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a  b  s  t  r  a  c  t

Both  steady  and  large  amplitude  dynamic  rheological  testes  were  carried  out  in hydrothermally  gela-
tinized  waxy  maize  starch  (WMS)  pastes.  The  concentration  of WMS  was  maintained  at  6.0%  (w/w)
throughout  these  tests.  The  WMS  pastes  exhibited  shear  thickening  behavior  during  the  first  up  curve  in
steady shear  tests.  The  shear  thickening  behavior  was  found  to be irreversible  and  could  not  be  retained
after  equilibrating  the  pastes  beyond  6 h. The  change  in  the  shape  of  Lissajous  curves  was  insignificant
during  strain  sweeps  at higher  angular  frequencies.  This  arose  because  of  slow  response  of  WMS  pastes  to
eywords:
heological properties
axy maize starch

elatinization
igh-pressure homogenization

oscillatory  strain  within  a  period  of  oscillatory  shear,  which  can  be attributed  to the  domination  of  rheo-
logical  properties  by  amylopectin  in continuous  phase.  High-pressure  homogenization  (HPH)  was  found
to significantly  reduce  the  apparent  viscosity  of  the  WMS  pastes.  After  HPH,  the  WMS  pastes  behaved
like  typical  Newtonian  fluids.

© 2011 Elsevier Ltd. All rights reserved.

hickening

. Introduction

Starch is a main component of foods and it is also commonly
sed as an ingredient for thickening and gelling. Since the rheo-

ogical behavior of starch paste and suspensions is very important
n processing, the rheological properties of starch pastes or sus-
ensions are quite intensively investigated. Unlike normal starch
amylose content between 20 and 30%, w/w) and high-amylose
tarch (amylose content >50%, w/w), waxy starch contains only
races of amylose (Achayuthakan & Suphantharika, 2008; Preiss,
991). Due to the unique composition (i.e. 100% amylopectin), waxy
tarch is reported to be a promising raw material in food, medicine,
nd cosmetic industries (Lehmann, Volkert, Fischer, Schrader, &
erenz, 2008; Sands, Leidy, Hamaker, Maguire, & Campbell, 2009).
he knowledge of rheological behavior of the food ingredients
such as starch pastes) is important to optimize applicability, stabil-
ty and sensory properties of end products (Kulicke, Eidam, Kath,
ix, & Kull, 1996). Waxy starch paste is an ideal biphasic model
or rheological study. This is because the pastes of waxy starch
ontain both degraded starch granules and a continuous matrix
f amylopectin, which makes such suspensions ideal model for

∗ Corresponding author. Tel.: +86 10 62737351; fax: +86 10 62737351.
E-mail address: dongli@cau.edu.cn (D. Li).

1 These authors contributed equally to this work.

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.12.028
the investigation of rheological properties of biphasic model flu-
ids (Rodríguez-Hernández, Durand, Garnier, Tecante, & Doublier,
2006). In these systems, due to the absence of amylose, the com-
plexity of the paste system can be simplified. In addition, to waxy
starch pastes the effects of gelation and retrogradation on the rhe-
ological properties caused by amylose can also be avoided.

Because of the purity of amylopectin, the paste obtained from
waxy starch is reported to have quite different rheological proper-
ties from those obtained from common starch and high-amylose
starch. For examples, waxy starch pastes have different thixotropic
properties from the pastes obtained from the corresponding com-
mon and high-amylose starches. The anti-thixotropic property
which features a counter-clockwise loop of shear stress/apparent
viscosity versus shear rate during the steady shear cycle (involv-
ing a rate ramp up to a peak shear rate, then a ramp down back
to zero) is mostly reported for waxy starches (Wang, Li, Wang, &
Özkan, 2010). Furthermore, shear thickening property is essentially
reported for waxy starch during the shear tests, indicating the exis-
tence of quite different flow properties in waxy starch compared
to other starches (Wang, Wang, Dong Li Zhou, & Özkan, 2011).

The investigation of the shear-thickening behavior of waxy
maize starch (WMS)  pastes with relatively low concentrations
(<10%, w/w) was  initiated by Dintzis et al. (Dintzis & Bagley, 1995;

Dintzis, Berhow, Bagley, Wu,  & Felker, 1996). Dintzis and Bagley
(1995) showed that the waxy starch suspensions (3%, w/w) gela-
tinized using 0.2 M sodium hydroxide (without starch particle

dx.doi.org/10.1016/j.carbpol.2011.12.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:dongli@cau.edu.cn
dx.doi.org/10.1016/j.carbpol.2011.12.028
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Nomenclature

K consistency index, Pa sn

n flow behavior index, dimensionless
R2 correlation coefficient, dimensionless
�̇ shear rate, s−1

