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orders of magnitude larger, but the dynamics of them is 
several orders of magnitude slower than ordinary atomic 
crystals. Therefore, they can be used as models for the 
investigation of important processes which are difficult to 
approach with atomic crystals[1]. 

As the lattice constant of colloidal crystals are usually 
of the order of micrometer or even less, their internal 
structures can be revealed by diffraction of visible light. 
Kossel line (diffracted ray) approach is one of the pivotal 
methods to observe the phase transition and growth of 
colloidal crystal. German physicist Kossel used fluorescent 
X-ray to irradiate single crystal copper and got the 
diffracted ray in 1935[2]. Clark and Ackerson adopted the 
method to study colloidal crystals in 1979[3-4]. Thereafter, 
the Kossel line method became one of the most popular 
methods for colloidal crystal research[5]. 

We designed a device to study the growth kinetics and 
phase transition of colloidal crystals on Tiangong-1 space 
laboratory module that provided a stable microgravity 
environment for a long period of time. The device is 
350×400×140 cm3 in size, 12 kg, with a maximum energy 
consuming of only 20 Watts. To maximize the resource 
utilization of Tiangong-1, the device was designed to 
possess three crystallization cells, each with two working 
positions. The in-orbit experimental procedure is under 
full control; it can be easily interrupted, restarted and/or 
reprogrammed via data injection instructions.

2.1  Design of the Device

A photograph of the inside of the device is shown in Figure 
1(a). It consists of three modules, a mechanical structure, 
an optical system and a control assembly. Each sample 
has two working positions so that both the morphology and 
the lattice structure can be monitored for the same sample. 
When a sample is moved to the diffraction position, a 
laser beam passing through it is diffracted to produce the 
Kossel lines (Figure 1b). When it is moved to the imaging 
position, a circular LED illuminates the surface so that the 
morphology of the crystal can be recorded by a camera 
(Figure 1c).   

   The mechanical structure is a cubic cage containing a 
trigonal frame with a liquid circulating system at each face 
of the frame (Figure 2a). The central axis of the trigonal 
frame is mounted on the front and back walls of the cage. 
The rotation of the frame is produced by an electrical 
motor through a pinion and a gearwheel. The angular 
position of the frame is recorded by an angle transducer 
which is a precise potentiometer to turn the value of angle 
to an analog electrical signal. It is preset so that a specific 
sample can be correctly positioned in order for the sample 
to be seen by the CCD camera through one of the two 
holes in the front wall of the cage. 

The long term stability of our colloidal solutions relies 
on the ion exchange resins which are used to extract small 
ions out of the solution. However, because the colloidal 
solution under investigation is not in direct contact with the 
ion exchange resins during the experiments, the quality of 
the crystals in the sample cell declines with time. The liquid 
circulating systems (Figure 2b) are designed to resolving 
this problem. About 3 ml of colloidal solution is stored in 
each of the two injector-like reservoirs with enough number 
of ion exchange resins to maintain the activity of colloidal 
particles. The reservoirs are connected via two plastic 
tubules to the sample cell. Each sample cell is made by 
gluing two pieces of glasses together. The inner surfaces of 
the glasses are coated with ITO to make them conductive. 
The motions of the two pistons of the injector-like reservoirs 
are in opposite directions so that no excess pressure is 
produced during the circulation of the liquid.

The imaging systems include two cameras, one for 
the high-resolution Kossel-lines and the other for the 
morphology of the samples. In the Kossel-line optics, a 473 
nm laser beam is passed through a pipe inside the trigonal 
frame to illuminate the sample cell. The diffracted rays 
form Kossel lines on a diffuse paper in front of the sample 
cell and are recorded be a CCD camera (Figure 1b). The 
morphologies of the crystals are directly imaged by another 
CCD camera (Figure 1c). 

Figure 1   (a) Photograph of the device, (b) and (c) the schematic 
diagrams for the laser beam diffraction and the direct imaging 
system, respectively. The light source for diffraction is a 473 nm 
laser and that for direct imaging is a circular LED

Figure 2   (a) Mechanical structure which is a cubic cage 
containing a trigonal frame. (b) One of the three liquid circulating 
systems on one face of the frame
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2.2  Preliminary Results
 
The device, intended for colloidal crystal growth on 
Tiangong-1, has been running in-orbit for more than six 
months. Hundreds of surface images and diffraction 
patterns have been obtained via the on-ground data 
transferring station. Examples of the experimental images 
of the three samples grown in space are shown in Figure 
3. The pictures in the first row are Kossel lines (diffraction 
patterns), and the pictures in the second row are the 
corresponding morphologies. The legibility of the images 
indicates that the device was working normally. The Kossel 
lines in Figure 3 indicate that the crystals are oriented with 
the (111) plane parallel to the surface of the glass cell. 

