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A densely packed colloidal suspension, called a paste, is known to remember the direction of its motion
because of its plasticity. Because the memory in the paste determines the preferential direction for crack
propagation, the desiccation crack pattern morphology depends on memory of its motions (memory effect of
paste). Two types of memory effects are memory of vibration and memory of flow. When a paste is dried,
it usually shows an “isotropic and random cellular” desiccation crack pattern. However, when a paste is
vibrated before drying and it remembers the direction of its vibrational motion, primary desiccation cracks
propagate in a direction perpendicular to its vibrational motion before drying (memory of vibration). Once it
flows and remembers the direction of its flow motion, primary desiccation cracks propagate in the direction
parallel to its flow motion (memory of flow). Anisotropic network formation via interparticle attraction among
colloidal particles in a suspension is the dominant factor affecting a paste’s memory of its motion. Calcium
carbonate (CaCOs) paste remembers the direction of its vibrational motion, but not its own flow direction
because Coulombic repulsion among charged CaCO; colloidal particles prevents the formation of a network
structure in a flow. For this study, we strove to assist and eliminate CaCOj; paste memory effects by adding
polysaccharides. First, to characterize memory in paste, we propose a method of image analysis to quantify the
strength and the direction of the anisotropy of desiccation crack patterns using Shannon’s information entropy.
Next, we conduct experiments to add polysaccharide to CaCOj; paste, revealing that the addition of a small
amount of polysaccharide to CaCOs; paste assists the paste in remembering its own flow motion. Findings also
indicate that the addition of a large amount of polysaccharide prevents the formation of both memories of its
flow and vibrational motion and eliminates the memory effects of paste. We then perform “flocculation and
sedimentation” experiments to investigate the interaction among CaCOj; colloidal particles in a solution. Results
show that, in an aqueous solution with low polysaccharide concentration, CaCO; colloidal particles flocculate
each other and quickly form a sediment in a short time, whereas, in an aqueous solution with high polysaccharide
concentration, a longer time is necessary for flocculation and sedimentation. Because the addition of small
amounts of polysaccharides to CaCOj3 paste induces polymer bridging between colloidal particles as interparticle
attraction, it helps to produce a macroscopic network structure which retains memory of its flow motion and
thereby assists the formation of memory of flow, whereas the addition of large amounts of polysaccharides
induces interparticle repulsion, which prevents the formation of memory effects of all types.

DOI: 10.1103/PhysRevE.108.054602

I. INTRODUCTION fracture phenomena under strong impacts are accompanied
by the rapid development of cracks. In such cases, predicting
when and where the first crack appears is difficult. Moreover,
predicting how cracks propagate and break a material into
fragments is also difficult. To avoid unexpected and dangerous
situations, attempts to control crack formation are important

Crack formations are often random and stochastic phenom-
ena, and thereby they are difficult to control. For example,
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develop rapidly and the glass will shatter into pieces. At first
glance, the glass fragments will appear to have been broken
into pieces randomly, but in fact the size distribution of the
fragments obeys a scaling law [1-3]. Regularity in crack
formation is not limited to these statistical scaling laws. The
crack morphology can be controlled in the case of quasistatic
fracture formation. By varying the cooling rate of a quenched
thin glass plate, various crack patterns can be created in a con-
trolled manner, including straight, meandering (oscillatory),
and branching patterns [4-7].

Columnar joints of cooled lava are other examples of con-
trolled crack patterns that are formed in nature. A regular
array of prismatic columns is formed along a cooling direction
of lava. A similar columnar joint structure is obtainable by
drying a thick paste, i.e., a mixture of starch powder and water
[8-13]. Because a thick paste in a container dries from the
top surface, cracks first occur at the top surface. These cracks
propagate vertically downwards toward the bottom of the
thick paste. Thereby, columnar joints of dried starch paste are
formed vertically. However, with no preferential direction of
cooling or drying, only “isotropic and random cellular” crack
patterns are considered to be formed in nature and laboratories
[13-15].

For studies supporting our research, we have investigated
how anisotropic crack patterns are formed according to the
memory effect of paste when a thin paste is dried homoge-
neously in space. For a thin paste, cracks can be regarded to
propagate along a horizontal direction and the morphology
of plumose structure observed on the side view of desicca-
tion cracks indicates in which direction the desiccation crack
propagated horizontally. The final spacing among desiccation
cracks in dried thin paste is about equal to the paste thickness
[13-17].

Here a paste is a densely packed colloidal suspension
with plasticity, and the value of its yield stress quantifies the
strength of its plasticity. A dilute colloidal suspension can
be regarded as a Newtonian viscous fluid without plasticity,
and the value of its yield stress remains zero. As the value of
the solid volume fraction in paste increases, the value of its
viscosity increases, and, above the liquid limit, the value of
its yield stress becomes positive, and its yield stress is now an
increasing function of the solid volume fraction [18]. Thus,
the liquid limit corresponds to the onset of pastry behavior.
We also note that the value of the yield stress diverges when
the solid volume fraction approached to the plastic limit, and
above the plastic limit we cannot mix too much colloidal
particles with less water homogeneously in space, and the
mixture is in a semisolid state like a half-dried cookie which
contains many gas bubbles inside. Therefore, the colloidal
suspension can be regarded as a viscoplastic fluid, called a
paste, when the value of its solid volume fraction is between
the liquid limit and plastic limit [19-24].

When an external force is applied to a paste before it dries,
the paste remembers the external force it received even after
one stops applying the external force, which causes controlled
desiccation cracks to appear as the water in the paste evapo-
rates. This phenomenon is designated as the “memory effect
of paste.” The plasticity of paste enables it to remember its
motion in the form of plastic deformation. There are two
types of memory effect: memory of vibration and memory

of flow. When a paste remembers the direction of its vibra-
tional motion, primary desiccation cracks propagate in the
direction perpendicular to its vibrational motion before drying
(memory of vibration). By contrast, when a paste remembers
the direction of its flow motion, primary desiccation cracks
propagate in the direction parallel to its flow motion (memory
of flow). Interparticle interaction among colloidal particles
plays important roles in forming the memories of each type
[13,25-40]. It has also been demonstrated that crack forma-
tion can be controlled not only by the memory effect of paste
but also by application of electric and magnetic fields to the
paste at the moment of drying [41-48].

As described herein, we investigate the effects of adding
polysaccharides to calcium carbonate (CaCOj3) paste on the
memory effect of a paste. The motivation for undertaking
this research is investigation of the effect of adding a dila-
tant fluid to a paste which shows a memory effect. A highly
concentrated starch paste is known to be a typical dilatant
fluid, which shows shear-thickening behavior, i.e., the fluid
viscosity increases rapidly as the applied stress is increased
[19-24,49,50]. First, we mix starch colloidal particles with
CaCO; paste and find that, by adding starch colloidal particles
to CaCO3 paste that remembers its vibrational motion but
which has no memory of its flow motion, the paste gets the
ability to remember its flow motion. As our study continues,
it becomes readily apparent that, even when we did not add
colloidal particles of starch to CaCOj3 paste but added only
water-soluble starch to CaCOj paste, the paste also gains the
ability to remember its flow motion. Moreover, the findings
indicate that, by adding a large amount of water-soluble starch
to CaCOj3 paste, the paste loses its ability to remember any
motion: it can remember neither vibration nor flow. As a
result, the shear-thickening effect is not necessary for assist-
ing and eliminating memory effects of paste. Added soluble
polysaccharides influence the interparticle interaction among
colloidal particles in paste, and thus they assist or elimi-
nate memory effects of paste, depending on the amounts of
polysaccharides added to the paste.

This paper is organized as follows. First, in Sec. Il we
review the memory effect of paste and explain the difference
between memory of vibration and memory of flow. In Sec. III
for the quantitative evaluation of the anisotropy of desiccation
crack patterns induced by memory effects of paste, we pro-
pose a method of image analysis to characterize the strength
and the direction of the anisotropy of these crack patterns
using Shannon’s information entropy. Using image analysis,
one can also evaluate the time evolution of the anisotropy
of crack patterns induced by memory effects. As described
in Sec. IV, systematic experiments are conducted to eluci-
date the effects of adding starch colloidal particles to CaCO3
paste. In Sec. V other systematic experiments are conducted
to elucidate the effects of adding water-soluble saccharide to
CaCO; paste. Moreover, we change the molecular weights
of saccharides added to CaCOj; paste using saccharides of
different types such as water-soluble starch, dextrin, and glu-
cose. Then we study the effects of saccharide polymer length
on the memory effect. As described in Sec. VI, “flocculation
and sedimentation” experiments are conducted to study the
interparticle interaction among CaCOj3 colloidal particles in
each saccharide solution. Section VII presents discussion of

054602-2



ASSISTING AND ELIMINATING MEMORY EFFECTS OF ... PHYSICAL REVIEW E 108, 054602 (2023)

100 mm

(a) vibration

(b) flow

(c) no motion

FIG. 1. Desiccation crack patterns of a paste produced by mixing colloidal particles of magnesium carbonate hydroxide with water. Each
square acrylic container is 300 mm on each side. In (a) and (b), a container in which a paste is stored is vibrated before drying along the
double-headed arrow with the amplitude of » = 15 mm and the frequency of f = 110 rpm for 1 min. Consequently, the maximum strength of
the absolute value of the acceleration induced by horizontal vibration is 2.0 m/s2. In (c), the container is not vibrated before drying. Because
we use 225 g of colloidal particles to make a paste for (a) and 150 g to make a paste for (b) and (c), the final thickness of each paste after
drying is proportional to the mass of colloidal particles per unit area and are 6.0 mm in (a) and 4.0 mm in (b) and (c). (a) Striped desiccation
crack pattern with memory of vibration, obtained by vibrating a water-poor high-plastic paste horizontally before drying. The solid volume
fraction of the paste at the time of vibration is p = 12.5%. Primary desiccation cracks propagate in the direction perpendicular to the vibration
that the paste experienced before drying. (b) Striped desiccation crack pattern with a memory of flow, obtained by vibrating a water-medium
low-plastic paste which flows under vibration. The solid volume fraction of the paste at the time of vibration is p = 7.7%. Primary desiccation
cracks propagate along a flow motion induced by vibration of the container. (c) “Isotropic and random cellular” desiccation crack pattern with
no memory of its motions, obtained merely by drying a water-rich viscous paste with the solid volume fraction p = 2.0%. Because its solid
volume fraction is less than the value of liquid limit of 4.0%, the water-rich viscous paste has no plasticity; it cannot remember any of its

motions, even if vibrated before drying.

the mechanism by which a small amount of added polysac-
charides assists CaCO; paste to remember its flow motion,
although a large amount of added polysaccharides eliminates
CaCOj; paste memory of any of its motions. Finally, our re-
sults are summarized in Sec. VIII.

II. MEMORY EFFECT OF PASTE

This section presents a review of the memory effects of
paste and presents an explanation of the difference between
two memories (memory of vibration and memory of flow),
and how interactions among colloidal particles play their roles
in the respective memory effects.

A. Anisotropic desiccation crack patterns produced
by paste memory effects

When a paste comprising colloidal particles and water
is dried, “isotropic and random cellular” desiccation crack
patterns appear. Such cracks are often observed at dried-up
ponds. However, if a paste is vibrated horizontally before dry-
ing, then a striped desiccation crack pattern appears; the crack
pattern morphology depends on the direction of its vibrational
motion. This pattern reflects the “memory effect of paste”
[25,26].

In fact, memory effects are of two types: memory of vi-
bration and memory of flow [27]. Figure 1 portrays typical
desiccation crack patterns that form when we dry pastes of
magnesium carbonate hydroxide. These pastes are produced
by mixing colloidal particles of magnesium carbonate hydrox-
ide (Kanto Chemical Co. Inc., Tokyo, Japan) with distilled
water. Colloidal particles of magnesium carbonate hydroxide

are solid and difficult to dissolve in water. The density of
the magnesium carbonate hydroxide is 2.0 g/cm?, the shape
of each colloidal particle of magnesium carbonate hydroxide
is disklike, and the median diameter of colloidal particles
of magnesium carbonate hydroxide is 3.0 um, as is shown
in Fig. 2(a). Yield stress of magnesium carbonate hydrox-
ide paste is measured by using a dynamic stress rheometer
(Rheometrics, Piscataway, NJ), and the result is presented in
Fig. 2(b). Since these colloidal particles are not charged in
water and attract each other via interparticle attractive force,
magnesium carbonate hydroxide paste has a strong plastic-
ity with small values of the liquid limit and plastic limit
[25-27,31].

The inner size of each square acrylic container presented in
Fig. 1 is 300 mm x 300 mm. The masses of colloidal particles
and volume of water in each paste are, respectively, 225 g
and 788 ml in Fig. 1(a), 150 g and 900 ml in Fig. 1(b), and
150 g and 1500 ml in Fig. 1(c). Therefore, the initial values
of the solid volume fraction of the paste before drying are
p = 12.5% in Fig. 1(a), p = 7.7% in Fig. 1(b), and p = 2.0%
in Fig. 1(c), respectively. The pastes portrayed in Figs. 1(a)
and 1(b) are vibrated horizontally with the amplitude of r =
15 mm and frequency of f = 110rpm for 1 min before dry-
ing. Therefore, the maximum strength of the absolute value of
the acceleration induced by horizontal vibration is 2.0 m/s?
in Figs. 1(a) and 1(b), whereas the paste in Fig. 1(c) is not
vibrated before drying.

