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Waxy maize starch nanocrystals obtained by hydrolysis of native granules were used as a reinforcing agent in a
thermoplastic waxy maize starch matrix plasticized with glycerol. Compared to our previous studies on starch
nanocrystals reinforced natural rubber (NRjglcromolecule005 38, 3783;2005 38, 9161], the present system
presents two particularities: (i) thermoplastic starch is a polar matrix, contrarily to NR, and (ii) the chemical
structures of the matrix and the filler are similar. The influence of the glycerol content, filler content, and aging
on the reinforcing properties of waxy maize starch nanocrystals (tensile tests, DMA) and crystalline structure
(X-ray diffraction) of materials were studied. It was shown that the reinforcing effect of starch nanocrystals can
be attributed to strong filler/filler and filler/matrix interactions due to the establishment of hydrogen bonding.
The presence of starch nanocrystals leads to a slowing down of the recrystallization of the matrix during aging
in humid atmosphere.

Introduction starch. Like most polymers, starch is immiscible with most
synthetic polymers at the molecular level. Grafting of synthetic
Among naturally biodegradable polymers using renewable polymers on starch is known to improve some of its properties,
resources, starch is probably the most promising material. It is but although the grafting of starch with synthetic polymers has
a versatile biopolymer with immense potential, low price, and been known for 30 years, very few processes have led to full-
abundant availability, not depending on fossil sources, for use scale commercialization.
in the nonfood industries. The most commercially important  another alternative is the reinforcement of thermoplastic
sources of starch come from comn, wheat, rice, potatoes, tapiocastarch with mineral or cellulosic fillers. Mineral fillers as tafc,
and peas. Native starch occurs in the form of discrete and kaolin13 and clay*~17 hold polar groups allowing an easy
partially crystalline microscopic granules that are held together association with thermoplastic starch. The use of cellulosic fillers
by an extended micellar network of associated molecules. The 35 reinforcing agent in thermoplastic starch leads to preserve
semicrystalline structure of native starch is attributed to the ¢, biodegradability of thermoplastic starch. Studies have been
short-chain fraction of amylopectin arranged as double helices carried out on fibers from different botanical souré&=0
and packed in small crystallités. microfibrilles’™* and whisker€324 In the case of the use of
Starch has received considerable attention during the pastiynicin whiskerg# it was shown that the reinforcing effect was
three decades as a biodegradable thermoplastic polymer or agery low due to the migration of glycerol at the thermoplastic
biodegradable particulate filler. Starch is not truly thermoplastic, starch/tunicin whiskers interface. Contact angle measurements
but it can be converted into a continuous polymeric entangled clearly showed that both glycerol and water displayed a higher
phase by mixing with enough water or nonaqueous plasticizer affinity for the cellulose whisker surface than for amylopectin.
(generally polyols, such as glycerol). The resulting material can , yhis context, waxy maize starch nanocrystals, obtained by
be man.ufactured using technplogy already deve!oped for the hydrolysis of native granules, have been used as a reinforcing
production of synthetic plastics, thus representing a minor yuentin thermoplastic starch. Waxy maize starch nanocrystals
investment. However, the hy(_jrophmc r_lature of thermoplastic have shown interesting reinforcing and barrier properties in
starches makes the.m SUSCEF’F'P le to moisture qttack and rfasultarﬁa’rural rubbef>26 Comparatively to natural rubber, this system
changes in dimensional stability and mechanical properties. In ;o sents two particularities: (i) thermoplastic starch is a polar

addition, retrogradation and crystallization of the mobile starch matrix and (ji) the chemical structures of the matrix and the
chains lead to an undesired change in thermomechanicalfiller are similar

properties. The first objective of the present work was to study the

One way for the development of new and inexpensive . . - . -
. A . _influence of glycerol on the reinforcing properties of waxy maize
biodegradable materials is to blend destructured starch with S
starch nanocrystals. The second objective was to study the

synthetié 7 or natural polymerS. % However, the mechanical influence of filler content on mechanical and structural properties
properties of films are generally reduced by incorporation of of the composite films. Finally, it was important to check if the

reinforcing effect of starch nanocrystals was still valid after
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 ICMG-CNRS. retrogradation of the matrix. Thereby, the influence of the
# UMR INRA/FARE. presence of waxy maize starch nanocrystals on the aging of
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Mechanical properties were investigated by tensile tests andTable 1. Composition and Codification of Waxy Maize Starch
dynamic mechanical analysis. The structure of the materials hagNanocrystals/Thermoplastic Starch Composite Films

