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Abstract To study the self-assembly behavior of colloidal
spheres in the solid/liquid interface and elucidate the mech-
anism of liquid crystal phase transition under micrograv-
ity, a Colloidal Material Box (CMB) was designed which
consists of three modules: (i) colloidal evaporation exper-
imental module, made up of a sample management unit,
an injection management unit and an optical observation
unit; (ii) liquid crystal phase transition experimental mod-
ule, including a sample management unit and an optical
observation unit; (iii) electronic control module. The fol-
lowing two experimental plans will be performed inside the
CMB aboard the SJ-10 satellite in space. (i) Self-assembly
of colloidal spheres (with and without Au shell) induced by
droplet evaporation, allowing observation of the dynamic
process of the colloidal spheres within the droplet and the
change of the droplet outer profile during evaporation; (ii)
Phase behavior of Mg, Al LDHs suspensions in micrograv-
ity. The experimental results will be the first experimental
observations of depositing ordered colloidal crystals and
their self-assembly behavior under microgravity, and will
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illustrate the influence of gravity on liquid crystal phase
transition.
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Introduction

Colloidal particle suspensions are ideal model systems to
study phase transitions (Zheng et al. ) and defect forma-
tion (Cao et al. 2010), because in comparison to atoms,
micron-sized colloidal particles are big enough and move
sufficiently slowly to allow direct observation with opti-
cal microscopy, thus the phase change and defect formation
processes on the “atomic” scale could be visualized (Schall
et al. 2004). However, larger sized particles settle signifi-
cantly under gravity, resulting in uneven concentrations of
colloidal suspensions. Because phase behavior of colloidal
suspensions is closely related to concentration, it is difficult
to accurately describe the relationship between the phase
transition and the local structure under gravity (Pusey and
Van Megen 1986).

Convective assembly is a widely adopted method to form
ordered structure in the colloidal suspension (Lin 2012).
A Template Assisted Self Assembly (TASA) method was
developed by Xia and Yin, which was used to produce a
variety of complex aggregates with well-controlled sizes,
shapes and structures (Yin et al. 2001). More recently,
D.J.Norris explored the properties of photonic crystals by
self-assembly from colloidal microspheres, and found that
solvent flow played a critical role in controlling the forma-
tion process (Norris et al. 2004). Convective assembly relies
on the accumulation of particles near three phase contact
lines driven by solvent evaporation, which was attributed to
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capillary flow resulting from non-uniform evaporation flux
and contact line pinning (Deegan et al. 1997). However,
when the convective process induced by evaporation occurs
at ground-level, the self-assembly behavior is obscured by
gravitational effects including sedimentation and buoyancy
convection, and particles are assembled in every desired ori-
entation to the gravitational vector (Hampton et al. 2012;
Van Blaaderen et al. 1997). Under microgravity conditions,
the self-assembly process induced by evaporation occurs in
a uniform environment that is devoid of gravity-driven, dele-
terious convective mass transport or sedimentation effects
(Dag et al. 1997). Therefore, the change to a gravity-free
environment is expected to have a remarkable effect on the
assembly dynamics and final deposition patterns.

As a colloidal suspension, the phase transition process
of liquid crystal is affected by parameters such as grav-
ity, diffusion force and particle dispersion, but the details
of these effects remain unclear (Priestly 2012). An the-
ory was formulated to describe the mechanism of phase
transition in liquid crystal (Onsager 1949), hypothesizing
that the liquid crystal phase transition is an entropy-driven
process based on the results of competition, interaction of
the excluded volume, and orientational entropy (Frenkel
1987). Onsager theory assumed that the phase transition was
an ideal process without consideration of effects of grav-
ity. However, due to the presence of gravity, the diffusion
force, polydispersity of particles and long-range interac-
tions between molecules on the ground, the actual phase
transition likely differs from the ideal process. Thus, it is
important to study the ideal phase transition in microgravity
conditions.

