HDPE and 20 wt% of TPS and com-
patibilized with HDPE-g-MA grafted copolymer was investigated. Unmodified HDPE/TPS blends exhibit
high fracture resistance, however, the interfacial modification of those blends by addition of HDPE-g-MA
leads to a dramatic drop in fracture resistance. The compatibilization of HDPE/TPS blends increases the
surface area of TPS particles by decreasing their size. It was postulated that the addition of HDPE-g-MA
induces a reaction between maleic anhydride and hydroxyl groups of the glycerol leading to a decrease

Is(te;/rﬁxgrds: of the glycerol content in the TPS phase. This phenomenon increases the stiffness of the modified TPS
Glycerol particles and stiffer TPS particles leading to an important reduction in toughness and plastic deforma-
Toughness tion, as measured by the EWF method. It is shown that the main toughening mechanism in HDPE/TPS
Blends blends is shear-yielding. This article demonstrates that stiff, low diameter TPS particles reduce shear

Compatibilization

band formation and consequently decrease the resistance to crack propagation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is a low cost, hydrophilic and biodegradable renewable
resource with limited mechanical performance. Its ductility can
be improved by the addition of a plasticizer such as glycerol to
water-swollen starch granules in the presence of heat and high
shear (Averous, 2004; Otey, Westhoff, & Russell, 1977; Swanson,
Shogren, Fanta, & Imam, 1993). The resulting plasticized starch is
known as thermoplastic starch (TPS). To decrease its hydrophilicity
and improve its mechanical properties, TPS can be melt-blended
with polyolefins, such as polyethylene (PE) (Bikiaris & Panayiotou,
1998; Bikiaris et al., 1998; Rodriguez-Gonzalez, Ramsay, & Favis,
2003; St-Pierre, Favis, Ramsay, Ramsay, & Verhoogt, 1997; Wang,
Yu, & Yu, 2005). PE and TPS form immiscible blends with a high
interfacial tension. Their interfacial interactions can be improved
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by blending with copolymer interfacial modifiers (Cerclé, Sarazin,
& Favis, 2013; Prachayawarakorn, Sangnitidej, & Boonpasith, 2010;
Yin, Dong, Wang, & Yin, 2008), the most common of which is PE
grafted with maleic anhydride, PE-g-MA (Bikiaris & Panayiotou,
1998; Bikiaris et al., 1998; Sailaja & Chanda, 2000; Wang, Liu, & Sun,
2004). In a previous article on HDPE/TPS blends (Taguet, Huneault,
& Favis, 2009), it was shown that the glycerol-rich domains of TPS
dispersed phase migrated to the interface, and played a lubricant
role, which resulted in very high mechanical properties. Moreover,
upon interfacial modification of HDPE/TPS with HDPE-g-MA,
maleic anhydride can react with glycerol, decreasing the glycerol
content of the TPS particle and lead to micelle formation in the
matrix. It was shown that a higher glycerol content leads to a
higher amount of copolymer necessary to saturate the interface. It
was also demonstrated that high tensile properties were obtained
for modified HDPE/TPS blends due to a double mechanism at the
interface, related to the formation of glycerol and copolymer layers.
Sailaja, Reddy, and Chanda (2001) reported a similar improvement
of the mechanical properties of LDPE with varying proportions
of plasticized tapioca starch in presence of a compatibilizer
(poly(ethylene-co-glycidyl methacrylate)). Micrographs of impact
and tensile fractured surfaces showed a brittle-ductile failure tran-
sition with increasing amounts of copolymer at TPS contents higher
than 30wt%. Regarding the literature on polyolefin/TPS blends,
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a few articles dealing with the mechanical performances of such
blends have been reported (Gupta, Sharma, & Kumar, 2008; Ning,
Jiugao, Xiaofei, & Ying, 2007; Tena-Salcido, Rodriguez-Gonzalez,
Mendez-Hernandez, & Contreras-Esquivel, 2008) which did not
address failure mechanisms. Compatibilized polyolefin/TPS blends
have been shown to be complex systems due to the presence of
glycerol and its possible reactivity with the compatibilizer.