Using the backup device, we performed control 
experiments on the earth in parallel to the in-orbit ones. 
Hundreds of pictures similar to the ones in Figure 3 were 

obtained. The morphologies do not tell us much about the 
inner structure of the crystals. However they show that 
the crystals grown in-orbit remain static while the ones in-
ground vary with time. One gets from the Kossel lines the 
lattice constant and the orientation of the crystals. The 
darkest lines in Figure 3 are from (113), (131) and (311) 
planes. As an example, the variations with time of the 
lattice constant and orientation of the in-orbit Sample-1 
and of the on-ground Sample-1′ are compared in Figure 4. 
Sample-1′ is the backup of Sample-1. Figure 4a shows that 
the orientation of the (113) planes of Sample-1 does not 
change during the in-orbit growth while the (113) planes 
of Sample-1′ fluctuates during the on-ground growth. The 
same is true for the behavior of the lattice constant of the 
two samples (Figure 4b). The differences may arise from 
the fact that, when growing on the earth, the crystallized 
parts have a larger density than their surroundings so that 

Figure 3   Kossel lines of the three samples grown in space and their corresponding surface morphologies

Figure 4   Comparison between the variations of the lattice constant and the lattice orientation of the samples grown in-orbit and 
on ground. Black circles are on-ground data and red triangles are in-orbit data
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they induce convection of the liquid inside the sample cell. 

2.3  Conclusion

An experimental device was designed to study the growth 
kinetics and phase transition of colloidal crystals under 
microgravity conditions. It has been running well on the 
Tiangong-1 space laboratory module since its launching 
on September 29, 2011. The colloidal crystal growth is one 
of the important scientific experiments in the mission.

3  Drop Tube Experiment 

Nickel-base single crystal (SX) superalloys have been 
widely applied in advanced aeroengine for gas turbine 
blades and vanes due to their superior strength and 
fracture resistance at elevated temperatures[6-7]. In order 
to obtain a combination of good mechanical strength and 
superior high temperature capabilities, the SX superalloys 
have been heavily alloyed with Mo, W and Re, which are 
characterized by large atom mass[8-10]. 

With the rising levels of refractory alloying additions, 
grain-defect formation during directional solidification of 
SX superalloys has become an increasingly important 
problem. Although the formation of these defects is 
resultant of a number of factors, the thermosolutal 
convective instabilities induced by gravity occurring in the 
mushy zone of the solidification front in the form of dendrite 
arms are regarded as the precursor event[11]. Natural 
convection occurs when the inter-dendritic liquid is either 
depleted of heavy elements or enriched by light elements, 
thus decreasing the liquid’s local density. The gravity has 
great influence on the solidification microstructures of SX 
superalloys consequently.

Owing to the absence of gravity and consequently 
the related phenomena, the utilization of microgravity 
environment is of great importance to study the effect 
of gravity on alloy solidification[12-13]. Among all the 
microgravity facilities, long drop tube is a powerful 
instrument in earthbound laboratories[14-16]. Therefore, the 
effect of gravity on the microstructure of a SX superalloy 
was investigated by using the long drop tube.

3.1  Experiments 

A multi-component Ni-based single crystal superalloy 
SRR99 was studied, with the nominal composition Ni-
8.39Cr-5.01Co-2.92Ta-2.14Ti-9.47W-5.47Al. the SX alloy 
was prepared by the Bridgman technique. Cylindrical 
samples with a diameter of 6 mm and a length of 20 
mm were cut from the as-solidified SX alloy, and then 
were enveloped in high purity corundum crucibles. The 
microgravity experiments were carried out in a 50 m 
long drop tube from IMR, CAS. When doing experiment, 

the drop tube was evacuated to 6×10–3 Pa. Then, the 
top part of the sample was partially heated by spiral 
induction heater for about 13 s. The temperature of the 
sample was monitored using an infrared pyrometer. The 
sample was partially remelted and dropped down along 
with the crucible, subject to a microgravity conditions of 
10-6 g0 (g0 is normal gravity) for about 3.2 s. Such kind 
of the sample is referred to as mg sample hereinafter. 
For comparison, the same remelting and solidification 
experiments were carried out, except for the 50 m free 
falling. The sample obtained in this case is referred to as 
1g sample hereinafter. The re-solidified parts of all the 
samples were cut both longitudinally and transversely. 
The microstructures of the samples were observed under 
optical microscopy after mounting, grinding, polishing and 
etching. Primary dendrite arm spacings were measured on 
the transverse sections with the same distance from the 
remelting interface. Besides, the lengths of the secondary 
dendrite arms were also measured. 

