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ABSTRACT: A highly crystalline gel (65% crystal por-
tions) was prepared by retrogradation of injection-molded
potato starch in humid atmosphere. The different compo-
nents of the nanostructure were identified by means of
successive melting processes using “in situ” simultaneous
wide and low angle X-ray diffractions. At low temperatures,
structural changes such as annealing phenomena or evapo-
ration of water, giving rise to a thickening of the gel, are
observed. In the range of 55-75°C, a first transition due to
melting of a layered structure of concentric sphere-like al-
ternating crystalline and amorphous lamellar shells (amyl-
opectine, AP, being the crystalline component) is detected.
Analysis of results reveals that the AP crystallization con-
tributes 25% to the overall crystal fraction. A spherulitic
structure of alternating radial lamellae from amylose (AM)

or AP melts in a higher temperature region between 75 and
86°C. This modification represents the major contribution to
crystallinity of about 40%. Unexpectedly, the crystalline
blocks of such a structure are abnormally anisometric; i.e.,
they are thicker than their width. This has been related to a
contraction of the AMAP-co-spherulite due to an excessive
growth of the AP-shell crystals. The anisometry of the blocks
of the AMAP lamellae vanishes at the beginning of the
melting of the AP shell crystals, just when the total crystal-
linity decreases below 50% at 60°C. © 2007 Wiley Periodicals,
Inc. ] Appl Polym Sci 104: 689-696, 2007
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INTRODUCTION

In a preceding study (Part I), the first stages of crys-
tallization in amorphous potato starch initiated by
diffusion of water were investigated.' It was estab-
lished that amylose (AM) is the component that crys-
tallizes first, its lamellae building up spherulites.” Ac-
cording to previous results,” AM in the molten state
interpenetrates into the free space within the branches
of the amylopectine (AP) molecules. It appears that
densely ramified zones of the AP are not well acces-
sible by other molecules.* Hence, whether an AM
network may develop or not into its area strongly
depends on the molecular architecture of the AP mol-
ecule. The less densely ramified AP molecules might
have a better ability to crystallize. Furthermore, the
AM within the AP will form radial crystalline lamella
originating from the center of the AP molecule. The
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AM lamellae nucleate the crystallizable regions of the
AP molecule to form radial lamellae too, being in-
serted into the interspaces between the AM crystals.
The AP molecules, well interpenetrated by the AM,
represent a system especially capable to form an
AMAP-co-spherulite. The crystallized AMAP zones
cover about 60% of the volume of potato starch. The
remaining 40% of the volume consists of less perfect,
AM-free AP molecules.? Because of the longtime stor-
age in humid atmosphere, these molecules too are
stimulated to crystallization.

The aim of the present study is to analyze the
emerging complex crystalline structure from the dif-
ferent components arising through the successive
melting processes, by means of simultaneous wide
angle (WAXS) and small angle X-ray scattering
(SAXS) measurements.

EXPERIMENTAL
Materials and heat treatment

Potato- and pea-starch samples were processed (em-
ploying an ARBURG-Allrounder 250S) using the elon-
gational-flow injection-molding method.>® This tech-
nique yields ductile, oriented amorphous starch ma-
terials.” A melt temperature of 140°C and a molding
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temperature of 25°C were used. The molded samples
were kept at ambient atmosphere, i.e., a humidity of
12%, and 1-mm cuts were prepared. The samples were
investigated “in situ ” by WAXS as follows. Injection-
molded potato starch was held for 20 days in a moist
atmosphere, which gave rise to a 65% crystallinity.®
The samples were successively molten by gradually
increasing temperature at the rate of 10°C/min. Par-
ticularly, the temperature region short before the com-
plete disappearance of the crystals is of special inter-
est.

Techniques

SAXS and WAXS were performed using a double-
focusing camera adapted for the synchrotron radia-
tion source at the polymer beamline A2 of HASYLAB,
DESY, Hamburg. The wavelength used was 0.15 nm
with a band pass of dI/I = 5 X 107°. Scattering pat-
terns were recorded every 30 s using a linear position-
sensitive detector. The patterns were corrected for
fluctuations in intensity of the primary beam and for
the background. The accumulation time per frame
was 30 s. The integral breadth of the reflections 43 was
directly measured from the experimental profile to
make an estimate of the value for the coherently dif-
fracting domains t ~ 1/dB, normal to the chain direc-
tion as a function of temperature. The long period L
has been derived from the SAXS measurements.

