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Abstract The effects of temperature and moisture content on
the linear viscoelastic behavior of extruded amorphous potato
starch were studied using dynamic mechanical analysis
(DMA) from the glassy to the rubbery state. Sinusoidal tensile
tests were carried out in multifrequency mode in the range of
0.1–40 Hz, with a temperature ramp of 20 to 135 °C. The
water loss during DMA thermal scanning was evaluated by
gravimetric analysis of batch sampling in parallel experiments
that simulated temperature evolution. Loss and storage moduli
were then corrected on real moisture content. Using the time–
temperature superposition principle, master curves were ob-
tained for loss and storage moduli over 18 decades in frequen-
cy. The generalized Maxwell model, in the form of a Prony
series obtained from master curve fitting, was used to predict
the relaxation modulus. Results showed that the relaxation
modulus varied over a wide range, from 2650 MPa
(t=10−2 s, 20 °C, 8 % w.b.) to 0.16 MPa (t=105 s, 95 °C,
16 % w.b.). The obtained constitutive equation was effective
to predict the linear viscoelasticity behavior of potato starch in
a wide range of thermomechanical conditions, as shown by
the results of simulations of tensile experiments using finite
elements.

Keywords Extrusion . Dynamic thermo-mechanical
analysis . Time–temperature superposition . Linear
viscoelasticity . GeneralizedMaxwell model .Water loss

Introduction

The use of starch-based materials is limited in engineering
applications because of their sensitivity to water and aging.
Starch consists of two main polysaccharides, linear amylose
and highly branched amylopectin, both based on chains of
α-(1→ 4)-linked D-glucose monomers. In its native form,
starch is stored in plants in the form of granules and presents
a semicrystalline structure. Beyond the melting temperature,
the value of which depends on starch moisture content (MC),
the crystallinity disappears and the starch becomes amorphous
(Donovan 1979).

The variation of the water content also shifts the glass
transition temperature Tg. When the material is stored at a
temperature T> Tg, recrystallization of amylose and amy-
lopectin is expected due to molecular reorganization
(Bizot et al. 1997; de Graaf et al. 2003; Van Soest and
Knooren 1997). The glass transition governs the process-
ing of materials, especially shaping. It also affects any
physical behavior that depends on molecular mobility, in-
cluding mechanical properties (Chung and Lim 2006; Van
Soest et al. 1996; Van Soest and Knooren 1997). The
effects of moisture and various plasticizers on the
mechanical properties of extruded starch were studied by
Shogren (1993) and Stading et al. (2001), who demon-
strated the plasticization of the amorphous phase by water.

Véchambre et al. (2009) demonstrated the shape memory
property of the extruded starch. The starch recovered its initial
(permanent) shape after being deformed into a temporary
shape. The shape recovery can be triggered by pH change,
moisture uptake that lowers Tg, and heating above Tg. This
functional property increases the field of application of amor-
phous starch and emphasizes the need for better knowledge of
the rheological properties of starch, including viscoelasticity
in the domain of glass transition.
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Viscoelasticity refers to the distinctive ability of materials
to exhibit both viscous and elastic properties (Ferry 1980). A
linear viscoelastic material is a material that has a linear rela-
tionship between its strain history and its current value of
stress. In this case, the material is submitted to deformation
or stress small enough so that its rheological functions do not
depend on the value of deformation or stress.

Until now, the linear viscoelastic behavior of starchy
films in relation to glass transition was studied by dynam-
ic mechanical analysis (DMA) at a single frequency and
moisture content (Chanvrier et al. 2005; Chaunier et al.
2012; Shogren 1992). The DMA test is more accurate and
convenient than the stress relaxation test (uniaxial quasi-
static test) to investigate the material response to short
time loading under low strain. On the other hand, the
stress relaxation experiments can be used for the study
of large deformations, i.e., for non-linear viscoelasticity,
keeping in mind that to account for real processing situa-
tions, the linear viscoelasticity model, which is valid for
small deformations, must be extended to describe large
deformations. In the past, frequency sweeps were only
rarely applied to highlight the structural differences be-
tween rubbery and glassy extruded starches (Della Valle
et al. 1998).

The knowledge of the mechanical properties of starch ma-
terials around the glass transition is still incomplete, and there
is no general constitutive equation for the mechanical behav-
ior of starch when crossing Tg. Furthermore, none of the au-
thors that studied the effect of moisture content on starch vis-
coelasticity has taken dehydration during analysis into
consideration.

The aim of this study was to measure the linear viscoelastic
properties of amorphous potato starch by DMA and to deter-
mine a constitutive law as a function of temperature and mois-
ture content involving the glass transition that can be further
used for simulation purposes. This study was initiated by our
original experimental results about tensile tests on extruded
starch with different moisture contents and temperatures,
which are presented first here. For this purpose, we performed
DMA measurements over a wide range of experimental con-
ditions. We took the water loss during the analysis into
account, allowing corrections of E′ and E″ data on the
real moisture content. The water loss was measured by
batch sampling during an experiment that simulated tem-
perature–time dependence during DMA analysis. The
time–temperature superposition principle was applied to
extend the range of frequency (time) and to obtain master
curves of E′(ω) and E″(ω). The dynamic moduli, E′(ω)
and E″(ω), were described by the generalized Maxwell
model using a Prony series. Thereafter, simulations were
carried out using the 2D finite element method (FEM) to
compare the computed results with those from the linear
part of the large strain tests.

Materials and methods

Extrusion

Native potato starch was purchased from Roquette Frères
(F62-Lestrem). It was stored at 4 °C and had a moisture con-
tent of 18.7%w.b. (wet basis). The amylose/amylopectin ratio
was 23/77.