been analyzed using X-ray diffraction. glycerol filler starch starch
content content glycerol granules nanocrystals
Experimental Section sample  (Wt%) Wt%)  (9) © ©
TPS20 20 0 11 4.4 0
Waxy Maize Starch Nanocrystals.The preparation of waxy maize TPS20-5 20 5 1.05 4.18 0.28
starch nanocrystals (labeled WN) by sulfuric acid$@ay) hydrolysis TPS20-10 20 10 0.99 3.96 0.55
of native waxy maize starch granules (Waxylis, Roquette S. A., Lestrem, TPS20-15 20 15 0.94 3.74 0.82
France) was optimized and has been described previduSych TPS25 25 0 1.38 4,12 0
nanocrystals are generally observed in the form of aggregates having TPS25-2 25 2 1.35 4.04 0.11
an average size around 4uh, as measured by laser granulométry. TPS25-5 25 5 1.31 3.92 0.28
Film Processing. Thermoplastic starch was processed by casting, TPS25-10 25 10 124 3.71 0.55
from the mixing of native waxy maize starch granules, glycerol TPS25-15 25 15 1.17 3.51 0.82
(Aldrich, purity = 99%) and distilled water. Waxy maize starch contains TPS30 30 0 1.65 3.85 0
more than 99 wt % of amylopectin macromolecules. A quantity of TPS30-5 30 5 1.57 3.66 0.28
5.5 g of a mixture of starch and glycerol was first dispersed in 35 g of TPS30-10 30 10 1.49 3.47 0.55
distilled water. Then, the mixture was heated at 160for 10 min in TPS30-15 30 15 1.40 3.28 0.82

a reactor, under pressure and mechanical stirring. The reactor was cooleé

V;:Ith water. Whenfthe temp(_erature O; gelatinized Istarch rzzczedglo . able 2. Tensile Properties (Nominal Values) of Thermoplastic
the SL{S.pen5|on orwaxy malge starc nar?ocrystas Wa§ addedin egre tarch Films Plasticized with Different Ratios of Glycerol: Young
quantities. After that, the mixture was stirred for 10 min before being \joqulus (£) and Stress (o) and Strain (ey) at Break

cast in a Teflon mold. Finally, the mixture was evaporated in a

nonventilated oven at 40C for 24 h. It was necessary to decrease the sample E (MPa) o (MPa) b (%)
temperature of gelatinized starch before adding waxy maize starch TPS20 49 24 182
nanocrystals, otherwise starch nanocrystals also gelatinize. Solid films ~ TPS25 11 1.02 297
having a thickness of about 250n were obtained. Composite films TPS30 0.46 0.26 551

were stored at 43% RH @CO; saturated solution) for one week before

being tested (time 0). In the case of accelerated aging, samples were ) o o

stored in 88% RH atmosphere (KCl saturated solution) for one week PW3830 generator operating at the Ni-filtered Cuwt Kadiation

(time 1) or two weeks (time 2). After aging in a humid atmosphere, yvave_length,( =1.542 A). D|ffr§ct|on patterns were recorded on Fuji

samples were re-stored at 43% RH for a few days before being testedMading plates read by a Fuji BAS 1800 II Phospho-Imager. The
The content of glycerol was relative to the matrix. A glycerol weight profiles of the diffraction patterns were obtained using the Scion Image

fraction of 20 wt % means that 1.1 g of glycerol was mixed with software.

4.4 g of starch granules and 35 g of water. The filler weight content

was relative to the total mass of starch and glycerol. The composition

of the different thermoplastic starch/waxy maize starch nanocrystals

films is detailed in Table 1.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical tests . . .
were carried out using a Rheometrics RSA2 spectrometer working in ties of Thermoplastic Starch-Waxy Maize Starch Nano-

the tensile mode. Test conditions were chosen in such a way that theC"yStals CompositesThree glycerol contents were taken into
measurements obey the laws of linear viscoelasticity (the strain equaleg@ccount for the study, viz., 20, 25, and 30 wt % (Tables 1 and
5 x 1074). The specimen was a thin rectangular strip (36 x 0.25 2). Some tests have been performed with lower glycerol contents
mme). The setup measured the complex tensile modElys.e., the (12 and 17 wt %), but when adding starch nanocrystals, films
storage componeri and the loss componef’. The ratio between became brittle and difficult to characterize. The mechanical
the two components, tah= E"/E', was also determined. Measurements properties of films stored for one week at 43% RH were
were performed at 1 Hz, and the temperature was varied by steps ofanalyzed by tensile tests and DMA.
3 °C between—150 and+200°C. First, experiments were conducted on unfilled matrixes.

Tensile Tests.The nonlinear mechanical behavior of starch nano- Tensile tests showed a different behavior depending on the
crystals filled composites was analyzed using an Instron 4301 testing glycerol content (Figure 1). Tensile properties are reported in
machine working in tensile mode. Dumbbell shaped specimens 4 mm Tapje 2. We observe that the increase in glycerol content leads
wide, 7. mm long (o) and about 1 mm thick were used. The initial gap g 3 more ductile behavior: the strain at break increases, whereas
between pneumatic jaws was adjusted to 10 mm. Fofjeve the stress at break decreases. Similar results have already been
elongation €) curves were obtained for each sample at room temper- shown for potato starck, amylose isolated from potato starch
ature and with a (Z:rosls-head speed of 10-min? (initial strain rate and waxy maize Star(ﬂ@,a,nd for other polyols such as sorbit8l.
de/ﬁ]; ﬁfmxin;?stfaigl don) and the nominal stressoin) were It is a typical behavior of a ductile polymer/plasticizer sysf&m.