In Fig. 1 are striped desiccation crack patterns of two
types: one is induced by memory of vibration and the other
by flow, and an “isotropic and random cellular” desiccation
crack pattern with no memory of its motion. First, Fig. 1(a)
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FIG. 2. Size distributions of colloidal particles in pastes and yield stresses of pastes. (a) Cumulative mass distribution of colloidal particles,
i.e., a mass fraction of colloidal particles with its diameter larger than the value of d. Data of magnesium carbonate hydroxide are denoted by
open squares and a broken line and its median diameter is given by 3.0 um, while data of calcium carbonate are denoted by solid circles and a
solid line and its median diameter is given by 4.0 um. (b), (c) Yield stresses of magnesium carbonate hydroxide paste in (b) and CaCO; paste
in (c), shown as a function of its solid volume fraction. The dotted lines denote liquid limit and broken lines denote plastic limit of each paste.
The colloidal suspension can be regarded as a viscoplastic fluid, called a paste, when the value of its solid volume fraction is between the
liquid limit and plastic limit. Note that the values of liquid limit and plastic limit of CaCOj; paste are larger than those of magnesium carbonate
hydroxide paste because the plasticity of CaCOj; paste is weakened by Coulombic repulsion between charged colloidal particles [25-27,31].

shows that, when a water-poor paste is vibrated, it remembers
the direction of its vibrational motion. Desiccation cracks
propagate in the direction perpendicular to the direction of its
vibrational motion. This phenomenon is known as “memory
effect of vibration.” By contrast, when a water-medium paste
is vibrated, it flows rather than vibrates. Once it flows, it re-
members the direction of its flow motion. Desiccation cracks
propagate along a direction parallel to its flow direction, as
presented in Fig. 1(b). This phenomenon is called “memory
effect of flow.” These pastes have plasticity to retain memories
of their motions, i.e., such as vibration or flow. However, as for
a water-rich paste with its solid volume fraction less than the
value of liquid limit, the paste has no plasticity and is unable
to remember any of its motion. Therefore, when a paste with
no memory is dried, desiccation cracks take only “isotropic
and random cellular” structures, as presented in Fig. 1(c).

B. Morphological phase diagrams of desiccation crack patterns
which reflect memory effects

Magnesium carbonate hydroxide and calcium carbonate
(CaCO:3) are typical powders which show different types of
memory effects of paste. For example, a paste of magnesium
carbonate hydroxide shows both memories of vibration and
flow, whereas CaCOj3 paste shows only memory of vibration
and it cannot remember its flow direction. To understand the
difference in memory effects between two pastes, we would
like to present a comparison between the two.

First, let us see the memory effect of a paste of magne-
sium carbonate hydroxide, which is made by mixing colloidal
particles of magnesium carbonate hydroxide with distilled
water. Figure 3(a) shows a morphological phase diagram of
desiccation crack patterns of pastes of magnesium carbonate
hydroxide, which have been vibrated horizontally immedi-
ately before drying. The paste behaves as a viscoplastic fluid
when its solid volume fraction is between the liquid limit and
plastic limit. Also, Fig. 3(a) shows that the desiccation crack

patterns of these viscoplastic pastes of magnesium carbonate
hydroxide can be divided into four types, respectively corre-
sponding to regions A, B, C, and D in the morphological phase
diagram.

The black solid curve in Fig. 3 represents a yield stress line,
on which the value of the maximum shear stress induced by
the external horizontal vibration equals that of the yield stress
of the paste. In region A below the yield stress line, a water-
poor viscoplastic paste with a high solid volume fraction is
stored in a container, the container is vibrated horizontally, but
the value of the shear stress induced by the external horizontal
vibration is smaller than that of the yield stress of the paste.
Then the paste is not deformed even under the external hori-
zontal vibration of the container, and thereby only “isotropic
and random cellular” desiccation cracks appear after
drying.

By contrast, in region B above the yield stress line,
a water-poor viscoplastic paste with a high solid volume
fraction is stored in a container, the container is vibrated
horizontally, and the value of the shear stress induced by
the external horizontal vibration exceeds that of the yield
stress of the paste. Then the paste is deformed plastically
under the external horizontal vibration of the container. It
remembers the direction of its vibrational motion, and all
primary desiccation cracks propagate in a direction perpendic-
ular to its vibrational motion, illustrating the memory effect of
vibration.

In region C a water-medium viscoplastic paste with a
medium solid volume fraction is stored in a container, and the
container is vibrated horizontally. Then the paste flows rather
than vibrates because of the low viscoplasticity of the paste.
Once it flows, it remembers its flow direction and all primary
desiccation cracks propagate along a flow direction induced
by the external horizontal vibration of the container, thereby
illustrating the memory effect of flow.

In region D a water-medium viscoplastic paste with a
medium solid volume fraction is stored in a container, but
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FIG. 3. Morphological phase diagrams of desiccation crack patterns of pastes, expressed as functions of a solid volume fraction p of
solid colloidal particles in each paste, and the strength of a horizontal vibration, expressed as a maximum acceleration 47%rf2. Here r
represents the amplitude; f represents a frequency of the vibration that pastes have experienced for 1 min before drying. Each acrylic
square container is 200 mm on each side. The final thickness of each paste after drying is about 7 mm. Open circles filled with yellow
denote “isotropic and random cellular” desiccation crack patterns. Also, blue solid diamonds denote striped desiccation crack patterns,
the direction of which is parallel to the direction of a flow induced by the vibration. Red solid squares denote striped desiccation crack
patterns, the direction of which is perpendicular to the direction of its vibrational motion. A light-blue solid vertical line shows the liquid
limit of the paste. The green solid vertical line shows the plastic limit of the paste. The black solid curve represents a yield stress line,
on which the value of the maximum shear stress induced by the horizontal vibration equals that of the yield stress of the paste. A black
broken curve represents a boundary between the vibrational motion and flow motion of paste. The black dotted curve represents a boundary
between striped cracks parallel to the flow and “isotropic and random cellular” cracks induced by turbulent flow motion. (a) Magnesium
carbonate hydroxide. Because the anisotropy of desiccation crack patterns depends on the direction of its vibrational motion in region B
and that of its flow motion in region C, the paste of magnesium carbonate hydroxide remembers the directions of its vibrational motion and
its flow motion. (b) Calcium carbonate. Because the anisotropy of desiccation crack patterns depends on the direction of its vibrational
motion in region B, the CaCO; paste remembers the direction of its vibrational motion. However, because we obtain “isotropic and
random cellular” desiccation crack patterns when the paste flows in region CD, the CaCO; paste cannot remember the direction of its flow

motion [25-27].

the container is vibrated too strongly in a horizontal direc-
tion. Then the turbulent flow appears inside the paste; the
desiccation cracks become a random-like desiccation crack
pattern, the direction of which might reflect the turbulent flow
direction.

In a region located left of liquid limit line, a water-rich
viscous paste with a low solid volume fraction below the
liquid limit is stored in a container, and the container is vi-
brated horizontally. Because of the lack of the plasticity, the
paste cannot remember any of its motions; only “isotropic and
random cellular” desiccation crack patterns appear [27].

The memory effect of CaCOj3 paste is produced by mixing
colloidal particles of calcium carbonate (Kanto Chemical Co.
Inc., Tokyo, Japan) with distilled water. Colloidal particles of
calcium carbonate are solid and difficult to dissolve in water.
The calcium carbonate density is 2.72 g/cm?. The shape of
each colloidal particle of calcium carbonate is like a rough
sand particle. The median diameter of colloidal particles of
calcium carbonate is 4.0 um, as is shown in Fig. 2(a). Yield
stress of CaCOj; paste is presented in Fig. 2(c). Since these
colloidal particles are charged positively in water and repel
each other via Coulombic repulsive force, CaCOj3 paste has a
weaker plasticity with larger values of liquid limit and plastic
limit. Figure 3(b) portrays a morphological phase diagram of
desiccation crack patterns of CaCOs; pastes, which have been
vibrated horizontally immediately before drying.

In region A below the yield stress line, a water-poor vis-
coplastic CaCOj paste with a high solid volume fraction is
stored in a container, the container is vibrated horizontally,
but the value of the shear stress induced by the external hor-
izontal vibration is smaller than that of the yield stress of the
paste. Then the CaCO; paste is not deformed even under the
external horizontal vibration of the container, so desiccation
cracks take “isotropic and random cellular” structures with
no memory of motion. By contrast, in region B above the
yield stress line, the value of the shear stress induced by the
external horizontal vibration exceeds that of the yield stress of
the CaCOj paste. Then the paste is deformed plastically under
the external horizontal vibration of the container. Therefore,
CaCOs; paste also remembers the direction of its vibrational
motion, and all primary desiccation cracks propagate in a
direction perpendicular to its vibrational motion, illustrating
the memory effect of vibration.

However, results in Fig. 3(b) show that CaCOj3 paste cannot
remember its flow direction. When a water-medium paste with
a medium solid volume fraction is vibrated, it flows rather
than vibrates, but, even though it flows, only “isotropic and
random cellular” desiccation crack patterns appear, as shown
in region CD where uniform flow or turbulent flow appear,
depending on the strength of the external vibration. Therefore,
we consider that CaCOj3 paste cannot remember its flow mo-
tion [25,26].
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C. Interparticle interactions necessary for memory effects

The major difference between the magnesium carbonate
hydroxide paste and CaCOj paste is that colloidal particles of
magnesium carbonate hydroxide are not charged in water and
that magnesium carbonate hydroxide paste can remember its
flow motion as in region C of Fig. 3(a), whereas CaCOj col-
loidal particles are charged in water and CaCOj3 paste cannot
remember its flow motion, as presented in Fig. 3(b).

Regarding the memory of vibration, almost all pastes re-
member vibrational motion because, in a water-poor paste
with a high solid volume fraction, colloidal particles are
densely packed and are located nearby. Thereby, even for
charged colloidal particles, the short-ranged van der Waals
interparticle attraction becomes the most dominant interaction
rather than long-ranged Coulombic repulsion among charged
colloidal particles. A macroscopic network structure is formed
by interparticle attraction among colloidal particles, and it is
considered that memories of vibration and flow are kept in
different forms of anisotropic network structures of colloidal
particles.

Recently, it was shown that a water-poor paste remem-
bers the direction of its vibrational motion as a form of
an anisotropic dense network structure of colloidal particles
[39]. X-ray computerized tomography observation and image
analysis were performed to the 3D arrangements of colloidal
particles in Lycopodium paste which remembers the direction
of its vibrational motion. Here the diameters of Lycopodium
colloidal particles are approximately 30 um, so we can cap-
ture the shapes and positions of colloidal particles clearly.
First, an anisotropic structure is induced mainly in the lower
part of a layer of the paste [39], because the lower layer
of the paste suffers a shear deformation when the container
is vibrated horizontally [13,37]. Second, by quantifying the
anisotropy in arrangements of neighboring colloidal parti-
cles, it was shown that there are more neighboring colloidal
particles in the direction perpendicular to the vibration of
the container. Since spatial arrangement of colloidal particles
becomes a striped pattern which extends in the perpendic-
ular direction of the vibration, anisotropic interstices also
extend in the direction perpendicular to the vibration, and
thus they play a role as a path of air penetration causing
anisotropic crack growth in the direction perpendicular to the
vibration [39].

Regarding the memory of flow, the necessary condition for
a paste to remember its flow motion is that colloidal particles
are not charged in water. For a situation in which a paste
can flow, the value of the solid volume fraction of paste is
medium and not so high, colloidal particles are not so densely
packed, and the mean distance among colloidal particles is
not so small. Consequently, the long-ranged Coulombic re-
pulsion becomes the most dominant interaction if colloidal
particles are charged in water. In such a situation, it be-
comes difficult for CaCO; paste to maintain a dilute network
structure, especially when CaCOj3 paste is deformed strongly
under flow motion. For this reason, CaCOj3 paste cannot re-
member its flow motion. By contrast, colloidal particles of
magnesium carbonate hydroxide are not charged in water.
The short-ranged van der Waals interparticle attraction among
colloidal particles is still a dominant interparticle interaction.

Therefore, they can maintain a dilute network structure even
when elongated along a flow direction. For this reason, paste
of magnesium carbonate hydroxide can remember its flow
motion [32]. We conjecture that spatial arrangement of col-
loidal particles becomes a striped pattern which extends in
the direction parallel to its flow because the dilute network
structure is elongated along the flow direction. CT observa-
tion is under preparation to reveal the spatial arrangement of
colloidal particles in a paste with a memory of flow.

To assist CaCOj3 paste in remembering its flow motion,
we merely need to add a small amount of sodium chloride
(NaCl) to the CaCO; paste. Then the long-ranged Coulom-
bic repulsion of CaCOj; colloidal particles is screened. Also,
the short-ranged van der Waals interparticle attraction among
CaCOs colloidal particles becomes the dominant interparticle
interaction even when the solid volume fraction of the paste
is medium and the paste can flow. Thereby, dilute network
structures are not broken and can be elongated along the
flow direction. They retain the information related to their
flow motions. As a result, the interparticle attraction must
be a dominant interaction for a paste to remember its flow
motion [32].

III. IMAGE ANALYSIS TO CHARACTERIZE CRACK
PATTERN ANISOTROPY

In this section we present a method of image analysis for
which we use Shannon’s information entropy to character-
ize the anisotropy of desiccation crack patterns induced by
memory effects of paste. Then we apply our image analysis to
anisotropic desiccation crack patterns induced by memory ef-
fects and quantitatively evaluate the anisotropy of desiccation
crack patterns and the strength of memories stored in these
pastes.

A. Method to characterize crack pattern anisotropy
using Shannon’s information entropy

Ideas for the evaluation of the anisotropy of crack pat-
terns have been realized in two ways: the estimation of the
orientation of fragments and that of cracks which surround
each fragment. First, the orientation of fragments is derived
by assuming each fragment to be an ellipse and by estimating
the orientation of major axis of these ellipses as an angle
distribution [51]. In another method, the anisotropy of the
orientation of each crack is analyzed by regarding each crack
fragment as a nematic liquid molecule and by calculating an
order parameter that is related to the mean orientation of the
director of nematic liquid molecules [52].