� shear strain, dimensionless
�o maximum shear strain within a period of oscillatory

shear, dimensionless
�* complex viscosity, Pa s
�a apparent viscosity, Pa s
� shear stress/oscillatory stress, Pa
�0 maximum oscillatory stress within a period of oscil-

latory shear, Pa
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ωo constant angular frequency in strain sweep, rad/s

hosts) can display shear-thickening behavior. When the amy-
ose and amylopectin fractions were separated from normal potato
tarch and the rheological behavior of each fractions were investi-
ated, it was found that only the dispersed amylopectin fraction
isplayed shear thickening behavior (Dintzis et al., 1996). As a
esult, shear thickening was ascribed to free amylopectins by
intzis et al. (1996).  In subsequent study, Kim, Willett, Carriere, &
elker (2002) reported similar shear thickening behavior in starch
astes obtained using gentle alkali-gelatinization, and ascribed
hear thickening in these pastes to the breaking up of the highly
oncentrated gel-like starch clusters during the tests, which caused
ncrease in effective starch concentration. Wang et al. (2011) gela-
inized the waxy maize starch using hydrothermal method coupled
ith strong agitation and found that the pastes obtained in this way

lso displayed shear-thickening behavior. They also found that the
hear thickening behavior was related to both temperature during
he tests and starch concentration used.

In many physiological processes such as mastication and swal-
owing, the deformation is large and rapid. This necessitates that
he non-linear viscoelastic characteristics be measured and quan-
ified. Large amplitude oscillatory shear (LAOS), which is normally
enerated by a strain sweep test, can produce a measurable non-
inear material response in the fluids (Hyun, Kim, Ahn, & Lee,
002; Hyun et al., 2011). LAOS behavior of the fluids was  reported
o be associated with formulation details (material composition
nd microstructure), and is very sensitive to the interactions or
he shear-induced formation of microstructures of complex fluids
Hyun et al., 2002; Leblanc, 2007). The LAOS behavior of the WMS
astes was also studied in this study.

After gelatinization, mechanical treatments during downstream
rocessing such as mixing, extrusion, pumping and homogeniza-
ion directly affect the rheological properties of starch pastes or
uspensions. It is reported that shear rates of 1 to 102 s−1 in extru-
ion, 1 to 103 s−1 in tube flow mixing and pumping and up to 105 s−1

n high-pressure homogenization (HPH) are very common in food
ndustry (Barnes, Hutton, & Walters, 1989; Loh, 1992; Nayouf,
oisel, & Doublier, 2003). Due to very high energy input per mass of

 product, HPH can usually introduce new and surprising changes in
roducts. To our knowledge, only limited studies are so far carried
ut in order to study the effect of HPH on rheological proper-
ies of polysaccharide solutions. Viturawong, Achayuthakan, and
uphantharika (2008) prepared xanthan gum solutions of different
olecular weights by using HPH at 70 MPa  with different numbers

f passes. This study showed that the addition of xanthan gum with

 higher molecular weight had a more pronounced effect on rheo-
ogical properties of rice starch pastes. Che et al. (2009) applied HPH
p to 100 MPa  in 2.0% (w/w) potato and cassava starch slurries, and
eported significant decrease in apparent viscosity. However, the
ymers 88 (2012) 481– 489

effect of HPH on rheological properties of waxy starches or special
starches which have no amylose is still unavailable.

The objectives of this study were to investigate the effects of pre-
shearing and conditioning time, testing mode (steady shear/large
amplitude oscillatory shear), as well as homogenization pressure
on rheological properties of the waxy maize starch pastes. We
believe this study provides comprehensive understandings and
new insights into rheological properties of WMS  pastes which
can be applied to various production processes in food processing
industries.

2. Materials and methods

2.1. Materials

Commercial waxy maize starch (amylose content < 1%, w/w)
was purchased from Jinan Jinwang Food Co., Ltd. (Shandong
Province, China). The moisture content of the starch was deter-
mined by drying sample in an air-oven maintained at 105 ◦C to
constant weight. Triplicate drying experiments were carried out
and the average value of those experiments was  9.71% (w/w). Com-
mercial normal maize starch (22% amylose, w/w) was purchased
from Weizhiyuan Food Co., Ltd. (Beijing, China), and the moisture
content was  determined to be 11.35% (w/w).

2.2. Preparation of waxy maize starch (WMS)  suspensions

The WMS  slurries with WMS  concentration of 6.0% (w/w)
were prepared by dispersing calculated amount of WMS  (dry
basis) into distilled water to make a total weight of 150 g. Sub-
sequently, the well mixed WMS  slurry (150 g) was transferred to
a conical flask (250 ml), and heated in a water bath at 95 ◦C for
40 min. The mixing rate was  450 rpm during gelatinization. The
mixing/agitation rate during the gelatinization process was con-
trolled by a digital mixer (EUROSTAR, IKA Instruments, Germany).
Once the pasting/gelatinization process was completed, the sam-
ples were rapidly cooled in another water bath. For reference,
the 6.0% (w/w)  normal maize starch (NMS) pastes were pre-
pared in the same way. The cooled samples were equilibrated in
an incubator at 25 ◦C for 2 h before measurement. For replicate
tests, fresh samples were prepared to ensure the consistency and
accuracy.

