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The material function of liquid materials for packaging plays an important role in analysis of its mechanical behavior. The
mechanical behavior of material affects the packaging process in many aspects, such as selection of packaging materials and
preparation of packaging method. Therefore, research on the material function of the liquid material is very helpful to guide the
packaging process and look into how the packaging quality and efficiency are affected by the mechanical properties of material. This
paper established the material function for the starch solution under shear process. With the relaxation test of the starch solution
specimens, the G(t) function and dumping function were established and verified. Based on the memory function of starch solution,
the material function of starch solution was constructed and approved to be efficiently predict the mechanical behavior during the

shear process. Therefore, such material function can be used to guide the operation on the shear flow.

1. Introduction

Starches have been used for many years in the food industry,
and their rheological properties decide different applications
in food products [1, 2]. For this reason, their rheological
behavior has deserved increasing attention. The nonlinear
behavior of starch solution plays an important role in many
packaging processes, and especially it affects the packaging
material transmission speed and high weight measurement
precision [3, 4]. Analysis of the nonlinear viscoelastic behav-
ior of starch solution is of great importance for their rheolog-
ical characterization.

The material function is the basis of the analysis on the
starch solution. In order to establish its material function, the
constitutive equation must be constructed according to the
most suitable experiment [5]. It is often found that the Lodge
model can successfully describe the behavior of rubber-like
liquid under shear flow or elongational flow [6, 7]. The Lodge
model can be expressed as follows:

o(t)=- J:t M(t - t',y) * e(t')dt', 1

where ¢ is the stress at the current time ¢, M(t — t',y) is
the memory function specific for the material, and it can be

established by suitable experiment. &(t') is the strain function
dependent on the time #, and it can be defined in the specific
process.

Recently, the memory function is often expressed as a
product of the memory function for the linear behavior
G(t) and a so-called damping function h(y) [8-10]. Yu et al.
[11] established and validated a rheological model that can
be used to characterize viscoelastic properties of food gels
during compression under small and large deformation [11].
The aim of this paper is to give experimental justification
for linear behavior G(t) and the damping function h(y).
Taking the starch solution as sample, its material function
was established based on the linear shear modulus G(t)
and damping function h(y). Through comparison of the
experimental data and the calculated shear stress by the
material function, the material function of starch solution
was approved to be successfully describing the behavior of the
starch solution under shear flow.

2. Experimental Materials and Methods

The type of modified starch is ULTRA-TEX 1 corn starch
from National Starch Food Innovation. This kind of starch



2
7% starch solution
100 + 100 . - 100
000
o 00000000, °°o°’°°°‘°°’°°°°°°°
% o°
(loo
0%
101 % 0000000000085, L 10
E Zéo 0 ° 0000000 =)
o 000000000,
= 110 8 og0000™” % <
© = ©
11 1
0.1 H 0.1
0.01 0.1 1 10 100 1000 10000

Strain (%)

coo Strain sweep from 0.0001 to 10 strain sweep step

FIGURE : Strain sweep test from 0.0001 to 10 at the frequency 1.

7% starch solution
1E5 5

10000 ]

1000 5

Modulus G(t) (Pa)
S

10

0 50 100 150 200 250 300
Time (s)

o Strain is 0.3%, stress relaxation test

FIGURE 2: Relaxation test within linear range of strain.

and distilled water were used to make different concentration
starch solution. The whole experiment was performed on
the Rheometer AR-2000 from TA instruments Ltd. The cone
head was installed, and its angle is 2.8 degree. The constant
test temperature is 25°C.

High shear rate and long time shear test were performed
to find if the shear process affects the strain relaxation test.
Shear rate influence on the strain can be found. Therefore,
the memory function can be established by the many different
strain relaxation tests.

3. Memory Function for the Nonlinear
Viscoelastic Behavior

The memory function can characterize the mechanical prop-
erty of the specific material [12]. According to Wagner [9, 10],
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for simple shear flow the generalized memory function is
expressed by

M (t -t Vt,t’) :M (t - tl) h (Vt,t’) > 2)

where M (t—t') is the linear modulus of material under small
deformation. It describes the linear relationship between
the strain and stress of material. The nonlinearity of the
rheological behavior is only characterized by the dumping
function h(y, ;).