Prior to extrusion, starch was mixed with water to obtain a
moisture content of 26 % w.b. The mixture was then kept in a
sealed glass container for 48 h at 4 °C in order to obtain a
uniform humidity. Using differential scanning calorimetry
(DSC) (3 °C/min) (Donovan 1979), the melting temperature
corresponding to the endothermic peak of native starch with a
moisture content of 26 % w.b. was found to be 104 °C with an
onset at 95 °C and an offset at 117 °C.

Starch destructurization, i.e., loss of native granular semi-
crystalline structure, and blending with a plasticizer, were car-
ried out in a Scamex single-screw extruder (Rheoscam Type
20.11d, Crosne, France) using a flat die (section 30×0.8 mm2;
length:39 mm). The total length of the barrel and screw was
200 mm, the ratio of the screw length and diameter (L/D) was
10, and the screw speed was 15 rpm. The temperature profile
along the barrel from the feed to the exit zone was character-
ized by temperatures of 100, 115, 110 and 105 °C. This tem-
perature profile was set to obtain the melting of the starch
granules in the first part of the extruder and to prevent expan-
sion of the starch melt at the die exit.

Under these conditions, the material temperature at the die
exit was 118 °C; the pressure at the die inlet, 17 MPa; the
torque, 15 N.m; and the feed rate, 3.5 g/min, which led to a
specific mechanical energy of approximately 400 J/g. The
extruded ribbons did not exhibit any significant expansion.
They were cut into 20–30-cm long pieces, which were
stamp-cut into rectangular parallelepiped specimens measur-
ing 25×5 mm2 and into dog-bone specimens with a dimen-
sion consistent with ISO 527-2-5A (Brown 2002). All of the
specimens were then equilibrated in a controlled humidity
environment. Since the ribbon thickness slightly varied
(±5 %) around a nominal value of 1.1 mm, the specimen
dimensions were corrected for differences in the thickness.

Analytical methods

Specimen conditioning and moisture content

All specimenswere air-dried at ambient temperature for 3 days
and then conditioned at relative humidity RH=59 % and
20 °C for 1 week. After this initial storage period, the moisture
conditioning of the specimens was achieved by storage at
20 °C for 4 weeks in sealed desiccators at a controlled humid-
ity of 20≤RH≤79 % over saturated salts, to obtain the mois-
ture contents 9.3, 10.6, 12.4, 14.2, 15.5, 16.3, and 17.2 % wet
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basis (w.b.). Mold growth at high relative humidities
(RH>0.75) was avoided by placing a test tube containing
the biocide, sodium azide (NaN3), in the desiccator
(Pacheco-Palencia et al. 2007). The presence and evolution
of crystallization during storage were checked every week
by X-ray diffraction (wide angle x-ray scattering analysis
(WAXS)), as described below.

The moisture contents of the native starch powder and
equilibrated specimens were determined gravimetrically in a
Chopin oven at 130 °C for 72 h. They were also deduced from
Tg measurements using DSC.

Glass transition temperature

The glass transition temperature Tg was determined by differ-
ential scanning calorimetry (DSC) using a T.A. Q100 instru-
ment (TA Instruments, New Castle, DE, USA). The system
was calibrated with indium. Measurements were carried out
with 10 mg samples sealed in aluminum cells to prevent
water loss during analysis. Two successive scans were run
at 3 °C/min between 10 and 120 °C (or 150 °C for a
moisture content of less than 11 % w.b.), separated by a
cooling stage, to eliminate any thermal event due to aging
during storage. The glass transition temperature was de-
termined at the midpoint of the calorific capacity change
during the second scan.

The temperature of the main mechanical relaxation (Tα)
related to the calorimetric glass transition temperature (Tg)
was evaluated from the maximum peak of the loss modulus
at 1 Hz. In this study, Tα is also denoted as mechanical Tg. If
the mechanical attribute is not used, all the Tg mentioned
should be considered as calorimetric Tg.

Structural changes in starch

The degree of starch transformation was determined using the
decrease of the DSC residual gelatinization enthalpies of ex-
truded starch after 4 weeks of equilibration at RH=59 % and
20 °C. Approximately 40 mg of deionized water was added to
10 mg of cryoground samples in the sealed stainless steel
cells. The second cell containing 50 mg of water was used
as a reference. The DSC scans were run at 3 °C/min from 10
to 120 °C. No significant value for residual gelatinization
enthalpy was detected, meaning that the material was amor-
phous directly after processing.

WAXS was used to determine the crystallinity index of
conditioned specimens according to the method described
by Bello-Pérez et al. (2005). The analysis was performed
using a Bruker D8 (Bruker AXS Inc., Fitchburg, WI, USA)
diffractometer equipped with a copper source and operating at
40 kVand 40 mA.

Tensile test

The quasi-static mechanical tests were carried out on a
Synergie 100 (MTS, Eden Prairie, MN, USA) equipped with
a 100-N load cell. In order to control the temperature, the
tensile apparatus was equipped with a device specifically de-
signed in the laboratory that made it possible to immerse the
specimen in a silicon oil bath at a selected temperature. The
tests were performed on dog-bone specimens with selected
moisture contents at fixed temperatures, from the glassy to
the rubbery state. The crosshead speed was set at 20 mm/
min, which corresponded to the strain rate value of
0.0167 s−1. The specimen gauge length was 20 mm. All ex-
periments were repeated three times. At the beginning, the
specimen was fixed between the clamps and preheated in the
silicon oil bath for 30 s in order to obtain thermal equilibrium.
The engineering stress data were converted to true stress as-
suming a Poisson’s ratio of 0.38 (Zhou et al. 2009). All tensile
measurements were replicated and the reported values are the
averages of at least three measurements. The relative error was
less than 10 %.