N Glycerol plays the role of internal lubricant, enhancing the

calculated byenom = €/Lo and onom = F/S, respectively, wher& is . - .
the initial cross-section. Stress versus strain curves were plotted, andtsgr;tzglrg%u?:d mobility of the noncrystallized phase at room

the Young’'s modulus (E) was measured from the slope of the low strain ) ) ) ]
region. The influence of glycerol on the viscoelastic properties has

Ultimate mechanical properties were also characterized. The stressP€€n .studied by DMA. Figure 2_a presents the isochronal
at break 1) and the elongation at break,) were reported for each  evolution (1 Hz) of the relative logarithm of the storage modulus,
sample. Mechanical tensile data were averaged over at least fivedefined as the ratio between the actual modulus and the modulus

specimens. in the glassy state. We have chosen this representation in order
X-ray Diffraction. Films were submitted to X-ray radiation for 2h  to lift the problems of measurement of sample dimensions. At
at room temperature and humidity (about 56% RH) using a Philips low temperatures, no significant variationfis observed. FOEZDV

Results and Discussion

Influence of Glycerol Content on the Mechanical Proper-
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Figure 1. Typical curves of stress (MPa) versus strain (%) for
thermoplastic starch plasticized with different glycerol contents and
stored at 43% RH for one week. Glycerol contents are indicated in
the Figure.
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Figure 2. Evolution of (a) log E/log E; where Ej is the storage

modulus of materials in the glassy state, and (b) log E' versus

temperature at 1 Hz for unfilled thermoplastic starch plasticized with

20 wt % (x), 25 wt % (a), and 30 wt % (O) glycerol, and stored at

43% RH for one week (time 0).

temperatures higher than75 °C, we observe a two-step storage
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Table 3. Storage Modulus at 50 °C (Ej,) and at T, + 50 °C
(Et.150), Temperatures (T and T), and Magnitude (h and k) of oy
and o, Relaxations Measured from the Curve of log(E") and tan o
Respectively, for Thermoplastic Waxy Maize Starch Plasticized
with 20, 25, and 30 wt % Glycerol

sample Ey, (MPa) Er 5 (MPa) Ti(°C) T2(°C) A k2

TPS20 170 158 —61.2 10 0.225 0.298
TPS25 61 57 —62.2 3 0.243 0.392
TPS30 31 33 —62.2 -—12.4 0.250 0.461

of the two relaxationst; ando, were measured from the curve

of the logarithm ofE"" and tand versus temperature, respec-
tively, and are collected in Table 3. We show thatdoes not
depend on the glycerol content, wher&aslecreases when the
glycerol content increases. Table 3 also reports the rubbery
modulus estimated a; + 50 °C (E} o). These values are
close toEg, becauseE' roughly stabilizes in this temperature
range. We also observe that intensitieandl, increase when

the glycerol content increases. This increase is more significant
for o relaxation because of the more pronounced drop of
storage modulus.

Previous studies have shown that unplasticized thermoplastic
starch presents a unique relaxatmmround 50°C.1>28When
starch is plasticized with glycerol, it has been shown that the
plasticized starch/glycerol system is heterogeneous. A phase
separation results in glycerol-rich domaing felaxation) and
starch-rich domainso; relaxation)'>2431For plasticized waxy
maize starch and since the magnitude of the second drBf of
associated witl, relaxation, was more significant than far,
it was deduced that glycerol-rich domains are included in a
continuous amylopectin-rich phage.

The influence of glycerol on the position and intensity of
both relaxations is the same as the one of wé&t.The
plasticizer content does not influence the relaxation of plasticizer-
rich domains (for the given range of concentrations). However,
an increase of the plasticizer content leads to a higher mobility
of amylopectin chains and thereby to their relaxation at lower
temperatures.

