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SYNOPSIS

The properties of thermoplastic amylopectin materials were investigated by stress-strain
and relaxation measurements as a function of water content and crystallinity. Granular
waxy maize starch was plasticized by extrusion with water and glycerol. The materials are
amorphous after processing. The sharp fall in modulus at a water content of 10% is char-
acteristic of a glass to rubber transition of an amorphous polymer. The materials are brittle
below their glass transition temperature with a modulus of approximately 1000 MPa and
an elongation of less than 20%. The amorphous rubbery materials are soft and weak with
moduli of 0-10 MPa and tensile strengths of 0-2 MPa. The materials are viscoelastic, show
plastic flow, and form a highly entangled polymer matrix, resulting in high values of elon-
gation (500%), due to the high amylopectin molecular mass. Above glass transition tem-
perature the amylopectin forms inter- and intramolecular double helices, crystallizing in
a B-type crystal. The initial increase in modulus, tensile strength, and relaxation time is
the result of the lower mobility of the amylopectin molecules and the reinforcement of the
network by physical crosslinking. The drastic reduction of the elongation and the formation
of cracks is the result of intramolecular crystallization. At crystalline junction zones the
internal stress is increased and the interaction between molecules is reduced. © 1996 John

Wiley & Sons, Inc.

INTRODUCTION

Recently, thermoplastic starch (TPS) products were
developed solely on the basis of starch and natural
additives such as water, glycerol, and lecithin.!””
These materials are totally biodegradable® and con-
tribute to a reduction of the amount of plastic waste.
The choice of a starch source is an important factor
in regulating the properties of the TPS materials.
The naturally occurring granular starches differ
mainly in amylose and amylopectin content®!? as
well as the molecular mass distribution and the de-
gree of branching of both molecules.!'"!* No data are
available on the mechanical properties of pure amy-
lopectin TPS materials.

The properties of high and intermediate moisture
materials, such as gels, cakes, and bread, are mainly
determined by gelation, that is, the formation of an
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amylose and amylopectin network,'*? retrograda-
tion, and crystallization.2"?® During film casting
starch retrogradation and crystallization is influ-
enced by processing and storage conditions, such as
drying temperature and time, and by composition,
such as starch source and lipid content.?* The main
difference between the preparation of gels, foods,
and films or the processing of TPS materials is the
amount of water or plasticizer during the gelatini-
zation or melting of the granular starch. To obtain
thermoplastic starch, starch is melted with the aid
of relatively low amounts of plasticizers during par
example extrusion, pressure molding, and injection
molding. The water content is in most cases lower
than 20% during processing. Part of the water is
usually replaced by low amounts of glycerol. Differ-
ences in water and glycerol content and processing
conditions, such as shearing and temperature, leads
to differences in starch network formation and mor-
phology of the materials. Several types of crystalline
structures are formed in TPS. The abundance of
the structures is determined by plasticizer content,
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processing, and storage conditions.?® The TPS ma-
terials are exposed at various humidities during
storage and their use. This results in variations in
water content and glass transition temperature.?
The stress—strain behavior of TPS depends on plas-
ticizer content.?’3° Glycerol was already shown to
influence the crystallization kinetics of amylopec-
tin.?! Differences in the morphology and starch net-
work lead to differences in the aggregation and crys-
tallization behavior of the amylose and amylopectin
compared to high moisture materials and cast films.
An increase in B-type crystallinity in thermoplastic
potato starch was shown to give an increase in elastic
modulus and tensile strength and a decrease in
elongation. Spontaneous cracking of TPS materials
due to internal stresses was explained by an increase
in intramolecular crystallization of amylopectin
(data not shown).

The purpose of this article was to gain insight
into the role of amylopectin in the variations in
properties of the TPS materials. Waxy maize starch,
which is composed of pure amylopectin, was pro-
cessed by extrusion with water and glycerol as plas-
ticizers. The materials were stored at various hu-
midities to obtain a large variety of TPS materials
with differences in water content and crystallinity.
The influence of water content on the formation of
the starch network was investigated. The effects of
water content and crystallinity were related to the
changes in the mechanical properties of the TPS
materials.