Dynamic mechanical analysis

A DMA apparatus (Metravib DMA50, France) was used in
the tensile mode with constant strain amplitude of 0.05 %.
This value was in the range of the linear viscoelasticity of
amorphous starch (Della Valle et al. 1998; Ditudompo et al.
2013). DMA was applied on bar specimens in the combined
sweep mode: multiple frequencies of 0.1, 0.3, 1, 3, 10, and
40 Hz and a temperature sweep from 20 to 135 °C. The
heating rate was set at 3 °C/min. The temperature measured
by a thermocouple placed close to the sample differed by less
than ±0.3 °C compared to the sample bulk temperature. The
measurements at the different frequencies were taken at dif-
ferent periods of time. Therefore, the values of E′, E″, and
corresponding sample temperatures were not recorded at con-
stant time intervals. At least 27 values of complex dynamic
moduli were recorded for each frequency in the given temper-
ature range.

The distance between apparatus grips was 20 mm and the
specimen extremities were fixed at a length of 2.5 mm.

Prior to DMA, the specimen surface was coated with a thin
layer of silicone-based hydrophobic grease to limit dehydra-
tion during experiments. It has already been shown that a thin
coating of grease has no effect on the thermomechanical prop-
erties of extruded starch specimens (Véchambre et al. 2011).

Nevertheless, evaporation still occurred during DMA. The
variation of the moisture content during DMAwas estimated
in the following way. Samples were heated at the same rate
and conditions as during DMA analysis. When a selected
temperature was reached, the sample was removed from the
DMA apparatus and the moisture content of the sample was
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analyzed gravimetrically. A new sample was then heated to a
higher temperature and analyzed. Six moisture contents were
obtained for temperatures in the interval corresponding to the
DMA analysis for every initial moisture contents. Water loss
was also determined from the glass transition temperature Tg
measured by DSC.

All DMA measurements were replicated and the reported
values are the averages of at least three measurements. The
relative error of measurement of the modulus E′ and E″ was
less than 8 %.

Modeling of linear viscoelasticity

Generalized Maxwell model

The viscoelastic behavior of polymeric materials can be de-
scribed as a decreasing function of time: the relaxation mod-
ulus. Young’s relaxation modulus E(t) is defined as the ratio of
time (t)-dependent tensile stress (σΤ) in the material to the
applied constant tensile strain (ε):

E tð Þ ¼ σT tð Þ
ε

ð1Þ

The Boltzmann superposition principle, which is valid for
linear viscoelastic behavior, states that the stress history can be
reconstructed by adding the individual bits of strain history.
For small deformations, the stress response is expressed by the
convolution integral (Matsuoka 1992):

σT tð Þ ¼
Z t

−∞
E t−τð Þ dε

dτ
dτ ð2Þ

where t and τ are the present and past time, respectively.
This integral expresses the fadingmemory of the viscoelas-

tic material. It remembers the past deformation history less
than the more recent one.

The applied strain in the DMA is a periodic function of
time:

ε ωð Þ ¼ ε0sinω t ð3Þ
where ε0 is the small strain amplitude and ω the angular fre-
quency. The ratio of the stress over strain is defined as the
complex modulus E*(ω). This modulus can be obtained by
the Laplace–Carson transformation of the relaxation modulus:

E* ωð Þ ¼ jω
Z ∞

0
E tð Þe− jωtdt ð4Þ

Linear viscoelastic behavior of polymers can be described
by the generalized Maxwell model. The mechanical analogy
of this model consists of a spring and N Maxwell elements (a
spring and a dashpot in series) connected in parallel (Park and

Schapery 1999). Springs represent ideal solid and account for
the elastic behavior, whereas dashpots stand for ideal fluid and
describe viscous behavior. If the system is subjected to a con-
stant strain, then the total stress is the sum of the stress of each
element. The relaxation modulus E(t) of the generalized
Maxwell model is an exponentially decaying function of time
represented by a discrete set of exponential decays:

E tð Þ ¼ Ee þ
XN
i¼1

Eiexp −t=τ ið Þ ð5Þ

where Ee is the final modulus (fully relaxed modulus), Ei the
ith modulus, and τi the ith relaxation times.

The complex Young’s modulus is then calculated by sub-
stitution of Eq. 5 into Eq. 4. The real part of this modulus is
Young’s storage modulus E′(ω), which is in phase with the
strain, and the imaginary part is Young’s loss modulus E″(ω)
shifted about π/2 with respect to the applied strain:

E0 ωð Þ ¼ Ee þ
XN
i¼1

Ei
τ iωð Þ2

1þ τ iωð Þ2

E00 ωð Þ ¼
XN
i¼1

Ei
τ iωð Þ

1þ τ iωð Þ2
ð6Þ

These relationships are referred to as the Prony series. The
phase shift between stress and strain, tan δ, is defined as

tanδ ¼ E 00=E 0 ð7Þ

Model fitting

The raw data on E′( f ) and E″( f ) were treated in three steps.
Firstly, for one initial moisture content, values of E′ and E″
were calculated at a selected frequency for selected tempera-
tures (25, 30,…105 °C) using cubic spline interpolation of the
Scilab code (interp1). Secondly, the initial moisture content
was replaced by actual moisture contents that were obtained as
a function of temperature. Thirdly, E′ and E″ were calculated
for selected moisture contents (8, 10, 12, 14, and 16 % w.b.)
and the selected temperatures. Thereafter, the isotherms E′( f )
and E″( f ) were transformed into E′(ω) and E″(ω).

Based on the principle of time–temperature superposition,
the viscoelastic moduli isotherms were manually superposed
on the reference isotherms for the temperature TR of 50 °C by
factors aT(T) along the axis ω to obtain master curves of E′(ω)
and E″(ω) for each moisture content. The TR value was cho-
sen as a temperature lower than the lowest Tg (51.7 °C) at the
maximal moisture content of 17.2 % w.b.

The parameters of the linear viscoelasticity, in our case, τi
and Ei of the generalized Maxwell model, were obtained by
fitting the shifted data E′(ω) and E″(ω) (Eq. 6) using the
Genereg code (Roths et al. 2001). This code is based on the
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method of Tikhonov regularization. It solves ill-posed prob-
lems that result in negative values of Ei when using a simple
least square fitting method.