Second, the influence of the glycerol content on the reinforc-
ing effect of waxy maize starch nanocrystals has been inves-
tigated using tensile tests performed at room temperature.
Rigorously, the reinforcing effect of given filler should be
studied at a constant temperature value with respet (dg
+ AT = constant). In our case, the glass transition temperature
varies depending on the composition of the sample, whereas
the temperature at which the tensile tests were performed
remains constant. Thereby, data shall be interpreted with
precaution. All of the results are collected in Table 4. No
modulus value is reported for sample TPS20-15. These materials
were very brittle, and the determination of the modulus was
very hazardous because of the small number of experimental
points and the sigmoid shape of the stresisain curve. We
show that the relative reinforcing effect of waxy maize starch
nanocrystals is more significant when the glycerol content is

modulus drop. This has been already reported by other high. The addition of 10 wt % starch nanocrystals allows
authors'®>2428Here, we see that the increase in glycerol content increasing the stress at break and the Young modulus of
leads to a decrease of the elastic modulus of the materials,thermoplastic starch plasticized with 30 wt % glycerol by 10
corroborating the results of tensile tests. The rubbery storageand 54, respectively, whereas these values are increased by only

modulus values estimated at 30 (Esy) are collected in Table
3.

The two-step modulus drop is associated with two con-
comitant successive maxima of the loss moduiis around
—60 (T1) and 0°C (T>) (Figure 2b). Temperatures and intensities

6 and 7 for materials plasticized with 20 wt % glycerol.
Furthermore, the decrease of the strain at break is lower in the
case of highly plasticized systems.

The effect of the introduction of rigid and crystalline particles
is more significant in systems containing a high plasticiécﬂv
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Table 4. Mechanical Properties of Thermoplastic Starch
Reinforced with 5, 10, and 15 wt % Waxy Maize Starch
Nanocrystals and Plasticized with 20, 25, and 30 wt % Glycerol, at
Time 0 (Nonaged Materials): Young Modulus (E) and Stress (o)
and Strain (ep) at Break

WN
sample E (MPa) o, (MPa) ep (%)
TPS20 49 + 12 24405 182 + 52
TPS20-5 298 + 54 132 +33 82415
TPS20-10 333 + 54 136+ 1.6 86+ 15
TPS20-15 - 76429 45+ 14
TPS25 11+ 3.6 10401 297 + 64 TPS25-20
TPS25-2 75+ 17 33404 122 + 31
TPS25-5 80 + 35 36+04 97 + 18
TPS25-10 82 + 30 4241 57 + 21
TPS25-15 241 + 46 9.8 +1.4 20+ 8 TPS25-15
TPS30 0.46 + 0.3 0.26 + 0.1 551 + 80
TPS30-5 34+11 13405 236 + 40
TPS30-10 25+ 14 27405 89 + 21 TPS25-10
TPS30-15 44+5 36403 82 + 13

content, i.e., more amorphous and displaying a loWeralue.

However, it is important to keep in mind the true properties of
materials. On the first hand, we show that the Young modulus
of thermoplastic starch plasticized with 30 wt % glycerol and

TPS25-5

reinforced with 15 wt % starch nanocrystals (TPS30-15) is lower TPS25

than the one of the unfilled matrix plasticized with only 20 wt ' . ' .

% glycerol (TPS20) (Table 4). On the other hand, we note that 5 10 15 20 25 30
the addition of starch nanocrystals in systems containing a low Reflection angle 20 (°)

plasticizer content leads to_brittle mate_rials and, therefore, to Figure 3. X-ray diffraction patterns of waxy maize starch nanocrystals
the decline of the mechanical properties (see TPS20-15 for (wn) and of thermoplastic starch plasticized with 25 wt % glycerol
example). Therefore, a good compromise for the following study and filed with different weight fractions of waxy maize starch
is a glycerol content of 25 wt %. nanocrystals.

Influence of the Filler Content on the Structural and
Mechanical Properties of Thermoplastic Starch/Waxy Maize starch nanocrystals. For experimental data, the intensity of peaks
Starch Nanocrystals CompositesThe influence of the filler characteristic of A-type is stronger than according to the
content on the structural and mechanical properties of nano-calculation. Qualitatively, it was deduced that the degree of
composite materials has been studied for films plasticized with crystallinity of the composite films is higher than the one
25 wt % glycerol. Four filler contents have been considered, brought by the filler. It is probable that crystallization occurs
viz., 2, 5, 10, and 15 wt %. The use of higher filler contents at the interface between filler and matrix.
leads to brittle materials, difficult to manipulate and characterize.  The mechanical properties of thermoplastic starch plasticized
An eventual percolation phenomenon, as shown in natural rubberwith 25 wt % glycerol and filled with starch nanocrystals have
around 6.7 vol % (i.e., 10 wt 96%;2%will be difficult to evidence. been investigated by tensile tests performed at room temperature