2.3. Steady shear test of WMS  pastes

Steady flow properties of the samples were determined using an
AR2000ex rheometer (TA Instruments Ltd, Crawley, UK) at 25 ◦C. An
aluminum parallel plate geometry (40 mm diameter) was used and
the gap size was set as 1.0 mm during all the tests. Before testing,
a thin layer of silicone oil was applied on the edge of the sam-
ple in order to prevent moisture evaporation. Continuous-ramp
steady shear measurements of the WMS  pastes (6.0%, w/w) were
performed at 25 ◦C to obtain shear stress/apparent viscosity versus
shear rate data.

Both the logarithmic mode and linear mode of shear rate ramp
were adopted. For the tests conducted in log mode, the stepped-
ramp shear rate was programmed to logarithmically increase from
0.1 to 500.0 s−1 followed immediately by a logarithmical reduc-
tion in the shear rate from 500.0 to 0.1 s−1. Fourteen points were
collected per decade for both the ramping-up and ramping-down
steps. In the case of linear mode, the shear rate was programmed to
linearly increase from 1.0 to 500.0 s−1 within 6 min. It was followed

immediately by a linear decrease from 500.0 to 1.0 s−1 at the same
time scale. For comparison, continuous-ramp steady shear mea-
surements of the NMS  pastes (6.0%, w/w)  were performed at 25 ◦C
in linear mode.



te Pol

d
c

�

w
c
s

2

r
s
p
1
i
1
s
s
p
p
p
a

2
W

p
d
T
t
a
w
a
s
r
s

2

i
l
C
o
r

2

f
d
(
o
s
f

3

3

g

B. Wang et al. / Carbohydra

The power law model (Eq. (1))  was fitted to the experimental
ata both from the ascending and descending segments of the shear
ycle:

 = K �̇n (1)

here � is the shear stress (Pa), �̇ is the shear rate (s−1), K is the
onsistency index (Pa sn), and n is the flow behavior index (dimen-
ionless).

.4. Dynamic strain sweep

The effects of strain loop as well as pre-shearing on the dynamic
heological properties of the WMS  pastes were tested in this
ection. The dynamic strain sweeps of the 6.0% (w/w) WMS  sus-
ensions were performed at 25 ◦C. The strain was  increased from
.0% to 2000.0% linearly at ωo of 30 rad/s. This step was followed

mmediately by a linear reduction of the strain from 2000.0% to
.0%. This was  followed once again by the linear increase in the
train from 1.0% to 2000.0%. Besides, the 6.0% (w/w) WMS  suspen-
ion was pre-sheared at 600 s−1 for 1 min. The same strain sweep
rocedure was subsequently performed to examine the effect of
re-shearing on the dynamic rheological properties of the WMS
astes. In each experiential runs, a thin layer of silicone oil was
pplied on the edge of the sample in order to prevent evaporation.

.5. High-pressure homogenization on rheological properties of
MS pastes

The 6.0% (w/w) WMS  pastes were homogenized using a high-
ressure homogenizer (AH100D, ATS Engineering Inc, Italy) at
ifferent homogenizing pressures (25, 50, 75, 100, and 125 MPa).
wo hundred ml  sample was processed in a batch throughout
hese tests. The WMS  pastes without HPH treatment was  used
s a reference. After high-pressure homogenization, the samples
ere equilibrated at normal atmospheric pressure in an incubator

t 25 ◦C for 1 h before further measurements. Continuous steady
hear tests in a linear mode (as described in Section 2.3)  were car-
ied out at 25 ◦C to obtain shear stress/apparent viscosity versus
hear rate data.

.6. Microscopy study of starch pastes

To investigate the microstructure of the starch pastes, samples
n this study were observed using an optical microscope (CX31 Bio-
ogical Microscope, Olympus Corporation, Japan) equipped with an
CD camera module. Micrographs were recorded at magnification
f 100×, and a bar has been added on each picture to indicate the
eal size of the microstructure.

.7. Statistical analysis

All experiments described above were carried out in triplicates
or each sample. The data presented were the means and stan-
ard deviations of each experiment. A one-way analysis of variance
ANOVA) and Tukey’s test were used to establish the significance
f differences among the mean values at 0.95 confidence level. The
tatistical analyses were performed using SPSS (2003) version 13.0
or Windows program (SPSS Inc., Chicago, USA).

