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ABSTRACT: The aim of this study was to review the
mechanical properties (at break) of plasticized starch-based
materials from the literature. The methodology relied on the
use of a graphic tool allowing a direct comparison of the
strength and strain at break. The mechanical properties of
the materials were systematically compared with those of
glycerol-plasticized starches at 57% relative humidity. Be-
cause all the systems were equivalent, whatever the strate-
gies were, several starch development approaches were ex-
amined that depended on the required performance at

break. First, classical formulations described in the literature
(under comparable conditions) were tested. A smoothing of
the mechanical performances was obtained, and they were
surprisingly similar to those of the simple glycerol-plasti-
cized, starch-based material family. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 97: 1783–1794, 2005
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INTRODUCTION

Starch-based materials have been widely studied,1–30

although few applications have been actually mar-
keted. The reasons are numerous: the materials are
hydrophilic, they undergo aging, and they have low
mechanical properties, impact strength, and inappro-
priate chemical structures. In this article, the ultimate
mechanical properties are highlighted to (1) summa-
rize those of published materials and (2) reach useful
conclusions on the development of new strategies nec-
essary to improve low mechanical performances.

This work deals essentially with economically con-
ceivable materials, that is, materials formulated with a
great amount of renewable and low-cost native starch.
Blends with low starch contents and high starch de-
rivatives have been excluded.

The drawback of starch-based materials is the result
of the structures of the two constitutive starch macro-
molecules, which are amylose and amylopectin.31

Amylose is often considered a linear structure, and
amylopectin is often considered very branched.32–36

These macromolecules are able to create short interac-

tions (van der Waals and hydrogen forces) developed
at a low distance between the macromolecules or func-
tional groups (e.g., OH). If these forces are important,
the associated strength (at a low elongation) will be
high.

Long-distance interactions are typically macromo-
lecular entanglements that develop if the macromole-
cules are long enough. If entanglements happen, the
elongation at break can be higher.

Both polymers (amylose and amylopectin) create a
system that does not develop enough long-distance
interactions (e.g., entanglements) to present good ul-
timate mechanical properties: the starch-based sys-
tems are not cohesive enough. Moreover, a second
characteristic is the presence of three hydroxyl groups
per monomer; this leads to a large variation of phys-
ical properties as a function of the ambient relative
humidity (RH). In addition, hydrophilicity also en-
ables the system to partially crystallize (or retrograde)
as a function of the water content.8,14,37–41

Concerning the mechanical properties, two types of
bibliographies have been identified. One is devoted to
cognitive research based on model systems that do not
fulfill the required conditions allowing potential ap-
plications in the field of materials. The second type
includes much more realistic complex systems, but
unfortunately it is difficult to objectively appreciate
the actual improvements of these last systems. Indeed,
the authors have omitted a systematic comparison of
their materials with references nonintrinsically related
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to their studies. For example, a simple variation in the
water content can lead to a large variation (reaching
several orders of magnitude) of mechanical character-
istics.

Furthermore, the exploitation of mechanical prop-
erties can often be deceiving if the results are objec-
tively presented: the increase of at least one of the
properties (i.e., the strength) imposes (in the majority
of cases) the reduction of the associated properties
(i.e., the strain), and in this way, the material proper-
ties are not actually improved.

To be able to compare the different strategies em-
ployed to elaborate starchy materials, we propose a
graphic tool allowing the direct evaluation of the me-
chanical properties of starch-based materials. Ultimate
performances were gathered for the strength versus the
strain with log–log scales. Young’s modulus was not
been selected because the elastic modulus is not consid-
ered a direct image of the cohesion of the system (at a
high strain) but evidently is more related to its stiffness
at a low strain. Moreover, ultimate strength and strain
values are largely available in the literature. Thus, the
log–log cartography was used throughout this study to
evaluate the materials’ performances from the literature
and to list the main parameters influencing their me-
chanical properties at 50–60% RH.