Fracture toughness measurement is an interesting tool to char-
acterize the state of the interface in a polymer blend (Ahn & Paul,
2006; Bucknall & Paul, 2009; Laura, Keskkula, Barlow, & Paul,
2003; Laurens, Creton, & Léger, 2004 ). The main toughening mech-
anisms in polymer blends are identified to be cavitation, crazing
and/or shear-yielding (Mai, Wong, & Chen, 1999; Wu, Chan, & Mai,
1999; Yee & Pearson, 1986). While crazing is the main toughening
mechanism of glassy polymers (Brown, 1991), cavitation or void
growth is mostly observed in rubber toughened polymers (Bagheri
& Pearson, 1996; Bucknall, Karpodinis, & Zhang, 1994). Shear-
yielding is the process by which most ductile polymers extend to
high strains in standard tests. Chain segments slip past each other
in response to shear stresses, resulting in localized deformations in
the yield zone while remaining close to constant volume (Bowden
& Raha, 1970; Brady & Yeh, 1971, 1973). Other phenomena such
as crack bifurcation and/or deflection by rubber particles (Kaber
& Evans, 1983; Pearson & Yee, 1991), rubber-particle stretching
and bridging (Kunz-Douglass, Beaumont, & Ashby, 1980; Pearson
& Yee, 1991) and formation of a plastic zone ahead of the crack
(Bascom & Cottington, 1976; Bascom, Cottington, Jones, & Peyser,
1975; Bascom, Cottington, & Timmons, 1977; Bascom & Hunston,
1978) contribute to the toughening mechanism of polymer blends.
In most polymer blends, these different toughening mechanisms
occur simultaneously (Brady & Yeh, 1973; Bucknall et al., 1994).

A tensile dilatometry test can be performed by measuring the
volume strain as a means of identification of the deformation mech-
anism(s) taking place during the course of a usual stress-strain
experiment (Bucknall & Clayton, 1971). Indeed, it is possible to dif-
ferentiate deformation mechanisms that induce volume changes,
such as crazing and cavitation, or not, such as shear-yielding.
Bucknall and Clayton (1971) were the first to introduce the tensile
dilatometry approach to evaluate quantitatively the deformational
mechanisms of rubber-toughened polystyrene. The rate of volume
change was related directly to the rate of crazing. Indeed, during a
tensile or a creep test, the slope of the volume strain, AV/V; against
longitudinal (also called axial) strain, &4, curve equals zero for a
pure shear-flow process, and equals unity for a pure crazing or
cavitation process. The tensile dilatometry tests were performed
to study the contribution of cavitation and crazing to the fracture
resistance in many rubber-toughened plastics, such as elastomer-
modified epoxies (Yee & Pearson, 1986), PMMA and PP (Naqui &
Robinson, 1993), rubber-modified nylon (Borggreve, Gaymans, &
Eichenwald, 1989), HDPE/nylon 6 (Fellahi, Favis, & Fisa, 1995). The
characterization of the toughness of some polymer blends has been
well-studied (Mai, Wong, & Chen, 1999; Williams, 1984; Wong,
Mai, & Chen, 2003). In the case of ductile fracture the well-known
linear elastic fracture mechanics (LEFM) concept cannot be applied,
because considerable energy is dissipated in the material creating
extensive plasticity ahead of the crack tip. Kim and Mai (1991),
Mai et al. (1999), Mai and Cotterell (1985, 1986), Mai, Cotterell,
Horlyck, and Vigna (1987), Wu and Mai (1996) have developed
a methodology based on Broberg’s (1971, 1975) theory of frac-
ture to characterize the fracture behavior of polymeric materials.
According to this essential work of fracture (EWF), and under a
plane-stress state, the total work of fracture generated during crack
growth, Wy, can be divided into two components: (i) the essen-
tial work of fracture (W,), associated to the work spent in the
inner fracture process zone where W, is a property of the material
and, (ii) the non-essential work of fracture (Wp), dissipated in the