. Results and discussion
.1. Steady flow properties of WMS  pastes

A typical microphotograph of 6% (w/w) WMS  paste showing its
el microstructure after gelatinization by hydrothermal method
ymers 88 (2012) 481– 489 483

(described in Section 2.2) is given in Fig. 1(A). From Fig. 1(A), it
can be observed that most of the WMS  granules were dissolved
into the continuous phase during the gelatinization process. The
microphotograph also shows that some starch ghost particles and
degraded fragments still exist in the gelatinized paste. It is gener-
ally accepted that when starch is heated in excess water, starch
granules swell and increase in volume. During this gelatiniza-
tion process some of the starch components such as amylopectin
dissolve into the continuous phase, leading to a suspension of
swollen particles embedded in the macromolecular continuous
phase (Mendez-Montealvo, Wang, & Campbell, 2011). Unlike nat-
ural granules of starch, starch ghost particles in gelatinized WMS
are reported to have much lower robustness and are formed due to
cross-linking of the polysaccharide chains within swollen granules
(Debet & Gidley, 2007). For comparison, microscopic structure of
the 6% (w/w)  normal maize starch (NMS) paste (produced by the
same gelatinization method) is also provided (Fig. 1(B)). It can be
observed from Fig. 1 that the microscopic structure of WMS  paste is
distinctly different from that of the NMS. Due to the absence of amy-
lose in the continuous phase, the WMS  paste had better clarity than
the corresponding NMS  paste. Because of the presence of amylose
in the continuous phase, the microstructure of NMS paste became
much more complicated. Amylose is capable of forming crosslink-
ing network structure in the continuous phase quite rapidly during
cooling. This behavior of amylose leads to gelation and retrogra-
dation of the amylose containing starch paste. It is reported that
amylose fraction of gelatinized starch can complete the retrogra-
dation process within few hours (Kaur, Singh, Singh, & McCarthy,
2008).

Fig. 2(A) gives the apparent viscosity (�a) versus shear rate (s−1)
curves of both WMS  and NMS  pastes measured during continu-
ous shear rate mode. From Fig. 2(A), it can be seen that the 6%
(w/w) WMS  paste displays both shear thinning and shear thicken-
ing (within the shear rate range of 40–100 s−1) behaviors in the up
curve. Because of the difference in composition and paste structure,
pastes from WMS  and NMS  have different rheological properties.
Furthermore, the 6% (w/w)  WMS  paste also displays a counter-
clockwise hysteresis loop from the up and down curves, indicating
an anti-thixotropic behavior. Unlike WMS  paste, the 6% (w/w) NMS
paste shows common shear-thinning and thixotropic properties
(i.e. clockwise hysteresis loop) as shown in Fig. 2(A). These data
indicate that the WMS  paste has distinctly different steady rheo-
logical properties compared to that of NMS  paste. It has to be noted
that shear thickening is time-independent increase in the apparent
viscosity as a function of increasing shear rate (Indei, 2007; Steffe,
1996), while anti-thixotropy reflects the time-dependent thicken-
ing of the solutions (Gouveia, Muller, Marchal, & Choplin, 2008;
Steffe, 1996). It is known that solutions/suspensions with anti-
thixotropic behavior either display counter-clockwise hysteresis
loop during shear cycles or display increasing apparent viscosities
under constant shear rate.

Dintzis et al. (1996) suggested that the shear-thickening behav-
ior of waxy starch pastes can be attributed to the presence of
amylopectin in the continuous phase. As the shear rate increases
during the first up curve, the free amylopectin in the contin-
uous phase forms a more stable microscopic network-structure
which leads to the increase in the viscosity of the paste (Dintzis
et al., 1996). In this study, the WMS  pastes displayed simi-
lar flow curves with almost the same shear-thickening behavior
from both logarithmic and linear shear tests as indicated in
Fig. 2(A) and (B). However, such shear-thickening behavior was
not observed in the down curves, indicating the shear irreversibil-

ity in such a property. As shown in Fig. 2(B) (log mode of
shear rate), three shear cycles were performed for the 6% (w/w)
WMS  pastes, and only the first up curve displayed shear thick-
ening. After the first up curve, the flow curves only displayed
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ig. 1. Typical microphotographs of the 6.0% (w/w) pastes from both waxy maize s
50  rpm): (A) paste from waxy maize starch, (B) paste from normal maize starch.

hear-thinning behavior, and superimposed in a good manner,
ndicating a stable pseudoplastic behavior. As discussed previ-
usly (Section 1), Kim et al. (2002) attributed the shear-thickening
ehavior to the breaking down of the concentrated clusters of
elatinized starch granules, which causes an increase in the effec-
ive starch concentration. This theory adequately explains the
rreversibility in the shear-thickening behavior observed in our
xperiments. However, it is unable to explain the different rhe-
logical behaviors observed between pastes from normal starch
nd waxy starch gelatinized at identical conditions (as shown in
ig. 2(A)).