Structural properties of non aged materials (one week at 43%and dynamic mechanical analysis. The typical curves of stress
RH) have been analyzed by X-ray diffraction (Figure 3). As versus strain for materials filled with 5, 10, and 15 wt %
native waxy maize starch granules, waxy maize starch nano-nanocrystals and stored at 43% RH for one week are presented
crystals present the A-type crystalline structure (WN) character- in Figure 4. The unfilled matrix (TPS25) is a viscoelastic
ized by two peaks at®2= 10.1° and 11.5, a strong intensity material, characterized by a low Young modulus (11 MPa) and
peak at 15.3 a double peak at 172knd 18.2, and a last strong  a low stress at break (1 MPa). Because of the high degree of
intensity peak at 23%*2 Thermoplastic starch is characterized polymerization of amylopectin, macromolecules are able to
by a broad hump centered on°18evealing that the material is  entangle, leading to a high strain at break € 297%). As
fully amorphous (TSP25). This shows that the crystalline expected, the addition of nanocrystals allows the Young modulus
structure of native starch granules has disappeared during theand the stress at break to be increased significantly but leads to
processing by casting. When adding starch nanocrystals ina drastic decrease of the strain at break (Table 4).
thermoplastic starch, we observe the apparition of the typical The reinforcing effect of starch nanocrystals in thermoplastic
peaks of A-type. The magnitude of the peaks increases whenstarch is difficult to compare with other fillers because of the
the filler content increases, revealing that the crystalline structure various botanical sources of starch, the type and the plasticizer
and probably the crystallinity of starch nanocrystals are pre- content, and the processing method which differs according to
served during the processing method described in the experi-the authors. Furthermore, mechanical properties strongly depend
mental part. on the humidity of the atmosphere during the processing%tep

The diffraction profiles of the various composite films do and experimental testing conditions, such as strain rate and size
not result from a simple mixing rule of the diffractograms of of the samples. However, it is interesting to compare the
the two pure components, i.e¢.= Wynlwn + (2 — Wwn)ltPs reinforcing effect of starch nanocrystals to those of tunicin
wherel, lwn, andltps are the diffracted intensity at each angle whiskers, because of the organic nature of both fillers and similar
for a given composite film, starch nanocrystals, and thermo- nature of the matrix material used, viz., glycerol plasticized waxy
plastic starch, respectively, amdyy is the weight content of  maize starch. The reinforcing effect of waxy maize Sta{%\/
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Figure 4. Typical curves of stress (MPa) versus strain (%) for waxy
maize thermoplastic starch plasticized with 25 wt % glycerol/waxy
maize starch nanocrystals composite films stored at 43% RH for one 8.8 1
week. =
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Table 5. Comparison of the Relative Mechanical Properties of i
Natural Rubber (NR) and Nonaged Thermoplastic Starch (TPS25) ?
Reinforced with 5, 10, and 15 wt % Waxy Maize Starch = 81
Nanocrystals (WN): Relative Young Modulus (Er) and Relative
Stress (opr) and Stain (epr) at Break 76
sample Er ObR €bR
NR-5 2.5 2.0 0.9 72 , , . .
NR-10 7.5 3.0 0.9 -150 -100 .50 0 50
NR-15 19.2 3.1 0.8 Temperature (°C)
TPS25-5 7.3 3.6 0.3 Figure 5. Evolution of (a) log E/log Ey where E, is the storage
TPS25-10 7.5 4.2 0.2 modulus of materials in the glassy state, and (b) log E’ versus
TPS25-15 22 9.8 0.07 temperature at 1 Hz for thermoplastic starch plasticized with 25 wt

% glycerol, reinforced with O (H), 5 (O), 10 (2), and 15 wt % (x) starch
nanocrystals in thermoplastic starch is higher than the one of nanocrystals and stored at 43% RH for one week (time 0).
tunicin whiskerg* This result is surprising since tunicin
whiskers appear as rodlike nanoparticles with a high aspect ratio(Tg = —60 °C for NR) than in the case of thermoplastic starch
that should result in a higher reinforcing capability than that displays twdlgs associated with glycerol-rich and starch-
nanoplatelet-like starch particles. Angland Dufresré have rich domains around-62 and+3 °C as measured from DMA
shown, using contact angle measurements, that glycerol andexperiments (Table 3). In addition, the high-temperature relax-
water had a greater affinity with cellulose than with thermo- ation process shifts toward higher temperatures when the starch
plastic starch. It resulted in a migration of both plasticizers hanocrystals content increases as it will be evidenced later.
toward the cellulose/thermoplastic starch interface, leading to Concerning the lower values of relative elongation at break for
the formation of a soft interphase around the filler and inhibition thermoplastic starch filled materials, the comparison is more
of the percolating phenomenon between cellulose whiskers and,ambiguous since it could be ascribed to the highgof these
thereby, to the absence of reinforcing effect of tunicin whiskers systems compared to NR and/or to the possible stronger filler/
in a thermoplastic starch. In our case, since the chemical naturematrix adhesion. Weak filler/matrix adhesion was reported for
of the filler and the matrix is the same, glycerol and water should starch nanocrystals reinforced NRwhereas it is expected to
display about the same affinity for both components. For this be stronger when using thermoplastic starch as a matrix material.
reason, we assume that the migration of the glycerol toward For NR-based composites, it was shown that a percolating
the interface is limited, making possible the establishment of network may establish between starch nanocrystals during the
direct strong interactions between starch nanocrystals. evaporation step of the latex of natural rubber due to hydrogen
It is also interesting to compare the reinforcing effect of starch bonds?>2¢In the case of thermoplastic starch-based materials,
nanocrystals in thermoplastic starch plasticized with 25 wt % we have shown previously that the establishment of such
glycerol to the one reported for the same filler in natural rubber interactions between starch nanocrystals may also be possible.
(NR).28 Table 5 presents the relative properties which were Furthermore, we assume that strong interactions may also appear
calculated as the ratio between the value observed for thebetween the filler and the chains of amylopectin. These filler/
nanocomposite and the one observed for the unfilled matrix. matrix interactions may explain at least partially the drastic
We note that the reinforcing effect of starch nanocrystals is more decrease of the strain at break when adding starch nanocrystals
significant in thermoplastic starch than in natural rubber. in thermoplastic starch. It is also possible that the reinforcing
Relative modulus and relative strength are both higher using effect of starch nanocrystals in thermoplastic starch may be
thermoplastic starch as matrix whereas the relative elongationfavored by an eventual crystallization at the filler/matrix
at break is significantly lower. The higher reinforcing effect interface.
observed with thermoplastic starch becomes more significant Dynamic mechanical analysis has been performed on samples
considering the difference between the room temperature atstored at 43% RH for one week (nonaged). Figure 5a presents
which tests were performed and the glass transition temperaturethe evolution of the relative logarithm of the storage modulus
of the materials. Indeed it is higher in the case of natural rubber versus temperature. We observe that the magnitude of theé\es(ii
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Table 6. Storage Modulus at 50 °C Calculated by Assuming that The decrease ity andl; is logical for two reasons. (i) It is

