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Abstract

The phase transitions of starch granules of cornstarches with different amylose/amylopectin contents (waxy: 0/100; maize: 23/77; Gelose 50:
50/50; Gelose 80: 80/20) were systematically studied under shearless and shear conditions. A microscope with a hot-stage was used to observe
phase transition under shearless conditions during heating and isothermally at different temperatures. Phase transition under shear conditions
was investigated using a rheoscope — a controlled rate/controlled stress rheometer with a built-in high-resolution video camera. An increase in
starch granule diameter, disappearance of birefringence and granule disappearing were used to describe the phase transition. The diameter
growth rate and final accretion ratio sequence of starch granules during heating under shearless conditions was waxy > maize > G50 > G80,
which correspond with amylose/amylopectin ratio. The growth rate of granular diameter under shear conditions was controlled by two factors:
swelling and dissolving. Starch granules were destroyed under shear conditions, but some could still be identified under shearless conditions up
to about 100 °C. Granules totally disappeared in a very short time after gelatinization under shear stress conditions. Increased amylose content
led to a lower granule diameter growth rate and accretion ratio, and a higher temperature before birefringence disappeared. It was found that
the higher the melting temperature of the amylose-lipid complex, the higher the gelatinization temperature, and the amylose detected by differ-

ential scanning calorimetry in the high-amylose starches is proposed as an explanation of the results observed by microscope.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Gelatinization; Cornstarch; Microscope observation; Amylose; Amylopectin; Shear

1. Introduction

It is well known that an order—disorder phase transi-
tion occurs when starch granules are heated in the pres-
ence of water. When sufficient water is present, this
transition, referred to as “gelatinization”, results in near-
solubilization of the starch (Donovan, 1979; French,
1984; Lelievre, 1974). The concomitant changes of mea-
surable properties such as viscosity, heat uptake, crystal-
linity and size variation of starch granules, have been used
to detect the extent of starch gelatinization. The technolo-
gies developed include microscopic observation (Ghiasi,
Hoseney, & Varriano-Marston, 1982; Olkku & Rha, 1978;
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Tester & Morrison, 1992; Yeh & Li, 1996; Ziegler et al.,
1993), differential scanning calorimetry (DSC) (Liu, Yu,
Xie, & Chen, 2006; Stevens & Elton, 1971; Yu & Christie,
2001), and X-ray diffraction (XRD) (Cameron & Donald,
1993; Cooke & Gidley, 1992; Jenkins et al., 1994). Each
technology has its advantages and disadvantages. Direct
comparison may not have real meaning, since the detected
physical parameters are different, but the various results
obtained can be used to support each other, especially
when studying gelatinization mechanisms. For example,
Liu, Lelievre, and Ayoung—Chee (1991) studied starch
gelatinization using DSC, X-ray and birefringence mea-
surement. They found that a decrease in crystallinity
occurred both before the birefringence of granules started
to disappear and after all birefringence was lost. Yeh and
Li (1996) studied the swelling of rice starch and reported a
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coincidental result between microscopic observations and
DSC measurements. It should be noted that all of these
technologies were used only to detect phase transition
under shearless conditions. Variation of viscosity could be
used to detect gelatinization under shear conditions.
However, previous studies have mainly focused on the vis-
cosity of gelatinized products (Freeman & Verr, 1972;
Zobel, 1984).

The advantage of microscopy is the ability to directly
observe simultaneous granular swelling and crystallinity
disappearance. The technical development of digital image
analysis makes quantitative microscopy more convenient
and accurate. Currently, the combination of a microscope
and a high-end rheometer, i.e., the rheoscope, is the only
way to directly observe phase transition under shear condi-
tions (Yu, Kealy, & Chen, 2006).

Cornstarch has particular attraction for scientific
research since multi-endotherms have been detected at
different water contents, and different amylose/amylopectin
contents have been found in natural resources. In a previ-
ous paper (Liu et al., 2006), we reported on the gelatiniza-
tion of cornstarches with different amylose/amylopectin
contents, studied using a DSC with a stainless steel high-
pressure pan. It was found that the number of endotherms,
and the temperature and enthalpy of gelatinization, depend
on the amylose/amylopectin content. However, the DSC
thermograms did not explore the detailed progress of the
phase transition, such as granular swelling and crystal
structure destruction, and the gelatinization detected by
DSC was limited under shearless conditions. In this work,
cornstarches with different amylose/amylopectin contents
(waxy: 0/100; corn: 23/77; Gelose 50: 50/50; Gelose 80:
80/20) were systematically studied under shearless and
shear conditions using a microscope with a hot-stage, and a
rheoscope. The observed results combined with DSC mea-
surement were used to investigate the mechanism of starch
gelatinization under shear and shearless conditions.