In order to study the shear rate dependence of shear-thickening,
−1
ew shear rates (5, 20, 72, and 192 s ) within, slightly below and

bove the shear-thickening region were held for up to 3 min  and
he corresponding flow curves were measured (Fig. 2(C)–(F)). It
an be observed that the shear thickening occurs within the shear
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 and normal maize starch gelatinized by hydro-thermal method (95 ◦C, 40 min  and

rate range of 40–100 s−1. From Fig. 2(C) and (F) that it can also be
seen that when shear rate was held at 5 and 192 s−1, the resul-
tant flow curves showed no change in curves of apparent viscosity.
When shear rate was  held at 20 s−1 for 3 min, though outside the
shear-thickening range, the apparent viscosity displayed a limited
increase (Fig. 2(D)). Such a result indicates that the anti-thixotropic
behavior can occur at lower shear rates than the anticipated shear
rate range at which shear-thickening occurs in 6% (w/w) WMS
pastes. However, the shear-thickening curve in Fig. 2(D) still had a
similar shape to the one in Fig. 2(B) (first cycle), indicating that the
shear rate of 20 s−1 is not high enough to induce structural change
required for shear-thickening to occur. When shear rate was held at

−1
72 s (within the shear-thickening range) for 3 min  (Fig. 2(E)), the
apparent viscosity increased 15.4% compared to minimum appar-
ent viscosity of 0.70 Pa s at 72 s−1. At the same time, the shape of
flow curve has changed remarkably, suggesting such a shear rate
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ig. 3. The effect of equilibration time on the rheological properties of 6.0% (w/w) w
B)  1 h after pre-shearing, and (C) 6 h after pre-shearing.

evel is high enough to significantly alter the microscopic structure
f the continuous phase.

The effect of equilibration after pre-shearing on rheological
ehaviors of WMS  pastes were also studied in this study. The 6%
w/w) WMS  pastes were pre-sheared at 600 s−1 for 1 min, and
ubsequently equilibrated within the rheometer at 25 ◦C for dif-
erent time sets (10 s, 1 h, and 6 h). After the equilibration step,
teady shear tests were performed on the pastes. The flow curves
f the WMS  pastes with different equilibrating time are given in
ig. 3(A)–(C). After pre-shearing at 600 s−1 for 1 min, all WMS  pastes
ith different equilibration time displayed similar flow curves, and

nly shear thinning behavior was observed. This indicated that no
ignificant (p < 0.05) structural recovery occurred during the equi-
ibration process. These results also suggest that structural change
esponsible for shear-thickening cannot be recovered by equilibrat-
ng the samples. Although there still is some degree of difference
etween the flow curves, for example, between samples equili-
rated for 1 h and 6 h, the increase in the apparent viscosity is
nly marginal (data not shown). Besides, the counter-clockwise
ysteresis (indicating anti-thixotropic behavior) in the central part
nd clockwise hysteresis in left part of the flow loop (indicating
hixotropic behavior) became more distinct with increase in the
quilibration time. This indicates that both anti-thixotropic and
hixotropic properties of WMS  pastes can be affected by equilibra-
ion.

From the results presented above, it becomes quite clear that
he shear-thickening of WMS  pastes is very unstable. Though such

 shear thickening can be exactly duplicated by parallel tests, this
ehavior is irreversible and also can be eliminated by pre-shearing
he paste at high shear rate. The shear-thickening behavior cannot
e retained after equilibrating the paste beyond 6 h. In this study,
he WMS  paste immediately after hydrothermal pasting (gela-
inization) can exhibit shear-thickening at ambient temperature.
herefore, it can be assumed that the paste structure capable to
xhibit such a shear-thickening behavior is induced by the pasting
r the gelatinization process. As reported previously (Wang et al.,
011), the critical shear rate value required for shear thickening
f WMS  pastes increases with increasing the testing tempera-
ure. With testing temperature of 85 ◦C, the 6% (w/w)  WMS  pastes
obtained using the same gelatinization procedure) had a critical
nset shear rate of 89.26 ± 5.88 s−1 for shear thickening (compared
o 41.73 ± 0.01 for tests at 25 ◦C) (Wang et al., 2011). It is expected

hat when the pasting (gelatinization) temperature of 95 ◦C is used,
he critical shear rate for onset of the shear-thickening should be
ven higher. Although we applied the rotational speed of 450 rpm
uring the gelatinization procedure, the shear rate at this rotational
aize starch pastes after pre-shearing at 600 s−1 for 1 min: (A) 10 s after pre-shearing,

speed would be lower than the critical values and cannot produce
shear thickening. After gelatinization, when the WMS  pastes were
tested with increasing shear rate at 25 ◦C, the samples with specific
microscopic structures were capable of producing shear-thickening
at relatively lower shear rates (about 40–100 s−1 in this study).