outer plastic zone. W, is geometry dependent. The EWF method
is a useful technique to measure the toughness in ductile mate-
rials as it separates the work dissipated in the plastic deformation
zone from the work spent to create new surfaces under plane stress
conditions. Most other methods require plane strain conditions. In
2010, an extensive review dealing with the application of the EWF
concept was published (Barany, Czigany, & Karger-Kocsis, 2010),
listing all the articles on EWF applied to polymers, blends and com-
posites. Chaléat, Halley, and Truss (2008) evaluated the influence
of the moisture content on the tensile properties of plasticized
starch/high molecular weight polyol blends by using EWF. As the
moisture content increases, the material becomes more ductile and
EWF measurements highlight a strong dependence of the fracture
behavior on the moisture content of this material.

In the present article, the evaluation of the toughness of
HDPE/TPS and especially the identification of the mechanisms
responsible for fracture resistance are addressed by investigating
the resistance to crackinitiation and/or propagation of the biobased
TPS phase.

2. Experimental
2.1. Materials

The high density polyethylene (HDPE), supplied by Nova Chem-
icals (Calgary, Canada), was a Sclair® HDPE2710 (MFI=17). The
native wheat starch (Supergell 1203-C) and the glycerol were
obtained from ADM (Candiac, Canada) and Laboratoire MAT (Beau-
port, Canada), respectively. The wheat starch was composed of
25wt% of amylose and 75 wt% of amylopectin. The glycerol was
pure at 99.5wt% and contained 0.5 wt% water. The HDPE copoly-
mer grafted with maleic anhydride (HDPE-g-MA) was purchased
from Dupont (Fusabond® E MB-265D with a MFI =12). The wt% MA
content was calculated on a weight basis via elemental analysis and
was equal to 3.9%.

2.2. Blend preparation

Starch granules were gelatinized, plasticized with glycerol and
water and blended with HDPE and compatibilizer in a one-step
extrusion process. Blends were prepared containing 20 wt% of TPS
and 80 wt% of HDPE. The compatibilizer was added with the HDPE,
at various rates. All compatibilizer concentrations are based on the
TPS content.

The processing of the polyethylene/thermoplastic starch blends
was based on a process developed previously (Favis, Rodriguez-
Gonzalez, & Ramsay, 2005; Favis, Rodriguez, & Ramsay, 2003;
Rodriguez-Gonzalez et al., 2003). The extrusion system was com-
posed of a single-screw extruder (SSE) connected midway to a
co-rotating twin-screw extruder (TSE). A starch/glycerol/water
suspension (detailed information for this starch suspensions are
given elsewhere (Taguet et al., 2009)) was fed in the first zone of
the TSE. Native starch was gelatinized and plasticized and volatiles
were extracted in the first part of the TSE. Molten HDPE and copoly-
mer (T=160°C) were fed from the SSE to midway on the TSE. TPS,
HDPE and copolymer were then mixed in the latter part of the TSE.
The TSE screw speed was 150 rpm for all blends. A three-hole strand
die (diameter 3 mm) was used and strands were water cooled, fol-
lowed by air cooling and then pelletized. After plasticization of the
starch, most of the water was removed during venting. Hence, the
final TPS can be considered as a binary blend containing starch and
glycerol. Under such conditions, the final glycerol contents of the
TPS after extrusion were 24 wt%, 28 wt%, 36 wt% and 40 wt%, and
are referred to as TPS24, TPS28, TPS36 and TPS40, respectively.
The final blends are identified by the following nomenclature:
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for example, 20TPS36C9 stands for a blend containing 20 wt% of
TPS36 and 9 wt% of HDPE-g-MA (based on TPS); indicating that this
blend contains 78.2 wt% of HDPE, 20 wt% of TPS36 and 1.8 wt% of
HDPE-g-MA.