To characterize the anisotropy of striped desiccation crack
patterns made of “long and straight” primary cracks induced
by memory effects of paste, we herein propose a method by
which we adopt Shannon’s information entropy to character-
ize the anisotropy of crack patterns [53,54]. When a paste
remembers the direction of its vibrational motion, primary
desiccation cracks propagate in the direction perpendicular
to the direction of its vibrational motion before the drying
process, whereas primary desiccation cracks propagate in the
direction parallel to the flow motion when a paste remembers
the direction of its flow motion. After these primary cracks are
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FIG. 4. Method of calculating Shannon’s information entropy S, which characterizes the anisotropy of a striped desiccation crack pattern
from its original gray-scale image data. Shannon’s information entropy S is defined to detect the existence of “long and straight” primary cracks
which propagate along the y direction. (a) The initial arrangement of an original gray-scale image in xy space. In the original gray-scale image,
cracks are denoted as black or dark gray pixels. The original gray-scale image data are binarized and thinned, then black and white inversion
of the image data is performed. Finally, cracks are drawn by white pixels; noncrack domains are drawn by black pixels [Figs. 5(b)-5(d) present
the final processed images]. Shannon’s information entropy S is defined by S = — 3" | %log, %, where n; denotes the number of white pixels
in the ith column at a distance x; from the y axis; N denotes the total number of white pixels in the whole image, expressed as N = Y\ n;.
Usually we set the width of each ith column as 1 pixel, but we can set their widths as more than 1 for coarse graining. (b) Derivation of the
anisotropy in the y direction in a rotated image. The crack pattern anisotropy is systematically calculated by rotating the image by the integral
multiple of A6 = 1° counterclockwise around the center of the image to investigate the angle 0 dependence of the anisotropy of the striped
crack pattern made of “long and straight” primary cracks. If one merely rotates the square image, then the directions of four sides of the square
image deviate from x and y directions, thereby it becomes difficult to calculate Shannon’s information entropy. Therefore, instead of analyzing
the whole image, only the small square region inscribed inside the inscribed circle of the whole square image is analyzed to derive Shannon’s
information entropy S. After rotating the whole square image by the integral multiple of A@ = 1° counterclockwise around the center of the
image, directions of the four sides of this small square region are reset along the x direction or y direction; its circumscribed circle equals the
inscribed circle of the rotated whole square image. Using this method, the value of Shannon’s information entropy S decreases in the direction
of the “long and straight” primary cracks. Therefore, the angle dependence of Shannon’ s information entropy and the direction of the striped
crack pattern can be derived. (c) Schematic image of the process (b) shown on the original image (a). For process (b), the original image
is rotated counterclockwise by angle 0; the anisotropy of the crack pattern is estimated along the y direction of (b). In (c) we represent this
process (b) on the original image (a), then the anisotropy of crack pattern is estimated along a direction which is rotated by angle 6 clockwise

from the vertical y direction of (a).

formed, secondary cracks emerge in a later stage of the drying
process, but the directions of these secondary cracks are not
determined by memory effects. Instead, secondary cracks are
formed to cut long rectangles of striped structure into smaller
fragments. It is noteworthy that the primary cracks are much
longer than the secondary cracks which emerge in the later
stage. Also the primary cracks are far fewer than the sec-
ondary cracks [26]. When a paste does not remember any of
its motions and the paste is dried homogeneously in space,
many desiccation cracks can propagate in any direction; only
an “isotropic and random cellular” crack pattern is formed.
Therefore, if we simply average the orientation of cracks by
number, then the existence of a few primary cracks is ignored
when compared with many secondary cracks or many cracks
in an “isotropic and random cellular” crack pattern with no
memory effects. Therefore, we propose a third method by
which we use Shannon’s information entropy to detect the
formation of “long and straight” primary cracks induced by
memory effects of paste.

Figure 4 portrays a schematic diagram of how Shan-
non’s information entropy is calculated from photographs of

desiccation crack patterns. In the original gray-scale image,
cracks are denoted as black or dark gray pixels, as shown in
Figs. 1(a)-1(c). To evaluate the anisotropy of striped crack
patterns produced by the memory effect, first we transform the
original gray-scale image to a binarized image, subsequently
performing line thinning processing using the Zhang-Suen
thinning algorithm to crack lines [55]; then black and white in-
version is applied to the image data. Finally, cracks are drawn
by white lines composed of white pixels; noncrack domains
are drawn with black pixels, as shown in Figs. 5(b)-5(d).
Figures 1(a)-1(c) are original gray-scale images with “dark-
gray cracks and light-gray noncrack domains”; Figs. 4(a)—4(c)
and Fig. 5(a) are schematic representations of how we deal
with “binarized and thinned images” with “black crack lines
and white noncrack domains.” Also, Figs. 5(b)-5(d) are final
processed images with “white crack lines and black noncrack
domains” that we obtain after we perform “black and white
inversion” to “binarized and thinned images.” If necessary, we
perform median blur to remove background noise because of
nonuniform lightening before transforming the original gray-
scale image to a binarized image.
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FIG. 5. Calculation of Shannon’s information entropy S, which characterizes the crack pattern anisotropy from its original gray-scale
image data presented in Figs. 1(a)-1(c). (a) Angle € of the direction along which we calculate Shannon’s information entropy S and estimate
the preference for cracks to propagate. Therefore, Shannon’s information entropy S is expressed as a function of angle 0 to characterize the
direction of anisotropic striped crack pattern. Panels (b)—(d) show processed images for the calculation of Shannon’s information entropy
S. On the original gray-scale image presented in Fig. 1, cracks are drawn as black or dark gray pixels. As we apply image processing, the
original gray-scale data are binarized and thinned. Then “black and white inversion” is applied to the image data. Finally cracks are drawn
by white pixels; noncrack domains are drawn with black pixels. If necessary, we perform median blur to remove background noise caused
by nonuniform lightening before we transform the original gray-scale image to a binarized image. (b) Processed image of a striped crack
pattern with “long and straight” primary cracks along the longitudinal direction, which was presented as Fig. 1(a) and which is induced by
the memory of vibration in the “right and left” directions. (c) Processed image of a striped crack pattern with “long and straight” primary
cracks along the “right and left” directions, which was presented as Fig. 1(b) and which is induced by the memory of flow in the “right and
left” direction. (d) Processed image of an “isotropic and random cellular” crack pattern with no memory of its motion, which was presented
as Fig. 1(c). Panels (e)—(g) show Shannon’s information entropies S as functions of an angle 6 calculated from processed images of panels
(b)—(d). (e) Shannon’s information entropy S calculated from image (b) of longitudinal striped cracks induced by memory of vibration. The
global minima of S at 6 = 0° and 6 = 180° correspond to “long and straight” primary cracks in the longitudinal direction (6 = 0° and 180°)
induced by the memory of vibration in the “right and left” direction (6§ = 90°). The local minimum of S at 8 = 90° corresponds to many short
secondary cracks in the “right and left” directions, which are perpendicular to longitudinal “long and straight” primary cracks. (f) Shannon’s
information entropy S calculated from image (c) of striped cracks along the “right and left” direction induced by memory of flow. The global
minimum of § at & = 90° corresponds to “long and straight” primary cracks in the “right and left” direction (6 = 90°) induced by the memory
of flow (6 = 90°). The local minima of S at & = 0° and 180° correspond to many short secondary cracks in the longitudinal direction, which
are perpendicular to “long and straight” primary cracks in the “right and left” directions. (g) Shannon’s information entropy S calculated from
image (d) of “isotropic and random cellular” cracks. For an “isotropic and random cellular” crack pattern, there is no global minimum of §,
which means that there is no “long and straight” primary crack: the paste has no memory of its motions.

The size of square photographic image is m pixels x of vibration. Here the paste was vibrated in the x direction
mpixels. The x axis and y axis, respectively, correspond to before drying. All primary desiccation cracks propagate in
the rightward direction and the downward direction in the the y direction, which is perpendicular to the direction of its
square image, as denoted in Fig. 4(a). Also, I;; represents the vibrational motion. Of course, these “long and straight” cracks
binarized intensity of the final processed image at a position in the y direction do not appear without memory effect of
(x;,yj), where i=1,2,...,mand j=1,2,..., m. Conse- paste. Therefore, we would like to use the following method
quently, if I;; = 1 (white), then the pixel at a position (x;, y;) to find the rare event of the formation of “long and straight”
corresponds to a point on a white crack line. Also, if /; =0  primary cracks which propagate in the y direction in Fig. 4(a).

(black), then the pixel at a position (x;, y;) corresponds to a To extract the anisotropy of striped crack patterns made of
point inside a black noncrack domain. “long and straight” primary cracks which propagate along the
For example, Fig. 4(a) represents an original gray-scale im- y direction, first we define P, as the probability that a white

age of a striped desiccation crack pattern produced by memory  pixel, which represents a point on a white crack line, is located
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on the ith column at a distance x; from the reference y axis.
As depicted in Fig. 4(a), the number of white pixels in the ith
longitudinal column is expressed as

m
n; = E Iji~
=1

Also, the total number of white pixels in the whole image is
expressed,

3.

N = Zni = ZZIJ»,-. (3.2)
i=1 i=1 j=1
Therefore, probability P; is obtained as
p=" (3.3)
=N .

When a value of P, at a certain k is large, and when values
of P, at different columns (i.e., with i # k) almost vanish,
many white pixels are concentrated in the kth longitudinal col-
umn: a “long and straight” crack propagates in the y direction
along the kth longitudinal column at x;, and almost no cracks
are formed in the different columns. Because a “long and
straight” crack propagates in a longitudinal y direction along
a certain longitudinal column, we realize that formation of a
striped crack pattern is a kind of a deterministic process by
which cracks are forced to propagate in a particular direction
because of memory effects of the paste. However, when values
of P; at any ith column are almost equal, we realize that crack
formation is a random stochastic process by which cracks can
propagate in any direction.

To distinguish these two processes, i.e., a deterministic
process of anisotropic striped crack formation induced by
memory effects of paste and a stochastic process of “isotropic
and random cellular” crack formation, we use Shannon’s in-
formation entropy S to characterize these processes because
the information /; of an event i with probability of P; is ex-

pressed in terms of binary digits as
I; = —log,P,. (3.4)

Shannon’s information entropy S is introduced as the average
level of information /; by the following equation [53,54]:

S = iPz’Ii = _ipil()gzpi =
i=1

m

— Z In—\;logz%.

i=1

(3.5)

i=1

Using the method presented above, we can calculate
Shannon’s information entropy S of binarized images of
anisotropic crack patterns using Eq. (3.5). When the value of
Shannon’s information entropy S of a crack pattern is smaller
than those of “isotropic and random cellular” crack patterns,
it means that the crack pattern is anisotropic and there are
“long and straight” primary cracks which propagate along the
y direction because of the memory of vibration.

However, when the paste was vibrated not in the x direction
but in a different direction, “long and straight” primary cracks
propagate along a direction perpendicular to the direction of
the vibration, but not along the y direction, which is perpen-
dicular to the x direction. In this case there are no “long and
straight” cracks along the y direction. Therefore, when the

paste was vibrated not in the x direction but in a different
direction, the calculation of Shannon’s information entropy
cannot characterize the anisotropy of striped crack patterns
induced by the memory effect of vibration. To overcome the
difficulty explained above, the crack pattern anisotropy is
calculated systematically by rotating the image by A6 = 1°
counterclockwise around the center of the image to investigate
the angle 8 dependence of the direction of “long and straight”
primary cracks. Of course, if we just rotate the square image,
then the directions of four sides of the square image become
different from the x and y directions, as depicted in Fig. 4(b).
To avoid such a difficulty, instead of analyzing the whole im-
age, we restrict the region of the image to which we apply our
method of image analysis and come to analyze only the small
square region inside the whole image. Here the directions of
four sides of this small square region are always set as along
the x and the y direction. Its circumscribed circle is equal to
the inscribed circle of the rotated original whole image. If we
represent this process on the original image in Fig. 4(a), then
the anisotropy of crack pattern is estimated along a direction
which is rotated by angle 6 clockwise from the vertical y
direction of Fig. 4(a), as depicted in Fig. 4(c). By this calcula-
tion, the value of Shannon’s information entropy S decreases
at angle 6 of the direction of the “long and straight” primary
cracks. Therefore, we can derive the angle 6 dependence of
the direction of striped crack patterns and estimate the type of
memory, i.e., vibration or flow, and the strength of the memory
effects.

B. Results of image analysis of anisotropic striped crack
patterns induced by memory effects of paste

As described in this subsection, we perform image analysis
by which we use Shannon’s information entropy to charac-
terize the anisotropy of desiccation crack patterns induced
by paste memory effects. As examples, we apply our image
analysis to the desiccation crack patterns presented in Fig. 1.
The results are shown in Fig. 5.

First, Fig. 5(a) shows an angle 8 of the direction along
which we calculate Shannon’s information entropy S, which
is expressed as a function of angle 6, to characterize the
direction of the anisotropic striped crack pattern. Then we can
estimate the preferential direction for cracks to propagate. Fig-
ures 5(b)-5(d) show processed images for the calculation of
Shannon’s information entropy S. On the original gray-scale
image presented in Fig. 1, cracks are drawn as black or dark
gray pixels. Because the inner size of each acrylic container in
Fig. 1 is 300 mm x 300 mm, as a first step in our image analy-
sis, we rescale the size of the image data to be proportional to
its real size and then rescale the inner size of the container in
which a paste is stored as 3000 pixels x 3000 pixels. Then the
original gray-scale data are binarized and thinned, “black and
white inversion” is applied to the image data. Finally, cracks
are drawn using white pixels; noncrack domains are drawn
using black pixels.