The major results of this study have been reported
previously.® In the present investigation, additional
evaluations of the linear crystallinity (X = t/L), the
fraction of crystallized lamellar stacks within the
amorphous surroundings, XsX;, and the electron den-
sity difference, Ap'? between crystalline and amor-
phous phase, related to the sample volume, are pre-
sented.’

RESULTS

Selective melting of the different crystalline
components

After 20 days storage time in humid atmosphere, the
initially amorphous sample has reached a level of 65%
crystallinity. Hence, one may assume that not only the
spherulitic cocrystallization of AM and AP contributes
to the total crystallinity, but also the single AP mole-
cule semicrystalline superstructure of spherical shells,
too.” A partial melting process thus should begin with
the single AP molecule of the semicrystalline super-
structure, a second melting step is supposed to include
the AP of the AMAP-co-spherulite. Finally, close to
the maximum melting temperature, the pure AM crys-
tallites that are built up first should disappear.
Figure 1 exhibits three melting regions: (1) Up to
55°C, no considerable melting occurs, (2) from 55 up to
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Figure 1 Total crystallinity, X, of initially amorphous po-
tato starch, 20 days retrograded in humid atmosphere dur-
ing successive melting processes. Heating rate: 10°C/min.

75°C, a melting of 25% of the overall crystal fraction
takes place, and (3) the remaining 40% of crystals
comparatively sharply melt in a temperature range of
about 10°C. It seems reasonable to attribute the broad
melting process occurring at low temperatures to the
AP supercrystalline spherical structure which was
formed last. Consequently, the AMAP spherulites are
more temperature stable. The melting process ends in
a still sharper step, corresponding to the fusion of pure
AM crystals (~15% crystallinity, Fig. 1).

The above interpretation is supported by an estima-
tion of the volume fraction of the respective crystal
species:

Vi = AX,/AXT (1)

where AX; is the volume fraction of crystals of the i
species and AXjy is the total initial crystallinity. This
yields for V,p = 25%/65% = 38.5%, and conse-
quently, for Vyap = 40%/65% = 61.5%, in good
agreement with the respective reported values given
in Part I.' The volume fraction of pure AM crystals
(15%/65% = 23%) from Figure 1 results as a mean-
ingful estimation of the AM fraction of potato starch.

Nanostructure variation during thermal treatment:
Characteristic regions

Figure 2 comparatively illustrates the variation of the
total degree of crystallinity, X,, in contrast with that of
the linear crystallinity, X = t/L, and the fraction of
crystallized lamellar stacks, XsX; = X./ X, as a func-
tion of temperature.

Four temperature regions (A, B, C, D) can be distin-
guished. In range A (25-45°C), the total crystallinity
decreases only slightly. In range B (45-55°C), the crys-
talline fraction slightly increases. Range D denotes the
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Figure 2 Crystal fractions X, f/L, and X¢X; as functions of
temperature.

sharp drop of XsX; below 1 (at ~67°C). The quantity
t/L reaches the value of X, at the end of region C. In
case of X, > 50%, t/L should agree with the linear
crystallinity of X ;, up to the end of range C. However,
the quantity ¢/L is always smaller than X_. This means
that within the ranges A-C, the mean width t of the
crystal blocks is always smaller than the thickness [ of
the crystal lamellae consisting of mosaic blocks.
Hence, Wulff’s law, t ~ [, does not hold any more for
highly crystalline potato starch. X¢X; cannot, there-
fore, be calculated from t/L. The condition X = X,
necessary for X, > 0.5 leads, however, to XsX; = 1
within the whole region A—-C. Above 67°C (range D),
both the anisometry of the crystal blocks (t/L reaches
the value of X_ here), as well as the percolation of the
crystals vanish (X;X; <1, X, < 0.5).