2.3. Tensile properties and fracture mechanisms

After extrusion, samples were injection-molded into dogbone
specimens of 57.00mm in gage length, 9.70 mm in width and
3.05 mm in thickness. Tensile properties were investigated and the
profile of the elongated specimen was studied to investigate the
fracture mechanism using tensile dilatometry. Tensile tests were
performed according to ASTM D638 with an Instron 4400R uni-
versal testing machine at a crosshead speed of 50 mm/min. Elastic
modulus, elongation at break and strain at yield were measured
from the obtained stress-strain curves. The test was performed at
a crosshead speed of 5 mm/min and stopped just prior to necking
and samples were cryofractured.

2.4. Scanning electron microscopy and image analysis

The cryofractured surfaces were observed under a Jeol SM 840
scanning electron microscope (SEM) operating at a voltage of 5kV.
Specimens were primarily coated with a thin layer of gold-platinum
by physical vapor deposition. The method employed for particle
size measurements is given elsewhere (Taguet et al., 2009).

2.5. Tensile dilatometry

Volume change measurements were carried out from dogbone
specimens using an Instron universal mechanical tester 55R1123
equipped with a video-extensometer (Norwood, MA). A constant
strain rate of 50 mm/min was used. Axial and transverse extensions
were measured with a video extensometer. It is assumed, according
to Poisson’s ratio, that the deformation in the thickness is equal to
that in the width. The volume strain AV/V} is calculated using the
formula:

AV
Vo
where AVand Vj are the change in volume and the original volume,

respectively, and &, and ¢7 represent the axial and the transverse
strain, respectively. Note that e7 assumes a negative value.

d(AV/Vp)
deg

Hence, at the yield point q, d (AV/VO) /deq = 0 indicates that
shear deformation is the only non-Hookean deformation mech-
anism. On the contrary, at the yield point a, d (AV/Vy) /deq =1
indicates that cavitation and/or crazing are the only mechanisms
responsible for volume changes. AV/V, was thus plotted vs. gq
for HDPE, unmodified and interfacially-modified 20TPS24, 20TPS28
and 20TPS36 blends. For each blend the wt% of copolymer corre-
sponds to the critical concentration (C.;) in emulsification curves.
In all experiments the sample formed a neck and further interpre-
tation of the AV/Vj vs. axial strain curve is no longer possible due
to the non-homogeneous deformation along the specimen gage
length.

=(14+¢e)(1+er) -1 (1)

=(1+er) (2)

2.6. Notched Izod impact tests

After extrusion, samples were injection molded with a Sum-
itomo SE50S injection machine under rectangular bars. The
dimension of the specimens was 62.10 x 12.40 x 4.62 mm?3. The
notched samples were cut in the middle of the length. Samples
were conditioned for 48 h at 23°C under 50% of humidity. Then,

notched specimen measurements were performed with a Resil 25
Izod impact tester from Ceast and according to ASTM D256 and
ASTM 4812, respectively. Seven specimens were tested and their
average value was reported.

2.7. Essential work of fracture

Fracture tests were performed by the EWF method using dou-
ble edge-notched specimens of 80.45 mm in length, 30.60 mm in
width and 3.20mm in thickness. Specimens were tested with a
500KkN load cell, at a cross-head rate of 5 mm/min. At least fif-
teen specimens were tested in a ligament length ranging from 5
to 23 mm.

Under plane-stress conditions, the total work of fracture (W)
is divided into an essential part (W,) and a non-essential one (W),
corresponding to the inner or fracture process zone and to the outer
plastic deformation zone, respectively. Hence, W, represents all
energy absorbed to create new surfaces, whereas W, gathers all
energy dissipated outside of the fracture surface.

Wr=We+W, (3)

where W, is a function of the area I x t (We=w, x 1 x t), W), is pro-
portional to % x t (Wp =wp x I? x t), where | and t are the ligament
length and thickness, respectively.