The relaxation modulus E(t) (Eq. 5) was then expressed
using the parameters of the Maxwell model obtained from
DMA experiments (Eq. 6).

Model validation

Dynamic moduli and Tg

The model parameters were used to recalculate E′(T) and
E″(T) values for the moisture content that varied in the same
way as during DMA measurements. The predicted moduli
were then compared to DMA raw results.

The Tα or mechanical Tg obtained from the predicted peak
of E″(T) at a frequency of 1 Hz was compared with the calo-
rimetric Tg measured for different moisture contents.

Finite element method simulation of the tensile test

Using the ANSYS 12 commercial code, the achieved consti-
tutive equation issued from DMA results were implemented
into a finite element model to simulate tensile experiments
under various temperature and straining rate conditions. In this
code, the generalized Maxwell model of viscoelasticity was
represented by the Prony series in the form

α tð Þ ¼ αe þ
XN
i¼1

αiexp −t=τ ið Þ; ð8aÞ

where αe and αi are dimensionless spring and damper con-
stants. Using Eq. (5), αe and αi are defined as

αi ¼ Ei

E0
; αe ¼ Ee

E0
; ð8bÞ

where E0 is the instantaneous modulus at the fast load limit
(t→0):

E0 ¼ Ee þ
X

Ei; ð8cÞ

The simulation of the elastic part of the tensile response
assumed an isotropic material model, where the stress–strain
relationship was fully determined based on the Prony series
parameters: Eo is the instantaneous Young’s modulus, and αi

and τi were defined by Eqs. 8a–8c. Poisson’s ratio v was as-
sumed independent of strain rate with a value of 0.38 (Zhou
et al. 2009).

The Young’s modulus of the tensile tests was determined as
the secant modulus at a strain of 2%with the exception of 3%
for the temperature of 90 °C. These values were found as the
best approximation of the initial part of the experimental

results. For model validation, secant moduli were calculated
in the same way from the simulated stress–strain curves and
compared to those obtained from the tensile experiments.

The triangular 2D quadratic element (Plane 183) was used
for meshing the tensile specimen. This element is defined by
six nodes with two degrees of freedom at each node: transla-
tions in the x (ux) and y (uy) directions. The elasticity problem
was solved assuming plane stress. The irregular meshing com-
prises 1696 elements. The boundary conditions were applied
as follows: (i) along one extremity of the dog-bone model
(y=0 mm), the nodes were fixed in both the transverse and
longitudinal directions, i.e., in the x- and y-directions; thus,
ux =uy=0 and (ii) the nodes at the other extremity (y=45mm)
were displaced only in the longitudinal direction, ux =0.

Results and discussion

Large strain tensile behavior

The main results of the tensile test are illustrated in Fig. 1. All
curves display the same features marked by a sharp initial,
nearly linear, increase of stress, namely the elastic part,
followed by a smooth decrease (T<Tg) or increase (T>Tg),
which can reflect either a plastic or a hyperelastic behavior
before rupture. The amorphous starch clearly behaves more
like a brittle material at T<Tg, with a large Young’s modulus
(initial slope) and low strain values at break. Conversely, at
T>Tg, more ductile behavior is seen, reflected by a lower
modulus and large strain values at break. In both cases
(T<Tg or T>Tg), these characteristics vary as expected with
temperature, according to molecular mobility mechanisms in
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the amorphous phase. Indeed, these results are original since
the behavior of amorphous starch at high temperatures and
deformations has rarely been studied before. Results obtained
at large strains have been more focused either on ambient
temperature or high temperatures (T>>Tg). In the first case,
it has been shown that amylose favors larger moduli and
stresses at break, probably because of its greater ability to
entangle (Lourdin et al. 1995; Stading et al. 2001; Thunwall
et al. 2006a). In the second case, measurements at higher
temperatures (T> 120 °C) were performed to predict the
drawability of the melt for film-blowing applications of potato
starch (Thunwall et al. 2006b). In particular, the low but sig-
nificant increase of stress observed here at high temperatures
may be attributed to water evaporation and to starch annealing
as well. Consequently, the sensitivity of extruded starch to
moisture content requires a rigorous study of temperature-
and moisture-dependent rheological behavior. The under-
standing of this behavior is important for promoting the de-
velopment of starch-based biomaterials. We therefore concen-
trated on the study of the linear viscoelastic domain.

Raw data on the storage and loss modulus at initial
moisture content

Regardless of the water content, all specimens had a crystal-
linity index of less than 1 %. The extruded starch was almost
amorphous because there were no significant peaks at 5.6°,
10.1°, 11.3°, 14.9°, 17°, 19.5°, 22° 23.9°, and 26° on the
WAXS diagram, which are typical for B-type crystals of
native/granular potato starch and retrograded starch (Van
Soest et al. 1996). The slight peaks revealed with increasing
moisture content only reflected the start of retrogradation and
are subsequently not taken into account.

The storage and loss modulus of specimens with eight ini-
tial values of moisture content ranging from 9.3 to 17.2%w.b.
were measured at various frequencies (0.1–40 Hz) and a tem-
perature sweep of 20–135 °C. The moduli and tan δ are shown
in Fig. 2 for the initial moisture content of 14.2 % w.b. As
expected, the storage modulus decreased with increasing tem-
perature (Fig. 2a), reflecting sample softening. The decrease
of E′ was rather slow until 65 °C, after which it fell rapidly
until 90 °C. The latter region corresponded to the mechanical
principal relaxation α associated with the glass transition. The
E′ curves displayed the same tendency for all frequencies.
Above 105 °C, the storage modulus increased due to the water
evaporation. The rubbery plateau was therefore not achieved.
The storage modulus increased with the increase of the fre-
quency, mainly beyond the glass transition. The extruded po-
tato starch clearly displayed the behavior of amorphous poly-
mers: as the temperature increased, it passed through the
glassy region, the transition region being characterized by
peaks of tan δ and E″ and the drop in E′ and, finally, through
the rubbery region (Wetton 1986).
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The loss modulus exhibited a maximum for a temperature
between 60 and 85 °C, depending on the frequency (Fig. 2b).
This temperature increased, whereas the maximum of E″ de-
creased with increasing frequency. Outside this temperature
interval, E″ increased with increasing frequency. All E″ curves
crossed over at a temperature close to 80 °C. The phase shift
tan δ had a maximum of between 82 and 100 °C (Fig. 2c). The
dependence of this maximum on frequency was the same as
for E″.

