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Abstract

In the previous paper (Hyun et al., 2002), we have investigated the shape of storage modulus (G’) and loss
modulus (G”) of complex fluids under large amplitude oscillatory shear (LAOS) flow. As the strain ampli-
tude increases, however, the stress curve becomes distorted and some important information may be smo
ered during data processing. Thus we need to investigate the stress data more precisely and systematica
In this work, we have obtained the stress data using high performance ADC (analog digital converting) card
and investigated the nonlinear response of complex fluids, 4wt% xanthan gum (XG), 2 wt% PVA/ 1 wt%
Borax, and 1 wt% hyaluronic acid (HA) solutions, using Fourier transformation (FT) rheology. Comparing
the strain signals in time domain with FT parameters in frequency domain, we could illustrate the sensitivity
and importance of FT rheology. Diverse and unique stress patterns were observed depending on the mate
system as well as flow environment. It was found that they are not the outcome of experimental deficiency
like wall slip but characteristics of the material system. When nonlinear response of complex fluids is ana-
lyzed, the intensity and phase angle of higher harmonic contributions should be considered together, an
the shape of the stress signal was found to be strongly dependent upon phase angle. 
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1. Introduction

Recently there has been a growing interest in complex
fluids, which include biological macromolecules, poly-
electrolytes, surfactants, suspensions, emulsions, and so on
(Larson, 1999). These fluids are used in many fields of
industry such as foods, personal care products, electronic
and optical materials and for many biological applications.
When exposed to flow environment, complex fluids show
interesting behavior such as shear thickening, flow induced
association, etc. These behaviors result from the confor-
mational change of a single or a group of polymer chains,
or from the microstructural changes. The amount of salt,
pH, temperature or external field may affect the behavior
depending on situation. 

Large amplitude oscillatory shear (LAOS) is a useful test
for such a fluid because strain amplitude and frequency can
be varied independently allowing a broad spectrum of con-
ditions to be attained (Yosick et al., 1997). Moreover,
because oscillatory shear does not involve any sudden
jump in speed or position, it is a relatively easy flow to
generate (Giacomin and Dealy, 1993). From previous

research (Hyun et al., 2002), we observed that there exi
at least 4 types of LAOS behavior of complex fluids fro
experiments. It is also reported that there exist 4 gen
types of LAOS behavior from the network theory (Sim et
al., 2003; Kim et al., 2002). Thereby, we have propose
LAOS test as a way to classify the complex fluids. 

However, LAOS test has a disadvantage; the stress ou
is not purely a single sinusoidal any more and the beha
can no longer be described in terms of storage modu
and loss modulus due to higher harmonic contributio
(Dealy and Wissbrun, 1990). 

When strain amplitude is large, the stress becomes
longer sinusoidal and has higher harmonic contributio

(1)

where the magnitude σn and the phase angle φn depend on
strain amplitude and imposed frequency ω1 (Giacomin and
Dealy, 1993). Recently, in order to analyze higher h
monic contributions in LAOS, “high sensitivity Fourie
transform rheology” method has been introduced (Wilhe
et al., 1998; 1999; 2000; Wilhelm, 2002). Fourier tran
formation (FT) rheology decomposes stress data in ti
domain into frequency dependent spectrum. Van Du
choten et al. (2001) proposed a method which increases 

σ t( ) σn nω1t φn+( )sin
n 1 odd,=

∑=
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sensitivity of torque transducer via oversampling technique
using a high performance ADC (analog digital converter)
card. The basic idea is to acquire the oscillatory shear data
at the highest possible acquisition rate as allowed by a
modern ADC card. The sampling rate may exceed 50kHz
with this method even for a low frequency shear exper-
iment. In a second step, the raw time data is truncated “on
the fly” by means of a so-called “boxcar” average method
over, e.g., several hundreds or thousands of raw data points
(Skoog and Leary, 1992).