Ey =1 GPa for All of the Samples (E;,) and Temperatures (T directly linked to the diminution of the magnitude of the two-
and T) and Magnitude (4 and k) of a; and o, Relaxations for

Thermoplastic Waxy Maize Starch Plasticized with 25 wt % .Step modulus drop (F|_gure_5a). (ify When the filler Conten.t
Glycerol and Reinforced with 5, 10, and 15 wt % Starch increases, the proportions in both glycerol and _amylopectln
Nanocrystals comparatively to the total sample decrease. This leads to a

diminution of the number of glycerol molecules and amylopectin
chains that participate ta; anda, relaxations. The fact that

S

sample E., (MPa) T1 (°C) T, (°C) I

TPS25 116 —622 3 0.243 ~ 0.392 T, does not vary means that starch nanocrystals do not disrupt
TPS25-5 19.5 —61.3 4-7 0197 0.361 S . ) ;

the mobility, i.e., the relaxation, of glycerol-rich domains. For
TPS25-10 55 —61.2 25.4 0.171  0.267 h asti tato starch plasticized b than 30 wt %
TPS25-15 83 _593 308 0156  0.232 ermoplastic potato starch plasticized by more than 0

glycerol and reinforced with clay, it was reported thEt

dulus drop is reduced when filling th lasti h decreases continuously when increasing the filler coitfertte
step modulus drop Is reduced when filling thermoplastic starch ;. 456 of the relaxation temperature of amylopectin-rich

with waxy maize starch nanocrystals. Since the exact determ"domains T») when adding starch nanocrystals is opposite to

nation of the glassy modulus depends on the precise knOWIGdg%hat was observed in the case of clay reinforceriehimeans

of the samples dimensions which are difficult to preqsely set that starch nanocrystals reduce the mobility of amylopectin
at room temperature before measurement, the elastic modulus

. ) : chains. Starch nanocrystals have the opposite effect than those
at 50°C (Egp) of composites has been here calculated assum- of glycerol (Table 3). The increase B may be due to a direct
ing that the storage modulus in the glassy st&fg,equals 1 gly ) y

GPa for all the samples. Thereb,, was obtained by the contact between starch nanocrystals and amylopectin-rich
following equation: E: _ 10° whsgre % is the value of domains. This would confirm the presence of interactions
=50 T

logE'/logEy at 50°C (Table 6). Because the elastic modulus is ?etweenhthf ﬁ”ir ar;]d thle mat_rix Idue to hydrogen bonding
almost constant in the temperature range-500 °C, the error orces. The fact that the value dj is close to room temperature
made by measuring’ at a constant temperature wherdgs for TPS25-10 and TPS25-15 could explain the brittleness of

varies is low. the samples reported from tensile tests.
Both a; and a, relaxations are still observed in Figure 5b.  Influence of Filler on the Aging of Thermoplastic Starch/