When we considered the numerous tested strategies
(e.g., chemical modifications, blends with other poly-
mers, and formulations with different plasticizers or
fibers or fillers), some intrinsic reference materials di-
rectly reproduced from literature were made to de-
velop an experimental analysis of the bibliography.
These reference materials were made with the same
methodologies, from the elaboration to the testing
method. The conclusion discusses new strategies that
arose from this comparative analysis for designing
materials in the future.

MATERIALS AND METHODS

Components

Native wheat starch (27% amylose and 73% amylopec-
tin) was provided by Chamtor Co. (Pomacle, France)

and was stored under constant hygrometric condi-
tions before use (57% RH). High-amylose maize starch
or Eurylon 7 (70 wt % amylose) was purchased from
Roquette (Lestrem, France). Amylose from potato
starch was supplied by Sigma–Aldrich (Chemical Ab-
stract Service Registry (CAS) 9005-82-7). Before use,
the amylose was dissolved in dimethyl sulfoxide
(DMSO) to remove as much complexed n-butanol as
possible, and then it was intensively washed with
water and ethanol to remove DMSO; this was fol-
lowed by vacuum desorption at 40°C.

Poly(vinyl alcohol) (PVA), a water-soluble poly-
mer, was obtained from Aldrich (Lyon, France). Dif-
ferent molecular weight ranges and hydrolysis rates
were used (Table I).

Synthetic biodegradable polyesters were used, and
their characteristics are listed in Table I. Glycerol and
sodium benzoate were purchased from Avocado Re-
search Chemical, Ltd. (La Tour Du Pin, France), and
were used as a plasticizer and a photosensitive adju-
vant, respectively. This last additive was used as a
starch photocrosslinking agent42 in another part of this
work.

Film preparation

Casting method

Aqueous starch suspensions (4 wt %) were heated in a
high-pressure reactor at 120°C for 20 min, as described
by Lourdin et al.9 Precise amounts of additives (the
plasticizer and sensitizer) were added. The obtained
solutions were spread on a hot antiadhesive-coated
mold maintained at 60°C. This stage sped up water
evaporation and avoided extensive starch retrograda-
tion. The obtained films were transparent and had a
regular average thickness of 80 �m.

A similar process was used for glycerol-plasticized
starches containing 5 or 10 wt % PVA additive. PVA
was first dissolved in water.

All films were stored until equilibrium at a conve-
nient RH at 20°C before they were tested. The atmo-
spheric humidity was controlled by saturated salt so-
lutions at 20°C.43

TABLE I
Characteristics of Selected Polymers for Starch-Based Blends

Polymer Mw (g/mol) Hydrolysis rate (%) Designation

PVA 13,000–23,000 99 PVA13.99
13,000–23,000 88 PVA13.88

124,000–186,000 99 PVA124.99
124,000–186,000 88 PVA124.88

Commercial name Society Designation

Biodegradable polyesters BAK 1095 Bayer (Lyon, France) BAK
PCL Capa 680 Solvay (Paris, France) PCL
Biopol 401 GN Monsanto (St. Louis, MO) Biopol
Bionolle 3001 Showa Highpolymer (Tokyo, Japan) Bionolle
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Extrusion process

Convenient amounts of starch and glycerol were pre-
mixed and heated for 45 min at 170°C for plasticizer
absorption and water evaporation (the starch water
content was previously determined). The dry blend
was stirred while the additives were added (water
containing an adequate amount of the dissolved ad-
ditives). The additives were typically water-soluble,
that is, sodium benzoate and the selected PVA. The
water concentration was 20% on a dried starch basis.
The final mixture was then gelatinized into a ribbon
by one run through a Scamia three-zone single-screw
extruder (Scanex, Crosne, France) (heated at 100, 110,
and 115°C) equipped with a slit die (2 cm � 1 mm)
heated to 120°C. The mixing screw diameter was 2 cm
and had a length/diameter ratio of 11; it was operated
at 40 rpm. Because there was no zone of a high shear
rate, the preplasticization step was necessary (as dis-
cussed previously).