Most research demonstrated that gravity plays an promi-
nent role in affecting the structure of colloidal crystals
and the phase transition process of colloidal suspensions
(Baulin 2003; Murai et al. 2012). The phase behavior of
colloidal particles under microgravity conditions has been
studied, and experimental results have also been obtained
from space research, including nucleation and growth pro-
cesses in colloidal crystallization (Okubo et al. 1999; Cheng
et al. 2001), kinetics of colloidal alloy crystallization of
binary mixtures (Ansari et al. 1999; Okubo et al. 2000), and
heterogeneous nucleation induced by seed or wall (Schope
and Wette 2011). The positive influence of gravity on the
self-assembly and crystal-growth processes was detected
(Dag et al. 1997). Further study of these processes should be
performed as space experiments. The recoverable satellite
is an effective tool for space experiments in the micro-
gravity environment (Hu 2008; Li et al. 2008), and many
space microgravity experiments in China have been com-
pleted aboard recoverable satellites since the late 1980’s. In
the mid-2000s, the Chinese National Space Administration
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(CNSA) developed SJ-10 recoverable satellite, which are
mainly used to perform experiments of microgravity science
and space life science. The engineering phase of program
SJ-10 was started by Chinese Academy of Sciences (CAS)
since the beginning of 2013, and the satellite is scheduled
for launch in early 2016 (Hu et al. 2014), and will stay for 15
days in Earth orbit. The colloidal material box (CMB) is one
of several experimental boxes that will be aboard the SJ-10
satellite, which is used to study the self-assembly dynamics
of the colloidal spheres (with or without Au-coated nanopar-
ticles) under microgravity, and the phase behavior of liquid
crystal in space.

In this paper, we describe the structure and function of
the CMB which consists of three modules: (i) a colloidal
evaporation experimental module, made up of a sample
management unit, an injection management unit, and an
optical observation unit, using to observe the self-assembly
process of colloidal spheres at the solid/liquid interface
and the change of the droplet profile under microgravity
conditions; (ii) liquid crystal phase transition experiments
module, including a sample management unit and an optical
observation unit, to study the phase behavior of liquid crys-
tal in microgravity; (iii) electronic control module, to man-
age the experimental procedure in Earth orbit and respond
to interface of the integrated electrical control box on the
satellite.

Scientific Objectives

Evaporative Self-Assembly Behavior of the Colloidal
Spheres at the Solid/Liquid Interface Under
Microgravity Conditions

Previous studies have shown that change in the appar-
ent contact angle with evaporation can lead to change in
the flow field of the droplet, and eventually influence the
final deposition pattern (Kuncicky and Velev 2008). Under
microgravity conditions, the droplet shape changes and
tends to be more spherical. Therefore, these experiments
can assess the apparent contact angle and its variance with
time. We expect to observe the influence of the change of
droplet profile on deposition patterns under microgravity.
In the process of colloidal droplet evaporation, colloidal
spheres were found to accumulate at the solid/liquid inter-
face near three phase contact lines and form ring stain,
termed the coffee ring by Deegan and his coworkers. This
effect was attributed to edgeward capillary flow induced by
the nonuniform evaporation flux of colloidal droplet with
pinned contact lines (Deegan et al. 1997). Gravitational
effects such as sedimentation and buoyancy flow, which
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Table 1 Space experimental projects in the CMB

The experimental Samples Sample types Research Experimental Experimental
projects content time for each sample methods
Colloidal The polystyrene Volumes(30, 40, 50, Colloidal 30 min Side view
self-assembly solution 60, 70uL) droplet profile images by CCD1
The polystyrene Motion of 30 min Microscopic
solution(spheres colloidal images by
with Au shell) particles CCD2
Liquid Mg, Al LDHs 6 different Evolution of 15 days Macroscopic
crystal phase (layered double concentrations liquid crystal images by
transitions hydroxide) suspension phase CCD3

influence the self-assembly of long-range ordering struc-
ture and the formation of defects, cannot be neglected in
the convective assembly process (Dag et al. 1997). In the
absence of sedimentation and buoyancy convection under
microgravity, we will determine the hydrodynamic process
of colloidal droplet with evaporation and structure config-