Wf:We—i-]XIBWp (4)

where § is a shape factor related to the geometry of the plastic
zone (Mai et al., 1999; Test Protocol for Essential Work of Fracture
(Version 6)). Finally, wy is determined by calculating the integral
under the load-displacement curve for every ligament length (I in
mm). Therefore, we and Bw, are obtained by least-squares regres-
sion of wy vs. I; we being the y-axis intercept and Bwy, the slope of
the line. EWF testing was only performed on plasticized 20TPS28
and 20TPS36 blends.

3. Results

The results of the particle size analysis and mechanical testing
of interfacially-modified and unmodified blends containing TPS24,
TPS28, TPS36 and TPS40 are presented in Table 1. Both interfacially-
modified and unmodified blends show a decrease in dispersed
phase size when glycerol content is increased, pointing out the
importance of the plasticization level. It was shown elsewhere
(Taguet et al., 2009) that 24% of glycerol in starch is not enough to
effectively plasticize starch; to be efficient as a plasticizer, glycerol
must be added with at least 28% in starch. Table 1 shows that the
elastic modulus is increased when stiff TPS24 particles are added
into a HDPE matrix, whereas the addition of TPS particles with
higher starch content (TPS28, TPS36 and TPS40) leads to a level-
ing off or a drop of elastic modulus. A glycerol content of 28 and
36 wt¥% led to the highest elongation at break. The addition of a
compatibilizer tends to increase the stress at yield (o0 max) due to
the improved interfacial adhesion between PE and TPS.

In light of these results, the tensile dilatometry tests were per-
formed on HDPE, 20TPS24 and 20TPS28 and 20TPS36 blends in
order to study their toughening mechanisms. A previous article
(Taguet et al., 2009) studied the emulsification curves of all TPS
blends as a function of the wt% of glycerol and reported the criti-
cal concentration (C;¢) that represents the amount of copolymer
needed to saturate the interface. This value of C.; depends on
the wt% of glycerol and is given in Table 1. For more clarity, the
stress and volume change vs. axial strain curves are only pre-
sented for unmodified and interfacially-modified 20TPS36 blends
in Figs. 1 and 2, respectively. Table 2 summarizes the slope of
the volume change vs. axial strain at the yield point obtained for
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Particle size d, and tensile mechanical properties (Young's modulus E, strain at break &, stress at yield omax and strain at yield emax) for pure HDPE and blends containing
80% HDPE and 20% TPS (TPS24, TPS28, TPS36 and TPS40). Blends are unmodified or interfacially-modified with HDPE-g-MA.

wt’% HDPE-g-MA dp (pm) E (MPa) &b (%) Omax (MPa) Emax (%)
HDPE 0 - 1250 >900 19.5 114
20TPS24 0 7.85 1510 (+£190) 46 (+20) 16.7 8.5
20TPS24C6 6 1.17 1470 (+230) 18 (+10) 21.2 6.9
20TPS28 0 4.38 1250 (+100) 160 (+£20) 18.0 9.3
20TPS28C9 9 0.88 1100 (+£120) 310 (+100) 19.0 8.9
20TPS36 0 3.03 1180 (+160) 200 (+35) 171 9.8
20TPS36C9 9 0.55 1040 (£90) 310 (+70) 17.6 9.5
20TPS40 0 1.13 950 (£120) 120 (+18) 16.7 9.8
20TPS40C13 13 0.37 1110 (+200) 210 (+60) 17.4 10.5

N.B.: standard deviations were added when they are higher then 5%.
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Fig. 2. Stress-axial strain-volume change curves of 20TPS36C9.

pure HDPE and interfacially-modified and unmodified 20TPS24,
20TPS28 and 20TPS36 blends. The yield point is defined as the first
maximum on the stress—strain curve, and depends on the material.
Figs. 1 and 2 (obtained for 20TPS36C0 and 20TPS36C9, respectively)

Table 2
Slope of the curves plotting AV/Vy vs. &, at the yield point (¢max) for HDPE and
20TPS24C0, 20TPS24C6, 20TPS28C0, 20TPS28C9, 20TPS36C0 and 20TPS36C9 blends.