Figure 5(b) shows a processed image of the striped crack
pattern with “long and straight” primary cracks along the
longitudinal direction, which was presented as Fig. 1(a) and
which is induced by the memory of vibration in “right and
left” direction. Next, Fig. 5(c) portrays a processed image
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of the striped crack pattern with “long and straight” primary
cracks along the “right and left” direction, which was pre-
sented as Fig. 1(b) and which is induced by the memory of
flow in the “right and left” direction. Figure 5(d) depicts a
processed image of an “isotropic and random cellular” crack
pattern with no memories of its motion, which was presented
as Fig. 1(c). Finally, Figs. 5(e)-5(g) show Shannon’s infor-
mation entropies S as functions of an angle 6 calculated from
processed images of Figs. 5(b)-5(d).

In the original gray-scale image [Fig. 1(a)] and its pro-
cessed image [Fig. 5(b)], where a water-poor paste was
vibrated in the “right and left” directions before drying and
where the resultant crack pattern obeys the memory effect
of vibration, “long and straight” primary cracks propagate in
longitudinal direction, the direction of which is perpendicular
to the vibration in “right and left” direction. We also find
that many short secondary cracks propagate in the direction
perpendicular to these “long and straight” primary cracks to
cut long rectangles into smaller pieces: few primary “long
and straight” cracks propagate in the longitudinal direction
perpendicular to its vibrational motion, although many short
secondary cracks propagate in the “right and left” direction.
Because “long and straight” primary cracks propagate along a
longitudinal direction, if we calculate Shannon’s information
entropy S of the processed image Fig. 5(b), the we obtain a
very small value of S.

If we rotate the image Fig. 5(b) counterclockwise as de-
picted in Fig. 4(b), then the direction of “long and straight”
primary cracks deviates from the longitudinal y direction and
the value of S increases. This process of image analysis can
also be described in a different way: “If we rotate the direction
along which we calculate the value of S clockwise in Fig. 5(b),
as shown in Figs. 4(c) and 5(a), then the direction along which
we calculate the value of S deviates from the direction of
longitudinal “long and straight” primary cracks and the value
of S increases.” However, as we continue to increase the angle
0 of rotation, the value of § starts to decrease again and takes
a small value again at & = 90°, as portrayed in Fig. 5(e). This
is true because the existence of many short secondary cracks
can also decrease the value of S. We realize that the value
of S at & =90° is just a local minimum. The value of S at
the local minimum 6 = 90° is larger than that of the global
minimum of S at & = 0°. It is also noteworthy that the value
of S at & = 180° becomes equal to that of & = 0° because of
the definition of S by Eq. (3.5). Therefore, Shannon’s infor-
mation entropy S defined by Eq. (3.5) can detect the existence
of “long and straight” primary cracks along the longitudinal
direction and then quantifies “the strength and the direction of
the anisotropy of striped crack pattern” and “the strength of
memory of vibration” by calculating the value of the global
minimum of S. Calculation of S can also detect many short
secondary cracks along the “right and left” direction and dis-
tinguish secondary cracks from primary cracks by comparing
a local minimum with a global minimum in a graph of S as a
function of the angle 6.

In the original gray-scale image Fig. 1(b) and its processed
image Fig. 5(c), where a container is vibrated in the “right and
left” direction before drying, a water-medium paste flows in
the same “right and left” direction. The resultant crack pattern
obeys the memory effect of flow, i.e., “long and straight”

primary cracks propagate in the “right and left” direction,
the direction of which is parallel to the flow in the “right
and left” direction. We also found that many short secondary
cracks propagate in the longitudinal direction perpendicular to
these “long and straight” primary cracks to cut long rectangles
into smaller pieces: few primary “long and straight” cracks
propagate in the “right and left” direction parallel to its flow
motion, while many short secondary cracks propagate in the
longitudinal direction. Because many short secondary cracks
propagate along the longitudinal direction, if we calculate
Shannon’s information entropy S of the image Fig. 5(c), then
we get a not too small but the small value of S induced by
many short secondary cracks.

If we rotate the image Fig. 5(c) counterclockwise as de-
picted in Fig. 4(b), then the direction of many short secondary
cracks deviates from the longitudinal y direction; the value of
S increases. However, as we continue to increase the angle
6 of rotation, the direction of “long and straight” primary
cracks approaches the longitudinal direction, the value of S
starts to decrease strongly and takes a global minimum value
at 8 = 90°, as portrayed in Fig. 5(f). Here we realize that the
value of S at & = 0° is just a local minimum. The value of §
at the local minimum 6 = 0° is larger than that of the global
minimum of § at & = 90°. Therefore, Shannon’s information
entropy S defined by Eq. (3.5) can detect the existence of
“long and straight” primary cracks along the “right and left”
direction and can quantify the strength of the anisotropy of the
striped crack pattern and the strength of memory of flow by
calculating the value of the global minimum of S. Calculation
of S can distinguish secondary cracks from primary cracks by
comparing a local minimum with a global minimum in a graph
of § as a function of the angle 6.

Figure 5(d) corresponds to a processed image of an
“isotropic and random cellular” desiccation crack pattern of
dried paste with no memories of its motion. A paste is
water-rich without plasticity. It can remember no motion it
experienced. When we examine the value of Shannon’s in-
formation entropy S of these “isotropic and random cellular”
cracks as a function of the angle 6 of rotation in Fig. 5(g), it
is apparent that the value of Shannon’s information entropy S
merely fluctuates. It has no global minimum or local minimum
that corresponds to an anisotropic crack pattern with “long
and straight” primary cracks and numerous short secondary
cracks.

Therefore, by calculating the values of Shannon’s informa-
tion entropy S of crack patterns as functions of the angle 6
of rotation, we can characterize the desiccation crack pattern
anisotropy and can quantify the strengths of memories in
pastes.

C. Time evolution of striped crack pattern formation induced
by paste memory effects

As described in this subsection, we apply image analysis to
the time evolution of the formation of anisotropic desiccation
crack patterns induced by memory effects of paste. As an
example, Fig. 6 presents results of our image analysis that
we performed for striped desiccation crack patterns induced
by the memory of flow, as presented already in Figs. 1(b)
and 5(c).

054602-10



ASSISTING AND ELIMINATING MEMORY EFFECTS OF ... PHYSICAL REVIEW E 108, 054602 (2023)

€
2P S S
[=}
=
6
(a) angle (b) 151 hr (c) 158 hr (d) 165 hr
Ze N 2 < 90 2 s
o= 0 o = “flow 2 flow
£ : - £ 3
lu o . lu o m o
: 9.0  flow : :
oo 0 30 60 90 120 150 180 s 0 30 60 90 120 150 180 “ 0 30 60 90 120 150 180
Angle 6 [deg] Angle 6 [deg] Angle 6 [deg]

(e) anisotropy of image (b) (f) anisotropy of image (c) (g) anisotropy of image (d)

FIG. 6. Shannon’s information entropy S, which estimates the time evolution of striped desiccation crack pattern of paste of magnesium
carbonate hydroxide shown in Figs. 1(b) and 5(c), the direction of which is parallel to its flow direction (memory effect of flow). (a) Angle
0 of the direction along which we calculate S. Panels (b)—(d) show processed images of time evolution of striped desiccation crack pattern
parallel to the flow direction. First a desiccation crack emerges at 144 hr after we stop vibrating the container and start drying the paste. The
times of photo taking are 151 hr in panel (b), 158 hr in panel (c), and 165 hr in panel (d), respectively. Panel (d) corresponds to Fig. 5(c). First,
primary cracks propagate straight and parallel to the flow direction in panel (b). As time passes, secondary cracks are created in the direction
perpendicular to primary cracks. At the same time, randomness increases in the morphology of the crack pattern in panel (c). However, even
though secondary cracks are produced and randomness increases, the anisotropy of primary striped cracks remains clearly until the end in
panel (d). Panels (e)—(g) show S as functions of 6 calculated from processed images (b)—(d). (e) S calculated from image (b) at 151 hr. The
global minimum of S at & = 90° corresponds to “long and straight” primary cracks in the “right and left” direction (6 = 90°) induced by the
memory of flow (6 = 90°). (f) S calculated from image (c) at 158 hr. The depth of the global minimum of S at & = 90° decreases. At the same
time, the local minima of S at & = 0° and 180° emerge because secondary cracks are created in the direction perpendicular to primary cracks
and randomness increases in the morphology of the crack pattern. (g) S calculated from image (d) at 165 hr, which corresponds to Fig. 5(f)
expressed in a different vertical scale. Even though secondary cracks are produced and randomness in the morphology of the desiccation crack
pattern increases, the global minimum of S at & = 90° does not vanish because the anisotropy of primary striped cracks still remains until
the end.

Figure 6(a) shows the angle 6 of the direction along which ~ primary cracks. At the same time, randomness increases in the
we calculate Shannon’s information entropy S. Then we es- morphology of the crack pattern in Fig. 6(c), but even though
timate the preferential direction for cracks to propagate by secondary cracks are produced and randomness increases, the
the graph of S as a function of 8. Figures 6(b)-6(d) show anisotropy of primary striped cracks remains clearly until the
processed images of the time evolution of the striped desicca- end in Fig. 6(d).
tion crack pattern parallel to the flow direction. The first crack Next we reexamine the time evolution of the formation
emerges 144 hr after we stop vibrating the container and start ~ of striped crack patterns by calculating the time evolu-
to dry the paste at a room temperature of 25°C and a low tion of Shannon’s information entropy S. Figure 6(e) shows
humidity of 40%. The formation of new cracks lasts for about Shannon’s information entropy S as calculated from image
20 hr. The times of photo-taking after we stop vibrating the Fig. 6(b) at 151 hr. The global minimum of S at§ = 90° corre-
container and start drying each paste are 151 hr in Fig. 6(b), sponds to “long and straight” primary cracks in the “right and
158 hr in Fig. 6(c), and 165 hr in Fig. 6(d). Figures 6(e)—6(g) left” direction (¢ = 90°) induced by the memory of flow. Then
show Shannon’s information entropies S as functions of an Fig. 6(f) shows Shannon’s information entropy S calculated
angle 6 calculated from processed images of Figs. 6(b)-6(d). from image Fig. 6(c) at 158 hr. The depth of the global min-
Figure 6(g) corresponds to Fig. 5(f), but in a different vertical imum of S at & = 90° decreases because randomness of the

scale. crack pattern morphology increases because of the formation
First, primary cracks propagate straight and parallel to the of secondary cracks. At the same time, the local minima of
flow direction as shown in Fig. 6(b). As time passes, sec- S at & = 0° and 180° emerge because secondary cracks are

ondary cracks are created in the direction perpendicular to created in the direction perpendicular to the primary cracks.
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Finally, Fig. 6(g) shows Shannon’s information entropy S cal-
culated from image Fig. 6(d) at 165 hr. Even though secondary
cracks are produced and randomness in the morphology of
desiccation crack pattern increases, the global minimum of §
at @ = 90° does not vanish because the anisotropy of primary
striped cracks remains until the end.

As explained above, the time evolution of the formation
of striped crack patterns can be examined quantitatively by
calculating the time evolution of Shannon’s information en-
tropies S as functions of an angle 6.

IV. EFFECTS OF ADDING STARCH TO THE CALCIUM
CARBONATE PASTE

As described herein, we investigated the effects of adding
starch to a plastic fluid that shows memory effects. CaCO3
paste is a kind of paste which can remember its vibrational
motion but which cannot remember its flow motion. First, we
found that, after adding starch colloidal particles to CaCOj3
paste, CaCOs; paste exhibits the ability to remember its flow
motion. We also found that, even when we did not add starch
colloidal particles to CaCOj3 paste, but added only a filtered
solution of a starch colloidal suspension to CaCOj paste, the
paste also exhibits the ability to remember its flow motion. We
explain the experiment methods and present the experiment
results in the following subsections.

A. Effects of adding starch colloidal particles to CaCO; paste

We use “Starch, potato” (Kanto Chemical Co. Inc., Tokyo,
Japan) as starch colloidal particles to mix with CaCOs paste.
The CaCOs; colloidal particles are solid and difficult to dis-
solve in water. Therefore, they do not change their shapes and
volumes in water. However, because starch colloidal particles
absorb water inside, starch colloidal particles in water are soft
and viscoelastic. They change their volume under pressure or
shear. For that reason, we cannot estimate the density of starch
colloidal particles in water precisely. The shape of each starch
colloidal particle in water resembles that of a round particle,
with 41 um median diameter of starch colloidal particles in
water. These starch colloidal particles are charged negatively
in water.