3.2  Results and Discussion

The remelted length is about 6 mm for both μg sample and 
1g sample. Figure 5 illustrates the thermal histories of the 
two types of the samples. During the period of in-duction 
heating for 13 s the temperature characteristics of both 
µg sample and 1g sample were almost the same. For 1g 
sample, as soon as the power turned off, the temperature of 
the sample kept almost constant for less than 4 s. Then, the 
temperature decreased monotonously. Since solidification 
of the sample could proceed without a nucleation process, 
the sample started to solidify immediately once the 
heating process stopped. Consequently, the plateau on 
the temperature profile of 1g sample corresponded to the 

Figure 5   Temperature-time profiles of mg sample and 1g sample, 
A, corresponding to heating process, and B, to solidification 
process
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finish of its solidification, which means the solidification 
process completed in 4 s. Due to the similar cooling 
conditions for both types of the sample, the testing sample 
could solidify almost totally during the 3.24 s of free fall.

The opt ical  micrographs of Figure 6 show the 
microstructures on longitudinal sections of μg sample 
and 1g sample, respectively. The coarse dendrites at the 
lower part are the microstructures of the seed crystals. At 
the remelting interface, straight columnar dendrites grew 
from the original microstructures epitaxially, as is shown in 
area A. Besides, at the surfaces of the cylindrical samples, 
for instance area B, some wild dendrites nucleated from 
the crucible surfaces and grew toward the inside of the 
samples, the growth of which interfered the epitaxial 
growth of the dendrites from the seeds. Comparatively, 
the maximum length of the epitaxially growing columnar 
dendrites in 1g sample is about 100 μm longer than that 
in μg sample. It seems that the macrostructures of both 
samples show little difference. In order to investigate the 
influence of gravity on the growth of dendrite, solidification 
microstructures between both types of the samples are 
compared. Since the columnar dendrites in the vicinity 
of the initial growth interface grew under an approximate 
directional solidification condition, and particularly, this part 
of microstructure formed undoubtedly during microgravity 
for mg sample, in the following the detailed features of 
these columnar dendrites are investigated. 

The transverse microstructures of µg sample and 1g 

sample are shown in Figure 7. It is noticeable that the 
dendritic trunks in µg sample are coarser than those in 1g 
sample. Another interesting phenomenon is that a great 
number of fine primary dendrites exist in 1g sample, while 
few such dendrites can be found in µg sample. Figure 
8 demonstrates the distribution of primary dendrite arm 
spacing corresponding to Figure 7, and the dashed lines 
are Gaussian fits to the data points. Although the range 
of primary arm spacing varying from 40 µm to 140 µm is 
unaltered for both types of the samples, the distribution of 
primary arm spacing is more symmetrical in µg sample. 
Besides, at the peaks of the Gaussian curves, the primary 
arm spacing is 71.5 and 58.7 µm for µg sample and 1g 
sample, respectively. The average primary arm spacing 
of µg sample and 1g sample is about 85 and 71 µm, 
respectively. 

F igure 9 i l lustrates the solute concentrat ions 
measured along the core of a typical epitaxially growing 
dendrite. It is clearly that, except for W and Ta, there 
are very little variations in solute compositions along 
the dendrite core with the distance up to 1.4 mm from 
the remelting interface for both types of the samples. As 

Figure 7   Typical microstructures of SRR99 alloy on transverse 
section solidified under microgravity (a) and normal gravity (b)

Figure 6   Typical microstructures of SRR99 alloy on longitudinal 
sections of (a) μg sample, (b) 1g sample
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alloy solidification proceeds, the composition of W in µg 
sample increases gradually from about 9% to 10%. In 1g 
sample the composition of W fluctuates at the first stage 
of solidification and then keeps almost constant with the 
increase of solidification distance. For the element Ta, 
it is nearly unchanged during the first half length of the 
columnar dendrite in µg sample, and then it oscillates as 
the increase of distance. In 1g sample, the concentration 
of Ta decreases with the increase of distance from the 
remelting interface.

3.3  Conclusions

Solidification of SRR99 Ni-base single crystal alloy under 
microgravity and normal gravity conditions was carried out 
by using a 50 m long drop tube. Samples solidified under 
microgravity and normal gravity show little difference 
in macrostructure, but the dendrite microstructures are 
different. Samples solidified under microgravity are 
characterized by coarser dendritic trunks, while there 
are a great number of fine dendrites in gravity samples. 
The average primary arm spacing is about 85 mm for 
microgravity sample, while it is about 71 mm for gravity 
sample. Gravity has insignificant influence on the solute 
distribution for the elements of Al, Cr, Co and Ti in the 
present work. However, for the heavy elements such as 
W and Ta, the solute distributions during SRR99 alloy 
solidification seem to be sensitive to gravity.