exhibit a yield point at 12.2% and 11.6% of axial strain, respectively.
For both interfacially-modified and unmodified 20TPS36 blends,
the volume change is very low. Moreover, Table 2 shows that the
slope of AV/Vj vs. gq curves at the yield point is very low for well-
plasticized 20TPS28 and 20TPS36 blends, ranging from 0 to 0.06.
However, the slope increases to 0.20 and 0.25 for unmodified and
interfacially-modified 20TPS24 blends, respectively. In general, the
slope increases from unmodified to modified blends. The very low
slopes obtained for 20TPS28 and 20TPS36 blends provide indica-
tions that their main toughening mechanism is shear-yielding. The
results of tensile dilatometry also show that the interfacial modi-
fication with HDPE-g-MA copolymers tends to increase cavitation
as a toughening mechanism.

The results of the notched impact tests are presented in Fig. 3.
The highest notched impact energy noted for unmodified blends
was obtained for a glycerol content of 36 wt% (it increased from
24 wt¥% to 36 wt% then decreased at 40 wt%). Interfacial modifica-
tion using grafted maleic anhydride led to an overall reduction in
the notched impact strength for all blends except for 20TPS40. From
these results, it appears that the notched impact strengths of the
unmodified blends are governed by the plasticization level of the
TPS particles. Low amounts of glycerol (24 wt%) lead to stiff TPS
particles and high amount of glycerol (40 wt%) soften the materials
leading to low notched impact strengths. In agreement with results
presented elsewhere (Taguet et al., 2009), the results show that a
glycerol content of 36 wt% appears to present a balance between a
too low and a too high plasticization level. Upon interfacial mod-
ification, the surface area of TPS particles increases as a result of
the lower TPS particle size. Since TPS is stiffer and more brittle
than PE, even when plasticized, TPS particles act in the soft PE

Notched impact strength (kJ/mm 2)
w
s

Blends Slope of the AV|V, vs. &, curve at &max
HDPE 0.08

20TPS24C0 0.20

20TPS24C6 0.25

20TPS28C0 0.02

20TPS28C9 0.06

20TPS36C0 0

20TPS36C6 0.06

24 28 36 40 (hdpe)

% glycerol

Fig. 3. Notched Izod impact strength (in kj/mm?2) of HDPE and unmodified and
interfacially modified blends of compatibilized HDPE matrix (98.2% HDPE and 1.8%
HDPE-g-MA) and 20% TPS with various amounts of glycerol ranging from 24% to
40%.
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Table 3

Values obtained after EWF tests on pure HDPE and blends containing 80% HDPE,
20% TPS (TPS28 and TPS36) and HDPE-g-MA copolymer: the essential work (W),
the non-essential work (BW,) of fracture and the total fracture work for a given
ligament length (I=17.8 mm) are reported.

Samples W, (kJ/m?) BW, (MJ/m?) Wj (kJ/m?) for
[=17.8 mm
HDPE 36.76 7.60 176.0
20TPS28C0O 24.66 133 49.7
20TPS28C9 2.76 0.12 4.8
20TPS36C0 19.69 3.24 79.0
20TPS36C9 4.20 0.45 12.8

matrix as stress concentration sites. Failure in the notched impact
specimens therefore occurs by crack propagation at the TPS-matrix
interface. When more such crack propagating particles are present,
the notched impact strength is reduced.