When the filler content increases, the temperature position of Waxy Maize Starch Nanocrystals CompositesThe evolution
the low-temperature relaxatioiy, remains roughly constant  of the crystalline structure of unfilled thermoplastic waxy maize

whereas the temperature positionagf T, increases signifi- starch upon aging has been studied by X-ray diffraction (Figure
cantly. Both relaxation magnitudel, and l,, decrease at the  6a). The diffraction pattern at room temperature of the unfilled
same time (Table 6). and nonaged matrix (storage for one week at 43% RH) is
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Figure 6. X-ray diffraction patterns of thermoplastic waxy maize starch plasticized with 25 wt % glycerol: (a) unfilled matrix, and composites
filled with (b) 5 wt %, (c) 10 wt %, and (d) 15 wt % waxy maize starch nanocrystals, for aging times 0 (1 week at 43% RH), 1 (1 week at 88%

RH), and 2 (2 weeks at 88% RH). cDV



Thermoplastic Waxy Maize Starch Matrix Biomacromolecules, Vol. 7, No. 2, 2006 537

characterized by a broad hump centered ot i&vealing that aie

the material is completely amorphous, as already mentioned. 14 ] 111?)

During the storage in humid atmosphere (88% RH), we observe

the apparition of a B-type amylose allomorph diffractogragdm. 12 {45

The B-type is notably characterized by strong magnitude peaks =10 |

at 5.8 and 17.2. This evolution is known for all starch gels. o 154\

As for potato starch films, the intensity of the peaks increases, §; s{ O oS

whereas their width decreases during aging in humid atmo- © 5 10\\

sphere, revealing that both the crystallinity and the size of the 0. 0

crystallites increase. The final degree of crystallinity depends 4 - a8

on the capability of the chains to form crystallites and on the 10 el

molecular mobility during re-crystallizatio. 2] \‘\\2
Two types of reorganization of amylopectin may occur. 0 ; ' ' ; , ;

Above the glass transition temperature of the material, amylo- 0 50 100 150 200 250 300

pectin can form inter- and intramolecular double helices. The b 4, & (%)

intermolecular double helices are formed between two lateral |

segments of two different molecules of amylopectin. This type 300

of crystallization may be responsible for the change in the 250 L.

. . .. . . ] [ S - P

crystalline type and the evolution of crystallinity during tifte. e +- R A |
The originality of the present work is to study the evolution & 200 - /I

of the crystalline structure of materials filled with starch = 1501 / p____u———“”'n

nanocrystals during storage in a humid atmosphere. We show w /'/

that the introduction of such nanocrystals leads to the disap- B P “

pearance of B-type peaks, and to the apparition of peaks 0%

characteristic of the A-type (Figure 6ld). The crystalline 01/

A-type is easily recognizable thanks to a peak located ar15.3 0 5 1‘0 15

a shoulder at 18:20f the peak at 17 a large peak around 24 c Filler content (wt%)

resulting from the superposition of the peaks &t 28d 24 of 25,0

B-type and of the peak at 24.%of A-type. For a starch )

nanocrystals content of 15 wt %, there are no evident peaks of 20,0 1 /

B-type anymore (Figure 6d). However, when observing more

attentively the diffraction patterns, we note in Figure 6d: (i) 15,0 |

the apparition of a peak of weak intensity at*5 (@) the increase &

in the magnitude of the peak at 18.2nd (iii) a broadening of 10,0 | /

the peak at 235 These observations show that the re- Ao ‘//

crystallization of the matrix in B-type occurs, but very slowly. 5.0 | /“ &
We have shown that the relaxation temperatlizeof the ///ﬁ;’ﬁ:ZiEZIIZ::::ﬁi::""'

amylopectin-rich domains was equaled to 25.4 and 30.&r 0.0 & , ,

nonaged materials filled with 10 and 15 wt % nanocrystals, 0 5 10 15

respectively, whereas it was equaled t6@ for the unfilled Filler content (wt%)

matrix. These differences explain why the recrystallization in Figure 7. Evolution of (a) stress at break (o) versus strain at break
B-type at room temperature is slowed, even inhibited, when (eb), (b) of Young modulus (E) and (c) relative Young modulus versus
adding starch nanocrystals. When therelaxation temperature filler content for thermoplastic waxy maize starch plasticized with 25
(associated with the glass transition of amylopectin-rich do- Wt % glycerol unfilled matrix (0) and composites filled with 5 wt %
mains) is close to or higher than the room temperature, polymerS)’Olr?eg'tfg/;J t(rllf)géa:%nlstm:g/;(ii)q:tgrii)ne:ﬁgr{sg)s ' ;/ﬂug;:rg
chains do not have enough mobility to reorganize and recrystal- (Jg. gng ' ’ ’

lize 36

We have shown that starch nanocrystals disturbed thethe two weeks of aging (Figure 7a). It is probable that they
retrogradation of amylopectin chains, probably due to the have not have reached their limit values even after two weeks
variation of Tg. Here, the question is to know if nanocrystals of aging. This result confirms X-ray diffraction analysis: the
allow slowing down the evolution of mechanical properties of presence of starch nanocrystals induces a slowing down of the
starch materials during aging. Aged samples have been charqging by recrystallization of the matrix.
acterized by tensile tests carried out at room temperature. The mechanical properties of nonaged thermoplastic starch