EXPERIMENTAL

Extrusion

Samples were prepared by extruding narrow sheets
using a Haake Rheocord 90 system equipped with a
laboratory-scale counterrotating twin screw extruder
fitted with a slit die. The dimensions of the die were
25-mm width and 0.4-mm thickness. Waxy maize
starch (WCN; Amioca from Cerestar Gruppo Fer-
ruzi) was premixed with glycerol [starch : glycerol
ratio 100 : 27 (w/w)]. Three mixtures, batches
WCN1, WCN2 [starch : water : glycerol ratio 68.7 :
10.3: 21.0 (w/w)], and WCN3 [starch : water : glyc-
erol ratio 69.4 : 9.6 : 21.0 (w/w)], were manually fed
into the extruder. The torque varied between 30 and
65 N m for the batches with averages of batches 1,
2, and 3 of 45, 38, and 50, respectively. The screw
rotation speed was 55 rpm. The temperature profile
along the extruder barrel was 85, 140-145, 120, and

80-95°C (from feed zone to die). The melt temper-
ature in zone 2 was 140°C. The slit die melt tem-
perature was kept below 95°C to prevent the melt
from boiling and to obtain a bubble-free extrudate.
The thickness of the TPS materials was varied by
variation in die temperature and by stretching the
sheets with a calandar (Haake three-roll takeoff
postex).

Conditioning

Part of the material was stored at —22°C after
quenching in liquid nitrogen directly after extrusion.
The rest was stored at relative humidities (RHs)
between 0 and 100% at 20°C. After various time
spans under these conditions, the materials were
stored at 62 = 4% RH and 20°C for 2 weeks after
which mechanical testing and X-ray diffraction
measurements were performed.

Moisture Analysis

Because of the tendency of TPS to adsorb or desorb
water, special care was taken to measure the water
content immediately at the time of testing. The
samples were milled under cryogen conditions. The
water content of the powder (1 g, size < 125 um)
was determined gravimetrically with a Gallenkamp
vacuum oven operated at 70°C and a pressure of less
than 100 mbar overnight. In view of the volatility
of glycerol, the measurements did not exceed 24 h
to minimize the loss of glycerol.

Mechanical Properties

A model 4301 Instron Universal Testing Machine
operated at a grip length of 80 mm and crosshead
speeds in the range of 1-500 mm/min was used for
tensile and stress relaxation measurements. Dumb-
bell specimens, according to the ISO 1184-1983 (E)
standard, were cut from the extruded ribbons di-
rectly after extrusion and stored. The sheet thick-
ness varied and sample dimensions were corrected
individually for the differences in initial thickness.
Two to eight bars were measured and averaged for
each series. The tensile stress at maximal load was
calculated on the basis of the original cross-sectional
area of the test specimen by the equation ¢ = F/A,
wherein ¢ is the tensile stress, F is the force, and A
is the initial cross-sectional area. The percentage
strain or elongation was calculated on the basis of
the length of the narrow parallel portion by the for-
mula (I — ,)/l; X 100%, where [ is the distance be-
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Figure 1 Polarized light microscopy of waxy maize
starch TPS materials (batch WCN1) (a, 9.6% water)
directly and (b, 13% water) after storage at 60%
RH.

tween the gauge marks (in mm) and [, is length of
the narrow parallel portion (i.e., 33 mm), which is
related to the original gauge length, [, by l,/l; = 25/
33. The elastic modulus (E modulus) was calculated
from the initial slope of the stress-strain curve. The
energy to breakpoint, that is, tearing energy (J/
mm?), was calculated by the area under the stress—
strain curve normalized by dividing through the area
of the transverse section of the samples.

Stress relaxation measurements were done by
pulling the materials at various crosshead speeds
until the stress in the materials was on the order of
0-50% of the stress at the breakpoint obtained from
the stress—strain curves at various crosshead speeds.
The strain was kept constant and the change in
stress was measured. The relaxation time, ¢, was de-
fined as the time needed to give a decrease in stress
of 30% measured from the initial load.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed with a Perkin-
Elmer DSC-7. Calibration was done with indium

(AHusion 28.59 J/g, melting point (Typeer)
= 156.60°C) and gallium (AHj o = 79.91 J/g, melt-
ing point (T,..) = 29.78°C). An empty pan was used
as a reference. Samples were weighed accurately into
stainless steel pans and sealed hermetically. The
glass transition temperatures were determined by
heating the samples (30-40 mg) from 20 to 150°C
at a rate of 10°C/min, followed by cooling down to
—50°C at a rate of 200°C/min, and rescanned at a
rate of 20°C/min to 200°C.