For all studied frequencies, temperatures, and moisture
contents, the E′ value was higher than the E″ value. This
means that the phase angle between stress and strain is small
and the dissipated energy is lower than the stored one. In other
words, the amorphous potato starch behaved like an elastic
solid, exhibiting low dissipation. The increase of E′/E″ with
frequency indicated that the solid-like behavior was more pro-
nounced with increasing frequency.

The values found here for E′, E″, and tan δwere in the same
interval as the experimental results published in the literature
and revealed the same trend as a function of temperature
(Babin et al. 2007; Chaunier et al. 2012; Ditudompo et al.
2013; Shogren 1992).

The effect of dehydration during DMA is analyzed in the
next section in order to correct E′ and E″ based on actual
moisture content.

Master curves for actual moisture content

The variation of moisture content during DMA had to be
taken into account because of the significant water evapora-
tion from the specimens, even though their surface was cov-
ered with silicon grease. The actual moisture content is shown
in Fig. 3 as a function of the DMA temperature. The data were
fitted by second-degree polynomials, which allowed us to
attribute real actual moisture content to a sample temperature
during DMA. When the sample temperature increased from
20 to 105 °C, the MC decreased from 9.3 to 8.9 % and from
15.5 to 13.8 %. The corresponding water loss was 4 and 11 %,
respectively. Similar loss of moisture content was observed by
Della Valle et al. (1998), whereas Ditudompo et al. (2013)
reported less than 5 % and Véchambre et al. (2011) less than
3 %. These differences can be attributed to the different ge-
ometry of samples and the different modes of heating, espe-
cially to the flow of a heating medium around the sample. A
decrease of about 1 % ofMCwas sufficient to lower the Tg by
about 10 °C (Table 1), and this trend was in good agreement
with the Tg dependency on MC obtained for the cast starch
film reported in the literature (Lourdin et al. 1997). The rheo-
logical properties in the vicinity of the real Tg could be altered.

Using the polynomial fitting (Fig. 3), the actual moisture
content was determined for every temperature. Knowing the
actual moisture of each data item, the moduli E′( f ) and E″( f )
were calculated at selected moisture contents of 8, 10, 12, 14,

and 16%w.b. and temperatures in the interval of 25 to 105 °C
with a step of 5 °C using interpolation and extrapolation
methods. An example of E′( f ) and E″( f ) values is shown in
Fig. 4 for a moisture content of 14%w.b. with the temperature
as the parameter. The storage modulus increased with an in-
crease in frequency and decreased in temperature. Similar fre-
quency dependencies of the moduli were observed for various
types of starch-based samples. The dependence of E′ on tem-
perature for various starch origins obtained in similar condi-
tions are compared in Table 2. The scatter of the E′ values is
greater for high temperatures than for low ones. This is due to
different starch origins as well as to experimental errors. The
values of Ditudompo et al. (2013) and Shogren (1992) seem to
be too high. The small decrease of E′ with increasing temper-
ature observed by Shogren (1992) can be explained by mois-
ture evaporation during DMA. The curve of tan δ is not
smooth, which also indicates some experimental problems.
If another plasticizer is used together with water, the E′ values
are much lower, e.g., 0.64MPa for wheat starch plasticized by
water (MC 14 %) and glycerol (23 % w.b.) at 90 °C (Della
Valle et al. 1998). They also stated that the maize starch rich in
amylopectin has lower moduli compared to the starch rich in
amylose. Stading et al. (2001) found that the glycerol-
plasticized amylopectin film has a modulus E′ (100 MPa at
20 °C and 30 MPa at 60 °C) that is ten times lower than the
water-plasticized starch. The E′ of amorphous potato starch
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Table 1 Coefficient of Eq. 9 for TR =Tg

MC 8 10 12 14 16

TR 147 118 94.8 76.1 61.0

C1 16.1 18.4 18.4 20.4 20.9

C2 213 183 149 118 97.3
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(amylose content 23 %), in the range of 25–90 °C, was on the
same order as those of amorphous maize starch obtained from
the blend of high amylose maize starch and waxy maize
starch, with a final amylose content of 24 % (Babin et al.
2007). As shown in Table 2, Babin et al. (2007) found that
the extrudates of maize starches display decreasing E′ with
decreasing amylose content (or increasing amylopectin con-
tent) at the rubbery state. According to Babin et al. (2007), this
trend could be attributed to the greater ability of the linear
macromolecules (amylose) to entangle and thus restrict mo-
bility compared to the highly branched ones (amylopectin)
that are expected to adopt a more compact conformation.
With increased frequency, more deformation energy can be
stored. Conversely, with decreasing frequency, more deforma-
tion energy is lost by friction between the molecules due to
increased relative motion between their chains. Hence, the
material appears to be more flexible and mobile (Gottenberg
and Christensen 1964). The samples therefore presented

glass-like properties when the frequency was high and the
moisture content and temperature were low. Samples appeared
to be more rubbery when the frequency was low and the
moisture content and temperature were high.