For glycerol-plasticized thermoplastic starches in
the presence of 5 or 20 wt % synthetic biodegradable
polyesters (nonhydrosoluble polymers), the extrusion
process required a preliminary step of polymer solu-
bilization in appropriate solvents (CH2Cl2 for BAK
and Biopol and tetrahydrofuran for Bionolle and PCL)
followed by evaporation in vacuo. This polyester pow-
der was then added to the dry blend and extruded
under conditions imposed by the added polymer char-
acteristics.4

Extruded ribbons were stored at a controlled RH
and at 20°C before the mechanical testing.

Conditioning

Starch plates were stored at 57% RH and 20°C in
closed chambers over a saturated salt solution (so-
dium bromide). Each sample was analyzed after 1
week of storage.

Accelerated aging

The aging of starch films was performed in the rub-
bery state at 20°C and at 80% RH (potassium bromide
solution) for 10 weeks; this was followed by 7 days at
57% RH for subsequent tensile testing (water sorption
equilibrium).

Mechanical analysis

A tensile test machine (Test 108 2kN, GT-Test Co.,
Ecoven, France) equipped with a load cell of 500 N
was used for the tensile measurements. The strength
and strain at break were measured at a crosshead
speed of 10 mm min�1 under constant conditions (57%
RH and 20°C) in an environmentally controlled cham-
ber. Dumbbell-shaped specimens of the H3 type were

cut from the extruded or cast plates. Ten replicates
were tested for each material, and the average value
was reported. The tensile strength was calculated from
the initial sample section, which was systematically
measured before the mechanical testing.

Film designations

The film nomenclature is as follows. WSG17 was a
wheat-starch film plasticized with 17 wt % glycerol.
EurG17 was a high-amylose starch film (Eurylon 7)
plasticized with 17 wt % glycerol. PVAx y.z WSG17,
where x is the percentage of PVA of an average mo-
lecular weight, y is equal to Mw/1000 (where Mw is the
weight-average molecular weight), and z is the hydro-
lysis rate, was added to wheat-plasticized starch. The
weight percentages of the additives were calculated
on a starch basis at 57% RH and on a starch–glycerol
basis for sodium benzoate.

SHORT LITERATURE REVIEW

Figure 1 summarizes the strength–strain cartography
of numerous mechanical properties extracted from the
literature1–30 devoted to plasticization, aging, starch
origins, and grafting. A large legend has been required
to relate the literature references to the collected ex-
perimental data. Figure 1 gathers model systems and
complex systems, aged and not aged. Despite the great
data dispersion, the majority of the systems are obvi-
ously located in the same diagonal area (see the dotted
line), descending from stiff and brittle (short strain)
materials to soft and noncohesive systems. In fact, all
the systems have bad properties, the intermediate
ones combining the bad properties of the extreme
data, in comparison with the usual synthetic poly-
mers, which are ideally located at both high strengths
and strains. The existence of a common area for nu-
merous and very different systems leads to the con-
clusion that only a few studies have provided actual
original systems, with the exception of Zhao’s
team,28,29 whose works are focused on complex sys-
tems and are worth being discussed elsewhere.

To clarify the data analysis, we organized the values
into different sections corresponding to the developed
strategies; that is, the strength–strain figures were di-
vided according to several parameters.