For the following experiments, we fix the volume of dis-
tilled water as 300 ml and change the amounts of CaCOj3
colloidal particles and starch colloidal particles which we add
to 300 ml of distilled water to make a paste. Consequently,
there are two main controlling parameters in the following
systematic experiments. In Fig. 3 a solid volume fraction,
i.e., a volume fraction of solid colloidal particles in a paste,
is selected as a controlling parameter and is presented as a
horizontal axis. Therefore, as a first controlling parameter for
the following experiments we also choose a solid volume frac-
tion of CaCOs colloidal particles in a CaCO3z-water mixture,
i.e., a volume of CaCOj; colloidal particles divided by the
sum of the volume of CaCOj colloidal particles and that of
distilled water. A second controlling parameter we choose is
the mass of dried starch colloidal particles which we add to the
CaCOs-water mixture, which includes 300 ml of distilled wa-
ter. Because starch colloidal particles absorb water and change
their volume, we cannot use a volume of soft starch colloidal
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FIG. 7. Morphological phase diagrams of desiccation crack
patterns of CaCO; pastes mixed with starch colloidal particles, ex-
pressed as a function of a solid volume fraction p of CaCOj; colloidal
particles in a CaCOj-water mixture and an amount of starch colloidal
particles added to 300 ml of distilled water in the CaCOs-water
mixture. A certain amount of CaCO; colloidal particles is mixed
with 300 ml of distilled water so that the solid volume fraction of the
CaCO;-water mixture becomes the value of p, then water-soluble
starch is added to the CaCOs-water mixture. Each square acrylic
container is 200 mm on each side. Each paste is vibrated horizontally
at an amplitude of » = 15mm and a frequency of f = 60 rpm for
5 min before drying. Open circles filled with yellow denote “isotropic
and random cellular” desiccation crack patterns. Blue solid diamonds
denote striped desiccation crack patterns, the direction of which is
parallel to the direction of a flow induced by the vibration. Red solid
squares denote striped desiccation crack patterns, the direction of
which is perpendicular to the direction of a vibration. “Black plus
symbols and a black solid curve” denote a threshold above which
the paste cannot spread, even under a horizontal vibration, because
of its strong plasticity. Therefore, the black solid curve corresponds
to the yield stress line. A black broken curve represents a boundary
between vibrational motion and flow motion of paste. A black dotted
curve represents a boundary between “isotropic and random cellular”
cracks and striped cracks induced by memory effects of paste. First,
data on horizontal axis confirm that CaCO; paste can remember the
direction of its vibrational motion but cannot remember its flow di-
rection, as already presented in Fig. 3(b). Second, data on the vertical
axis show that the starch colloidal suspension cannot remember any
of its motions. Even though CaCOj; paste and the starch colloidal
suspension cannot remember their flow motions, the morphological
phase diagram shows that, when CaCO; paste is mixed with starch
colloidal particles, it can remember not only the direction of its
vibrational motion but also its flow direction.

particles as a precise controlling parameter. Therefore, we
decide to choose a mass of dried starch colloidal particle as
a second controlling parameter.

Figure 7 shows the morphological phase diagram of the
desiccation crack pattern of CaCOj; paste mixed with starch
colloidal particles. The horizontal axis shows the solid volume
fraction of CaCOj colloidal particles in the CaCOj-water
mixture. The vertical axis shows the mass of starch colloidal
particles added to 300 ml of distilled water in the CaCO;3-
water mixture. As soon as a paste is poured into a square
acrylic container with 200 mm on each side, the container
is vibrated horizontally in one direction at a frequency of
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FIG. 8. Shannon’s information entropy S, which estimates the effect of adding starch colloidal particles, a filtered solution of starch
colloidal suspension, or water-soluble starch to CaCOj; paste. (a) Angle 6 of the direction along which we calculate S. Panels (b)—(d) show
processed images of desiccation crack patterns of CaCO; pastes mixed with starch colloidal particles in (b), mixed with a filtered solution of
starch colloidal suspension in (c), and mixed with a water-soluble starch in (d). In (b), 210 g of CaCOj colloidal particles is mixed with 300 ml
of distilled water so that the solid volume fraction of the CaCOs-water mixture becomes p = 20.5%. Then we add 90 g of starch colloidal
particles into the CaCOs-water mixture to make a paste. In (c) 90 g of dried starch colloidal particles is mixed with 300 ml of distilled water
to make a colloidal suspension of starch, and the starch colloidal particles are removed from the colloidal suspension of starch using filter
paper and then using a disposable membrane filter unit. Consequently, we are able to extract 230 g of the filtered solution from the colloidal
suspension of starch. Then 180 g of CaCOj; colloidal particles is mixed with 230 g of the filtered solution to make a paste. The solid volume
fraction of the paste is approximately 22.3%. In (d) 272 g of CaCO; colloidal particles is mixed with 300 ml of distilled water so that the solid
volume fraction of the CaCOs-water mixture becomes p = 25.0%, then we add 0.7 g of water-soluble starch into the CaCOs-water mixture
to make a paste. Each paste is vibrated horizontally at an amplitude of » = 15 mm and a frequency of f = 60 rpm for 5 min before drying.
Double-headed arrows indicate the direction along which each container is vibrated before drying. In all cases, i.e., in panels (b)—(d), striped
desiccation crack patterns are obtained, with “long and straight” primary cracks propagating along the “right and left” direction, the direction
of which is parallel to its flow direction, as shown in the morphological phase diagrams presented as Figs. 7 and 10(a). Therefore, it is apparent
that CaCOj; paste remembers its flow direction when mixed with starch colloidal particles, a filtered solution of starch colloidal suspension, or
a water-soluble starch. Panels (e)—(g) show § as functions of 6 which are calculated from processed image of (b) in (e), that of (¢) in (f), and
that of (d) in (g). In all cases, i.e., in panels (e)—(g), the global minimum of S at & = 90° corresponds to “long and straight” primary cracks in
the “right and left” direction induced by the memory of flow. The local minima of S at & = 0° and 180° correspond to many short secondary
cracks in the longitudinal direction.

f = 60rpm and with an amplitude of r = 15 mm for 5 min. particles exhibits no memory effect and that the desiccation
Therefore, the maximum strength of the absolute value of  cracks take only “isotropic and random cellular” structures,
the acceleration induced by horizontal vibration is 0.59 m/s?. which are similar to a top view of columnar joints [8—13].

After halting the horizontal vibration of the container, the  Furthermore, for the region where CaCO; colloidal particles
paste is kept still and dried at a room temperature (25 °C) and and starch colloidal particles are mixed with distilled water to
at low humidity of 40%. The desiccation cracks emerge within make a paste, the paste can remember the directions not only

a week. of vibration but also of flow, depending on the situations.

As depicted in Fig. 7, when starch colloidal particles are For example, Fig. 8 portrays the effects of adding starch
not added to CaCOj; paste as data on the horizontal axis, the colloidal particles to CaCOs3 paste in Figs. 8(b) and 8(e), a
CaCOj; paste shows memory of vibration at the high solid vol- filtered solution of starch colloidal suspension to CaCO; paste

ume fraction, whereas the paste shows only a “isotropic and  in Figs. 8(c) and 8(f), and water-soluble starch to CaCOj3 paste
random cellular” desiccation crack pattern with no memory of  in Figs. 8(d) and 8(g).

its motion at the low solid volume fraction. These results are Figures 8(b) and 8(e) show 210 g of CaCO; colloidal
the same as those presented in Fig. 3. Data shown on vertical particles mixed with 300 ml of distilled water to make a
axis indicate that the starch paste without CaCOjs colloidal CaCOg3-water mixture with a solid volume fraction of 20.5%,
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then mixed with starch colloidal particles of 90 g, and vibrated
horizontally before being dried. The CaCOj3 pastes mixed with
starch colloidal particles remember their flow direction. A
striped desiccation crack pattern is obtained, the direction of
which is parallel to the flow direction induced by the hori-
zontal vibration of the container. Figure 8(b) corresponds to
a processed image of the striped desiccation crack pattern.
Because the real inner size of the square container is 200 mm
on each side, we rescale the inner size of the container in
the image data as 2000 pixels x 2000 pixels. Figure 8(e) cor-
responds to Shannon’s information entropies S as a function
of angle 6, which are calculated from a processed image of
Fig. 8(b). In Fig. 8(e) the global minimum of S at § = 90°
corresponds to “long and straight” primary cracks in the “right
and left” directions induced by the memory of flow. The local
minima of S at # = 0° and 180° correspond to many short
secondary cracks in the longitudinal direction, which emerge
to cut “long rectangles made by “long and straight” primary
cracks” into small pieces.

To summarize, CaCOj3 paste can remember the direction of
its vibrational motion but cannot remember the direction of its
flow motion. However, by adding a proper amount of starch
colloidal particles to the CaCO3 paste, CaCO;3 paste attains
the ability to remember its flow motion.

B. Effects of adding a filtered solution of a starch colloidal
suspension to CaCO; paste

From our investigations conducted to date, we have re-
alized that interparticle attractions among colloidal particles
in water are dominant factors affecting a paste’s ability to
exhibit memory effects. For example, a water-poor CaCOj3
paste remembers the direction of its vibrational motion as a
form of anisotropic dense network structure because of the
short-ranged van der Waals interparticle attraction [39], but
because CaCO; colloidal particles are positively charged in
water, a water-medium CaCOQO; paste cannot remember its
flow direction because long-ranged Coulombic repulsion pre-
vents formation of an anisotropic dilute network structure that
keeps the memory of flow. Therefore, CaCOj3 paste gains the
ability to remember its flow direction when sodium chloride
(NaCl) is added to it because the long-ranged Coulombic re-
pulsion among positively charged CaCOj; colloidal particles is
screened by negatively charged C1~ ions and the short-ranged
van der Waals interparticle attraction among CaCOj3 colloidal
particles becomes a dominant interaction among CaCO3 col-
loidal particles [32].

As described in the preceding subsection, results indicated
that, aside from adding sodium chloride, the addition of starch
colloidal particles to CaCOj paste enables the paste to remem-
ber its flow direction. This finding suggests that the addition
of starch colloidal particles also plays the same role as that
of sodium chloride and leads to a situation in which attractive
interactions become dominant among CaCO; colloidal par-
ticles. Consequently, the memory effect of flow is obtained.
However, an important question arises.

When sodium chloride (NaCl) is added to CaCOj paste,
it dissolves completely in water as a solvent. It is ionized
as Na™ ions and Cl~ ions. The Cl~ ions are distributed to
screen Coulombic repulsion produced by positively charged

CaCOs colloidal particles [32]. However, because the median
diameter of starch colloidal particles, 41 um, is 10 times larger
than the median diameter of CaCOj3 colloidal particles, which
is 4.0 um, it seems difficult for large starch colloidal particles
to screen the Coulombic repulsion among small CaCOj; col-
loidal particles. Therefore, we come to think that the memory
of flow was not induced by starch colloidal particles. Some-
thing which dissolves from starch colloidal particles into the
solution plays an important role of inducing attractive interac-
tion among positively charged CaCOj; colloidal particles and
assists the formation of memory of flow.

To extract that material which dissolves from the starch
colloidal particles into the solution, 90 g of dried starch col-
loidal particles was mixed with 300 ml of distilled water to
make a colloidal suspension of starch; then the starch colloidal
particles were removed from the colloidal suspension of starch
using Grade 6 filter paper with 3.0 um pore size (Whatman,
GE Healthcare, Buckinghamshire, UK) and then using a dis-
posable membrane filter unit DISMIC-13HP with 0.45 um
pore size (Advantec, Tokyo, Japan). Therefore, we can extract
a filtered solution from the colloidal suspension of starch, i.e.,
a saccharide solution. Then 230 g of the filtered solution, i.e.,
a saccharide solution, is mixed with 180 g of CaCOj colloidal
particles to produce a paste. The solid volume fraction of the
paste is approximately 22.3% if one assumes that the filtered
solution density can be regarded as 1.0 g/cm?. Immediately
after the paste is poured into a square acrylic container of
200 mm on each side, the paste is vibrated horizontally in one
direction at a frequency of f = 60 rpm and with an amplitude
of r = 15 mm for 5 min; then the paste is kept still and dried
until the desiccation crack formation ends.

The resultant desiccation crack pattern is portrayed in
Fig. 8(c); Fig. 8(f) corresponds to Shannon’s information
entropies S as a function of an angle 6, which is calculated
from the processed image of Fig. 8(c). As shown in Fig. 8(f),
the global minimum of § at & = 90° corresponds to “long
and straight” primary cracks in the “right and left” direction
induced by the memory of flow. The local minima of S at
6 = 0° and 180° correspond to many short secondary cracks
in the longitudinal direction. Consequently, Figs. 8(c) and 8(f)
show that the addition of saccharide solution to CaCOj5 paste
enables the paste to remember its flow direction.

Therefore, for the memory of flow, we need not add starch
colloidal particles to CaCOj3 paste: merely adding a saccharide
solution is sufficient for the purpose.

V. EFFECTS OF ADDING SACCHARIDE SOLUTIONS
WITH DIFFERENT MOLECULAR WEIGHTS TO
CALCIUM CARBONATE PASTE

This section presents description of our systematic exper-
iments used to investigate the effects of adding saccharide
solution to CaCOj3 paste by changing the molecular weights
of saccharide in the saccharide solution.

A. Purpose of experiments conducted by adding
saccharides to CaCOj; paste

The experiments described in Sec. IV show that the ad-
dition of starch colloidal particles to CaCO; paste caused
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TABLE I. Number average molecular weights (Mn), weight
average molecular weights (Mw), and polydispersity indexes
(Mw/Mn) of saccharides.

Saccharide Mn Mw Mw/Mn
Starch, soluble, potato 21000 149 000 7.1
Dextrin in dextrin hydrate 5700 34000 6.0
Glucose 180 180 1.0

the emergence of memory of flow. They also showed that
the cause of the memory of flow is not attributable to the
addition of starch colloidal particles: saccharide solutions, i.e.,
saccharides which dissolved from the starch colloidal particles
into water, play an important role in the formation of memory
of flow.

For systematic investigation of the effects of adding sac-
charide solution to CaCO; paste on the memory formation
of flow, we use saccharides with different molecular weights,
such as water-soluble starch, dextrin, and glucose. To com-
pare the anisotropy of desiccation crack patterns, we perform
image analysis as presented in Sec. III. First, we analyze the
desiccation crack pattern morphology exhibited by CaCOj3
paste mixed with water-soluble starch, i.e., a polysaccharide.
Then, we analyze that of CaCOj5 paste mixed with dextrin, i.e.,
a polysaccharide with a lower molecular weight than that of
water-soluble starch. Finally, we examine that of CaCO; paste
mixed with glucose, a monosaccharide.