The toughness of the plasticized TPS/HDPE blends (i.e. con-
taining TPS28 and TPS36 blends) was evaluated by means of the
essential work of fracture (EWF) testing. The fracture properties
of HDPE/TPS24 blend was not evaluated because of poor tensile
properties. Prior to EWF data treatment, all load at yield vs. liga-
ment length data were analyzed to make sure they were obtained
under plane stress conditions. Only those ligament lengths that
gave a load at yield data within the +10% of the mean load at yield
were selected. The load vs. extension curves were then examined
for self-similarity. The values of W, and W, were then calculated
according to Eq. (4) from the linear regression of the specific work
of fracture vs. ligament length (data are shown in Fig. 4 and Table 3).
The total work of fracture (Wy) is dramatically reduced when TPS
is added to HDPE, and further reduced when a HDPE-g-MA com-
patibilizer is added to the blends. For example, the value of Wy
is reduced by 72% and 55% when TPS28 and TPS36 are added to
HDPE, respectively. The value of W is further reduced by 90% and
84% when the copolymer is added to 20TPS28 and 20TPS36 blends,
respectively. All the non-EWF values decrease upon TPS addition,
but follow a different trend with respect to the glycerol content. For
example, non-EWF values dropped by, respectively, 83% and 57%
when 20 wt% of TPS28 and TPS36 are added to HDPE. Copolymer
addition also led to a very large reduction in non-EWF values (91%
and 86% less when copolymer is added to 20TPS28 and 20TPS36,

respectively). The EWF and non-EWF results indicate that the intro-
duction of more rigid TPS particles in a ductile HDPE matrix causes
the reduction of the total work of fracture, and this reduction is
more important for the blend containing lower glycerol content.
They also indicate that compatibilization of this blend results in
a further very significant reduction of the total work of fracture.
When more particles are present in the matrix, as in the case of
higher glycerol content or when the copolymer is added, the blends
show a lower intrinsic fracture resistance, as indicated by the EWF
values. The effect on plastic dissipation (non-EWF) is slightly dif-
ferent; since they act as fracture promoting sites, when a higher
number of stiff particles are present in the matrix (e.g. at lower
glycerol content (TPS28) or with the copolymer), the process zone
extends less, resulting in a lower non-EWF. Indeed, stiff TPS par-
ticles reduce localized shear bands formation, effectively reducing
overall plastic deformation (Brady & Yeh, 1973).

Fig. 5 represents micrographs of unmodified and interfacially
modified 20TPS24 and 20TPS36 blends after elongation. The micro-
graph 1 of Fig. 5 clearly identifies void growth around TPS24
particles poorly bonded to the matrix after 55% of elongation. More-
over the TPS24 droplets are poorly elongated. Micrographs 2 and
4 in Fig. 5 represent compatibilized 20TPS24 and 20TPS36 blends
after 30.8% and 54.2% elongation, respectively. Those micrographs
exhibit no elongation of the TPS particles and void growth can be
seen around TPS 24 particles. Finally, the micrograph 3 of Fig. 5,
which represents the unmodified 20TPS36 blends after 59.2% of
elongation, clearly identifies the high deformation of the TPS par-
ticles in the direction of the applied strain, with no cavitation
around the particles. Those four micrographs in Fig. 5 confirm
the results obtained in Table 2 (up to the yield point): the ten-
sile deformation of well-plasticized HDPE/TPS blends is governed
by a shear-yielding toughening mechanism, with a small increase
of cavitation phenomenon after interfacial modification. But, if TPS
particles are not sufficiently plasticized (TPS24), cavitation slightly
increases.

4. Discussion

In the studied blends, 20 wt% of the HDPE is replaced by a plas-
ticized wheat starch that is a renewable resource of very low cost.
It was expected that the addition of an interfacial modifier, such as
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Fig. 4. Specific work of fracture vs. ligament length for HDPE and blends containing 20% of TPS28 and TPS 36 with 0% and 9% of HDPE-g-MA.
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Fig. 5. SEM micrographs of: 20TPS24C0 (1), 20TPS24C6 (2), 20TPS36C0 (3) and 20TPS36C6 (4) blends, elongated at 55, 30.8, 59.2 and 54.2%, respectively, prior to cryofracture.

HDPE-g-MA copolymer would improve the adhesion between both
polymer phases and the resulting mechanical properties, especially
the fracture behavior (toughness). In reality, the fracture behavior
observed, based on EWF and notched Izod impact results, shows
that the maleic anhydride compatibilization drastically decreases
both toughness and plastic deformation.