In the previous paper, we focussed on the shape of stor-
age modulus (G’) and loss modulus (G”) of complex flu-
ids. Now we will investigate the stress data more precisely
because some important information can be smothered
during the data processing. Therefore, the purpose of this
work is to obtain the nonlinear stress data using high per-
formance ADC card, and investigate the nonlinear
response of complex fluids using Fourier transformation
rheology. We also investigate the shape of the stress signal
as a function of time, in relation to polymer structure.
Since wall slip may exist when large strain amplitude is
imposed, we also compare the stress data from both normal
and sand papered fixtures to verify the effect of wall slip. 

2. Experiments

2.1. Materials and sample preparation
Poly(vinyl alcohol)/Borax
Poly(vinyl alcohol) (PVA) is a unique synthetic polymer

having a large number of hydroxyl groups that can react
with other functional groups. PVA sample used in this
study was purchased from Sigma-Aldrich Co. The average
molecular weight is 124,000-186,000, and the degree of
hydrolysis is 98-99%. Borax is sodium borate (Na2B4O7

10H2O), a small amount of which produces a remarkable
increase in viscosity when it is added to PVA aqueous solu-
tion. This is due to the formation of a complex between
hydroxyl groups and borate anions, which plays a role as
a temporary crosslinking among PVA chains (Inoue and
Osaki, 1993; Hyun et al., 2002). 2 wt% PVA and 1 wt%
Borax were dissolved in dust-free purified water, and then
the solution was homogenized by rotating at 300 rpm for
about 2 hours at 80oC. 

Hyaluronic acid
Hyaluronic acid (HA) or hyaluronan is natural biocom-

patible and biodegradable linear polysaccharide composed
of repeating disaccharide units of D-glucoronic acid and N-
acetyl-D-glucosamine linked at 1,3 and 1,4 position,
respectively. HA is present in all soft tissues of higher
organism, and in particular in the synovial fluids and vit-
reous humor of eyes (Laurent and Fraser, 1992). HA sam-
ple used in this study was donated by LGLS Ltd.
Molecular weight is about 3,300,000. The sample was dis-
solved in water, and then the solution was homogenized by

rotating at 300 rpm for about 3 hours at 40oC. The con-
centration of HA solution was 1 wt%. 

Xanthan Gum 
Xanthan gum (XG) is a high molecular weigh

expolysaccharide produced by bacterium Xanthomon
Compestirs. XG sample used in this study was purcha
from Sigma-Aldrich Co. XG was dissolved in dust-fre
purified water for 1 day at room temperature, and then 
solution was homogenized by rotating at 300rpm for ab
2 hours at 60oC. XG concentration was 4 wt%.

2.2. Experimental methods
Rheological measurements were carried out on a str

controlled rheometer (RMS 800, Rheometrics Inc.) us
parallel plate and cone-and-plate (cone angle 0.04 radi
gap 50µm) fixtures with a diameter of 50 mm and lowe
plate with a dam. Silicone oil (kinematic viscosity is 10
at 25oC) was used to prevent water evaporation. Str
sweep test was carried out in the strain range from 1%
1000% at a fixed frequency of 1rad/s at 25oC. For the raw
data acquisition, a 16bit ADC card (PCI-6052E; Nation
Instruments, Austin, USA) with a sampling rate up 
333kHz was used. This ADC card was plugged into
stand-alone PC equipped with LabView software (Nation
Instruments).