Plasticization and aging

Starch is most often plasticized with water and glyc-
erol.2–4,7–9 Depending on the amounts of the added
plasticizers, two well-known behaviors are identified
in Figure 2(a). (The glycerol addition is followed by a
bold arrow for different starch origins: amylose, amy-
lopectin, and potato starch). First, there is an antiplas-
ticization zone for a low additive content, which pre-
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sents typical strengths of 20–80 MPa and a strain of
less than 10%. The antiplasticization phenomenon
shows both the strength and strain decreasing when
the plasticizer concentration increases up to
10–15%3,44 and corresponds to a local macromolecular
motion limitation.45,46 Second, for larger amounts of
the plasticizer, a classical plasticization effect can be
obtained that obviously governs the mechanical prop-
erties of unaged systems (Fig. 1). This zone can be
observed whatever the starch origin is (amylopectin,
potato, wheat, tapioca, corn, or amylose). Looking at
more greatly plasticized materials [i.e., the long, dot-
ted arrow in Fig. 2(a)], we find that a simple variation
of the glycerol content allows a roughly whole de-
scription of the descending diagonal previously
shown. Thus, very complex systems show approxi-
mately the same mechanical properties as the simplest
ones (model systems) made only of starch, glycerol,
and water. The diagonal previously reported could be
considered a master curve and will be discussed again
in the Experimental section.

Figure 2(b) shows the influence of physical aging
on the properties (the strength increases and the
strain decreases) for several systems.10 –12 This fig-
ure also shows that aged materials have higher
strength and lower strain whatever the starch origin
is [wheat, potato, maize, or amylomaize; the arrows
in Fig. 2(b) present the aging influence on the prop-
erties with time]. Thus, for lower plasticizer concen-
trations, the starch materials are glassy and are sub-
jected to physical aging, which is explained by a
progressive recovery of a thermodynamically favor-
able state with an increasing amorphous phase den-
sity.47 This aging leads to a simple shift in the
master curve. This aging is always reported as a
problem for starchy materials, but this is undoubt-
edly of less importance when we consider mechan-
ical property improvements. The aging of materials
in the rubbery state leads to morphological modifi-
cations (retrogradation), the kinetics of which are
increased if the macromolecular mobility is en-
hanced by the plasticizer contents. The initial mate-

Figure 1 Mechanical properties (strength and strain) of starch-based materials at (1) 55% RH, 20°C, 14 days, and 10
mm/min;1 (2) 30°C, 4 days, and 20 mm/min;2 (3) 57% RH, 25°C, and 48 h;3 (4) 50% RH, 23°C, 50 mm/min, and 2 weeks;4,5

(5) 50% RH, 20°C, and 7 days;7 (6) 50% RH, 23°C, 2 days, and 10 mm/min;6 (7) 50% RH, 20°C, and 7 days;7 (8) 60% RH, 20°C,
and 10 mm/min;8 (9) 57% RH, 25°C, and 2 mm/min;9 (10) 57% RH, 25°C, and 2 mm/min;9 (11) 57% RH, 25°C, and 2
mm/min;10 (12) 50% RH, 23°C, and 5 cm/min;11 (13) 50% RH, 23°C, and 5 cm/min;11 (14) 57% RH, 22°C, and 10 mm/min;12

(15) 57% RH, 22°C, and 10 mm/min;12 (16) 50% RH, 23°C, and 50 mm/min;13 (17) 80% RH, 22°C, and 10 mm/min;12 (18) 80%
RH, 22°C, and 10 mm/min;12 (19) 50% RH and 20°C;14 (20) 50% RH and 20°C;14 (21) 58% RH, 25°C, 14 days, and 10
mm/min;15 (22) 58% RH, 25°C, 72 h, and 0.2 mm/min;16 (23) 57% RH, 25°C, 72 h, and 5 mm/min;17 (24) 57% RH, 25°C, 72 h,
and 5 mm/min;17 (25) 43% RH, 25°C, 14 days, and 50 mm/min;18 (26) 43% RH, 22°C, 14 days, and 50 mm/min;19 (27) 50%
RH, 23°C, 3 days, and 100 mm/min;20 (28) 54% RH, 23°C, 6 weeks, and 50 mm/min;21,22 (29) 54% RH, 23°C, 6 weeks, and
50 mm/min;21,22 (30) 54% RH, 23°C, 6 weeks, and 50 mm/min;22 (31) 50% RH, 14 days, and 20 mm/min;23 (32) 50% RH, 14
days, and 20 mm/min;24 (33) 50% RH, 23°C, and 7 days;25 (34) 50% RH, 23°C, and 7 days;26 (35) 54% RH, 23°C, 6 weeks, and
50 mm/min;5,13 (36) 54% RH, 23°C, 6 weeks, and 50 mm/min;54 (37) 65% RH, 20°C, 48 h, and 5 mm/min;27 (38) 2.54
mm/min;28,29 (39) 2.54 mm/min;28 (40) 65% RH, 21°C, and 10 days;30 and (41) 57% RH, 22°C, and 7 days.12[Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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rials are supposed to be amorphous or partially
amorphous. As aging occurs, mechanical reinforce-
ment is achieved by crystallite development and is
symbolized in Figure 2(b) by convenient arrows (an
increase in the aging time).12–14 This phenomenon
also appears as a simple displacement following the
master curve toward less plasticized systems.