Next, the frequency f (1/s) was converted into angular fre-
quency ω (rad/s) in order to apply the time–temperature su-
perposition (TTS) principle. The data on E′(ω) obtained for
every selected temperature and one moisture content were
superposed to fit them, in the next chapter, by a master curve
at the reference temperature TR=50 °C. This was done by
multiplication of ω values by factors aT(T), deduced by trial
and error. The superposition consisted in shifting the E′ values
along the ω axis in the E′-ω diagram. The data on E″(ω) were
similarly superposed using the same aT(T) factors. An exam-
ple of data superposition is shown in Fig. 5a for the extruded
starch with a moisture content of 14 % w.b. The same refer-
ence temperature of 50 °C was selected for all moisture
contents.

The variations in shift factor with temperature were fitted
by a WLF-type equation (Williams et al. 1955) and represent-
ed in Fig. 5b:

logaT ¼ −C1 T−TRð Þ
C2 þ T−TRð Þ ð9Þ

where TR was the reference temperature of 50 °C and the
constants C1 and C2 had values of 29.8 and 117, respectively.
The standard deviation of log aT was 0.47 (R2 =0.9). If the
glass transition temperature of the amorphous potato starch
was taken as the reference temperature, C1 and C2 were not
constant. They were a function of moisture content (Table 1),
which means that there is an interaction between starch and
water (Williams et al. 1955).

Neither the WLF nor the Arrhenius equation (Bird et al.
1987) can account for the change of concavity of the curves
representing the variations in the shift factor aTwith tempera-
ture (Fig. 5b). Therefore, aT results were fitted by a Gompertz
function:

logaT ¼ C1−C2exp C3−exp –C4Tð Þð Þ ð10Þ
where the coefficients C1, C2, C3 and C4 had values of 9.60,
19.7, −6.63, and −0.04, respectively. The Gompertz function
fitted the data better than the WLF function did with a stan-
dard deviation of log aT 0.21 (R2 =0.99).

In the next paragraph, E′(ω) and E″(ω) are fitted by the
generalized Maxwell model using Eq. 6 expressed using ana-
lytical functions.

Generalized Maxwell model

The superposed data E′ and E″ were fitted by a Prony series
(Eq. 6) for eachmoisture content. The equilibriummodulus Ee
was evaluated as the asymptotic value of E′ for ω→0. Using
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30 terms in Eq. 6, the master curves are rather smooth for both
E′ and E″ (Fig. 5a). Using only ten terms resulted in an ac-
ceptable curve E′, which can be used for the evaluation of the
relaxation modulus, but the curve E″ exhibited large oscilla-
tions. Using 20 terms resulted in a smooth curve E′ but small
oscillations were still visible for the E″ curve. The standard
deviations of E′ and E″ were 47.0, 33.5 (N=10); 26.5, 6.60
(N=20); 26.2, 6.30 (N=30); and 26.0, 6.20 (N=40), respec-
tively, for different numbers of Maxwell elements. The coef-
ficient of determination R2 of E′ and E″ were 0.99, 0.97, and
0.99, respectively, and 0.21 for N equal to 30 and 10,
respectively. Baumgaertel and Winter (1989) suggested that
the number of relaxation modes N should be between 1 and 2
per decade of time. Therefore, in our case, for 20 decades,
N=20 gave a good result. Subsequently, the values of Ei and
τi for N=20,MC=14 %, and TR=50 °C are given in Table 3.

The storage and loss moduli are shown in Fig. 6 for
all selected moisture contents at the reference tempera-
ture of 50 °C. The storage modulus increased with de-
creasing moisture content. Water affected the amorphous
phase, leading to the softening of the product. The loss
modulus exhibited a maximum. The height and frequen-
cy of this maximum increased with increasing moisture
content.

The different shapes encountered for the curves E′(ω) and
E″(ω) obtained for different MC values made the application
of a time–moisture superposition ineffective.

For a viscoelastic solid characterized by linear visco-
elasticity, E″ should be directly proportional to ω at
very low frequencies. Such behavior was not observed
because the applied frequency was not sufficiently low.
Since E″(ω → ∞) was equal to zero, the function E″(ω)

displayed a maximum. The temperature of this maxi-
mum can be taken as the mechanical glass transition
temperature. The asymptotic value E′(ω → ∞) was
equal to the sum of Ei and Ee (elastic Young’s modulus
E0).

The S-shaped curve of the storage modulus was similar
to the one displayed by cross-linked amorphous solid
polymers such as vulcanized Hevea rubber (Ferry 1980).
The values E′ and E″ of extruded potato starch were on
the same order as vulcanized rubber and were much
higher than those of starch plasticized with 30 % glycerol
and 10 % water (Della Valle et al. 1998). This difference
can be explained by a much lower content of plasticizer in
our case. The storage modulus increased with increasing
frequency, which indicated that the solid-like behavior
was more pronounced with increasing frequency. The loss
modulus exhibited a maximum at ω= 0.003 rad/s. Della
Valle et al. (1998) found that both storage and loss moduli
of wheat starch with glycerol and water increased with
increasing frequency in the range of 0.06 to 60 Hz. E′
was ten times higher than E″ at ω= 0.2, and the ratio E′/
E″ increased with increasing frequency. This result indi-
cated that elasticity prevailed over dissipation. Results
obtained for isotactic polypropylene by DMA presented
a similar trend over 33 decades (Keuerleber et al. 2005).