2. Experimental
2.1. Materials

Cornstarches with different amylose/amylopectin contents
were used in the experimental work. Table 1 shows details of
the starches studied. Gelose 50 and Gelose 80 had amylose

Table 1
List of starches studied and their characterization

Starch Amylose Molecular Average Crystallinity
content (%) weight (g/mol)* size (um) (%)°

Waxy-1 0 20,787,000 12.1 38.8

Waxy-2 0 - 12.3 374

Maize-1 26 13,000,000 10.9 27.9

Maize-2 23 - 11.1 26.7

G50 50 5,115,000 9.6 174

G80 80 673,000 8.1 16.7

? Molecular weight measured by GPC [provided by Penford (Australia)].
b Measured by wide-angle X-ray diffraction.

contents of 50% and 80%, respectively. All the starches were
commercially available. Most of starches (waxy-1, maize-1,
G50, G80) were supplied by Penford (Australia), while waxy-
2 and maize-2 were obtained from China. An infra-red heat-
ing balance (Model DHS-20) was used to measure moisture
content through heating samples to 110 °C for 20 min.

2.2. Microscope with hot-stage

A polarization microscope (Axioskop 40 Pol/40 A Pol,
ZEISS) equipped with a 35mm SLA camera was used in
the experimental work. A hot-stage (CI94, Linkam Scien-
tific Instruments Ltd.) thermosystem was used in combina-
tion with the microscope system. In this work the
magnification was 500 x (50 x 10).

Both normal and polarized light were used to investigate
the phase transition of the starches. Suspensions with 0.5%
starch were prepared to study their phase transition. A cer-
tain mass of a starch sample was weighed then put into a
glass vial, followed by the addition of 25 puL. of water using
a microsyringe. The total moisture content in the suspen-
sion was taken as the original moisture content in the
starch together with the added water. The starch suspen-
sion was sealed between two microscope glass slides using
silicon adhesive. Each specimen was heated from room
temperature to 105°C at 2°C/min. The camera interval
timer was set as 30s so that an image was captured at each
1°C temperature increase. Each field was photographed
under normal and polarized light.

The measurement of diameter variations of starch gran-
ules during heating or isothermally at a certain temperature
was conducted using the Gun Image Manipulation Pro-
gram. Images were continuously recorded during heating.
The diameter of a granule was calculated using a sphere
equal in area to the image. The accretion ration of starch
swelling is calculated by AR = (D, — D,)/D,, where D, and
D, represent the diameter of starch granule at initial and at
a specific time, respectively.

2.3. Rheoscope

A Thermo Haake rheoscope was used in the experimen-
tal work to study gelatinization under shear conditions.
Fig. 1 shows a schematic representation of the rheoscope,
which comprises a controlled rate/controlled stress rheome-
ter, with a 70 mm diameter 1° polished cone and plate mea-
suring geometry. It also contains a built-in, high-resolution,
black and white video camera with a microscope lens and
light source.

Water at 0.2% w/w of each sample was used as a solvent.
The plate and cone were heated to each set temperature,
and the cone was allowed to remain in contact with the
lower plate during this time to minimize equilibration time
when the sample was added. Standard steady shear
rheometric experimental techniques were followed to gen-
erate a viscosity—time profile, and the camera collected a
corresponding image for each of the viscosity data. The
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Fig. 1. Schematic representation of the rheoscope. The rotation of the
cone produced steady shear and the heat exchanger controlled the mea-
surement temperature.

suspensions were heated from room temperature to 95°C
at 2°C/min. If the outer edge of the plate and cone were
exposed, the water evaporated significantly when the tem-
perature was above 90°C (the highest temperature used in
the rheoscope experimental work was 95 °C). To mitigate this
issue, a small amount of low-viscosity (2mPa-s) silicone oil
was pipetted around the exposed edge. The rheoscope images

showed no evidence of oil droplets in the samples, and there
was no evidence of evaporation during the experiments.

2.4. Differential scanning calorimetry

A Perkin-Elmer DSC Diamond-I with an internal cool-
ant (Intercooler 1P) and nitrogen purge gas was used in the
experimental work to confirm the gelatinization behaviors.
The melting temperature and enthalpies of indium were
used for temperature and heat capacity calibration. High-
pressure stainless steel pans (PE No. B0182901 with a gold-
plated copper seal (PE No. 042-191758) were used to study
the thermal behaviors up to 300 °C with high moisture con-
tent. The slow heating rate of 2°C/min was used to match
the observations under the microscope with the hot-stage,
and to minimize any temperature lag due to the large mass
of the samples.