Polarized Light Microscopy

The materials were sliced and viewed at a magnifi-
cation of 40X with a Axioplan Universal Microscope
with photographs taken using the MC100 camera
accessory.
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Figure 2 X-ray diffractograms of (top) granular waxy
maize starch and (bottom) TPS materials of batch WCN1
stored at various temperatures and humidities. From bot-
tom to top: quenched and stored for 2 weeks, stored at
40% RH for 2 weeks, stored at 60% RH for 2 weeks, stored
at 70% RH for 8 months, and stored at 90% RH for 2
weeks.
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Table I Glass Transition Temperatures at
Various RH and Water Contents of Amorphous
Materials

Water %. (w/w) RH (¢) T, =5 (°C)

20 7 ND

14 64 5

13 60 15

11 58 20

10 52 25

8 49 42

5 33 39

ND, not detectable,

X-Ray Diffractometry

Wide-angle X-ray diffractometry was performed
with a Philips powder diffractometer (model PW
3710) operated at 2000 mW. The CuKu radiation,
with a wavelength of 1.542 A, was monochromized
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using a 15-um Ni foil. The scattered radiation was
detected using a proportional detector. Measure-
ments of diffracted intensities were made in the an-
gular range of 5~40° (°20) at ambient temperature.
Crystallinity was measured according to the method
of Hermans et al.?” Diffractograms were smoothed
(Savitsky-Golay, polynome = 2, points = 15) and
the baseline corrected by drawing a straight line at
an angle of 7°. The heights (H, and H, at 17.3°) and
the areas (A, and A, between 16 and 18.5°) of the
crystalline and total diffraction, respectively, were
measured from the baseline. The ratios R(Xy) = H,/
H,and R(X,) = A/A, are related to %X by the re-
lations % Xxrp = (R(X,4) — 0.0090)/0.0040 and
% Xxkn = (R(Xy) — 0.095)/0.0055. %X is defined as
the relative crystallinity in comparison with native
potato starch (Xx““ = 1.0 or (%7XXRD = 100%) The
crystallinity of native potato starch is approximately
25%.. The relations were determined by measuring
mixtures of amorphous and native potato starch in
the range of 0-100%.
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Figure 3 Mechanical properties of amorphous waxy maize TPS materials (hatch WCN1)
as a function of water content: (+) waxy corn starch, (V) potato starch.
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Figure 4 Load diagrams (upper left, 13-14% water) at different drawing speeds of amor-
phous TPS materials. Influence of drawing speed on the mechanical properties of amorphous
TPS for two water contents (upper right and bottom): ([J) 14-15% water, (&) 13-14%

water.

RESULTS AND DISCUSSION

Structural Characterization

Three different batches of TPS from waxy maize
starch were obtained by extrusion. During extrusion
the torque of batch WCN3 was somewhat higher
than the torque of batches WCN1 and WCN2, sug-
gesting a higher melting viscosity of the mixture with
the lower water content. The TPS materials with a
water content of 9.6% during extrusion (WCN3)
were not flexible and broke easily directly after ex-
trusion compared to the TPS materials with 10.3%
water (WCN1 and WCNZ2). Extrudates of all sam-
ples were translucent, suggesting that the granular
structure of the waxy maize starch was destroyed
during extrusion. Due to the high shear and tem-
perature conditions, almost all granules broke up

into small fragments, and no birefringence of intact
granules was observed (Fig. 1).

Some typical X-ray diffractometer scans of the
granular and the extruded waxy maize TPS mate-
rials, stored at various humidities, are shown in Fig-
ure 2. Granular waxy maize starch has the A-type
structure, while the extruded materials are amor-
phous or have small amounts of the B-type crystal-
linity. It is apparent from these data that all the A-
type crystallinity found in the native granule was
melted during extrusion, resulting in completely
amorphous TPS material. The measured processing
melt temperature (140°C) was relatively low to ob-
tain complete melting of the waxy maize granular
crystallinity compared to the melt temperatures ob-
served at low shearing conditions, such as during
the DSC experiments (up to 170°C). However, it
has to be noted that the melt temperature can be
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Figure 5 Influence of thickness of amorphous TPS materials (batch WCN3 with 14%
water) on the determination of the stress—strain properties for various drawing speeds: (#)
500 mm/min, () 150 mm/min, (®) 10 mm/min.

higher locally than the measured barrel tempera-
tures because of the heat produced during mechan-
ical shearing of the melt. Moreover, the breakdown
of the granule due to shearing increased the avail-
ability of the plasticizers during processing, resulting
in a lower melting temperature compared to the
temperatures observed with the DSC experiments.