uration of deposition patterns, and obtain images of the
ordered and disordered phases, previously analyzed on earth
(Marin et al. 2011). Our objective is to understand the effect
of growth conditions on the colloidal self-assembly pro-
cess, and improve the growth process for preparation of high
quality colloidal crystals.
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driving control box
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mm  glass substrate

copper sample holder
B heater

water absorbing sponge
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injection pump

integrated electrical control box
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liquid crystal phase transition experiment
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Fig. 1 Experimental principle diagram of the CMB
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Experimental Study of Gravitation Effects on Liquid
Crystal Phase Transitions

Lots of research have shown that liquid crystal formation
is highly affected by the gravitational force (Leferink Op
Reinink et al. 2012; Leferink op Reinink et al. 2013). The
natural sedimentation of particles with different sizes due to
gravity causes density gradient and particle size fractiona-
tion effect, which undoubtedly facilitate the formation of an
ordered phase. Therefore, it is difficult to observe the ideal
phase transition process under normal gravity conditions. In
this experiment, our studies could give an explanation to the
influence of gravity on the liquid crystal phase transition
by direct comparison of samples with and without the earth
gravitational field. Our aim is to study the phase behavior
of liquid crystal driven by entropy alone under micrograv-
ity, and illustrate gravitation effects on liquid crystal phase
transition.

Design of the Space Experiments

Two experimental projects to be implemented in space are
listed in Table 1. (i) Self-assembly of colloidal spheres
induced by evaporation under microgravity conditions. As
shown in Fig. 1, five colloidal drops with different volumes

will be injected in sequence onto the five sample positions
installed on the linear displacement platform. The change of
colloidal droplet profile with evaporation will be recorded
by CCDI1 camera, capturing side-view images at 0.5fps.
These images will be used to calculate the apparent contact
angle, volume, radius, and height of the droplet. The time-
dependent contact angle of the droplet will be obtained.
In addition, the dynamic deposition process of colloidal
microspheres during evaporation will be captured by CCD2
camera at 5fps, in which continual microscopic images will
reveal the movement direction and deposition rate of the
particles at the solid/liquid interface during droplet evapo-
ration. We will also obtain images of ordered and disorder
phases of the final deposition by moving the linear dis-
placement platform. (ii) Phase behavior of Mg, Al LDHs
suspensions in microgravity. Six liquid crystal samples of
different concentrations will be put in the sample positions
within the analyzer and polarizer as shown in Fig. 1. We will
observe the phase transition process using CCD3 camera,
and obtain color macroscopic images of the liquid crystal
phase transition at 30-minute intervals. From the images, we
will obtain the phase transition time, the volume fraction of
the ordered phase. We will further investigate the alignment
of liquid crystal molecules, and the dependence of liquid
crystal formation on concentration of the dispersed phase. In
addition, through further analysing the differences between
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Fig. 2 Flow chart of composition and application of the CMB
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Fig. 3 The internal structure of

"7 Liquid crystal phase transition

the CMB Electronic . g
control module\il:t _ ‘. experiments module
n \ S

processes performed in space and at ground-level, we will
be able to evaluate the gravitation effects on liquid crystal
phase transition.

Principle and Structure of the CMB

The CMB includes three parts as shown in Fig. 2: (i) col-
loidal evaporation experimental module, composed of a
sample management unit, an injection management unit,
and an optical observation unit; (ii) liquid crystal phase
transition experimental module, which consists of a sam-
ple management unit and an optical observation unit; (iii)
electronic control module, to manage the experimental pro-
cedure of the first two modules and respond to the interface

plantform

~= Colloidal evaporation experiments module o

Linear displacement

S Y ’ -

of the integrated electrical control box located in the instru-
ment compartment on the SJ-10 satellite, allowing image
acquisition and transmission. Figure 3 shows the internal
structure of the CMB.