3. Results and discussion

3.1. Fourier transformation
As the strain amplitude is increased in the oscillato

shear flow, the stress signal becomes no longer sinuso
This means that the stress signal has higher harmonic 
tributions. These contributions were analyzed by Four
transformation. Fourier transformation decomposes 
waveform or function in time domain into frequenc
dependent spectrum, then it sums to the original wavefo
with the stress response. An example of Fourier trans
mation is shown in Fig. 1. Fig. 1(a) shows the raw data
XG 4% solution at ω1= 1 Hz and strain amplitude γ0=25%.
Fig. 1(b) shows higher harmonic contributions, which ha
been obtained by Fourier transformation. From these 
ures, it is confirmed that the stress signal has higher h
monic contributions. For non-Newtonian materials, th
application of oscillatory shear with a single frequen
results in the generation of odd higher harmonic con
butions (Giacomine and Dealy, 1993; Wilhelm et al., 1998).
However, we observe additionally a small peak at 2 ω1.
The existence of even harmonics has rarely been repo
The occurrence of even frequency components in 
response signal often results from experimental insu
ciencies (Onogi et al., 1970). Wall slip is supposed to b
the main reason for the occurrence of even harmo
(Reimers and Dealy, 1996). Wilhelm et al. (1998)
explained the appearance of even harmonics arising f
98 Korea-Australia Rheology Journal
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time-dependent memory effect or non-linear elastic con-
tribution in the system. Recently, Sagis et al. (2001) have
explained the appearance of even harmonics by incorpo-
rating an orientation tensor which represents anisotropic
internal microstructure. Their experimental data of xanthan
gels also showed even harmonics. However, the origin is
not yet completely understood, and the phenomenon is of
further interest. 

In case of strain, which is controlled by the rheometer,
the Fourier spectrum should not show higher harmonic
contributions. The strain curve indeed shows sinusoidal
shape as in Fig. 1(a), however there appear peaks at higher
frequencies as indicated in rectangular box in Fig. 1(b) at
around 6 and 8Hz. This is most probably caused by a
defect of the motor. It means that the Fourier transfor-

mation rheology is very sensitive enough to reveal a sm
defect of the motor. The defect affects the stress sig
though it is not detectable in the stress curve, but FT r
ology is sensitive enough to detect a small distortion of 
stress signal. This may be a good illustration of the inh
ent sensitivity of FT rheology.

3.2. Xanthan Gum
Fig. 2 shows storage modulus (G’) and loss modu

(G”) of xanthan gum solution as a function of strain amp
tude. Storage modulus (G’) decreases, and the loss m
ulus (G”) increases followed by decreasing as str
amplitude increases. Hyun et al. (2002) defined this behav-
ior as type III (weak strain overshoot). We selected 6 str
amplitudes (γ0 = 25%, 40%, 80%, 125%, 400%, 1000%) i
Fig. 2, and then plotted the corresponding stress signa
Fig. 3. From the figure, it is confirmed that the stress sig
is distorted more and more as strain amplitude increa
At strain amplitude γ0 = 25%, the stress signal is nearl
sinusoidal and the Lissajous pattern (stress vs. strain
elliptical. At a larger amplitude γ0 = 40%, the stress signa
is a little tilted forward with a sinusoidal shape, and t
Lissajous pattern is distorted from ellipsoid to a round
parallelogram. When the strain amplitude is increased
γ0 = 80%, the stress signal becomes “saw-tooth” shape 
a small peak appears at the position of maximum and m
imum stress. The Lissajous pattern becomes lozen
shape. As strain amplitude increases further, the str
becomes more distorted and the small peak becomes 
nounced more and more. This unique behavior may
related to the structure of xanthan gum polymer cha
The structure of xanthan is based on a linear 1,4β-D-glu-
cose backbone with charged trisaccharide side chains
every second residue. In aqueous solution at 25oC, the
backbone of xanthan is disordered but highly extended 
to electrostatic repulsion from the charged groups on 
side chains. Due to the highly extended structure, the m

Fig. 1. (a) Raw data and (b) Fourier spectra of stress and strain curves obtained with 4 wt% XG solution under oscillatory def
at ω=1 Hz and strain amplitude γ0=25%.