Materials with a water content of approximately
10% and a glass transition temperature of 25°C (as
determined with DSC), which were stored below
their glass transition temperature at —22°C, showed
no crystallinity. In Table I the measured glass tran-
sition temperatures are shown at various water con-
tents and RH of amorphous materials. For materials
with a water content above 14%, which were stored
at 20°C and RH above 50%, a B-type crystallinity
was observed. The rate of crystallization was highly
dependent on the RH and water content. At 90%
RH the highest level of crystallinity of the starch
in the waxy maize TPS materials was already ob-
tained after about 2 weeks; during long-term storage

at 70% RH this level was still not reached. At 60%
RH (TPS with less than 14% water) no crystalli-
zation was observed during the first 2 weeks. The
highest level of crystallinity measured was approx-
imately 18%. Apparently, the B-type crystallinity
observed after storage of the materials was entirely
due to recrystallization. The crystallization behavior
of the amylopectin starch was regulated by the glass
transition temperature of the TPS materials as a
function of water content. Below the glass transition
temperature the materials were glassy. This means
that the molecular motion was low and that crys-
tallization did not occur in a finite period of time.

Tensile Properties of Amorphous Materials

Some typical load-strain diagrams of amorphous
materials at various water contents are shown in
Figure 4 (upper left). The influence of water content
on the stress-strain behavior of the TPS materials
is shown in Figure 3. The plots are essentially linear
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Figure 6 Stress—relaxation behavior of amorphous waxy
maize TPS materials (batch WCN3 with 14% water) vs.
(top) drawing speed and (bottom) extension (e).

at low strains and curve toward the strain axis at
higher strains. At water contents less than 8% the
materials were glassy and too brittle to be measured.
A sharp decrease in E modulus and tensile stress
and an increase in elongation was observed at a wa-
ter content of 11-13%. The materials with a water
content of 13-20% behave in a rubbery fashion. The
change of brittle to ductile behavior with increasing
plasticizer content was characteristic of a polymer
being plasticized through its glass transition tem-
perature. For potato starch and hydrolyzed potato
starch TPS materials the change in behavior from
brittle fracture to tearing, a slow fracturing process
characteristic of the rubbery state, was not as pro-
nounced as for these waxy maize starch materials.
The waxy maize starch materials were less complex
in composition than the potato starch TPS mate-
rials, which are composed of a complex mixture of
partially crystalline amylose and amylopectin. The

less complex nature of the waxy maize starch ma-
terials gave rise to a smaller range of glass transition
temperatures.

Amorphous waxy maize TPS materials in the
rubbery state are very weak and soft, having low
tensile strengths and E moduli. The values are low
compared to the observed values of semicrystalline
thermoplastic starch materials composed of the
amylose containing starches.?*’ Rubbery amor-
phous materials can be stretched to very high ulti-
mate elongations on the order of magnitude of 300-
500%, even at water contents of 19-20%. The ma-
terials are weak because fracture occurs mainly be-
tween segments at different chains; thus, the fracture
strength is low because only intermolecular bonds,
such as Vanderwaals forces and H bridges, are sev-
ered. Several yield points were observed in the
stress—strain curves. The observed necking, that is,

amorphous ——" crystalline
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Figure 7 Influence crystallinity on the (top) load-strain
and (bottom) load-relaxation behavior of waxy maize TPS
materials with X = 0 and 25%, and 14% water.
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reduction of initial area of the tensile bar, and yield-
ing in the materials due to stress softening and sub-
sequent stress hardening seemed to be a multistep
mechanism (telescope effect).