The evolution of the mechanical properties of filled materials filled with 10 wt % starch nanocrystals are similar to those of
during the storage in a humid atmosphere is similar to the one the aged unfilled matrix. The reinforcement with filler contents
of the unfilled matrix: aging is characterized by an increase in lower than 10 wt % is only interesting for a use in dry
both the Young modulus and the stress at break and a decreasatmosphere. Mechanical properties of filled materials are higher
of the strain at break (Figure 7). The diminution of the than those of the unfilled matrix, event after aging. The use of
composite’s elasticity is less significant than those of the unfilled filler contents higher than 10 wt % results in high modulus and
matrix because the strain at break of filled materials at time O stress at break values (after aging), with a strain at break
is already low. All of the mechanical properties are listed in remaining constant around 20%.

Table 7. Figure 7b shows that the storage at 88% RH of unfilled

Contrarily to the unfilled matrix, mechanical properties of thermoplastic starch leads to an increase in Young modulus due
filled materials change significantly and continuously during to the intermolecular reorganization of the lateral chain%[))fv
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Table 7. Stress (op) and Strain (ep) at Break and Young Modulus
(E) Given with Their Standard Deviations for Thermoplastic Waxy
Maize Starch Plasticized with 25 wt % Glycerol and Filled with
Different Contents of Nanocrystals?

sample aging E (MPa) op (MPa) €n(%)
TPS25 time 0 11+ 3.6 1.0£01 297 + 64
time 1 59 + 11 4.6 +£0.7 61 + 11
time 2 61+ 2.6 48+ 0.3 52 + 3.5
TPS25-2 time 0 75 + 17 3.3+04 122 £ 31
time 1 147 + 13 7.6 +0.7 57 + 13

time 2 234 £ 28 9.7 £ 0.7 44 + 4
TPS25-5 time 0 80 + 3.5 3.6+04 97 + 18
time 1 154 + 20 8.0+ 0.7 52 +8.5

time 2 245 + 29 10.2 + 0.7 41+ 8
TPS25-10 time 0 82 + 30 42+1 57 + 21
time 1 173 £ 22 8.0+04 33+35

time 2 229 + 33 144+1.2 26+5

TPS25-15 time 0 241 + 46 98+1.4 20+ 8

time 1 259 +£ 72 10.8 + - 947
time 2 320 + 33 15+ 1.7 23+3.1

2 Values are given for the three aging times defined in the Experimental
Section.

Angellier et al.

rich domains, increases up to temperatures close to room
temperature when the glycerol content decreases and/or the filler
content increases. The reduction in the molecular mobility of
amylopectin chains at room temperature for filled materials has
been explained by the establishment of hydrogen bonding forces
between starch nanocrystals and thermoplastic starch.

A highly interesting result was that the reduction in the
mobility of polymer chains at room temperature in the case of
filed materials led to a considerable slowing down of the
recristallization in B-type of thermoplastic starch during its
storage in humid atmosphere. It resulted in a slower evolution
of the mechanical properties of filled materials compared to
the unfilled matrix.

One of the interests of the use of starch nanocrystals in such
an application could be the possibility of adjusting the properties
of thermoplastic starch and controlling their evolution during
time.

It is obvious that similar properties could be achieved with
amylose films. However, this would be to the detriment of the
slowing down of the retrogradation of the matrix. All of these
results allow us to think that the reinforcement of thermoplastic
starch with waxy maize starch nanocrystals presents numerous

amylopectin, as already mentioned. The double helices aggregatdnterests and that further studies should be conducted.

and form crystalline regions in the materfalleading to the
reduction in the mobility of amylopectin chains and acting as
physical cross-link3® We consider that these intermolecular

crystallites reinforce the materials. We have mentioned that the
recrystallization may also occur at the intramolecular scale. The

presence of intramolecular crystallites results in a reduction of
intermolecular interactions and of the cohesion of the matrix
and thereby in crack®. It is an additional reason for the
diminution of the strain at break for aged samples. Further aging
(time 2) does not lead to a significant evolution of the properties
compared to time 1.

Figure 7c, representing the evolution of the relative Young
modulus versus the filler content for the three times of aging,
clearly corroborates that the reinforcing effect of waxy maize
starch nanocrystals is the most significant for the nonaged
materials. For aged materials, the reinforcing effect of starch
nanocrystals is in competition with the recrystallization of the
matrix.

Conclusion

We have shown that the relative reinforcing effect of waxy

Acknowledgment. The authors are grateful to Mr. Michel
Serpelloni (Roquette Fres S.A., Lestrem, France) for the
supply of waxy maize starch.
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