Figure 3 illustrates the variations of the long period
L, the invariant Q' of SAXS, and Ap'?, derived from Q’,
as a function of temperature. Figure 4 shows the
changes of crystallinity for the isolated AP molecules.
In Figures 3 and 4, the temperature ranges A-D are
particularly well recognized.

Analysis of nanostructural parameters

To further analyze the nature of the transitions, a
separation of the influence of the different crystalline
components on the long period is attempted below.
Figure 5 shows a summary of L and t data, including
results from Ref. '. The data of Ref. ! refer to the
temperature region (below 70°C) where AP molecular
crystals are capable to crystallize.

In the region of X, = 0.2-0.4 (see Fig. 1), the results
for the AMAP spherulites overlap for both series,
fitting well to a straight line which may be extrapo-
lated into the range of higher crystallinities. Here the
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Figure 3 Invariant Q' and Ap’> from SAXS, and long pe-
riod L and crystal width t values as a function of tempera-
ture. Potato starch crystallized 20 days in humid atmo-
sphere.

crystallinity data of the A and B range are also pre-
sented. Because of the influence of the AP sphere shell
crystalline superstructure on the average values of L
and ¢, a deviation from the extrapolated straight line at
lower X, values is observed (see Fig. 5). As Lyap (X.)
is known from Figure 5, L,p (X,.) can be calculated
from that difference.
The equation

L = V svap Lavar + Vap Lap (2)
averages the long periods of both crystal types corre-

sponding to the respective volume fractions (see eq.
(1)). Figure 6 shows as well the measured L(T), the
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Figure 4 Partial melting of the crystal fraction which cor-
responds to isolated AP molecules.
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Figure 5 Plot of long period, L, and crystal block width, ¢,
as a function of total degree of crystallinity, X.. Data for the
early stage of retrogradatiorﬂ: filled triangles, data of the
present article: open triangles. Maximum temperature: 70°C.

extrapolated Lyap(T), and Lap(T) values calculated
from eq. (2).

In the temperature range A (up to 45°C), L,p is ~8
nm, in good agreement with the long period of native
AP grains with a shell-like structure. The 8 nm value
has also been observed from the early retrogradation
of amorphous AP (Waxy Maize®). The result is plau-
sible, as isolated AP molecules, which are not pene-
trated by the AM network,’ should not crystallize in a
manner different from pure AP. In both cases, the AP
forms a large molecular spherulite, with the shape of a
grain. The structural changes in range B must include
a partial melting of imperfect shell crystal layers of the
AP molecule: L, exhibits for pure AP, as pointed out
previously,” a fast increase with temperature short
before the shell structure disappears and melts when
the long period reaches an end value of 15 nm. The
bend in Figure 6 could hence be explained by a grad-
ual melting of interlayers of sphere shell crystalline
lamellae.

For X_ > 0.5, the thicknesses of the crystalline and
amorphous layers of both crystal types can be calcu-
lated as well. In this case, X = X_.*, where X .* means
that the crystal fraction X, is related to the respective
AMAP or AP fraction.

For free AP:

X*pap = (Xc —0.4)/Vp (3)
VAP = (XL - 04)/Xc

where:
which leads to:

X*pp = X, (4)
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Similarly one can derive:
X*amar = X (5)

Equations (4) and (5) are valid as far as X.* (AMAP)
and X * (AP) are larger than 0.5, i.e., eq. (4) holds for X,
> (.52 and eq. (5) for X, > 0.2. Then one can determine
the crystal thickness I, ,p as:

leap = X Lyap (6)

and similarly:

leamar = Xc Lamar (7)

Figure 7 shows the above quantities and the thickness
of the amorphous layers [, = L — I, as a function of
temperature.

The shell crystals of the AP molecule are ~5 nm
thick. According to Vandeputte et al.,'” the outer bun-
dles of an AP molecule can only form stable crystals, if
they have a length of 12-22 monomers. A shell thick-
ness of 5 nm corresponds to 5 nm/0.425 nm = 12
monomers.