The effect of drawing speed on the stress—strain
properties of amorphous materials tested at a water
content of 14-15% and 13-14%, respectively, and
as a function of material thickness are shown in
Figures 4 and 5, respectively. The greater the draw-
ing speed is, the steeper the load-strain curves, and
the smaller the ultimate elongations [Fig. 4 (upper
left)]. The materials with a water content of 13—
14% had a lower glass transition temperature and
showed, with increasing pulling rate, a relatively
large effect on the E modulus, tensile strength, and
elongation in comparison with materials with 14—
15% water. However, the materials were weak, even
at very high pulling rates, with elongations in the
range of 150-500%. This polymer behavior is com-
parable to polyethylene terephthalate.’” The amy-
lopectin polymer had less time to flow at high pulling
rates and the TPS material behaved more rigidly.
The viscous or plastic flow was influenced by draw-
ing speed because time has an effect on the slipping
of the polymer chain segments past each other and
the detangling of the entangled chain segments. The
response of the amylopectin molecules was more
elastic at higher drawing speeds. At high pulling
rates the interactions between chains and entangle-
ments behaved more like permanent crosslinkages,
resulting in a decreased mobility and an increase in
E modulus and fracture strength. The molecules
were not able to slip and detangle completely. More
bonds were broken and the strain at break decreased.
The chain segments responsible for entanglements
and intermolecular interactions, such as H bridges
and double helical formations, were most likely the
outer chains of the amylopectin molecules.!!"'® These
chains were short with an average degree of poly-
merization below 20, which explains the low tensile
stress even at high pulling rates.

The materials were very irregular in thickness
(0.5-5.5 mm) due to extrudate swell (or die swell).
This extrudate swell was relatively large and depen-
dent on die temperature, throughput, and shear. Also
the water content during extrusion and the water
content directly after extrusion (RH of the labora-
tory) was of influence. Batch WCN3, which was ex-

Figure 8 Influence degree of crystallization on the
stress—strain properties of the waxy maize TPS materials
at a water content of 13-15%.
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truded with less water than batches WCN1 and
WCII2 (9.6 vs. 10.3% water), showed a relatively
low amount of extrudate swell (0.5-3.0 mm). No sig-
nificant change in modulus was observed with
changes in thickness, although it must be taken into
account that the materials were too weak to et ac-
curate data of the E modulus. The elongation was
independent of thickness at low drawing speeds but
increased at higher drawing speeds. The stress at
peak or break and the tearing energy showed the
reversed effect and increased for thicker materials
at high drawing speeds. A low drawing speeds the
detanglement of the amylopectin resulted in a longer
time to break the material over the entire area of
the sample. As a result the elongation increased with
an increase in thickness. The stress and the energy
dissipated was therefore higher as a result of drawing
speed, but no effect of thickness was expected be-
cause both were corrected as a first approximation
for differences in initial thickness. Still a residual
effect was observed as a function of thickness; the
tearing energy increased with increasing initial
thickness. The corrections were only made for dif-
ferences in initial area and did not consider the cor-
rect true area and true length after an elongation,
which led to deviations in measured nominal values
and true values of the stress and tearing energy. The
stretching of the rubbery materials during processing
led to a decrease in thickness of the materials that
resulted also in a decrease of the elongation at rup-
ture, the stress at break, and the tearing energy. No
discrimination hetween the ettects of stretching and
differences in nominal and true values could be made
on the basis of the measurements.

Stress Relaxation of Amorphous Materials

For amorphous TT'S materials the relaxation be-
havior was measured. Typical load-strain-relaxa-
tion behavior is shown in Figure 6. The materials
snow a permanent deformation after stress-strain
measurements up to 40% of the initial length of the
tensile bars. For materials with a water content
above 15%, it was not possible to get reproducible
results, because the materials were too weak to be
measured accurately. The measurements shown are
for rubbery materials of batch WCN2 stored at 55-
60% RH with a water content of 13-14%. The re-
l::xation time was increased with decreasing pulling
rate and with increasing extension or strain. This
behavior is typical for viscoelastic materials. The
ratio of the relaxation times and the time scale of
the experiments (Deborah number®®) was on the or-

der of magnitude of 0-1, whicl: -3 characteristic of
a viscous polymer melt. At high «rawing rates or at
low extensions the response of the materials was
completely elastic. The response can be described
by a mechanical model of a spring for an elastic
Hookean body. This spring is not able to relax. The
viscous component of the TPS material needed time
to respond and was unaffected at high speeds and
low extensions, that is, no viscous deformation took
place. The viscous part of the materials needed time
to respond to the imposed strain. The stress relax-
ation was entirely due to the viscous part of the m=
terials at constant extension. The relaxation tin:
was low for materials with a large viscous compo-
nent. At low pulling rates and high extensions the
response of the materials was partly viscous and the
relaxation of the materials took place over a longer
time span.