Starch derivatives

Chemically modified starch has been developed both
to limit hydrophilicity and to graft alkyl chains able to
act as internal plasticizers. This second property is an
interesting solution to the problem of plasticizer local-
ization, segregation,48,49 or migration.30 Concerning

Figure 2 (a) Mechanical properties of starch films as a function of the plasticizer content for several starch origins and
internal plasticization (starch derivatives). The added plasticizers are shown by bold arrows, and the increase in the
amylose/amylopectin ratio is shown by dotted arrows for a low plasticizer content (small arrow) and for 30 wt % glycerol
(long arrow). (b) Influence of aging on starch. The larger symbols represent unaged materials. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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mechanical properties, we find that the literature only
reports high grafting rates, which produce rubbery
materials, as shown in Figure 2(a). Thus, the macro-
molecular interactions are weaker than those for more
greatly plasticized unmodified starches.

Materials with low grafting rates are not repre-
sented in the literature (no mechanical tests), perhaps
because they require specific plasticizer systems.
Without convenient plasticizer systems, the materials
are too brittle and cannot be tested. Highly grafted
systems have been investigated to produce mainly
hydrophobic starch materials (starch derivatives are
mainly grafted with alkyl chains, esters, or ethers).

Crosslinked starch properties are reported in Figure
2(a) (see the UV irradiation arrow and the chemical
crosslinking area);27,42,50 they are still located near the
master curve.

Amylose/amylopectin ratio

A widely studied parameter is the amylose/amyl-
opectin ratio. The idea is that amylose-enriched ma-
terials are often mechanically excellent. In the car-
tography proposed in Figure 2(a), this affirmation
can be readjusted. First, two behaviors are reported
as a function of the plasticizer content:1,7,9 (1) for
lower plasticizer contents, an increase in the amy-
lose/amylopectin ratio would improve both the
strength and strain because of the linear structure
[see the short, dotted line in Fig. 2(a)], and (2) for
higher contents, the variation is different and com-
parable to that of a mechanical reinforcement (the
strength increases and the strain decreases; see the
long, dotted arrow) when the amylose content is
increased. This last tendency is related to fast amy-
lose crystallization in comparison with slower amy-
lopectin retrogradation. Rindlav-Westling et al.51 re-
ported that the crystallinity of amylose-enriched
systems was higher than expected. Morphological
and molecular effects are in fact not always clearly
distinguished in the literature. The blended systems
described by Hulleman1 presented a surprisingly
high strain (300%) for pure amylopectin (0/100),
probably because of the specific elaboration condi-
tions. The materials were made stiffer by the addi-
tion of amylose to reach, for the 100/0 blend, the
common region in Figure 2(a).

In conclusion, the amylose/amylopectin ratio is not
a determining parameter for mechanical property im-
provements (at break) because the data are again po-
sitioned undoubtedly close to the master curve.