For simple shear flow, the well known relations for the
shear stress o(t) can be expressed by

o(t) = LOO M(t—t")ypdt. 3)

In order to establish the shear modulus function and the
damping function, the linear range of the relationship of the
stress and strain must be found with strain sweep test. Figure 1
shows that the storage modulus G', the lost modulus G”, and
different degree delta are almost constant when the strain is
less than 0.01. It indicates that the relationship of stress and
strain of starch solution is linear during the step in shear
strain from 0 to 0.01. Therefore, in the linear viscoelastic range
the shear relaxation modulus G(¢) can be given by

o)

G(t)=G(ty) = )

According to the strain sweep test result, the suitable
strain relaxation test was carried out. The measurement data
of relaxation test was shown in Figure 2. The strain value of
relaxation test is 0.3%, and it belongs to the linear viscoelastic
range of 7% concentration starch solution.

The recently published paper that approved the linear
modulus function can be expressed by [13, 14]

G(@t)=at". (5)

Take the experiment data (Figure 2) to fit the function (5)
with Origin 8.0, and the fitted linear modulus function can be
expressed by

G (t) = 64.69095¢ 19167 (6)

The linear modulus function G(t) characterizes the linear
property of material during the small deformation. With
certain deformation, the relationship of stress and strain is
linear, and the shear modulus G(t) is only dependent on time
t. With the strain increasing, the relationship of stress and
strain is nonlinear, and shear modulus G(t, y) is dependent
on time and strain. The shear modulus function G(¢, y) can
be expressed by [15, 16]

G(ty)=G@®)h(y), 7)

where h(y) is a damping function, and it is a function of strain
y. The damping function was added into the shear modulus to
characterize the nonlinear property of material. It describes
the relationship of the shear modulus and the strain.
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TABLE 1: The value of strain at t = 50s in the different strain
relaxation test.

Strain 0.3% 1% 4% 20%
Strainy 30.82 2418 1199 3.088

100%  300%
0.5657  0.1914

600%
0.078

TaBLE 2: The value of dumping function at different strain.

0.007
0.7845

Strain 0
h(y) 1

0.037  0.197 1 3 6
0.389 0.1 0.018  0.006  0.0025

Derived from (7), h(y) can be expressed by

iy = S0

0N (8)

Many measurements of the relaxation modulus were per-
formed in a nonlinear shear strain range of y = 4% to
10% (Figure 3), where the starch solution behaves strongly
nonlinear.

According to the published data of damping function
[17, 18], the following equation can be selected as the starch
solution’s damping function:

h(y)=e™. 9

Therefore, the relaxation modulus can be expressed as
follows:

G(ty)=G@t)e™ =at ™ xe ™. (10)

The measurements data was shown in Tables 1 and 2.
The dumping function can be fitted by the measurements
data. The fitted result was shown as follow:

h(y) =20, (1)
Therefore, the shear modulus can be expressed as follow:

G (t,y) = 64.69095¢ 1717 4 72038 (12)

4. Calculation of Nonlinear Material Functions

The material function of starch solution can be established
based on the Lodge model, and the stress under small
deformation can be expressed by

o(f) = J_t G(t-t,e(t'))=e(t)adt" (13)

Take (12) into (13), and the material function of starch
solution can be expressed by

1—0.19167
*

t .
o(t) = J 64.69095¢ e 2038, ¢ (t’) dt'. (14)
—00

where y is the current strain. The shear history can be
described by the following:

w(t—t") fort—t <t
Vee' = {YO ( ) 15)

Yot fort -t >t
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FIGURE 4: Shear rate step flow test.

The verified experiment was carried out, and the result
was shown in Figures 4 and 5.

In the shear rate sweep test, the time and shear rate are
known. Therefore, the strain can be calculated by shear rate
and time. The above parameters were taken into (14) and the
predict, result was shown in Figure 5.

Viscosity-shear rate curve of starch solution was shown
in Figure 6.

It indicates that the viscosity of starch solution will
become thin with the shear rate increasing.

The predicted results indicate that the material function
constructed with memory function describes the flow behav-
ior during the shear rate step test. The shape of predicts
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FIGURE 6: Viscosity-shear rate curve.

line based on the material function was very similar to the
shape of measured data line. When the shear rate increases to
infinite, both the predicted data and test data are close to the
same value.

5. Conclusion

The memory function of starch solution can be constructed
by the shear relaxation test. Based on the memory function,
the material function of starch solution was established to
predict the shear stress and viscosity during the steady shear
flow. The predicted result shows that the material function
can be used to describe the behavior of starch solution during
the shear process.
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