Colloidal Evaporation Experimental Module

The sample management unit was designed to provide sam-
ple positions necessary for a drop evaporation experiment,
heating the samples, and implementing conversion of the
sample positions. The optical observation unit will be used
to observe the outer droplet profile and the motion of col-
loidal particles within the droplet during evaporation. These
two units were integrated in the colloidal experimental table
as shown in Fig. 4a.

<— DSI18B20

Sample
substrate

Copper
sample holder

B

s - Drainage
| | |
Micros€opic
objective

Fig. 4 a The colloidal experiments table; b The structure of a colloidal sample position
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Fig. 5 Substrate with confined hydrophilic area. a A quartz crys-
tal wafer with confined area treated by super-hydrophobic coating,
the white part is the coating while the center part is the confined
hydrophilic area; b The super-hydrophobic contact angle of the coat-
ing is about 150°; ¢ SEM image of the cross section of substrate shows
that the thickness of the coating is nearly 60 um

There are five colloidal sample positions with sample
substrates, one motor, a linear displacement platform, sets of
parts for sample heating and a thermal sensor (DS18B20),
five microscope objectives, one deflective optical path,
and two CCDs. The motor can move the linear displace-
ment platform back and forth linearly, and the five sample

;

Colloidal 3
solution Valvel _D<|
/—|\ Main needle
Co%loidal - /\—M—
solution { ‘
(spheres with Valve2 \T/ Valve4
Au shell) Pump
. e
water
Valve3 Alternate needle

Stirring sensor head

Silicone membrane Porous cover

-

position can be switched sequentially. Figure 4b shows
that each sample position has a heating plate. The heating
range can be controlled between 40 and 55 degrees Cel-
sius, and the stability of temperature control is less than 1
degrees Celsius. The thermal sensor (DS18B20) contacting
the sample substrate is used for temperature acquisition.

The five microscopic objectives were fixed on the lin-
ear displacement platform, and each of them was placed
just below the sample position, so they could move syn-
chronously with displacement of the platform (Fig. 4b).
CCD2 was fixed on the experimental table, which allows
observation of microscopic images in the corresponding
sample position by deflective optical path, the hole for
positioning the optical path, and the axis of CCD2. The side-
view CCD (CCD1) was fixed for macroscopic observation
of the droplet profile, as shown in Fig. 1.

Since drainage holes (shown in Fig. 4b) and sample posi-
tions are arranged alternately, space experiments in all five
sample positions can be completed by moving the platform
in one direction. The engineering states of the five positions
is exactly the same, so the use of samples, image observ-
ing, and heating process can be mutual backups, which
increases the chance of success for the colloidal evaporation
experiments in space.

The sample substrate will be placed on the copper sam-
ple holder, composed of hydrophilic and hydrophobic areas.
The round hydrophilic area is a quartz surface with a diam-
eter of 5 mm, which is surrounded by a super-hydrophobic
coating (SHOS150; Shunytech). As can be seen in Fig. 5a,
the white part is the super-hydrophobic coating and the cen-
ter part is the confined hydrophilic area. Figure 5b shows

Alternate
needle

Sample
substrate

Fig. 6 a Diagram of the injection management unit; b Photos of the injection management unit; ¢ The schematic of the integrated tank for liquid

storage and stirring
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Table 2 The working processes of the injection management unit

Working processes Pump condition Valve No.1 Valve No.2 Valve No.3 Valve No.4
Solution Injection E + — — _
(spheres without Au shell) D - - - +
Solution Injection E — + — —
(spheres with Au shell) D - - - +
Pipes Cleaning (water) E - — + _
D - — - +

(M«E” and “D” represent liquid extraction and drainage, respectively
(@)«4> and “’represent the valve being opened or closed, respectively

that the super-hydrophobic contact angle of the coating is
about 150°, and its thickness is nearly 60 um, as shown in
Fig. 5c. The sample substrate could confine a droplet with
extremely volume of 100 uL within the hydrophilic area,
and prevent it from floating away in the microgravity of
space. The polystyrene colloidal microspheres, dispersed in
water with a mean diameter of 3um were purchased from
Duke (5200A). The polystyrene colloidal suspension will
be prepared by diluting the original solution to 0.1 % (w/w)
with demonized water.