3.2. Dynamic strain sweep tests of the samples

Fig. 4 shows the variation in complex viscosity of WMS  pastes as
a function of percentage of strain. As shown in Fig. 4(A), in the case
of WMS  pastes without pre-shearing, strain thickening is observed
during the first up curve within strain ranging from 750% to 1300%.
Strain thickening can be described as an increase in the complex vis-
cosity (�*) at critical combinations of strain-amplitude and angular
frequency. It is reported that the strain thickening or strain hard-
ening is associated with the strain-stiffening network components,
or shear-induced network formation (Hyun et al., 2011). When a
critical strain is imposed, the complex microstructure resists the
deformation and causes increase in �*. Above the range of criti-
cal strain, the complex microstructure is destroyed by increasing
deformation, and the polymer chains thus align with the flow field,
which results into decrease in the complex viscosity (Hyun et al.,
2002).

This theory explains our experimental observations reason-
ably well. Once the complex network microstructure is destroyed,
the WMS  pasts cannot display strain-thickening anymore dur-
ing subsequent strain sweep cycles. This indicates that no major
microstructure change takes place above critical strain value. Sim-
ilarly, after pre-shearing at 600 s−1 for 1 min, the WMS  pastes
displayed only strain-thinning behavior during all the sweep
cycles. This indicates that the network formation responsible for
strain-thickening is destroyed completely during the pre-shearing
process. A comparison of Fig. 4 panel (A) and (B) shows that
the complex viscosity of the WMS  pastes increased significantly
(p < 0.05) after pre-shearing (see 1st up curve), indicating the for-
mation of a more stable microstructure. Furthermore, the �* versus.
� curves after pre-shearing show distinct clock-wise hysteresis
between the 1st (up) and 2nd (down) sweeps, which is suggestive
of a thixotropic behavior of the pastes and should be ascribed to
the effect of pre-shearing. This is to some degree different from the
steady shear tests, in which the 1st and 2nd curves superimposed
well after pre-shearing at 600 s−1, and such a difference should be

ascribed to the differences between test modes (steady/dynamic
shear). However, after the first up sweep, the following sweeps
produced similar �* versus � curves with good superposition from
WMS  pastes with or without pre-shearing.
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re-shearing at 600 s−1 for 1 min.

.3. Lissajous plots

In order to better represent the behavior of WMS  pastes dur-
ng strain sweep, the normalized Lissajous curves (�(t)/�o versus
(t)/�o within a period of oscillatory shear during strain sweeps)
re given in Fig. 5(A). The Lissajous curves better represent the
onlinear response of the WMS  pastes during dynamic deforma-
ion. The corresponding strain sweep curves are also provided in
ig. 5(B) for comparison purpose. Wall slip has been postulated to
nfluence the results at high frequency for strain sweeps. And if slip
ad occurred during the tests, the critical strain required for strain
hickening would exhibit a plateau value for high frequencies (Lee

 Wagner, 2003). It should be noted here that such a plateau is not
bserved (see Fig. 5(B)) in this study, and the accuracy of the data
an be ensured.

It can be observed in Fig. 5(A) that at lower ωo of 1 and 10 rad/s,
he distortion of the Lissajous curves is significant (p < 0.05) with
he increase in strain. However, at higher ωo (70, 100 rad/s) and
ncrease of strain in nonlinear range, the distortion of the Lis-
ajous curves is relatively small, indicating significant effect of
ngular frequency on dynamic stress response of WMS  pastes.
esides, within the strain-thickening range (Fig. 5(B)) of the strain
weeps with a fixed frequency, essentially no distortion in shape
f Lissajous curves is observed. It has to be noted here that for
he Lissajous curves within the strain-thickening range of strain
weeps (the thickening range is shown in Fig. 5(B)), generally the
raphs show an elliptical shape. Such an elliptical shape without
brupt elongation along the y axis indicated an absence of intra-
ycle strain-stiffing happened within a period of oscillatory shear
Ewoldt, Hosoi, & McKinley, 2008; Grand & Petekidis, 2008; Lee &

agner, 2003). Such a result suggests that the material response
ime for strain thickening is longer than the time scale of the oscil-
ation.

The rheological behavior of gelatinized WMS  pastes presented
n this paper is different from that of the concentrated hard sphere
hickening systems reported earlier (Lee & Wagner, 2003). These
uthors reported that the hard sphere system (colloidal silica with

 particle concentration of about 40%, w/w) with strain thick-
ning behavior could display distinctly different Lissajous curves
etween nonlinear region of strain thinning and strain thicken-

ng. Furthermore, in their study the Lissajous curves within the

train-thickening range displayed both intra-cycle strain thicken-
ng (at the maximum strain of the cycle) and intra-cycle strain
hinning within the same period (Lee & Wagner, 2003). These dif-
erences can be ascribed to different microscopic morphologies and
maize starch pastes for different angular frequencies and strains as indicated (A)
and  corresponding rheological curves from strain sweeps (B).