The shell crystals of free AP molecules that fill
~38% of the volume of the crystallized potato starch
are, therefore, close to the minimum of thermody-
namic stability of the AP crystals. One can, therefore,
assume that the better crystallizing AP molecules are
already included into the nucleation by amylose crys-
tals (AMAP). From Figure 7, one observes that [, sypap
practically does not vary with temperature, showing a
value of ~8.5 nm. This average value corresponds to
20 starch monomers associated to better crystallizing
AP molecules which obviously interact with the linear
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(2)) as a function of temperature.
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Figure 7 Crystalline and amorphous thicknesses of the
AMAP spherulites and AP semicrystalline superstructure
from potato starch, calculated from egs. (6) and (7) and data
from Figure 6.

AM chain segments. It is also noteworthy that the
value of I ,p is very close to the width ¢ of the crystal
blocks through the whole temperature range (Fig. 8).

A possible explanation could be that the experimen-
tal ¢ value (Fig. 3) does not represent an average of
different t values of the two types of crystal nanostruc-
ture, but that it is the same for both. This would imply
that the crystal blocks in the AP-shell-crystals are iso-
metric, as proposed previously by us for pure AP.’
Furthermore, this results suggests that the mean ani-
sometry of the crystal blocks (as seen from Fig. 2 by
t/L < X4) has to be attributed only to the AMAP-co-
spherulites. Figure 7 shows that the crystal thickness I,

10+

t1, (AP) /nm
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- — :
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Figure 8 Comparison of /. ,p and t values (from Figs. 7 and
3).
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Figure 9 Plot of anisometry factor, A, (eq. (8)) as a function
of temperature.

AMAP is ~8.5 nm, while the value t (Fig. 8) is only
about 5 nm. The lateral dimensions of the crystal
blocks within the AMAP morphology is determined
by the width of the outer bundles of the AP molecule.
Figure 5 shows that t = 5 nm corresponds to a value
for highly developed crystallization typical for AP.’
Figure 5 also shows that at the end the crystal forma-
tion by AM alone, t = 8.5 nm. In this case, owing to the
low crystallinity (X, = 12%), the AM crystal blocks
should be isometric, i.e., . ops = 8.5 nm. Obviously,
this crystal thickness value predetermines the thick-
ness of the crystals during the following AMAP crys-
tallization.

In summary, the AMAP crystalline phase can be
characterized as follows. The formation of a spherulite
is controlled by the straight radial lamella, whose
crystalline blocks have the width of the AP outer
bundles and the thickness of the preexisting AM crys-
tal blocks.

Let us define an anisometry factor as:

A =l avap/t (8)

The value of A calculated from the data of Figures 3
and 7 is shown as a function of temperature in
Figure 9.

From Figure 9, it is seen that A sy 5p does not vary in
the temperature ranges A and B (up to 55°C). This
result fits well with the fact that all changes in this
temperature region are due to modifications of the
structure of AP crystals, but not due to an alteration of
the temperature-stable AMAP crystallization.

DISCUSSION OF RESULTS

From the structural results obtained, we wish next to
explain more in detail the structural transitions ob-

Journal of Applied Polymer Science DOI 10.1002/app
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served through the various temperature ranges (A-D)
studied.

Temperature range A (25-45°C)

In region A, despite the low temperatures involved,
slight, but however, significant partial melting takes
place. The total degree of crystallinity X, is shown to
decrease from 66 to 61% (Fig. 2). Simultaneously /. sp
decreases as well (Fig. 7). Unexpectedly, the thicker
crystals are the first ones to melt. However, in a pre-
ceding study, it was shown that this behavior is typ-
ical for the grain-shaped AP shell crystalline super-
structure.” The thicker crystals are, indeed, the first
ones that melt, because thickness growth is intercon-
nected with strong inner tensions of the branched
amorphous interlayers.