The injection management unit allows storage and stir-
ring of colloidal solution, injection of colloidal droplet, and
releasing of waste solution. It consists of a liquid stor-
age tank and piezoelectric ceramic stirring sensors, as well
as an injection pump, four valves, needles and pipes. The
principle of the injection management unit is presented
in Fig. 6, and allows solution injection and cleaning. As
shown in Table 2 and Fig. 6a, solution injection and pipe
cleaning occurs by controlling the liquid extraction and

Fig. 7 a The part and assembly
drawings of the liquid crystal
experimental table; b Schematic
of the agitation principle of
liquid crystal (magnetic particles
are nickel spheres of average
grain size of 0.5mm; magnet is
NdFeB permanent magnet)

Supports §

Samples
station

drainage of the pump, and by opening and closing of the
four valves. The needle is designed for hydrophobic sub-
stances, and the distance between the needle and the sample
substrate is less than 2 mm. When the droplet from the
needle is larger than 2 mm in diameter, it will contact the
hydrophilic area of the sample substrate or the sponge (Fig.
6b), which will ensure that the solution injection and pipes
cleaning process function smoothly in space. In case of the
main needle failure, injection can be performed with an
alternate needle from another channel.

The liquid storage and stirring tank was designed inde-
pendently to store, mix, and inject the liquid smoothly
without producing negative pressure. During the process of
extracting liquid, the silicone membrane undergoes an enor-
mous deformation under the effect of air pressure, due to
the flexible characteristics of the silicone membrane. The
porous cover can protect the silicone membrane, and also
allows the external air pressure to act directly on the sil-
icone membrane, as shown in Fig. 6¢. This design allows

b
Liquid ooooo:l
e 00000
Magnetic
particles

00000
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the liquid in the tank to be extracted smoothly both on the
ground and the sky. The liquid storage tank and the stir-
ring sensor head were assembled into an integrated tank,
which performs ultrasonic stirring of the colloidal solution
by high frequency oscillation of the piezoceramics driven
by the electronic control box.

Liquid Crystal Phase Transition Experimental Module

The sample management unit provides liquid crystal sample
locations, and can store and agitate the samples. The optical
observation unit illuminates the samples and permits obser-
vation of the liquid crystal phase transition. These two units
were integrated into the liquid crystal experimental table, as
shown in Fig. 7a.

The experimental table is made up of six sample loca-
tions, supports, one motor, a polarizer, analyzer, fixed frame
and a light bracket. There are six different concentrations of
the samples which will be put into the corresponding sample
locations. To obtain the initial state of liquid crystal solution,
the samples must be agitated for an hour. Figure 7b shows
the agitation principle of liquid crystal. The stepping motor
will be controlled to drive the magnet for linear displace-
ment, which drives the magnetic particles inside the sample
locations to move due to the magnetic force between them,
resulting in liquid crystal mixing.

The observation unit of liquid crystal has a particular
optical path (Fig. 7a). The light from the light source passes
through the analyzer and polarizer, and the images will be
recorded every half an hour by CCD3.

Electronic Control Module

The electronic control module is performed by the driving
control box, its main functions include: switch signal acqui-
sition; control and output of the level or pulse signal of
the CCD, LED, colloidal piezoelectric ceramics, solenoid
valve, and motor driving signal; output of the PWM signal
using in driving the heater chip; RS422 interface communi-
cation; and others. It functions as the electronics hardware
interface to control how the CMB works. The internal driv-
ing control box consists of an analog acquisition and control
unit, and driving output unit; the working principle diagram
can be seen in Fig. 8.