Fig. 5(B) is adapted from Wang et al. (2011).

shear-thickening mechanisms between the two systems. For the

concentrated hard-sphere systems, the intra-cycle strain-stiffing
can be ascribed to collision between the spheres caused by increas-
ing strain. This resulted into the distortion of Lissajous plot at the
end of strain (Grand & Petekidis, 2008).
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ig. 6. Continuous steady flow properties of 6.0% (w/w) waxy maize starch pastes su
teady  shear tests were conducted in a linear mode.

In this study, the WMS  system having low concentration
6.0.%, w/w) was obviously different from the concentrated hard
phere systems. As reported earlier, continuous phase (solution of
mylopectin) is responsible for the thickening behavior of WMS
ystems. This probably is the main reason why the response time
or shear thickening in the WMS  pastes is longer than the time
cale of oscillation. It is easy to comprehend that the conformation
hange of the amylopectin micro-network should be less sensitive
o both strain and the angular frequency than the concentrated
olid particles. Due to the slow response of amylopectin network
n continuous phase, no strain-thickening was observed in the Lis-
ajous curves of 6% (w/w) WMS  pastes. Because of this reason
issajous curves produced similar shapes both in strain-thickening
nd strain-thinning stages. However, it has to be noted that the
ime scale of the oscillatory shear period should be enough to pro-
uce strain thickening. This is the reason why the strain thickening
ould be observed in this study. Because of the slow response of
he continuous phase, strain-thickening in this study happened at
ighly nonlinear range with high frequencies.

.4. Effect of high-pressure homogenization on rheological
roperties of WMS  pastes

The steady shear viscometric data of the WMS  samples sub-
ected to high pressure homogenization (HPH) are presented in
ig. 6 (panel A and B). The power law parameters obtained by fit-
ing the power law equation with the experimental shear stress
�) versus shear rate ( �̇) data are provided in Table 1. The consis-
ency index (K), flow behavior index (n), and apparent viscosity at
hear rate of 200 s−1 (�a,200) are given as a function of homogeniz-
ng pressure for both up and down shear ramps. Flow curves (�a and

 versus �̇) are given in Fig. 6(A) and (B). From Table 1 and Fig. 6(A),
ignificant thinning effect is observed in WMS  pastes which were
ubjected to HPH. After HPH treatment at different pressures, all

MS pastes displayed apparent viscosities an order of magnitude
ower compared to the un-homogenized ones. The apparent viscos-
ty exhibited a general decreasing trend with increase in the HPH
ressure. For example, the apparent viscosity of the WMS  paste

hen subjected to 125 MPa  HPH was 0.010/0.010 Pa s (at 200 s−1

or up/down ramps), which is about 1/50 of the apparent viscos-
ty of unhomogenized pastes (about 0.5 Pa s at 200 s−1 for up/down
amps).
ed to high-pressure homogenization at different homogenizing pressures. All these

Such a significant decrease in apparent viscosity can be ascribed
to fragmentation of starch ghost granules as well as degrada-
tion of amylopectin caused by HPH. This is because the HPH is
an intensive mechanical process used in producing dispersions
and emulsions. During the HPH process, solutions/suspensions
experience high pressure, high shear, turbulence, cavitation and
temperature increase caused by rapid change in pressure. The shear
rate during this process can be as high as 105 s−1 (Nayouf et al.,
2003). Due to the intense mechanical effect, it is reasonable to
expect that the rheological behavior of WMS  pastes to be signif-
icantly affected by the HMS  process. The very strong and intense
mechanical action of HPH was  found to affect the size and size
distribution of polysaccharide molecules leading to the molecu-
lar fragmentation (decrease in the molecular weight) of HPH on
modified starch and xanthan gum (Modig, Nilsson, Bergenstahl, &
Wahlund, 2006; Nilsson, Leeman, Wahlund, & Bergenstahl, 2006;
Viturawong et al., 2008). Fig. 7 shows the extent of fragmentation
of starch ghost particles caused by HPH. Even after the application
of HPH at 125 MPa, there still are smaller remnant ghost particles
from gelatinized starch granules (Fig. 7(D)). However, after remov-
ing these scraps from the homogenized samples by high-speed
centrifugation (6000 rpm for 10 min), the apparent viscosity of the
sample remained unchanged (data not given). This result indicates
the fact that the apparent viscosity of the homogenized samples
is controlled by the free or leached amylopectin in the continuous
phase. Since that free amylopectins can be degraded to a higher
extent at higher homogenizing pressure, thus the apparent viscos-
ity showed a decreasing trend with the increase in homogenizing
pressure.