Another peculiarity appears at the beginning of
range A, in the temperature interval from 25-32°C: the
width of the crystal blocks, ¢, increases from 4.3 to 5.8
nm (Fig. 3). According to Vandeputte et al.,'° the small
crystal blocks (4.3 nm thick according to 10 monomers,
assuming isometry) are not stable anymore. This
could explain the early melting of these crystals. Fig-
ure 3 also shows that for this initial temperature re-
gion Ap'? increases up to a constant value, which does
not change anymore up to the end of region A. Any
influence of the electron density p, of the amorphous
phase on Ap’> = (p. — p,) has to be excluded, as this
should lead to a decrease, as observed in region B. The
increase of Ap'?, thus, must be due to an increase of p,,
perhaps due to an improvement in the perfection of
the crystals. This can be easily concluded from the
partial melting of the smaller crystallites in that tem-
perature interval. This is the reason why this temper-
ature region has not been considered for the calcula-
tion of the AMAP crystal blocks (Fig. 9). The AP
molecules incorporated into the AMAP semicrystal-
line superstructure were regarded as the better crys-
tallizing ones. Therefore, it is not meaningful to at-
tribute the immediate melting of imperfect crystals
from the AP sphere shell crystal organization to the
temperature-stable AMAP spherulites. Consequently,
the low t values at the beginning of the temperature
program have not been included into the evaluation of
the anisometry factors (Fig. 9). This curve does not
start below 32°C.

Temperature range B (45-55°C)

Figure 3 bears the key understanding of region B. The
quantity Ap'? does not appreciably change in the high
X, range (especially in the region 32-45°C), i.e., nei-
ther the density of the amorphous nor that of the
crystallites varies. However, in region B (X, = 0.63)
Ap'? strongly decreases. From other experiments,'!
one can assume that due to the high moisture content
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of the potato starch gel, the density of the amorphous
phase must be notably lower than that of the crystal-
line one. After finishing the time-temperature-pro-
gram and returning to room temperature, the ob-
served pearls of condensed water inside the glass
capillary sweat out of the gel. Hence, the decrease of
water concentration could explain the decrease of Ap'
in range B. As a result, p, would increase and finally
approximate to p,, giving rise to the drop of Ap'? in
region B, despite the slight crystallinity increase.
Hence, the swollen grains of the semicrystalline struc-
ture of AP should shrink in region B, leading to a
complete reorganization of the AP molecule crystal, as
indicated by the parallel increase of long period (Fig.
6), of crystal thickness I. op (Fig. 7), and crystallinity
AX . (Fig.4). The defect structures of the AP molecule
vanish during the thickening process of the gel, lead-
ing to an improvement of crystal perfection. While the
AP crystal structure experiences modifications in
range B, the AMAP spherulites are practically unal-
tered. As a consequence, . sniap, (Fig. 7), Lanviap (Fig.
6), and the anisometry of the crystal blocks (Fig. 9)
hardly change.

Temperature range C (55-67°C)

Region C denotes the end of the AP shell structure. At
58°C, the crystallinity X. ,p is still at 12.5% (Fig. 4),
which corresponds to half of its initial contribution
X*ap = 50%. Furthermore, the secondary network out-
side the AP molecules loses its stabilizing effect. Some
particular, weak crystalline superstructures may al-
ready collapse leaving an unorganized zone from
crystal blocks of a relative crystallinity, X*. ,p, of
20%.zref9 The AMAP phase is not much influenced in
range C, as shown by the constancy of Layap. The
occurrence of some lateral freedom (due to the disap-
pearance of some AP supercrystals) (Fig. 6), however,
induces an anisometry decrease of its crystal blocks,
down to A = 1 (see Fig. 9). The crossover of the ¢/L
curve with the X(T) curve near 50% (Fig. 2) may be
interpreted in the same sense. Because of the minimi-
zation of surface to volume ratio, the anisometry of the
AMAP crystal-blocks is not favored thermodynami-
cally. Owing to the loss of percolation of the AP super
crystals, lateral freedom originates, and energetic rea-
sons should not exist anymore to maintain the anisom-
etry of the AMAP crystal blocks. As a consequence,
the AMAP lamellae will grow, leading to an expan-
sion of the AMAP spherulites. The crystal blocks
width, ¢, must increases, while I. ,yap Would de-
crease. This is evidenced in Figure 10, where both
quantities coincide above 60°C, which corresponds to
the isometry of the AMAP phase at higher tempera-
tures.