B. Experiment method of adding saccharides to CaCOj; paste

The molecular weights of the polysaccharides used in the
following experiments were measured using the method of
gel filtration chromatography with High Performance Liq-
uid Chromatography Prominence (Shimadzu Corp., Kyoto,
Japan) [56]. As saccharides, we use water-soluble-starch
called “Starch, soluble, potato” (Kanto Chemical Co. Inc.,
Tokyo, Japan), dextrin hydrate (Kanto Chemical Co. Inc.,
Tokyo, Japan), and glucose (Kanto Chemical Co. Inc., Tokyo,
Japan). Table I shows number average molecular weights
(Mn), weight average molecular weights (Mw), and polydis-
persity indexes (Mw/Mn) of saccharides which are used in
our experiments. The results of the measurements described in
Table I confirm that water-soluble starch contains the largest
number average molecular weight of 21 000, and that dextrin
contains the second largest number average molecular weight
of 5700. Glucose has the smallest number average molecular
weight of 180.

After preparing solutions of water-soluble starch, dex-
trin, and glucose dissolved in 300 ml of distilled water, we
produced pastes by mixing the solution with CaCO; col-
loidal particles. Then we conducted systematic experiments
by preparing pastes with “different solid volume fractions
of CaCOj colloidal particles in CaCOs-water mixture” and
“different saccharide concentrations in the solution.” Each
paste is vibrated horizontally in one direction at a frequency
of f = 60rpm and with amplitude of » = 15 mm for 5 min,
immediately after the paste is poured into the square acrylic
container of 200 mm on each side. Therefore, the maximum
strength of the absolute value of the acceleration induced by
horizontal vibration is 0.59 m/s?. After vibration, the pastes

are kept still and are dried at room temperature (25 °C) and
under low humidity of 40%.

Next, the obtained crack images are analyzed using Shan-
non’s information entropy S presented in Sec. III. To derive
the direction of anisotropy of the desiccation crack pattern in-
duced by memory effect, we calculate the value of Shannon’s
information entropy S as a function of a direction 6, which
reveals the direction of “long and straight” primary cracks
with the lowest value of Shannon’s information entropy S. If
the direction of the anisotropic crack pattern is 6 = 0° and
180°, then the anisotropic crack pattern shows the emergence
of memory of vibration. If the direction of the anisotropic
crack pattern is 8 = 90°, then the anisotropic crack pattern
visualizes the emergence of memory of flow.

Here we show whether CaCO; pastes mixed with water-
soluble starch, dextrin or glucose can remember the direction
of their flow motions. In Fig. 9, 272 g of CaCOj; colloidal
particles is mixed with 300 ml of distilled water for each
case, so that the solid volume fraction of the CaCQOjz-water
mixture becomes p = 25.0%. To the CaCO3-water mixture of
p = 25.0%, we add 0.7 g of water-soluble starch in Fig. 9(b),
0.8 g of dextrin in Fig. 9(c), and 0.5 g of glucose in Fig. 9(d),
to produce the respective pastes. Here, water-soluble starch
does not dissolve in water at room temperature. It dissolves
in hot water, and, once it dissolves in hot water, it remains to
be dissolved in water even when cooled to room temperature.
Therefore, in our experiment, the mixture of water-soluble
starch and distilled water is heated at 70 °C beforehand; after
water-soluble starch dissolves in hot water, the mixture is
cooled to room temperature and is mixed with CaCO;3 col-
loidal particles.

For each case in Fig. 9, a paste flows when it is vibrated
horizontally; then we dry these pastes. From Figs. 9(b) and
9(c), it is apparent that striped desiccation crack patterns are
obtained and that “long and straight” primary cracks propa-
gate along the “right and left” direction, which is parallel to
its flow direction. Therefore, it is apparent that CaCOj5 paste
remembers its flow direction when mixed with polysaccha-
rides such as water-soluble starch and dextrin. By contrast,
Fig. 9(d) shows that, even if it flows, CaCO;3 paste cannot
remember its flow direction when mixed with glucose, i.e.,
a monosaccharide.

C. Morphological phase diagram of desiccation crack patterns
of CaCOj; paste mixed with saccharides

As described in this subsection, we present experimentally
obtained results in a morphological phase diagram of desicca-
tion crack patterns of CaCOs paste mixed with saccharides
of different types, such as water-soluble starch, dextrin, or
glucose. The crack pattern anisotropy is characterized by im-
age analysis using Shannon’s information entropy S presented
in Sec. III. Figure 10(a) depicts the morphological phase di-
agram of desiccation crack patterns of CaCOj3 paste mixed
with water-soluble starch. Figure 10(b) shows a morpholog-
ical phase diagram of desiccation crack patterns of CaCOj3
paste mixed with dextrin, a polysaccharide of lower molec-
ular weight than that of water-soluble starch. Also, Fig. 10(c)
shows the morphological phase diagram of desiccation crack
patterns of CaCOj; paste mixed with glucose, a monosac-
charide. The horizontal axes in Figs. 10(a)-10(c) represent
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FIG. 9. Shannon’s information entropy S, which estimates the effect of adding water-soluble starch, dextrin, and glucose to CaCOjs paste.
(a) Angle 0 of the direction along which we calculate S. Panels (b)—(d) show processed images of desiccation crack patterns of CaCO; pastes
mixed with water-soluble starch in (b), mixed with dextrin in (c), and mixed with glucose in (d). Here 272 g of CaCOj; colloidal particles is
mixed with 300 ml of distilled water so that the solid volume fraction of the CaCO3-water mixture becomes p = 25.0%. To the CaCO;-water
mixture of p = 25.0%, we add 0.7 g of water-soluble starch in (b), 0.8 g of dextrin in (c), and 0.5 g of glucose in (d), to produce the
respective pastes. Each paste is vibrated horizontally at an amplitude of » = 15 mm and a frequency of f = 60 rpm for 5 min before drying.
Double-headed arrows indicate the direction along which each container is vibrated before drying. In cases (b) and (c), striped desiccation
crack patterns are obtained. “Long and straight” primary cracks propagate along the “right and left” direction, the direction of which is parallel
to its flow along the “right and left” direction. Therefore, it is apparent that CaCO; paste remembers its flow direction when mixed with
polysaccharides such as water-soluble starch and dextrin. By contrast, (d) shows that CaCO; paste cannot remember its flow direction when it
is mixed with glucose, i.e., a monosaccharide. Panels (e)—(g) show § as functions of 8, as calculated from the processed image of (b) in (e),
that of (c) in (f), and that of (d) in (g). For cases (e) and (f) in which “CaCOj pastes mixed with water-soluble starch or dextrin” flow before
drying, the global minimum of S at # = 90° corresponds to the “right and left” directions (6 = 90°) of “long and straight” primary cracks
induced by the memory of flow (6 = 90°), and the local minima of S at & = 0° and 180° correspond to the longitudinal direction along which
many short secondary cracks propagate to cut long rectangles made by “long and straight” primary cracks into small pieces. For a case (g) in
which “CaCOj; paste mixed with a glucose” flows before drying, there is no global minimum of S, which means that there is no “long and
straight” primary crack; the paste has no memory of its flow motion.

the solid volume fraction of CaCOj colloidal particles in the tion and flow motion of paste. A black dotted curve represents
CaCOj;-water mixture. The vertical axes show the amounts of ~ a boundary between striped cracks parallel to the flow and

saccharides added to 300 ml of distilled water in the CaCOs3- “isotropic and random cellular” cracks induced by turbulent
water mixture. flow motion.

In Figs. 10(a)-10(c), open circles filled with yellow denote Figure 10(a) shows the experimentally obtained result
“isotropic and random cellular” desiccation crack patterns. that, when a small amount of water-soluble starch, a longer

Also, blue solid diamonds denote striped desiccation crack  polysaccharide with greater molecular weight, is added to
patterns, the direction of which is parallel to the direction of =~ CaCOj3 paste, a region of memory of flow appears at a solid
a flow induced by the vibration. The red solid squares denote volume fraction of 20%-30%; also a region of memory of
striped desiccation crack patterns, the direction of which is vibration appears at a solid volume fraction of 30%—40% and
perpendicular to the direction of a vibration. “Black saltire the paste will not spread throughout the container at a solid
cross symbols and a black solid curve” represent a threshold volume fraction of greater than the plastic limit. Therefore, the
above which the paste cannot spread, even under a horizontal CaCQOs paste gains the ability to remember its flow direction
vibration, because of its strong plasticity. Therefore, the black ~ when it is mixed with a small amount of water-soluble starch.
solid curve corresponds to the yield stress line, on which the It was also found that, when a large amount of water-soluble
value of the maximum shear stress induced by a horizontal starch is added to CaCOs paste, the paste loses all of its ability
vibration equals that of the yield stress of the paste. A black to remember its motion. Only “isotropic and random-shaped”
broken curve represents a boundary between vibrational mo- cracks appear in the drying process.
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FIG. 10. Morphological phase diagrams of desiccation crack patterns of CaCOj; pastes mixed with saccharides, expressed as functions of
a solid volume fraction p of CaCOj colloidal particles in a CaCO;-water mixture and an amount of saccharide added to 300 ml of distilled
water in a CaCO;-water mixture. A certain amount of CaCOj; colloidal particles is mixed with 300 ml of distilled water so that the solid
volume fraction of the CaCO;-water mixture becomes the value of p. Then saccharide is added to the CaCOj-water mixture. Each square
acrylic container is 200 mm on each side. Each paste is vibrated horizontally at an amplitude of » = 15 mm and a frequency of f = 60 rpm for
5 min before drying. Open circles filled with yellow denote “isotropic and random cellular” desiccation crack patterns. Blue solid diamonds
denote striped desiccation crack patterns, the direction of which is parallel to the direction of a flow induced by the vibration. Red solid squares
denote striped desiccation crack patterns, the direction of which is perpendicular to the direction of a vibration. “Black saltire cross symbols
and a black solid curve” denote a threshold above which the paste cannot spread, even under a horizontal vibration, because of its strong
plasticity. Therefore, the black solid curve corresponds to the yield stress line. A black broken curve represents a boundary between vibrational
motion and flow motion of paste; a black dotted curve represents a boundary between striped cracks parallel to flow and “isotropic and random
cellular” cracks induced by turbulent flow motion. (a) CaCOj; paste mixed with water-soluble starch (polysaccharide). (b) CaCOj; paste mixed
with dextrin (polysaccharide of lower molecular weight than water-soluble starch). (¢) CaCO; paste mixed with glucose (monosaccharide). We
find that when a proper amount of polysaccharide, such as water-soluble starch or dextrin, is added to CaCOj; paste, the paste gains the ability
to remember its flow direction, whereas the paste loses its ability to remember any of its motions when too much polysaccharides is added
to CaCOs; paste. We also find that the addition of longer polysaccharides, such as water-soluble starch, has a stronger influence on inducing
the memory effect of flow and also on eliminating all memory effects. However, addition of glucose, i.e., monosaccharide, does not change

memory effects because the monosaccharide length is insufficient to influence the memory effects of paste.

Figure 10(b) shows the experimentally obtained result that,
when dextrin, a polysaccharide with a lower molecular weight
than that of water-soluble starch, is added to CaCOs; paste, a
region of memory of flow appears at a solid volume fraction
of 20%-30%; also a region of memory of vibration appears
at a solid volume fraction of 30%—40% and the paste will
not spread throughout the container at a solid volume fraction
of greater than the plastic limit. Therefore, the CaCO3 paste
also gains the ability to remember its flow direction when it is
mixed with a proper amount of dextrin. The amount of dextrin
needed to gain the memory effect of flow is greater than that
of water-soluble starch, a longer polysaccharide. The findings
also confirmed that, when a small amount of water-soluble
starch is added to CaCOs paste, the paste loses all of its ability
to remember its motion; only “isotropic and random-shaped”
cracks appear during the drying process, but the amount of
dextrin needed to eliminate the memory effect is greater than
that of water-soluble starch, a longer polysaccharide.

Figure 10(c) portrays the experimentally obtained result
that the addition of glucose, a monosaccharide, to CaCOj3
paste did not cause any change in memory effects. We con-
sider that the length of a monosaccharide is too short to change
the interaction among CaCOj3 colloidal particles in water ef-
fectively.

D. Assisting and eliminating memory effects of paste
by adding polysaccharides

Although CaCOj; paste remembers the direction of its vi-
bration, it cannot remember its flow direction. In this section,
from morphological phase diagrams of desiccation crack pat-
terns of CaCO; paste mixed with polysaccharide presented
in Figs. 10(a)-10(c), we have found that, when CaCO; paste
is mixed with a proper amount of polysaccharide, such as
water-soluble starch or dextrin, the paste obtains the ability
to remember its flow direction. By contrast, when CaCOj3
paste is mixed with any amount of monosaccharide, such as
glucose, the paste cannot obtain the ability to remember its
flow direction.

Results also indicate that the addition of small amount
of polysaccharide assists CaCOj3 paste to remember its flow
direction, whereas the addition of large amount of polysaccha-
ride eliminates the memory effects of paste. As an example,
in Fig. 11, we present results of experiments during which
we increase the amount of water-soluble starch mixed with
CaCOs; paste.