2.5. Scanning electron microscopy (SEM)
SEM (Philips X230) was used to investigate the appear-

ance and surface details of the starches, and their internal
morphologies. The surfaces of the samples were coated with
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Fig. 2. Microscope images of different starches at different temperatures under normal light.
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carbon. A lower voltage of 2K was used in this part of the
experimental work to avoid damaging the surfaces.

3. Results and discussion

The phase transition of starches continuously heated
under shearless conditions was studied using a micro-
scope with a hot-stage. Variations in granular morpholo-
gies and birefringence during heating were recorded
automatically every 30s. Figs. 2 and 3 show some micro-
scope images taken at different temperatures, collected
under normal and polarized light, respectively, for differ-
ent starches heated at 2°C/min. The images collected at
30°C represent the initial morphologies of the different
starches. It can be seen that all the granules appear as
spherule particles and semi-crystalline black crosses under
polarized light. The birefringence sequence of the granules
was waxy>maize > G50>G80. The granular size
sequence was waxy > maize > G50 > G80. The phase tran-
sition observed under microscope was nonlinear and the
images in Figs. 2 and 3 mainly represent the variation
points. It can be seen that the diameter of granules
increased with increasing temperature for all starches, and

birefringence of all the starches disappeared with increas-
ing temperature. These behaviors are expected and have
been widely reported. It is important to note that the tem-
peratures at which birefringence disappeared and the
accretion ratios are significantly different for the different
starches, with lower temperatures of birefringence disap-
pearance and higher accretion ratios being recorded for
the amylopectin richer starches. Table 2 lists the observed
initial and final temperatures of starch granular swelling
and birefringence disappearance for different starches,
and their final accretion ratio. An important phenomenon
is that the final morphologies of the different starches
were significantly different. The granules of the waxy and
maize starches were destroyed at about 75 and 85°C,
respectively. The granules of G50 and G80 remained as
spherule up to 100°C, which was the maximum experi-
mental temperature.

Fig. 4 shows the diameter variation measured during
heating of the different starch granules. The growth rates
and final accretion ratios for the different starches were sig-
nificantly different. The granular growth rate was nonlinear
and all materials exhibited a sharp shoulder, with the amy-
lopectin richer starches having the narrower shoulders. For

Maize-2

Fig. 3. Microscope images of different starches at different temperatures under polarized light.
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Table 2
Observed variation in different starch granules under shearless conditions

Starch Initial Destruction Accretion Birefringence variation detected
temperature (°C) temperature (°C) ratio (%) Initial End
temperature (°C) temperature (°C)
Waxy-1 64 75 190 64 73
Waxy-2 63 75 197 60 72
Maize-1 66 80 151 64 70
Maize-2 66 82 173 65 74
G50 71 >100 77 73 85
G80 74 >100 43 75 90
200 that above this temperature, they were completely
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Fig. 4. Diameter variation measured by microscope during heating of
different starches.

example, the diameter of the waxy-1 starch increased only
slightly when the temperature was below 70 °C. The growth
rate increased sharply in the temperature range of 70-75 °C,
then the increase rate slowed significantly. The growth rate
of G80 was much smoother and continued to the maximum
experimental temperature of 100 °C. These phenomena cor-
respond with other measurement techniques such as DSC
(Liu et al, 2006; Yu & Christie, 2001). The sequence of
diameter increase rate and final accretion ratio of the starch
granules during heating was waxy > maize > G50 > G80 in
the temperature range used in this experimental work. The
disappearance of birefringence of the starches showed simi-
lar patterns, but the initial and final temperatures were
different. Generally, the temperature variation range of
birefringence was much narrower than that of diameter.
The results also indicated that during heating, the loss of
crystalline structure occurred at lower temperatures than
the loss of molecular order for all starch samples. This was
expected, since starch granules continuously swell even
after the crystalline structure of the starch granules has
been destroyed. Liu etal. (1991) has reported that a
decrease in crystallinity occurred both before the birefrin-
gence of granules started to disappear and after all birefrin-
gence was lost.