4  Ground-based Research

4.1  Study on New Method and Facility for 
       Space Crystal Growth From Solution

In order to meet the requirements of the second stage of 
Chinese Manned Spaceflight, a New Generation Facility 
on Crystal Growth (NGFCG) at low temperature was 
manufactured during the last decade, by the Institute 
of Physics, CAS[17]. The main objective of the NGFCG 
design was that: (1) to develop multi-function experimental 
facilities for fundamental study on crystal growth in 
Microgravity; (2) to perform long duration experiments 
requiring an optimization of growth parameters and 
growing larger crystals in space. The breadboard model 
of NGFCG has been used to diagnose the fluid flow and 
solution concentration fields near the solid/liquid interface 
and investigate the principles, processes and methods for 
ground-based fundamental research on crystal growth of 
α-LiIO3, NaClO3, Ba(NO3)2 and Sr(NO3)2 crystals. 

Recently, a new facility has been developed, it is the 
advanced development of NGFCG and Letters Patent 
on the new technology, with the name of“The method to 
control the rate of crystal growth”has been authorized 

Figure 8   Distribution of primary arm lengths on transverse 
section of SRR99 alloy solidified under microgravity (a) and 
normal gravity (b)

Figure 9   Solute element concentrations plotted vs. distance from 
the remelting interface of the core of a primary dendrite arms for 
SRR99 alloy solidified under microgravity and normal gravity
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with number of ZL 200910077647.3 by State Intellectual 
Property Office of P. R. China, on January 5, 2011[18-19]. 
The new facility consists of the following subsystems: 
the crystal growth cell; the solution heating; the solution 
transportation; the optical observation on in-situ and 
real time; the operation panel; the electric control; the 
temperature measurement and control; the data and image 
recording and processing subsystem. Figure 10 shows the 
exterior aspect of the new generation facility.

A set of model experiments on space crystal growth 
have been conducted by the advanced development of 
NGFCG. Table 1 shows the three typical experimental 
conditions and results. Figure 11 is the photography of 
α-LiIO3 crystals growing from the solution evaporation 
technology at temperature of 70℃.

4.2  Study on Crystal Chiral Symmetry

Symmetry breaking exists extensively in nature from 
elementary particles to all living creatures. In general, 
if one is to use optically active crystals for synthetic, 
prebiotic, optical and other applications, one must be able 
to control the chirality of crystals during synthesis. It is well 
known that molecules crystallize in one of 230 possible 
space groups. Of these 230 groups, only 65 are chiral. The 
nucleation of achiral NaClO3 molecules to form optically 
chiral crystals is an example of symmetry breaking. It is 
interesting that when sodium chlorate crystallizes from 
an aqueous solution while the solution is not stirred, 
statistically equal numbers of levo- and dextro-NaClO3 
crystals are found. When the solution is stirred, however 
most of crystals (99.7 percent) have the same chirality, 
either levo- or dextro- behave. The previous researches 
have shown that there are some chiral perturbations 
profoundly to alter the chiral distribution. These include the 
seeding, the addition of the optically active co-solutes, the 

Figure 10   Exterior aspect of the advanced development of 
NGFCG

Figure 11   Photography of α-LiIO3 crystals growing from the 
model experiments of Exp.110118, Exp.090201 and Exp.091226

experimental number experimental period/h
evaporator Area/ 

cm2
evaporation rate/

(ml·h-1·cm-2)
crystal size/

mm
crystal weight/g

Exp.110118 850   9.72 0.08
Ф 34×52 122.01
Ф 32×49 103.43

Exp.090201   600   9.71 0.08
Ф 32×41 102.31
Ф 31×41 91.15
Ф 28×39  74.06

Exp.081226   504   9.70 0.08

Ф 31×44  92.61
Ф 31×43  87.44
Ф 24×42  55.49
Ф 18×30  21.92

Table 1   Three typical experimental conditions and results
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chiral beta particles and positrons et al. Although these 
findings are important for understanding mechanism of 
the chiral symmetry breaking, there are many opening 
problems to be solved. One of the questions is that if an 
applied force influences the chiral distribution. Scientists 
from Institute of Physics became aware of the question 
and investigated chiral symmetry breaking during growth 
process of NaClO3 crystal[20-22]. At recent years, they 
investigated the competition between two enantiomorphs 
for the solute through inducting nucleation by two seeds 
with opposite handedness under an ultrasonic field, in 
particular, by varying time intervals, surface areas of 
two seeds with opposite handedness introduced into 
the solution to expound the mechanism of crystal chiral 
symmetry breaking. The study result suggests that 
the realization of chiral symmetry breaking in NaClO3 
crystallization under an ultrasonic field be via a self-
seed inducing effect controlled by kinetics[23] as shows in 
Figure 12. 

Figure 12   Competition between two enantiomorphs. The panel 
represents that a L-seed first, and then a D-seed was introduced 
into their supersaturated solution saturated at 48℃. Image 
inserted shows the mean ees of the products with different time 
intervals
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