In order to have an idea about errors when the evap-
oration during the DMA experiment was neglected, let
u s cons ide r t he va lue s o f E ′ = 101 MPa and
E″= 29.7 MPa indicated by DMA at 105 °C and 1 Hz
for the initial MC of 14.2 % w.b. (Fig. 2a, b). In fact,
the actual value of MC at the time corresponding to
105 °C was 13.1 %. By interpolating the moduli E′( f )

Table 2 Values of E′ (MPa) for
various extruded starches
measured using DMA at different
temperatures and similar
conditions

Reference Starch MC%, f 1/s Temperature (°C)

25 60 90 150

This study Potato 14, 1 1700 830 36

Shogren (1992) Native maize 14, 1 4000 2150 2000

This work Potato 12, 1 1950 1230 630

Chanvrier et al. (2005) Native maize 12, 0.2 1050 900 110

Chaunier et al. (2012) Maize flour 12, 1 4200 3000 500

Ditudompo et al. (2013) Native maize 12.9, 0.1 10,640 7280 3360

This study Potato 9, 0.3 2100 1420 995

Babin et al. (2007) High amylose maizea 9, 0.2 3000 2100 2000 1000

Babin et al. (2007) Maizeb 9, 0.2 3000 2000 1500 300

Babin et al. (2007) Maizec 9, 0.2 2750 1750 1100 110

Babin et al. (2007) Waxy maized 9, 0.2 2750 1100 1000 70

aHigh amylose maize (starch A). Amylose: amylopectine = 70:30
b Blend of A and B. Amylose: amylopectine = 47:53
c Blend of A and B. Amylose: amylopectine = 23:76
dWaxy maize (starch B). Amylose: amylopectine = 1:99
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and E″( f ) obtained in the “Master curves for actual
moisture content” section, we obtained the actual values

of E′ and E″ for an MC of 14.2 % at 105 °C and 1 Hz:
40.1 and 25.4 MPa, respectively.
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Table 3 Coefficients of the Prony series (Eq. 6) for extruded starch with a moisture content of 14 % w.b. at 50 °C and a relaxation time in the interval
(10−11, 1011 s) and N = 20

i 0 1 2 3 4 5 6

τI 1.00E−11 1.44E−10 2.07E−09 2.98E−08 4.28E−07 6.16E−06
Ei 14 34.1 38.0 42.3 46.9 51.9 58.9

i 7 8 9 10 11 12 13

τI 8.86E−05 1.27E−03 1.83E−02 2.64E−01 3.79E+00 5.46E+01 7.85E+02

Ei 70.1 87.3 113 148 191 212 208

i 14 15 16 17 18 19 20

τI 1.13E+04 1.62E+05 2.34E+06 3.36E+07 4.83E+08 6.95E+09 1.00E+11

Ei 188 136 103 63.5 14.5 6.50 14.6
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In order to determine E′(ω) and E″(ω) for a temperature
other than the reference one (50 °C), the time–temperature
superposition (TTS) principle was applied. The variation of
temperature was taken into account by the appropriate shift in
angular frequency or time:

ET
0 ωð Þ ¼ ETR

0 ω
aT

� �
; ð11Þ

where ET′ is the storage modulus at temperature T, ETR′ is
the storage modulus at the reference temperature and fre-
quency ω/aT. For any temperature in the range of 25–
105 °C, aT(T) can be computed using Eq. 10. The storage
modulus was shifted toward higher ω values for tempera-
tures lower than TR (aT< 1) and toward lower ω values for
temperatures greater than TR (aT> 1).

The Relaxation Young’s modulus E(t)

The relaxation modulus E(t) was calculated at the reference
temperature using Eq. 5 with the parameters of the generalized
Maxwell model (N=20) for the time t=2π/ω in the interval
(10−9, 109 s). In order to obtain a convenient expression ofE(t)
for numerical simulations of the mechanical behavior of ex-
truded starch, it is sufficient to determine the relaxation mod-
ulus for relaxation times in the interval (10−2, 105 s). New
coefficients Ei (N=8) were therefore obtained by fitting the
original function E(t) on the time interval (10−2, 105 s)
(R2 > 0.9). The TTS principle was applied to calculate the
relaxation modulus for different temperatures. It followed
from the relationship t=2π/ω that

tT ¼ 2π
ωT

¼ 2πaT
ωTR

¼ tR aT ð12Þ

The relaxation modulus was expressed as a function of
temperature as E(tR aT). The relaxation modulus was shifted
toward lower time t for temperatures less than TR and toward
higher time t for temperatures greater than TR.

The new coefficients Ei were arranged in a matrix 9 (N+
1) ×16 (T) ×5 (MC), which allows us to calculate the relaxa-
tion modulus for arbitrary variations in temperature and mois-
ture content using an appropriate interpolation method. An
example of the submatrix for MC=14 % is given in Table 4.
The variation of the relaxation modulus as a function of time,
with temperature as the parameter, is shown in Fig. 7 for
selected MC. E(t) decreased with an increase in temperature
andmoisture content. The values ofE(t) varied in a wide range
from 2650MPa (t=10−2 s, 20 °C, 8 %w.b.) in the glassy state
to 0.16 MPa (t=105 s, 95 °C, 16 % w.b.) in the rubbery state.
This variation was on the same order of magnitude as the
variation of the Young’s modulus of amorphous waxy maize
starch at room temperature from the glassy (MC=5 %) to the
rubbery state (MC=16 %) (Van Soest et al. 1996).

At the same temperature, amorphous starch with lower
moisture content has a longer relaxation time (higher relaxa-
tion modulus) than do a starch with higher MC (see Fig. 7).
This can be explained by the greater mobility of starch chains
at higher MC. The network microstructure changes from
dense and homogeneous to a more open structure with fluc-
tuations in the pore size when MC increases. The structural
change is attributed to plasticization of the amorphous area by
increased water content, leading to higher mobility in the net-
work and subsequent inhomogeneous swelling (heteroge-
neous network) (Stading et al. 2001).

Model validation

The raw DMA results on E′ and E″ obtained by varying tem-
perature, frequency, and several values of initial moisture
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content were simulated at a constant frequency, taking evap-
oration into account. The comparison between the computed
and the experimental values of the different moduli is shown
in Fig. 8a for an initial moisture content of 14.2 % w.b. and a
frequency of 1 Hz. The predicted moduli matched the mea-
sured data with R2 =0.97 and 0.98 for E′ and E″, respectively.