According to the results of Part I," the early state of
retrogradation is characterized by t/L = 1 — XJ*
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= X1 This expression corresponds to an isometry of
the first emerging AM crystal blocks. The anisometry
does not develop below X, = 50% (shown here).
Above X, = 50%, the increasing formation of hard AP
crystalline spherical shells leads to a compression of
the pre-existing AMAP spherulites, leading to the ani-
sometry of its crystalline blocks. This peculiarity of
starch gives rise to high fractions of crystallinity.

Temperature range D (67-86°C)

The isometry of the crystal blocks of the AMAP
spherulite is maintained in this temperature range
(Fig. 10). Because of the spherulitic character of the
AMAP crystallization, only the thicker crystal blocks
prevail at the beginning of the melting process of the
AMAP phase. The D range is subdivided into two
parts D; and D,.

Up to 75°C (region D,), the AP sphere shell semic-
rystalline superstructure melts up (Fig. 4). At 67°C, the
L p value still reaches with ~14 nm the experimental
value of L and that of Ly;4p (Fig. 6). This is equivalent
to a large distance within between thin crystal shells
(same result for the structure of pure crystallized AP?).
Further melting yields a bursting of the weakened AP
shells; the quantity XsX; now decreases below 1.
When X X, reaches the value 1 — V,p = 0.62, all free
semicrystalline AP grains are molten. This is con-
firmed by the data of Figure 4 showing that only the
AMAP crystalline modification is left (X, = 40%).
Figure 11 confirms that the decrease of X¢X; (X.)
corresponds to the master curve proposed in Ref. .
The range D, (67-75°C) is thus characterized by the
successive melting (until collapse) of single AP grains.

In the region D, (75-86°C), only the AMAP lamellae
characterize the long period. Owing to the steep de-
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Figure 10 Comparison of I snap and t values (from Figs.
7 and 3).
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Figure 11 Fraction of semicrystalline material XX, as
function of the total crystallinity. Amorphous potato starch
crystallized for 20 days in humid atmosphere.

crease of the total crystallinity, short before the maxi-
mum melting point is reached (attributed to melting of
AM), it seems reasonable to correlate the linear region
before (Fig. 2) to successive melting processes of single
AP lamellae within the AMAP spherulite.

CONCLUSIONS

1. During storage of amorphous potato starch at
room temperature in a humid atmosphere, the
material attracts water and is converted into a
gel. The gel exhibits a high crystallinity level of
65%.

2. Crystalline superstructures depend on the AP
molecules, which control the long-range order
owing to their large dimensions. One may distin-
guish between two types of long range order:

i. A spherulitic order of straight, radial outgoing
lamellae from the center of the AP molecule.
These lamellae consist either of AM or AP
(AMAP crystallization).

ii. A nanostructure known for pure AP consist-
ing of concentric crystalline sphere shells, sep-
arated by amorphous interlayers (AP crystal-
lization).

3. The AMAP crystallization contains the better
crystallizing (less branched) AP molecules. The
AMAP spherulite is capable to contract, while the
semicrystalline grains of free AP molecules,
formed at a later stage, need space. This is real-
ized by an increase of crystal thickness and a
decrease of the width of the crystalline blocks.
This anisotropy of the AMAP crystalline blocks
yields an increase of the overall fraction of crys-
tallinity.

4. The AP-(shells)-crystallization contains the more
strongly branched AP molecules. Consequently,
it originates in regions free of AM. The crystalline

Journal of Applied Polymer Science DOI 10.1002/app
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blocks within the AP shell crystals are isometric
and smaller than those of AMAP. The existence
of the two crystal types implies an inhomogene-
ity of the AM network within injection-molded
potato starch.

5. The AP-crystallization contributes to ~25% to the
total crystal fraction, corresponding to 38 vol %,
while the AMAP crystallinity amounts to 40%,
corresponding to 62% of the total volume.

6. The maximum melt temperature of the AP crys-
tallites is 75°C, the AMAP crystallization is main-
tained up to 86°C, the most temperature-stable
component of both being the pure AM crystals.
The anisometry of the AMAP disappears, when
the total crystallinity loses its percolation (X, =
50% at 60°C).
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