We can confirm that the addition of polysaccharide can
assist or eliminate memory effects of paste depending on the
amount of polysaccharide added to the paste. When we com-
pare the effects of adding equal amounts of polysaccharide to
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FIG. 11. Shannon’s information entropy S, which estimates the effect of adding different amounts of water-soluble starch to CaCO; paste.
Here 272 g of CaCOj colloidal particles is mixed with 300 ml of distilled water so that the solid volume fraction of the CaCO;-water mixture
becomes 25.0%. A certain amount of water-soluble starch is added to the CaCOs;-water mixture. Each paste is vibrated horizontally along the
double-headed arrow at an amplitude of » = 15 mm and a frequency of f = 60 rpm for 5 min before drying. (a) Angle 6 of the direction along
which we calculate S. Panels (b)—(d) show processed images of the desiccation crack pattern of CaCO; paste mixed with water-soluble starch.
The amounts of water-soluble starch added to 300 ml of distilled water in a CaCO3-water mixture are 0.3 g/300 ml in (b), 0.7 g/300 ml in (c),
and 1.2 g/300 ml in (d), respectively. The morphology of the desiccation crack pattern for each case is “isotropic and random cellular” in (b),
striped cracks parallel to flow in (c), and “isotropic and random cellular” in (d), respectively. Also, (c) was already depicted in Figs. 8(d) and
9(b). Panels (e)—(g) show S as functions of 6 calculated from processed images (b)—(d). (e) S calculated from image (b) of “isotropic and
random cellular” cracks. For the case of an “isotropic and random cellular” crack pattern, there is no global minimum of §, which means
that there is no “long and straight” primary crack and that the paste has no memory of its motions. (f) S calculated from image (c) of striped
cracks along the “right and left” direction induced by memory of flow. The global minimum of S at & = 90° corresponds to “long and straight”
primary cracks in the “right and left” direction induced by the memory of flow. The local minima of S at @ = 0° and 180° correspond to many
short secondary cracks in the longitudinal direction. (g) S calculated from image (d) of “isotropic and random cellular” cracks. As explained
in (e) for the case of an “isotropic and random cellular” crack pattern, there is no “long and straight” primary crack; the paste has no memory
of its motions. CaCOj paste of its solid volume fraction of p = 25.0% cannot remember any of its motion because of the lack of sufficient
plasticity. Its desiccation crack pattern becomes “isotropic and random cellular.” When the small amount of water-soluble starch is added to
CaCOs; paste as in (b) and (e), it still cannot remember any of its motions. If the proper amount of water-soluble starch is added to CaCOs;
paste as in (c) and (f), then the paste gains the ability to remember its motion, such as a flow. However, if we add too much water-soluble starch
to CaCOj paste as in (d) and (g), the paste loses its ability to remember any of its motions. Therefore, the memory effect of paste depends on
how much polysaccharides is added to the paste.

CaCOj; paste shown in Figs. 10(a) and 10(b), we realize that remember its flow direction is a situation in which a dominant
the addition of polysaccharide becomes more effective when interparticle interaction among colloidal particles in a solution
the polysaccharide is longer and when it has greater molecular  is an attraction [32]. Therefore, in the following subsections,
weight. The reasons for these mechanisms are discussed in the we describe experiments conducted to check whether the ad-
following sections. dition of polysaccharides to CaCOs3 pastes actually results in
a situation where dominant interparticle interaction among
CaCO;s colloidal particles becomes an attraction. We also dis-
cover that the addition of glucose, i.e., a monosaccharide, does
not result in a situation where dominant interparticle interac-
tion among CaCOj; colloidal particles becomes an attraction.

It was explained in Sec. V that CaCOj; pastes mixed with For this reason, the addition of glucose does not influence the
polysaccharides, such as water-soluble starch or dextrin, ob- memory effects of paste. Finally, we compare all these results
tain the ability to remember the flow direction. Our earlier ~ described in Secs. V and VI and elucidate the conditions for
reports have described that a necessary condition for a paste to the emergence of memory effects of flow.

VI. EFFECTS OF ADDING SACCHARIDES ON
INTERPARTICLE INTERACTION AMONG
COLLOIDAL PARTICLES
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A. Method to investigate interparticle interaction
by experimentation

To elucidate the dominant interparticle interactions among
colloidal particles in saccharide solutions, we pour a dilute
colloidal suspension into a test tube and observed the time
evolution of the “flocculation and sedimentation” process.
The saccharide solution is prepared by dissolving a certain
amount of saccharide in 50 ml of distilled water. Then we
mix 10 g of CaCOs colloidal particles with the saccharide
solution to make a dilute colloidal suspension. As saccharides
to mix with CaCOj colloidal suspension, we use water-soluble
starch, dextrin, and glucose. When the attractive force is the
dominant interparticle interaction among colloidal particles
in a solution, “flocculation and sedimentation” occur rapidly.
The test tube becomes transparent with a dense sedimentation
layer of CaCOj; colloidal particles at the bottom. However,
when the repulsive force is the dominant interparticle interac-
tion among colloidal particles in a solution, the sedimentation
rate is slow; the test tube remains cloudy for a long while.

B. Effects of adding saccharides on interparticle interaction

Here we present experimentally obtained results from in-
vestigating the effects of adding saccharide on interparticle
interaction among CaCQOj; colloidal particles in a solution. In
the following experiments, the inner diameter of a test tube is
22 mm, the volume of water in each test tube is 50 ml, and the
mass of CaCOj colloidal particles in each tube is 10 g. The
photographs in Figs. 12—14 were taken 5 hr after pouring the
colloidal suspension into the test tubes.

Figure 12 shows the effects of adding water-soluble starch,
a longer polysaccharide with greater molecular weight, on
interparticle interaction among CaCOj colloidal particles in a
solution. In Fig. 12 the concentrations of water-soluble starch
in the respective solutions are, from left to right, 0.0, 0.005,
0.01, 0.02, and 0.03 g/50 ml. When we do not mix water-
soluble starch into the CaCOs solution, the test tube remains
cloudy even at 5 hr after we pour the colloidal suspension
into the test tube, because the dominant interparticle inter-
action is Coulombic repulsion caused by positively charged
CaCOs; colloidal particles [32]. When a proper amount of
water-soluble starch is mixed with CaCOj solution, such as
the situations of starch concentration of 0.005, 0.01, and
0.02 g/50 ml, we observe the sedimentation of CaCO3 col-
loidal particles in the solution and the test tube becomes
transparent. This result indicates that the attraction among
CaCOs; colloidal particles becomes dominant as we mix a
proper amount of water-soluble starch with CaCOj3 solution.
However, when too much water-soluble starch is mixed with
CaCQOs; solution, such as the situation of starch concentration
of 0.03 g/50 ml, sedimentation of the CaCOj colloidal par-
ticles in the solution is too slow, and thereby the test tube
remains cloudy for a long while. This result indicates that
the dominant interaction among CaCO3 colloidal particles be-
comes repulsive when too much water-soluble starch is mixed
with the CaCO3 solution.

Figure 13 shows the effects of adding dextrin, a shorter
polysaccharide with lower molecular weight, on interparticle
interaction among CaCOj colloidal particles in a solution.
The concentrations of dextrin in each solution in Fig. 13 are,

50mm

0.0, 0.005, 0.01, 0.02, 0.03 [g/50mL]

FIG. 12. Effects of adding water-soluble starch on interparticle
interaction in a dilute suspension of CaCO; colloidal particles and
water. The photograph is taken 5 hr after pouring the colloidal
suspension into test tubes. Concentrations of water-soluble starch
in each solution are, from left to right, 0.0, 0.005, 0.01, 0.02, and
0.03 g/50ml. The first test tube from the left shows that, when we do
not mix water-soluble starch to CaCOj; solution, the test tube remains
cloudy even at 5 hr after pouring the colloidal suspension into the
test tube, because the dominant interparticle interaction is Coulombic
repulsion caused by positively charged CaCOs; colloidal particles
[32]. When a proper amount of water-soluble starch is mixed with
the CaCOs; solution, such as the situations of starch concentration
0.005, 0.01, and 0.02g/50ml, we observe the “flocculation and
sedimentation” of CaCOj; colloidal particles in the solution and the
test tube becomes transparent. This result indicates that the attraction
among CaCOj; colloidal particles becomes dominant as we mix a
proper amount of water-soluble starch with the CaCOj; solution. By
contrast, when too much water-soluble starch is mixed with CaCO;
solution, such as the situation of starch concentration 0.03 g/50 ml,
we observe that the sedimentation of CaCOs colloidal particles in
the solution is too slow and that the test tube remains cloudy. This
result indicates that the dominant interaction among CaCOj3 colloidal
particles becomes repulsive when we mix too much water-soluble
starch with the CaCO; solution.

from left to right, 0.0, 0.005, 0.01, 0.02, 0.03, 0.10, 0.15,
0.20, 0.25, and 0.30 g/50 ml. The first test tube from the
left in Fig. 13 shows that, when we do not mix dextrin to
the CaCOj solution, the test tube remains cloudy, even at
5 hr after we pour the colloidal suspension into test tubes.
When a proper amount of dextrin is mixed with CaCO3 so-
lution, such as the situations of dextrin concentration 0.10,
0.15, and 0.20 g/50 ml, we observe the “flocculation and
sedimentation” of CaCOj colloidal particles in the solution,
and the test tube becomes transparent. This result indicates
that the attraction among CaCOs; colloidal particles becomes
dominant as we mix a proper amount of dextrin with CaCO3
solution. However, when too much dextrin is mixed with
CaCOgs solution, such as the situation of dextrin concentration
0.25 g/50 ml and more, the “flocculation and sedimentation”
of CaCOs colloidal particles in the solution are too slow, and
thereby the test tube remains cloudy for a long while. This
result indicates that the dominant interaction among CaCOQOj3
colloidal particles becomes repulsive when too much dextrin
is mixed with the CaCOj solution.

From comparison of the experimentally obtained results
obtained in Figs. 12 and 13, we understand that the addition
of a proper amount of polysaccharide, such as water-soluble
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FIG. 13. Effects of adding dextrin on interparticle interaction
in a dilute suspension of CaCOj; colloidal particles and water. The
photograph is taken 5 hr after pouring the colloidal suspension into
test tubes. Concentrations of dextrin in each solution are, from left
to right, 0.0, 0.005, 0.01, 0.02, 0.03, 0.10, 0.15, 0.20, 0.25, and
0.30 g/50ml. The first test tube from the left shows that, when we
do not mix dextrin to the CaCO; solution, the test tube remains
cloudy even at 5 hr after pouring the colloidal suspension into the
test tube. When a proper amount of dextrin is mixed with CaCO;
solution, such as the situations of dextrin concentration 0.10, 0.15,
and 0.20 g/50ml, we observe the “flocculation and sedimentation” of
CaCO;j colloidal particles in the solution and the test tube becomes
transparent. This result indicates that the attraction among CaCO;
colloidal particles becomes dominant as we mix a proper amount of
dextrin with the CaCOj; solution. By contrast, when too much dextrin
is mixed with CaCOj; solution, such as the situation of dextrin con-
centration 0.25 g/50ml and more, we observe that the sedimentation
of CaCOj colloidal particles in the solution is too slow and that the
test tube remains cloudy. This result indicates that the dominant in-
teraction among CaCOj; colloidal particles becomes repulsive when
we mix too much dextrin with CaCOj; solution. We also find that, to
obtain the ability to remember its flow direction, CaCOj; paste needs
more mass concentration of dextrin than water-soluble starch. More
additional mass concentration of dextrin is necessary to eliminate
memory effects.

starch or dextrin, enables CaCOj3 paste to remember its flow
direction. At the same time, the addition of too much polysac-
charide eliminates the memory effects of paste. To obtain the
ability to remember its flow direction, CaCO3 paste needs
more mass concentration of dextrin than water-soluble starch.
Findings also indicate that a greater added mass concentration
of dextrin is necessary to eliminate memory effects than that
of water-soluble starch. These experimentally obtained results
are explainable below by considering that dextrin is a shorter
polysaccharide with lower molecular weight when compared
with water-soluble starch, i.e., a longer polysaccharide with
greater molecular weight.

Figure 14 shows the effects of adding glucose, a monosac-
charide, on interparticle interaction in a dilute suspension of
CaCOs colloidal particles and water. Even when the amount
of glucose added to the CaCOs; colloidal suspension is in-
creased, all test tubes remain cloudy. This result indicates
that the addition of monosaccharide is insufficient to influence
the memory effects of paste. Therefore, Coulombic repulsion
among positively charged CaCOj3 colloidal particles remains
dominant even when glucose is added to the CaCO3 colloidal
suspension.

50mm

0.0, 0.005, 0.01, 0.05, 0.10, 0.30, 0.50, 1.00, 1.50, 200[gl50mL]

FIG. 14. Effects of adding glucose on interparticle interaction
in a dilute suspension of CaCO; colloidal particles and water. The
photograph is taken 5 hr after pouring the colloidal suspension into
test tubes. Concentrations of glucose in each solution are, from left
to right, 0.0, 0.005, 0.01, 0.05, 0.10, 0.30, 0.50, 1.00, 1.50, and
2.00 g/50ml. The first test tube from the left shows that, when we do
not mix glucose to CaCOj; colloidal suspension, the test tube remains
cloudy, even at 5 hr after pouring the colloidal suspension into the test
tube. When we check the “flocculation and sedimentation” process in
all test tubes, we understand that, even when the amount of glucose
added to the CaCOj; colloidal suspension is increased, all test tubes
remain cloudy, indicating that Coulombic repulsion among CaCOs3
colloidal particles remains dominant even when glucose is added to
the CaCOj; colloidal suspension.

C. Comparison of interparticle interaction and memory effects

This subsection describes comparisons of experimen-
tally obtained results obtained for interparticle interaction in
Sec. VI with those of memory effects in Sec. V. The CaCO3
paste is capable of remembering the direction of its vibrational
motion, but it cannot remember its flow direction. The attrac-
tion should lead to a dominant interparticle interaction among
CaCOs; colloidal particles for the emergence of memory effect
of flow [32].

Figures 9, 10(a), 10(b), and 11 in Sec. V show that,
when CaCOj paste is mixed with polysaccharide such as
water-soluble starch or dextrin, the paste becomes capable
of remembering its flow direction. If more polysaccharide is
added to the paste, then the paste loses the ability to remem-
ber the direction of its flow and also its vibrational motion.
Figures 12 and 13 in Sec. VI show that, when a proper amount
of polysaccharide is mixed with CaCOj3 solution, we observe
the “flocculation and sedimentation” of CaCO3 colloidal par-
ticles in the solution; the test tube becomes transparent. This
result indicates that the attraction among CaCO; colloidal
particles becomes dominant as we mix a proper amount of
polysaccharide with CaCOj3 solution. By contrast, when too
much polysaccharide is mixed with CaCOj3 solution, we ob-
serve that the sedimentation of CaCOj colloidal particles in
the solution becomes too slow. The test tube remains cloudy
for a long while. This result indicates that the dominant in-
teraction among CaCOj colloidal particles becomes repulsive
when we mix too much polysaccharide with CaCOj3 solution.