The main mechanical relaxation temperature or mechanical
Tg was evaluated from the peak of the predicted loss modulus

as a function of temperature at 1 Hz, and it was compared with
calorimetric Tgmeasured using the DSC method. The predict-
ed values of relaxation temperature were about 5 % lower than
the calorimetric Tg mean values (Fig. 8b).

An ANSYS code was developed for simulation of the trac-
tion experiments. This code was a combination of the
Hookean approach with the Prony series. The parameters Ε0,

Table 4 Coefficients Ei of the
relaxation modulus of extruded
starch with a moisture content of
14 % w.b. for the relaxation time
in the interval (10−2, 105 s)

i e 1 2 3 4 5 6 7 8

τi 0.01 0.1 1 10 100 1000 10,000 100,000

Ei, 25 °C 841.0 0.9 35.9 12.6 34.1 20.8 35.6 31.0 55.9

Ei, 50 °C 125.0 11.5 100.9 62.2 123.9 90.7 118.3 90.9 86.8

Ei, 75 °C 3.8 116.2 105.8 69.7 59.4 44.6 11.6 10.6 4.5
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αi, and τi (i=1,…6) were obtained from the relaxation mod-
ulus E(t) expressed using the Prony series (Eqs. 8a–8c). The
tensile simulations were carried out for different mesh sizes,
but only the final fine mesh results are presented here. The
subdivision of the specimen into finite elements, its deforma-
tion at a strain of 6 %, and true stress distribution in the y-
direction are shown in Fig. 9 forMC=14.2 %, T=60 °C, and
a strain rate of 0.0167 s−1. The stress is maximum and uni-
formly distributed along the gauge length (Fig. 9b). The spec-
imens broke down always in this region.

The simulated stress–strain curves are compared in Fig. 10
with those obtained using traction experiments for the extrud-
ed starchwithMC=14.2% and a strain rate of 0.0167 s−1. The
secant Young’s modulus computed from traction simulation is
compared to the secant modulus obtained using tensile strain
experiments in Fig. 11. It was difficult to obtain Young’s mod-
ulus as a tangent at the zero strain from the traction experi-
ments, for this reason, secant moduli were determined at a
strain of 2 % with the exception of 3 % for the temperature
of 90 °C. For comparison of the FEM simulations with the
traction experiments, secant moduli were calculated in the
same way from the simulated stress–strain curves. The error
of traction experiments, estimated on 10 %, is represented by
dashed lines in Fig. 11. Cumulative error of FEM results
(12 %) is composed of the errors of DMA measurement, data
treatment, and FEM simulation. It is represented by vertical
error bars in Fig. 11.

There are some discrepancies among the results obtained
from DMA, DSC, traction experiments, and numerical simu-
lation. It is obvious that different experimental methods can-
not provide exactly the same results. Starch is a biological
material that exhibits some inhomogeneity resulting in prop-
erty differences. With regard to these facts, we can conclude

that there is an acceptable agreement among experimental data
obtained by these experimental methods and simulation.

The Prony representation corresponds to the solution of the
classical differential model, i.e., generalized Maxwell model
of viscoelasticity. It is the key for the extension of the above
constitutive equations to large deformation cases, e.g., poly-
nomial models of strain energy potential (Neo-Hookean,
Mooney-Rivlin, Ogden). Diani et al. (2012) applied a visco-
hyperelasticity approach that combined a linear viscoelastic
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model (generalized Maxwell model) with a hyperelastic mod-
el (Neo-Hookean model) to simulate shape memory effect.

Conclusions

Determining the variations of the rheological properties of
extruded starch during glass transition is all the more essential
for predicting its behavior during processing since it is very
sensitive to moisture content. The storage and loss moduli of
amorphous potato starch were therefore determined by tensile
stress dynamic mechanical analysis in a wide range of fre-
quencies as a function of temperature and moisture content.
The viscoelastic moduli were corrected on the real moisture
content because the moisture content of the samples decreased
during DMA due to water loss. Results obtained for modulus
values, mainly the storage modulus, have shown that the var-
iation in moisture content during DMA analysis should not be
overlooked.

The effect of temperature could be accounted for by using
the time–temperature superposition principle, and master
curves were determined. The shift factor aT(T) varied over
17 decimal orders within a range of temperature (25 to
100 °C). Its variations with temperature were fitted using a
Gompertz model. No equivalent master curves for the influ-
ence of moisture content could be found.

The storage modulus E′ decreased with increasing temper-
ature and moisture content and increased with increasing fre-
quency. The loss modulus E″ exhibited maxima as a function
of MC, temperature, and frequency. In the case of a constant
MC, the maximum of E″ diminished, whereas its temperature
increased with increasing frequency.

The linear viscoelastic behavior of amorphous potato
starch was characterized by the generalized Maxwell model
using 20 Maxwell elements. In order to obtain more robust
models for numerical simulations, the relaxation modulus E(t)
was expressed using only eight relaxation times in the interval
(10−2, 105 s), representing the domain of mechanical tests.

The main mechanical relaxation temperature values, eval-
uated from the maximum of computed loss modulus values,
were in good agreement with the calorimetric glass transition
values obtained using DSC.

The generalized Maxwell model was also validated by
computing the secant modulus through finite element simula-
tions. The agreement of this modulus with that obtained by
traction experiments was in the range of experimental and
computational errors, estimated on 22 %.

In light of the obtained results, the constitutive law for
linear viscoelasticity of amorphous potato starch is now avail-
able for a wide range of temperature and moisture content.

Extension of the linear viscoelasticity results to large de-
formation cases is now possible. The Prony series obtained
can be combined with a hyperelastic model. The results

presented will be used to model the shape memory property
of extruded potato starch. A similar approach can be used for
other starchy materials.

The proposed model could be considered as a significant
contribution toward programmable rate-dependent large de-
formations of extruded starch under different temperatures,
moisture contents and operating rates. This work will pave
the way for the development of new starch-based materials
(i.e., starch-based shape memory biopolymers).
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