In the absence of HPH treatment, both the 6% (w/w) WMS  pastes
with/without pre-shearing treatment (WMS  2 and WMS  1, respec-
tively) displayed distinct pseudo-plastic flow behavior with flow
behavior index (n) values ranging from 0.49 to 0.67. However, after
HPH treatment, the WMS  pastes had much lower apparent viscos-
ity and behaved as Newtonian fluid with n values close to unity
(the n values ranged from 0.91 to 1.03 in the homogenized sam-
ples). The alteration in the flow behavior of WMS  pastes due to the
use of HPH can be directly observed in Fig. 6(B). In the case of WMS
samples without HPH treatment (WMS  1 and WMS  2), the curves

(� versus �̇) are nonlinear indicating a non-Newtonian flow behav-
ior. In the case of the homogenized samples, the plot of � versus �̇
is linear, indicating a Newtonian flow behavior. These results are
indicative of the degradation/fragmentation effect of HPH on the
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Table  1
The power-law parameters and apparent viscosity (�a,200, Pa s) for the WMS  pastes treated under different conditions.a,b

Samples Up curve Down curve

K (Pa sn) n �a,200 (Pa s) R2 K (Pa sn) n �a,200 (Pa s) R2

WMS  1 2.83 ± 0.18a 0.67 ± 0.01a 0.54 ± 0.01a 0.963 7.63 ± 0.07a 0.49 ± 0.00a 0.51 ± 0.00a 0.998
WMS  2 7.40 ± 0.07b 0.50 ± 0.00b 0.53 ± 0.00b 0.999 7.75 ± 0.05b 0.49 ± 0.00a 0.50 ± 0.00b 0.998
25  MPa  0.052 ± 0.001c 0.91 ± 0.00c 0.032 ± 0.000c 1.000 0.045 ± 0.000c 0.93 ± 0.00b 0.031 ± 0.000c 1.000
50  MPa 0.026 ± 0.004c 0.93 ± 0.02cd 0.019 ± 0.000d 1.000 0.018 ± 0.000c 0.99 ± 0.00c 0.017 ± 0.000d 1.000
75  MPa  0.020 ± 0.001c 0.95 ± 0.01d 0.015 ± 0.000de 1.000 0.014 ± 0.000c 1.00 ± 0.00d 0.014 ± 0.000de 1.000
100  MPa  0.015 ± 0.001c 0.96 ± 0.01d 0.012 ± 0.000e 1.000 0.0098 ± 0.0003c 1.03 ± 0.00e 0.011 ± 0.000ef 1.000
125  MPa 0.014 ± 0.000c 0.96 ± 0.00d 0.011 ± 0.000e 1.000 0.0091 ± 0.0002c 1.02 ± 0.00e 0.010 ± 0.000f 1.000

a Assays were performed in triplicate at 25 ◦C. Mean ± standard deviation values in the same column for each solution followed by different superscripts are significantly
different (p ≤ 0.05).

b “WMS  1” and “WMS  2” both refer to 6% WMS  pastes without high-pressure homogenization treatment. The difference is WMS  2 was  pre-sheared at 600 s−1 for 1 min
and  equilibrated for 10 s, while WMS  1 without pre-shear.
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ig. 7. Microphotographs of the 6.0% (w/w) waxy maize starch pastes: unhomogen
D).

icrostructure of the WMS  pastes. Due to the fragmentation of the
mylopectin, the entanglement between chains of macromolecules
an be decreased to a great extent. Because of this reason, the sus-
eptibility of apparent viscosity to shear rate can be significantly
ecreased in homogenized WMS  pastes and makes them behave
ore like Newtonian fluids.

. Conclusions
In this study, we investigated the rheological behavior of
.0% (w/w) hydrothermally gelatinized waxy maize starch pastes.
esults from steady shear tests showed that the waxy maize starch
astes displayed shear-thickening in the first up ramp due to the
MS  paste (A); WMS  pastes homogenized at 25 MPa  (B), 75 MPa  (C), and 125 MPa

re-arrangement of amylopectin network in the continuous phase at
critical shear rate range (about 40–100 s−1). The structural change
responsible for shear-thickening was found to be irreversible when
the pastes were subjected to pre-shearing at 600 s−1 and equi-
librated for 6 h at 25 ◦C. Lissajous curves obtained from large
amplitude oscillatory shear tests had similar shapes during nonlin-
ear strain sweep at higher angular frequencies (30–100 rad/s) due
to slow response of amylopectin macromolecules in the continuous
phase. High pressure homogenization is found to cause significant

reduction in the apparent viscosity in the WMS  pastes. The appar-
ent viscosity of the homogenized waxy maize pastes decreased as
the homogenization pressure increased. The high pressure homog-
enized waxy maize starch pastes behaved like Newtonian fluids.
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