These study findings also indicated that, to obtain the
ability to remember its flow direction, CaCO3 paste needs
a greater mass concentration of dextrin than water-soluble
starch. More additional mass concentration of dextrin is nec-
essary to eliminate memory effects than that of water-soluble
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starch. Table I shows that water-soluble starch is a longer
polysaccharide with greater molecular weight, whereas dex-
trin is a shorter polysaccharide with lower molecular weight.
Consequently, longer polysaccharides with greater molecular
weight induce a memory effect of flow more readily than
a shorter polysaccharide with lower molecular weight. The
addition of an extra longer polysaccharide eliminates memory
effects more readily than that of shorter saccharides.

By contrast, Fig. 10(c) in Sec. V shows that, even when
glucose, a monosaccharide, is added to CaCOj; paste, the paste
still cannot remember its flow direction for any concentration
of added glucose. Figure 14 in Sec. VI shows that all test tubes
remain cloudy for all concentrations of glucose. Therefore,
CaCOs colloidal particles disperse in the suspension for all
concentrations of glucose because Coulombic repulsion is still
a dominant interparticle interaction among charged colloidal
particles. We infer that glucose, a monosaccharide, is too short
and that its molecular weight is too low to induce an attractive
interparticle interaction among CaCQOj; colloidal particles. For
this reason, CaCO3 paste cannot remember its flow direction,
even when glucose is mixed with the paste.

Two important question remain: why does the addition
of polysaccharide, such as water-soluble starch and dextrin,
induce the ability for a paste to remember its flow direc-
tion. Why does the addition of extra polysaccharide eliminate
memory effects of flow and vibration? These mechanisms will
be discussed in the next section.

VII. DISCUSSION

For this study, we added polysaccharide, such as water-
soluble starch or dextrin, to CaCOj; paste in Sec. V and
found that the addition of polysaccharide enables the paste
to remember the direction of its flow motion. “Flocculation
and sedimentation” experiments described in Sec. VI showed
that, by adding a small amount of polysaccharide to CaCOj3
paste, CaCOs colloidal particles in the test tube form sedi-
ment and that the test tube becomes transparent with a dense
sedimentation layer of CaCOj; colloidal particles at the bot-
tom. These results indicate that the attractive interparticle
interaction among CaCO; colloidal particles is induced by
the addition of polysaccharide. Results also indicate that the
flocculation of CaCOj colloidal particles attributable to the in-
terparticle attraction results in the formation of clusters, which
form sediment in a shorter time. These clusters formed by the
interparticle attraction are inferred as the key to retaining the
memory of their flow motion in the form of an anisotropic
network structure.

Another question arises: why does the addition of polysac-
charide induce the interparticle attraction among CaCOj3
colloidal particles in a solution and enable the paste to re-
member its flow direction? To understand the mechanism, we
review the role of polymers added into a colloidal suspension
[57-63].

When neutral polymers are mixed with a colloidal suspen-
sion, flocculation of colloidal suspension is induced mainly by
two factors: by the depletion attractive force between colloidal
particles and by the adsorption of the neutral polymer on both
surfaces of two colloidal particles. The depletion attractive
force between colloidal particles is induced due to the entropic

(a) Interparticle attraction (b) Interparticle repulsion

FIG. 15. Schematic illustrations of how the addition of soluble
polysaccharides into a paste changes interparticle interactions be-
tween colloidal particles. (a) Interparticle attraction induced by a
polymer bridge between colloidal particles at low polymer concen-
tration. (b) Interparticle repulsion due to a wrapping of colloidal
particles by polymers at high polymer concentration.

effect of polymers in dispersion, because the flocculation of
colloidal particles gives the polymer larger effective volume
for larger configurational entropy [57].

The adsorption of the neutral polymer on both surfaces
of two colloidal particles is designated as polymer bridging:
long linear polymers with high molecular weight can be ad-
sorbed by more than one colloidal particle simultaneously,
thereby forming a polymer bridge between colloidal particles.
Schematic illustration of a polymer bridge between colloidal
particles is shown in Fig. 15(a). The efficiency of flocculation
of colloidal suspension by polymers is very sensitive to the
molecular weight of polymers, the concentration of colloidal
particles in colloidal suspension, and to the polymer concen-
tration. The addition of small amount of long linear polymers
with great molecular weight creates polymer bridges be-
tween colloidal particles, even at a low concentration of
colloidal particles where interparticle distances between them
are large. However, shorter linear polymers with lower molec-
ular weight are less effective at polymer bridging because
bridging via shorter linear polymers requires colloidal parti-
cles to approach each other more closely. Therefore, as the
concentration of colloidal particles increases, polymer bridg-
ing becomes more effective because the interparticle distance
between colloidal particles becomes smaller [59,60,62].

It is noteworthy that flocculation of colloidal suspension
by polymer bridging is conducted only at low polymer con-
centrations. At low polymer concentrations, colloidal particles
are only partially covered with adsorbed polymer. Therefore
there are many opportunities for polymer bridging between
different colloidal particles; flocculation of colloidal suspen-
sion occurs. As the polymer concentration increases, however,
most of the surface of each colloidal particle becomes covered
with its surrounding polymers, as is shown in Fig. 15(b).
Consequently, the chances of polymer bridging between dif-
ferent colloidal particles vanish and flocculation of colloidal
suspension does not occur [61,62].

Now we examine our experimentally obtained results pre-
sented in Secs. IV, V, and VI and assess how the addition
of polysaccharides to CaCOj3 colloidal suspension influences
the memory effects of paste. As reviewed above, for the role
of polymers added to colloidal suspension, we infer that the
addition of a small amount of polysaccharide causes polymer
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bridging: polysaccharides in the solution are adsorbed onto
the surfaces of CaCO; colloidal particles via attractive inter-
actions, such as hydrogen bonding, and form polymer bridges
between them, as is schematically shown in Fig. 15(a). As a
first example, morphological phase diagrams of desiccation
crack patterns of CaCOj3 pastes mixed with polysaccharides,
as shown in Fig. 10 of Sec. V, portray that CaCOj3 paste mixed
with polysaccharide, such as water-soluble starch or dextrin,
has the ability to remember its flow direction. By contrast,
CaCOs; paste mixed with monosaccharide, i.e., glucose, has no
ability to remember its flow direction. As a second example,
when we compare situations in which we add polysaccharides
of different types to CaCOj; paste, such as water-soluble starch
and dextrin, it is apparent that adding water-soluble starch
is more effective than adding dextrin in assisting memory
effects of flow. These experimentally obtained results are con-
sistent with the fact that the polymer bridging efficiency is
enhanced when the molecular weight of polymers is greater.
Therefore, the addition of higher concentration of smaller
polymers is not equivalent to the addition of low concentration
of large polymers, because the addition of smaller polymers,
such as glucose, cannot induce memory effect of flow even
if we add higher amount of glucose. The polymer should
be long enough to form polymer bridges between colloidal
particles.

We can also reexamine the role of polysaccharides added to
a CaCOs; colloidal suspension from experimentally obtained
results presented in Sec. VI. Comparison of Figs. 12-14,
shows that the addition of a small amount of polysaccha-
ride can induce attractive force between CaCO; colloidal
particles, which becomes dominant among interparticle in-
teractions and which results in a transparent test tube with a
dense sedimentation layer at the bottom, although the addition
of monosaccharide cannot induce attractive force between
CaCOs colloidal particles. The experimentally obtained re-
sults presented in Sec. VI also suggest that the addition of
water-soluble starch is more effective than that of dextrin
for assisting the “flocculation and sedimentation” processes.
Therefore, we infer that polymer bridging via polysaccharides
can play a role in the interparticle attraction necessary for the
formation of clusters which can keep the memory of flow.

Next, we examine the results obtained when the amount
of polysaccharide added to CaCO; paste is increased fur-
ther. From viewing the morphological phase diagrams of
desiccation crack patterns of CaCO; pastes mixed with
polysaccharide, such as water-soluble starch or dextrin, shown
in Figs. 10(a) and 10(b), one realizes that, as we increase the
polymer concentration from 0 g/300 ml, the paste gains the
ability to remember its flow motion. However, if the polymer
concentration exceeds a threshold value, then the paste loses
its ability to remember its motions not only of flow but also of
vibration. As shown in Figs. 12 and 13, when a small amount
of polysaccharide is added, the attraction between CaCOj3
colloidal particles becomes dominant and thereby the test
tube becomes transparent. However, when the polysaccharide
amount is increased further, the repulsion between CaCOj3
colloidal particles again becomes dominant and thereby the
test tube remains cloudy for a long while.

These experimentally obtained results are consistent with
the explanation of adsorption of polysaccharides on the

surface of colloidal particles. The interparticle interaction
between CaCOj; colloidal particles can be attractive or re-
pulsive depending on the amount of added polysaccharide:
attraction between colloidal particles becomes dominant when
the amount of added polysaccharide is small; repulsion be-
tween colloidal particles becomes dominant when the amount
of added polysaccharide is large. The idea of adsorption
of polysaccharides on the surface of colloidal particles can
explain that a small amount of adsorption of polymer on
the surface of colloidal particles might permit the polymer
bridging of colloidal particles leading to flocculation. How-
ever, higher amounts of adsorption engender stabilization,
i.e., the addition of a large amount of polysaccharide causes
polysaccharides in the solution to adsorb and to cover the
surface of colloidal particles, thereby causing steric repulsion
between colloidal particles [62], as is schematically shown in
Fig. 15(b). Results suggest that, because of the steric repulsion
between CaCOj; colloidal particles, the memory effects of
flow and vibration are eliminated when too much polysaccha-
ride is added to CaCOj paste.

We note that the entropic effect of polymers in dispersion
induces the depletion attractive force among colloidal parti-
cles. Thus, we consider that this depletion attractive force also
assists the formation of memory effect of flow in paste [64].
However, the entropic effect of polymers in dispersion cannot
induce repulsive interaction between colloidal particles even
when we increase the amount of polysaccharide which we add
to CaCOj; paste. Therefore, the adsorption of polysaccharides
on the surface of colloidal particles plays a dominant role in
a transition from assisting to eliminating memory effects of
paste.

We consider that results presented in this manuscript are
not limited to the situation when soluble polysaccharide is
added to a paste. We conjecture that the results are more
general, i.e., the addition of proper amounts of long adsorbing
polymers assists and eliminates memory effects of paste, and
this conjecture should be verified in future problem.

VIII. CONCLUSIONS

By experimentation, we investigated how the memory ef-
fects of paste are influenced by adding saccharides to a paste.
Results show that the addition of polysaccharides can assist
and eliminate the memory effects of paste by controlling the
amounts of polysaccharides added to the paste.

First, to characterize the anisotropy of desiccation crack
patterns induced by the memory effects of paste, we proposed
a method of image analysis to quantify the strength and the
direction of the anisotropy of crack patterns using Shannon’s
information entropy.

Then we reported results of our experiments, for which
we added starch colloidal particles to CaCO; paste. From
our series of studies conducted to date, we had confirmed
that CaCO; paste can remember the direction of its vibra-
tional motion, but it cannot remember the direction of its flow
motion. Results indicate that the addition of starch colloidal
particles to CaCO3 paste induces the paste to remember its
flow motion.

Next, we performed experiments to add water-soluble
polysaccharide, such as water-soluble starch or dextrin, to
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CaCOs; paste, which revealed that the addition of small
amounts of polysaccharide to CaCOj3 paste assists the paste to
remember its flow motion. However, the addition of glucose,
i.e., monosaccharide, cannot assist the paste to remember
its flow motion. Starch colloidal particles are apparently not
necessary to assist memory effects of flow. Some ingredients
which dissolve from starch colloidal particles into a solution,
i.e., sufficiently long water-soluble polysaccharides with suf-
ficiently great molecular weight, play an important role in
assisting the flow memory effect. Moreover, findings indicate
that the addition of a large amount of polysaccharide prevents
formation of flow memory and vibrational motion memory,
while eliminating memory effects of paste.

We then performed “flocculation and sedimentation” ex-
periments to elucidate the interparticle interaction among
CaCOs colloidal particles in a solution, which revealed that,
in an aqueous solution with low polysaccharide concentra-
tion, CaCO; colloidal particles flocculate each other and
form a sediment quickly. In an aqueous solution with a high
polysaccharide concentration, a longer time is necessary for
“flocculation and sedimentation.”

The addition of small amounts of polysaccharides to
CaCOs; paste is inferred as inducing polymer bridging be-
tween colloidal particles as interparticle attraction. It helps
to produce a macroscopic network structure that keeps the
memory of its flow motion, and thereby assists the forma-
tion of memory of flow. By contrast, the addition of large

amounts of polysaccharides induces interparticle repulsion,
which prevents the formation of all types of memory effects
because the addition of a large amount of polysaccharide
causes polysaccharides in the solution to adsorb and to cover
the colloidal particle surface, causing steric repulsion among
colloidal particles.

To summarize, results obtained from this study demon-
strate that the addition of polysaccharides to a paste can
change interparticle interactions among colloidal particles in
the paste. It can assist and eliminate the memory effects of
paste depending on the amount of polysaccharides added to
the paste. Therefore, our method of adding polysaccharides
to a paste is applicable to controlling mechanical properties
of pastes by tuning the memory effects of paste under the
addition of proper amounts of water-soluble polysaccharides.
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