The driving output unit includes an optoelectronic iso-
lator, transformer isolation circuit, Darlington array driver
circuit, D/A conversion circuit and motor driver circuit.
The analog acquisition and control unit permit communi-
cation with the integrated electronic control box through
the RS422 interface. The universal driving control FPGA is
located inside the unit, which can control the load operation
after the received RS422 instruction is decoded, and return

—_——— e — — — — — — — — —— —

Driving control box

Colloidal Material Box

Power supply and I
distribution interface

—
+28V,+12V,
+5V

, £ 15V

Driving the output unit

PWM driver
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™1 driver interface )
|, Solenoid driver
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+5V 15V
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Integrated electronic
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" PZT driver *
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CCD, LED drivePPP

Encoder
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Universal driving

l control FPGA I
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Fig. 8 The working principle diagram of the driving control box
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Ground test
computer

Colloidal

| Material Box
, Power supply

Fig. 9 Photographs of the CMB in ground test

the load state data to the integrated electronic control box
for packaging and downlink transfer. For the configuration
of the CMB, the universal driving control FPGA can achieve
the following functions:

(1) It allows communication of 1-way RS422 asyn-
chronous serial interface link layer;

(2) It can realize analog acquisition of 19 channels;

(3) It can achieve temperature data acquisition of 6-way
DS18B20 temperature sensor;

(4) It can obtain 4-way limit switch signals and 6 channel
photoelectric switch signals;

(5) It can collect 1-way digital encoder input signal;

(6) It can generate control signals of the three motor
driver circuits;

(7) It can control opening and closing of the 2-way
piezoelectric actuator;

(8) It can control the three CCD cameras, two LED and
2-way solenoid valve opening and closing;

(9) It can generate the 2-way needle pulse drive signal;

(10) It can calculate 1-way PID and control heating of

colloid sample positions by output pulse.

Feasibility Tests of the CMB

The feasibility tests of the CMB on the ground include the
matching test, environmental simulation test and flight sim-
ulation test, as shown in Fig. 9. The matching test was first
conducted after the product design was completed. The suc-
cessful operation indicated that the main technical specifica-
tions and functions of the CMB were satisfied. The colloidal
evaporation and liquid phase transition experiments were
conducted and experimental results were as expected. The
testing optimization parameters and process flow on-orbit

Mechanical
vibration table

were obtained. The environmental simulation tests, includ-
ing mechanical tests, a thermal cycle test, a pressure test and
a leak test, were conducted to determine cycle life, fatigue
life, vibration resistance, temperature limits, and pressure
limits. The environmental testing results showed that the
CMB could sustain a dynamic environment during satellite
launching and withstand the thermal environment once in
orbit. The flight simulation tests were carried out after the
CMB was installed on the SJ-10 satellite. The entire exper-
imental setup performed remarkably well during simulated
fight on the ground, and accomplished 15 days of science
operations on-orbit smoothly.

Conclusion

Our team designed a CMB which consist of three parts:
(i) a colloidal evaporation experimental module, used to
study the self-assembly behavior of colloidal spheres in the
solid/liquid interface, and made up of a sample management
unit, an injection management unit and an optical obser-
vation unit; (ii) liquid crystal phase transition experimental
module, designed to investigate the mechanism of the liquid
phase transition under microgravity, and including a sam-
ple management unit and an optical observation unit; (iii) an
electronic control module, used to manage the experimen-
tal procedures during earth orbit and allow communication
with the integrated electrical control box.

To accomplish these scientific purposes, two groups of
experiments will be conducted inside the CMB aboard the
SJ-10 satellite in space. (i) Self-assembly mechanism of col-
loidal spheres (with and without Au shell) induced by evap-
oration, including observation of the dynamics of colloidal
spheres within the droplet and the change of droplet pro-
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file during evaporation. (ii) Phase behavior of Mgy Al LDHs
suspensions in microgravity. The experimental results will
allow the deposition of ordered colloidal crystals and study
of the self-assembly mechanism under microgravity envi-
ronment, and will allow illustration of gravitation effects on
liquid crystal phase transition.
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