Starch/polymer blends

Starch/polymer blends have been widely tested and
more specifically with high contents of biodegradable
polyesters or PVA. The strengths and strains have

generally been enhanced for starch blends containing
more than 25 wt % non-starch polymer. In this case,
starch or plasticized starch tends to reduce the intrin-
sic properties of the associated polymer. For lower
polymer contents, three systems have been developed
(Fig. 3, empty symbols; the arrows represent the in-
crease in the added polymer content):

1. For very incompatible polymers (e.g., polyole-
fins), the properties are weaker or equal to those
of the pure starch reference, even in the pres-
ence of a compatibilizing agent.52,53

2. For more or less compatible polymers (e.g., bio-
degradable polyesters), the polymers act as fill-
ers, the properties developing with a strength
increase for an equivalent or lower strain ac-
cording to the plasticizer content.5,13,54

3. For hydrosoluble polymers (e.g., PVA), the
properties are very dispersed. For 10–20 wt %,
the properties are roughly equivalent to those
from the addition of 25% polyesters at high
glycerol rates. For lower plasticizer contents, the
property gain is lower. Unfortunately, for these
compatible systems, it is surprising to see the
absence of studies at a very low concentration
(�10 wt %).

In summary, the heterogeneous systems are char-
acterized by interfacial compatibilization problems.
The materials are then mechanically weak or are
modestly improved for the most compatible associ-
ated phases. Only PVA seems to be slightly out of
the master curve. This study excludes all systems
containing more than 25% added polymer, and so
the blend strategy remains deceiving because all the
systems behave in the same region close to the
master curve and thus can also be mimicked by a
simple plasticizer action (Fig. 3).

Fillers and fibers

Other additives have been selected for their ability
to develop specific interactions with the starch ma-
trix. Cellulosic fibers and mineral fillers have been
used.15,18 –22 Generally, fillers or fibers at a concen-
tration of 15–30 wt % are incorporated into starch
materials (Fig. 3, full symbols; the arrows corre-
spond to the increase in the filler and fiber contents).
For cellulosic fibers and mineral fillers, a classical
reinforcing effect has been observed, and most of
the results follow a simple mixing law.19,21,22 The
materials with a low cellulose whisker content15

show more promising behavior, with an increase in
both the strength and strain; the system cohesion is
improved, and the good quality of the created in-
terface and fiber–fiber interaction effects are shown.
Concerning mineral fillers, the obtained properties
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are sometimes inconsistent18 and will be discussed
elsewhere, but they generally show a classical rein-
forcing effect.

Partial conclusion

Among the large number of strategies devoted to
starch material development or more cognitive re-
search, it is obvious that no ideal material has been
proposed (actual strength–strain improvements). If
the material formulations are sometimes very com-
plex, no really original approach has been devel-
oped.

More amazingly, most of the systems show ultimate
mechanical properties rather close to those obtained
with a simple modulation of the plasticizer content,
whatever the starch origin is. This result is important
and merits development through experimental analysis.

Indeed, as the collected data shown in Figure 1 are
very dispersed, it is worth wondering if this hetero-
geneity is due (1) to the strategies themselves, which
are very numerous, leading effectively to slightly dif-
ferent mechanical systems, or (2) to the experimental
methodology, which is extraordinarily varied in the
literature.

To answer this point, we undertook an experi-
mental analysis of the bibliography by scrupulously
reproducing reference systems from the literature
with the same methodology (e.g., same film-forming

processes, sample geometries, RH, and aging condi-
tions).

EXPERIMENTAL

Reference curve of wheat-starch plasticization

Wheat-starch films were plasticized with glycerol (5,
17, 22, or 30 wt %) and were mechanically tested at
two RH values (57 and 80%). The results are pre-
sented as log strength/log strain curves, which
show a classical plasticization behavior at 57% RH
[Fig. 4(a), dotted line]: a regular strength decrease
and a strain increase. This dotted line curve is re-
peatedly used as the reference curve, and all others
materials are compared to this curve, which is the
internal reference of this work. A monotonous de-
crease can be observed even at a low plasticizer
concentration (WSG5 data). The absence of an anti-
plasticization effect, probably due to the film pro-
cessing conditions,3 is discussed later.