Fig. 5 shows selected images taken by the rheoscope
during heating (2 °C/min) under shear stress for different
starches. It can be seen that the particles of the waxy and
maize starches remained intact up to about 75°C, and

destroyed and disappeared in a narrow temperature
range. The granules of the amylose-rich starch G80
remained spherule at the highest experiment temperature
of about 100°C. It should be noted that the granular
growth rates and final accretion ratios under shear stress
were lower than those under shearless conditions for the
amylopectin-rich starches (see Tables 2 and 3) but the
final accretion ratio of G80 is higher. An explanation for
this is that as the starch granules increased in size, the out-
side layer of the starch particles dissolved in water due to
shear stress. One important effect observed by comparing
successive images during the experiments, was that all of
the starch systems tested displayed a distinct process of
dissolution. At first the particle size increased due to the
ingress of moisture through the amorphous region. This
swelling was accompanied by a reduction in the disparity
or definition of the granular epidermis, which one would
intuitively suspect to be due to stretching caused by
expansion and softening as a result of the elevated tem-
perature. These phenomena are followed by partial or
complete dissolution during particle swelling. Some
cloudiness was observed around the starch particles in the
suspension before total dissolution, which was attributed
to the dissolved parts of the starch particles. The starch
G380 has not fully swelled at the highest temperature and
the granules have not started to dissolve in this experi-
mental work under both shearless and shear conditions.
The shear stress enhanced the swelling resulting in the
higher of final accretion ratio.

Fig. 6 shows the gelatinization endotherms of various
starches measured by DSC. It can be seen that the waxy
and maize starches exhibited a large gelatinization endo-
therm at about 70°C. This endotherm has been well
accepted as representing the gelatinization of amylopec-
tin, and is labeled “G” in Fig. 6 (Donovan, 1979; Evans &
Haisman, 1982; Liu et al., 2006; Russel, 1987; Zobel,
1984). Apart from the G endotherm, a second endotherm
was detected for maize starch at about 90 °C, and this has
been recognized as the phase transition within an amy-
lose-lipid complex, and is labeled “M2” in Fig. 6 (Biliade-
ris, Page, Slade, & Sirett, 1985; Jovanovich & Afidn, 1999;
Liu et al., 2006; Raphaelides & Karkalas, 1988). The ther-
mal transitions of the high-amylose content starches (G50
and G80) were not as sharp as those of the normal and
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Fig. 5. Rheoscope images of different starches during heating (2 °C/min) under shear stress conditions.

Table 3

Observed size variation in different starch granules under shear conditions
Starch Initial Destruction Accretion

temperature (°C) temperature (°C) ratio (%)

Waxy-1 60 80 110.2
Maize-1 65 80 89.7

G50 70 85 73.8

G80 75 >95 96.7

amylopectin-rich starches; instead very broad endotherms
were obtained in the temperature range of 65-115°C. This
broad peak is a composite of gelatinization G and a phase
transition M2. Apart from this broad endotherm, a small
endotherm was also detected at about 155°C for G80
(labeled “M3”), which is considered as the melting tem-
perature of amylase (Liu et al., 2006). The DSC results can
be used to explain the phenomena observed under the
microscope, even though the measurement conditions
were different. The lower gelatinization temperature of the
amylopectin-rich starches detected by DSC corresponded
with a lower temperature of birefringence disappearance
and a faster growth rate of starch granules. The broader
endotherm of amylose-rich starches detected by DSC cor-
responded with the broader temperature range of birefrin-
gence disappearance observed under the microscope (see
Fig. 3). The amylase for G80 at 155°C can be used to
explain why it remained undissolved.
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Fig. 6. DSC gelatinization endotherms of different starches with excess
water (70%): (a) waxy-1; (b) waxy-2; (c) maize-1; (d) maize-2; (e) G50; and
(f) G8o.

4. Conclusions

The phase transition of granules of cornstarch with
different amylose/amylopectin contents (waxy: 0/100;
maize: 23/77; Gelose 50: 50/50; Gelose 80: 80/20) were
systematically studied under shearless and shear conditions.
The phase transition of starch granules under shear stress
conditions was observed for the first time. The growth
in starch granule diameter and the disappearance of
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birefringence and particle were used to describe the phase
transition.

The diameter growth rate and final accretion ratio
sequence of starch granules during heating under shearless
conditions was waxy > maize > G50 > G80 in the tempera-
ture range used in this experimental work. The disappear-
ance of birefringence showed a similar variation pattern,
but the initial and final temperatures were different. Gener-
ally, the temperature variation range of birefringence disap-
pearance was much narrower than that of diameter growth
rate. The results also indicated that during heating, loss of
crystalline structure occurred at lower temperatures than
loss of molecular order for all starch samples.

The growth rate of granular diameter under shear con-
ditions was controlled by two factors: swelling and dis-
solving. Starch granules were destroyed under shear
conditions, but some could still be identified under shear-
less conditions up to about 100°C. The granules totally
disappeared in a very short time after gelatinization under
shear stress conditions.

It was found that the higher the gelatinization tempera-
ture, the higher the melting temperature of the amylose—
lipid complex, and the amylose detected by DSC in the
high-amylose starch is proposed as an explanation for the
results observed by microscope.
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