Fig. 2.Storage modulus (G’) and loss modulus (G”) of XG solu-
tion as a function of strain amplitude at a fixed frequency
(1 rad/s). Open symbol (�) is storage modulus (G’) and
filled symbol (�) is loss modulus (G”). G’ decreases and
G” shows an overshoot (type III: weak strain overshoot).
The stress data at selected strain amplitudes are shown in
Fig. 3.
Korea-Australia Rheology Journal June 2003 Vol. 15, No. 2 99 
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ecules may align and associate (partly due to hydrogen
bonding) to form a weakly structured material (Rochefort
and Middleman, 1987). 

Graham (1995) stated that the small peak in the stress
signal at high strain amplitude is caused by wall slip, and

that the possibility of wall slip becomes larger as the str
amplitude increases. To verify the effect of wall slip, w
carried out experiments, using parallel plates with a sa
paper attached on the plate surfaces. We compared
stress signals from normal and sand papered fixtures
strain amplitude 1000% in Fig. 4. The stress signal h
been shifted arbitrarily for comparison. The two signa
overlap, and the curves of G’ and G” coincide too. Thu
we think that the stress peak is not due to wall slip, bu

Fig. 3.The stress data of XG solution obtained at a fixed fre-
quency (1 rad/s) but different strain amplitudes are plotted
on the left hand side, and the corresponding Lissajous pat-
terns (stress vs. strain) are shown on the right hand side.

Fig. 4.The stress data of XG solution with normal (filled circle)
and sand paper attached (open circle) parallel plate fix-
tures are compared. The stress data have been shifted arbi-
trarily for comparison.

Fig. 5.Fourier spectra of the stress response obtained with 
solution subjected to oscillatory deformation at 1 rad
Applied strain amplitudes are γ0=25, 80, and 1000%,
respectively. The intensity has been normalized by 
intensity of the fundamental frequency.
100 Korea-Australia Rheology Journal
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In order to quantify the extent of non-linear response

when subjected to oscillatory shear at a fixed frequency,
Fourier analysis of the stress response has been carried out.
The Fourier spectra are shown in Fig. 5. It is clear that the
intensity of higher harmonics increases as strain amplitude
increases. Fig. 6 shows the normalized intensity as a func-
tion of strain amplitude. In Fig. 6, filled symbols are the
results of sand papered fixture and open symbols are the
results from normal plates. The results almost coincide,
and it is again confirmed that the distortion of stress signal
does not result from wall slip. The point of strain amplitude
γ0 = 23%, where the higher harmonics start to increase sig-
nificantly, is in good agreement with the onset of non-lin-
ear regime obtained from the curve of G’ and G” versus
strain amplitude. However, it has been reported that the
presence of high harmonics is a more sensitive indicator of
nonlinearity than the curves of G’ and G” versus strain
(Reimmers and Dealy, 1996).

3.3. PVA/Borax
Fig. 7 shows G’ and G” of PVA/Borax solution as a func-

tion of strain. Storage modulus (G’) and loss modulus (G”)
increase as strain amplitude increases. Hyun et al. (2002)
defined this behavior as type II (strain hardening). In Fig.
7, we selected 6 strain amplitudes (γ0 = 10%, 50%, 80%,
125%, 200%, 400%) and plotted the corresponding stress
signals in Fig. 8. From the figure, the distortion of stress
signal is rarely observed and the Lissajous pattern shows
the same pattern as strain amplitude increases. In Fig. 9,
reduced intensity as a function of strain amplitude is
shown. The intensity of the third harmonic increases as
strain amplitude increases but it is less than 5%.

The PVA/Borax solution shows strain hardening (G’ and
G” increasing) behavior. The origin of strain hardening is

the network formation. The network structure is strong a
permanent chemical bonding between PVA chain a

Fig. 6.The higher harmonics of XG solution as a function of
strain amplitude. Open circle is obtained from normal par-
allel plate fixture, and filled circle is obtained from sand
paper attached parallel plate fixture.