The second curve (bold line) was obtained at 80%
RH and was compared to the curve at 57% RH. In-
deed, the whole plasticizer concentration (water and
glycerol) increased at 80% RH. The observed turning
point also occurred earlier than that at 57% RH. These
results can be interpreted with the support of water
sorption isotherms performed for pure starch and glyc-
erol starch blends.7,49,55 It is known that glycerol addi-

Figure 3 Mechanical properties of starch/additive blends. The PVA and biodegradable polyesters are indicated by empty
symbols, and the mineral charges and fibers are indicated by filled symbols. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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tion reduce starch water uptake until around 60% RH
because of the establishment of a competition between
the water sorption sites. At a higher RH, glycerol is
specifically hydrated, and the water uptake is then di-
rectly correlated to the amount of this hydrophilic plas-
ticizer,49,51 which can be considered to be available. In
fact, Lourdin et al.48 previously reported the existence of
phase separation in starch glycerol blends. More pre-
cisely, glycerol-enriched microdomains, able to be pref-
erentially hydrated, have to be considered.7,55 The loss of
mechanical properties can then be attributed to the pres-
ence of such microdomains, to the detriment of system

cohesion. The more hydrated the system is, the more
premature the turning point.

Influence of the amylose/amylopectin ratio

The mechanical properties at 57% RH are described in
Figure 4(b) for glycerol-plasticized, amylose-enriched
systems [70 (Eurylon) or 100 wt % amylose]. The ma-
terials were plasticized with 17, 22, or 30 wt % for
Eurylon and 17 or 22% for pure amylose. The plasti-
cizing effect (shown by the arrows) was lower than
that for the amylopectin-enriched systems that gave

Figure 4 Mechanical properties of (a) wheat-starch-based films plasticized with 5, 17, 22, or 30 wt % glycerol and
conditioned at (- - -) 57 or (—) 80% RH and (b) glycerol-plasticized, high-amylose starch films (70 or 100 wt %) conditioned
at 57% RH. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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the reference curve (superimposed dotted line). Two
interpretations are possible: (1) the turning point for
amylose is earlier because of higher glycerol phase
separation51,55 and (2) amylose crystallization (also
generating free glycerol) renders the materials less
sensitive to plasticization.

Starch system retrogradation

The retrogradation impact on the mechanical proper-
ties is presented in Figure 5 for reference systems
WSG17 to WSG30. As crystallization occurred (see the
arrows), the strength increased and the strain de-
creased for all the systems (22 and 30 wt % glycerol),
except that with 17% glycerol, which presented only a
slight change with time after 5 weeks of aging. The
WSG5 system is not shown because it was too brittle
to be tested under good conditions. As previously
observed in the first part of this study, the aged system
properties followed the reference curve. Considering
the experimental errors, we superimposed all data.

In Figure 6, the amylose-enriched systems show the
same behavior with similar changes, in comparison
with the reference curve. As for wheat starch, the
system plasticized with 17 wt % glycerol showed no
change; only the EurG22 and EurG30 systems are
presented. The high-amylose starch systems were
equivalent and are not shown.

As previously shown, the aged systems showed
properties close to those of the reference curve.

Starch/polymer blends

The starch/polymer blends were reproduced from the
literature, and the mechanical properties are displayed

in Figure 7. The amounts of the additive polymers,
PVA and biodegradable polyesters (BAK, PCL,
Biopol, and Bionolle; Table I), were chosen to be equal
to 5 and 10 wt %. For PVA, several molecular weights
and hydrolysis degrees were tested. In Figure 7, the
data obtained for the polyesters and PVA are delim-
ited and labeled. The tested polyester data are situated
near the reference curve and thus are of limited inter-
est. In contrast, for more compatible PVA (a water-
soluble polymer), the systems seem to stand slightly
apart from the reference curve. However, the proper-
ties were only moderately modified, and no evident
correlations can be made as a function of the molecu-
lar weight or hydrolysis degree.