The introduction of TPS particles in an HDPE matrix and further
compatibilization of the blend leads to important changes in their
morphology and their mechanical properties. When the glycerol
content is too high (40 wt%), it leads to an overall softening of the
blend (cf. reduction in Young’s modulus and the stress at yield in

Table 1). On the contrary, if the plasticization level of the TPS dis-
persed phase is insufficient (as in the case of 20TPS24 blends), the
TPS particles are too stiff and not prone to deformation.

The presence of these stiff particles in a soft matrix leads to a
reduction in ductility and impact strengths (Table 1, Fig. 3). This
is explained by the volume increase measured by tensile dilatom-
etry (Table 2) indicating voiding, presumably at TPS particles, as
observed on fracture surfaces (micrograph 1 in Fig. 5 showing void-
ing at TPS24 particles). For the well-plasticized blends (20TPS28
and 20TPS36), the addition of a grafted copolymer leads to par-
ticle size reduction (as shown in Table 1), but it also decreases

20TPS24 20TPS28 or 20TPS36
Cco Co6 Co C9
© O O o ©
O ol ., |x
o) o elongation

© Q
0

! !

6

gtk
|

Fig. 6. Schematic representation of the deformation (matrix tearing and decohesion) during a tensile test for blends containing 20% of TPS24 modified with 0 and 6% of
copolymer and for 20% of TPS28 or 36 modified with 0 and 9% of copolymer. Black space around the TPS particles characterizes void growth.
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the glycerol content of the TPS particle, as a result of the reac-
tion between the maleic anhydride groups of the copolymer and
the hydroxyl groups of the glycerol, as reported elsewhere (Taguet
et al., 2009). This reaction results in a drastic increase of the stiff-
ness of the TPS droplet. Not surprisingly, higher amount of stiff
particles in an HDPE matrix reduces the toughness of the blend.
Indeed, for all blends, tensile dilatometry tests demonstrate that
the main toughening mechanism up to the yield point is shear-
yielding, but compatibilization is accompanied by voiding at the
TPS particles (Table 2 and Micrographs 2 and 4 in Fig. 5). Fig. 6
summarizes the evolution of the microstructure of 20TPS24 and
20TPS28 (or 36) blends during a tensile test. This schematic rep-
resentation of the modified or unmodified TPS particles after a
tensile test indicate void growth around the particles in the case of
20TPS24 blends and compatibilized 20TPS28 or 36. In this case, TPS
particles are stiff and have low deformability, which leads to void-
ing observed at TPS particles. This result can also explain the impact
and EWF measurements. Whereas, for the unmodified 20TPS28 or
36 blends, the flow-induced orientation of the particles and the high
deformability of TPS particle shows little cavitation and a dominant
shear-yielding mechanism as shown in micrograph 3 in Fig. 5.

Notched impact strengths such as EWF results show the influ-
ence of the stiffness and the amount of particles per unit area on the
intrinsic fracture resistance. During a fracture test, the crack prop-
agates around the TPS particles. Hence, the higher the amount and
the higher the stiffness of the particles, the lower the energy needed
to propagate a crack. This explains the toughness decrease when
TPS particles are added to HDPE matrix, and when this copolymer
is added to the blend. A higher amount of TPS particles leads to
the reduction of the process zone extension ahead of the crack tip,
which reduces the plastic deformation and consequently the value
of the non-EWF.

5. Conclusions

HDPE blended with thermoplastic starch can lead to materi-
als with relatively high fracture resistance. The high toughness of
HDPE can be maintained by maintaining a low amount of highly
deformable TPS particles. That is to say, by adding well-plasticized
non-modified TPS particles. Indeed, by decreasing the glycerol
content of TPS particles, the addition of HDPE-g-MA dramatically
increases the amount of stiff particles. Thus, even if compatibiliza-
tion increase the adhesion between the phases (Taguet et al., 2009),
it decreases the toughness and lead to the reduction of the plastic
deformation zone ahead of the crack tip. This contributes to clearly
decrease the fracture resistance. Finally, the unmodified blend con-
taining 36 wt% of glycerol is the one with the highest resistance to
fracture.
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