Fig. 7.Storage modulus (G’) and loss modulus (G”) of PVA/
Borax solution as a function of strain amplitude at fixe
frequency (1 rad/s). Open symbol (�) is storage modulus
(G’) and filled symbol (�) is loss modulus (G”). G’ and
G” increases after critical strain amplitude (type II: stra
hardening).

Fig. 8.The stress data of PVA/Borax solution obtained at a fix
frequency (1 rad/s) but different strain amplitudes a
plotted on the left hand side, and the corresponding L
sajous patterns (stress vs. strain) are shown on the r
hand side.
Korea-Australia Rheology Journal June 2003 Vol. 15, No. 2 101 
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Borax (Hyun et al., 2002; Inoue and Osaki, 1993). The
strong network resists against flow, and G’ and G” increase
as strain amplitude increases. However, there seems to be no
strain-induced microstructural change, because the severe
distortion of stress signal is not observed in this case.

3.4. Hyaluronic acid (HA)
Fig. 10 shows G’ and G” of HA solution as a function of

strain. Storage modulus (G’) and loss modulus (G”)
decrease at high strain amplitudes. Hyun et al. (2002)
defined this behavior as type I (strain thinning). The stress
signals and Lissajous figures at different strain amplitude
are plotted in Fig. 11, and the reduced intensity as a func-
tion of strain amplitude is given in Fig. 12. At strain ampli-
tude γ0 = 100% the distortion of stress signal is not
observed, however the third harmonic starts to increase at
strain amplitude γ0 = 100% as shown in Fig. 12. This again

asserts that the FT parameter is a sensitive indicator of
onset of nonlinearity. The stress signal of HA solution 
719% is similar to that of XG solution at strain amplitud
80%. The shape is forward tilted “saw-tooth” type, and t
difference is that the shape is sharper in XG than in H
Both XG and HA are a kind of polysaccharide, so the m

Fig. 9.The higher harmonics of PVA/Borax solution as a func-
tion of strain amplitude.

Fig. 10.Storage modulus (G’) and loss modulus (G”) of HA
solution as a function of strain amplitude at fixed fre-
quency (1 rad/s). Open symbol (�) is storage modulus
(G’) and filled symbol (�) is loss modulus (G”). G’ and
G” decrease after critical strain amplitude (type I: strain
thinning).

Fig. 11.The stress data of HA solution obtained at a fixed fr
quency (1 rad/s) but different strain amplitudes are pl
ted on the left hand side, and the correspondi
Lissajous patterns (stress vs. strain) are shown on 
right hand side.

Fig. 12.The higher harmonics of HA solution as a function 
strain amplitude.
102 Korea-Australia Rheology Journal
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chain of each polymer is very similar. However, XG has
functional side chains but HA does not (Hyun et al., 2002).
Due to side chains, which form weakly structured material,
XG solution shows a small sharp peak at the position of
maximum and minimum stresses, while HA solution
shows less sharp “saw-tooth” stress signal. It is apparent
that the shape of stress signal is closely related to the struc-
ture of the polymer chains in solution. 

3.5. Phase angle
The stress can be expressed in terms of intensity and

phase angle as shown in Eq. (1). With the idea of
Neidhofer et al. (2002), the stress signal can be reformu-
lated as follows after substituting time t by t = t’ − φ1/ω1,

σ(t’) � a1 sin(ω1t’) + a3 sin(3ω1t’ + φ’3)
     +a5 sin(5ω1t’ + φ’5) +� (2)

where φ’n = φn − nφ1 is the relative phase angle. 