DISCUSSION

A comparison of the data from Figures 4–7 (obtained
with the same methodologies and formulations found
in the literature) with those of the same systems taken
from Figure 1 is shown in Figure 8. The data disper-
sion observed in Figure 1 is solely due to the extraor-
dinarily varied operating modes employed. This con-
clusion validates the ongoing conclusion, that the me-
chanical properties at break are entirely defined by a
simple reference curve obtained by the variation of the
glycerol content, whatever the studied system is. Al-
though the methodology adopted in this study is also
open to criticism (because other specific aspects of
materials, e.g., the process, the initial crystallinity, and
other RH values, are not explored), the obtained data
clearly reveal that starch material development has
been stagnant (for the majority of the authors, includ-
ing us) and is well defined by plasticization action.

Figure 5 Mechanical properties of glycerol-plasticized, wheat-starch-based materials after 8 weeks of aging by retrograda-
tion. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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This review and the complementary experimental
section show that every strategy developed to im-
prove the mechanical properties of starch has failed.
However, data were only collected and recorded be-

tween 50 and 60% RH and could exclude interesting
systems performed at higher or lower RH values.

The ultimate properties of every system are equiv-
alent to those reported for very simple ternary systems

Figure 6 Mechanical properties of glycerol-plasticized, high-amylose, starch-based materials after 10 weeks of aging by
retrogradation. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7 Mechanical properties of starch/PVA and starch/polyester blends at 57% RH. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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(water, starch, glycerol), whatever the complexity is of
the studied materials:

1. The addition of amylose and other polymers
(except PVA) does not improve the mechanical
properties.

2. The plasticizer system is a recurrent problem
remaining to be solved to avoid fast phase sep-
aration and hydration at higher RH values.

3. Aged materials are similar to those with a plas-
ticizer loss (note that the development of starch
materials merits more attention than this sec-
ondary phenomenon).

The existence of a master curve is difficult to explain.
This behavior could be related to a family of common
break criteria (a common area of failure initiation).

Because of the great range covered by the strain at
break over the whole reference curve, different types
of failure criteria must be imagined before strategies of
starch mechanical improvement can be envisioned.
Figure 9 is a scheme drawn to propose strategies
adapted for different zones of the reference curve.

Zone 1

Zone 1 concerns low plasticizer contents with a low
strain at break. In this domain, no solicitation of long-
distance interactions between macromolecules occurs.
Improving the mechanical properties is equal to mod-
ifying short-distance interactions. Some starch deriva-
tives (e.g., hydroxyethyl derivatives) have been tested
in this way by the grafting of spacer groups. PVA
oligomers or oligosaccharides may correspond to this
strategy with simple blends.

Figure 8 Mechanical properties with respect to a plasticization master curve of systems reproduced from the literature.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 9 Characteristics of master curve domains.
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Zone 2

The elongation in this zone is much higher, and long-
distance interactions (entanglements) play a major role.
In this area, the macromolecular geometry is deleterious.
Starch macromolecule skeletons have to be modified to
increase the ratio of the linear chain. The best way is not
to lean toward pure amylose materials because (1) a high
crystallinity rate is associated with a low strain, (2) en-
tanglements can be favored by a slight branching rate,
and (3) original strategies can be developed through a
controlled crystallization process that cannot be
achieved by rapid amylose organization. For example,
the studies of Zhao et al.28,29,56 could be a starting point
for such a strategy.

Zone 3

The turning point has been interpreted as property
loss due to glycerol-enriched microdomains. A new
family of plasticizer systems (e.g., polysaccharide oli-
gomers) less sensitive to water and allowing delayed
phase separation should be tested.

Testing these different perspectives (including
chemical skeleton modification) should be helpful in
developing the new strategies presented in the litera-
ture that consist of in planta starch modification.57,58
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