Influence Aging and Crystallinity

Batches WCN1 and WCN2 were extruded with a
higher amount of water (10.3%) than batch WCN3
(9.6%). This resulted in different behavior during
storage above glass transition temperature. Batches
WCN1 and WCN2 showed almost no change in
length during storage above glass transition while
batch WCN3 showed remarkably large changes in
length, up to 50%. This relaxation of the material
was accompanied by a change in flexibility of the
materials. Highly flexible materials were not
changed in length. The starch molecules in the ma-
terials of batch WCN3 were stretched during extru-
sion in the direction of the flow. This orientation
was detained at low water contents and at temper-
atures below or close to the glass transition tem-
perature. One could say that the extrudate swell was
partly frozen in. During storage at higher water con-
tents (70% RH) the stretched molecules attempted
to attain a random coil conformation and the ma-
terial shrunk. The increase in mobility resulted also
in an increase in crystallinity.

Characteristic load-strain diagrams of an amor-
phous (X = 0%) and a crystalline (X = 25%) ma-
terial at identical water contents are shown in Figure
7(top). The stress-strain curve of the amorphous
material is characteristic of a soft and rubber-elastic
material, while the crystalline materials are brittle.
The results of the mechanical properties versus
crystallinity for the various conditions are shown in
Figure 8. It is clear that a sharp increase in E mod-
ulus and stress and a decrease in elongation was
observed at a crystallinity of approximately 20%.
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Also the amount of spontaneously broken materials
was increased at high crystallinity. For most ma-
terials with a %X > 30%, mechanical testing was
not possible because of the large amount of cracks.
For the materials stored at 90% RH for more than
2 weeks, the relative crystallinity was in the range
of 70-80%. These materials showed a large amount
of cracks and broke spontaneously. The effect of
crystallinity on the relaxation of the materials is
shown in Figure 7 (bottom) for a material with X
= 25%. The relaxation time increased drastically
compared to an amorphous material. The changes
in stress-strain and relaxation behavior were ex-
plained by an increase in the initial formation of
double helical structures of the amylopectin outer
chains. These helices can aggregate to form crys-
talline regions in the materials. This reduces the
mobility of the amylopectin molecules resulting in
an increase of the E modulus. The strength of the
materials increased because the plastic flow of crys-
talline materials was reduced and more covalent
bonds were severed. The formation of physical
crosslinks also reduced the elongation. The forma-
tion of intermolecular double helices and crystalline
regions reinforced the amylopectin matrix; but the
formation of intramolecular crystals within one
amylopectin molecule weakened the formed network
by a reduction of the interaction between separate
molecules, and the coherency within the material
was lost. The formation of intramolecular crystalline
regions was favored and led to internal stress within
the materials. At the junction zones between two
crystalline amylopectin molecules the molecular in-
teractions were lost, and the material formed cracks,
reducing the strength and the elongation.

CONCLUSIONS

Polymer principles developed for synthetic polymers
were successfully applied to describe the properties
of TPS materials. During extrusion processing of
granular waxy maize starch a thermoplastic material
was obtained. The amylopectin molecules were
highly oriented during extrusion processing. The
waxy maize TPS materials were viscoelastic with a
glass to rubber transition dependent on water con-
tent. The high elongation and the flexibility of the
amorphous materials was due to the combination of
the high molecular mass of the amylopectin mole-
cules and the easy slipping of the amylopectin mol-
ecules along each other, that is, plastic flow.

Above glass transition temperature or at high
water contents, the amylopectin formed inter- and
intramolecular double helices. Aggregation of double
helices led to B-type crystallinity. Intermolecular
crystallinity led to a reinforcement of the network
by the formation of physical crosslinks. Intramo-
lecular crystallization of the amylopectin lowered
the mobility of the amylopectin and increased the
stress in the material at highly crystalline junction
zones. The mechanical properties were characteristic
of partially crystalline polymers. At crystalline re-
gions, the TPS materials broke spontaneously.
Thus, in starch plastics the problem of the decline
in material properties in time is at least partly due
to the reorganization and crystallization of the
amylopectin molecules.
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