Let us assume that the intensity of the third harmonic
10% of the first harmonic and the harmonics higher th
three are negligible, then Eq. (2) becomes

σ(t’) � sin(ω1t’) + 0.1* sin(3ω1t’ + φ’3) (3)

Now we change the relative phase angle φ’3  and inves-
tigate the shape of the stress signal. Then we can ob
some information on the phase angle, and the results
plotted in Fig. 13. Although the intensity of the 3rd har-
monic is the same, the stress signal shows remarkably
ferent shape as the relative phase angle changes. In ca
φ’3 = 0, the stress signal shows plateau, and this type
observed in diblock copolymer gel (Daniel et al., 2001) as
well as in our own experiments with PEO-PPO-PEO t
block copolymer hard gel. The “forward tilted shoulder” 
observed in XG and HA solutions as observed in Fig. 3 a
Fig. 11. The “backward tilted shoulder” can be found 
our own experiments with PEO-PPO-PEO soft gel. T

Fig. 13.The normalized stress data (σ(t’) � sin(ω1t’) + 0.1* sin (3ω1t’ + φ’3))  at different third relative phase angle φ’3 . 

Fig. 14.The stress data of PEO-PPO-PEO soft gel and hard gel as a function of time. 
Korea-Australia Rheology Journal June 2003 Vol. 15, No. 2 103 
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stress signals of above-mentioned PEO-PPO-PEO hard gel
and soft gel are shown in Fig. 14. In order to explain the
distortion of the stress signal, we need to have both inten-
sity and phase angle. From this approach, it seems that
phase angle is more closely related to the shape of stress
curve. Neidhofer et al. (2002) investigated higher har-
monics and relative phase angle with linear PS solution and
four-arm star PS melt. They found that relative phase angle
is a sensitive parameter about the polymer structure. The
solutions that have different microstructures like XG, PEO-
PPO-PEO triblock copolymer gels, have their own unique
stress shapes, and the shape of the stress signal is strongly
dependent upon phase angle.

4. Conclusions

In this work, we obtained the stress signal of complex
fluids under LAOS using the oversampling technique with
a high performance ADC card, and the stress data were
analyzed using Fourier transformation rheology. We inves-
tigated three complex fluids; 4 wt% xanthan gum (XG),
2 wt% PVA/1 wt% Borax (PVA/Borax), and 1 wt% hyalu-
ronic acid (HA) solutions. Comparing the strain signals in
time domain with FT parameters in frequency domain, we
could illustrate the sensitivity and importance of FT rhe-
ology. Diverse and unique stress patterns were observed
depending on the material system as well as flow envi-
ronment. In case of XG solution, we found unique stress
patterns as strain amplitude increases. In order to ensure
whether the unique stress pattern is due to wall slip or not,
we also obtained the stress data using sand paper attached
parallel plate. The stress data were not different from the
data with normal parallel plate. So, the unique stress pat-
tern of XG solution is not attributed to wall slip but a char-
acteristic stress pattern caused by the microstructure of
xanthan.

PVA/Borax solution shows almost similar sinusoidal
stress curve as the strain amplitude increases. The Fourier
transformation analysis shows that the intensity of the third
harmonic is less than 5% of the first harmonic. The PVA/
Borax solution forms a network structure, which is strong
and permanent chemical bonding between PVA chain and
Borax. The strong network resists against flow, and G’ and
G” increase at high strain amplitudes. As we do not
observe a severe distortion of stress signal, there seems to
be no strain-induced microstructural change at strain
amplitude we have investigated. 

HA and XG are a kind of polysaccharide. As the main
chain of each polymer is very similar, they also show sim-
ilar stress shape, forward tilted “saw-tooth” shape. How-
ever the stress curve of XG shows the small peak at the
position of maximum and minimum stresses, but HA does
not. This difference is caused by different structures. XG
has functional side chains but HA does not.

The shape of the stress signal is closely related with 
microstructure of polymer solutions. There are vario
shapes of the stress curve for different polymer solutio
e.g. plateau, forward tilted shoulder, backward tilted sho
der, and so on. Thus when nonlinear response of com
fluids is analyzed, the intensity and phase angle of hig
harmonic contributions should be considered together. T
shape of the stress signal was found to be strongly dep
dent upon phase angle. 
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