
0254-6124/2014/34(5)-757–08 Chin. J. Space Sci. ������

Wang Yuren, Dai Guoliang, Wang Jing, Feng Shaobo, Luo Xinghong, Zhou Yanfei, Chen Lidong, Yu Yude. Microgravity material

research in China: 2012–2014. Chin. J. Space Sci., 2014, 34(5): 757-764, doi:10.11728/cjss2014.05.757

Microgravity Material Research in China: 2012–2014

WANG Yuren1 DAI Guoliang1 WANG Jing1 FENG Shaobo2

LUO Xinghong2 ZHOU Yanfei3 CHEN Lidong3 YU Yude4

1(National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190)

2(Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016)

3(Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050)

4(National Key Laboratory for Optoelectronic Integration�Institute of Semiconductors,

Chinese Academy of Sciences, Beijing 100083)

Abstract During 2012–2014, the main research activities from microgravity material research were

focused on, which include study of microgravity effects on collagen fibrillogenesis and HAP crystalliza-

tion, microgravity experiments using drop tube, and research of thermoelectric materials for space.

This paper summarizes all these activities.
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1�Effect of Microgravity Effect

on Collagen Fibrillogenesis

and HAP Crystallization

Bone loss during long-term space flight is a serious

problem. It was found that over a period of 8 months

in space, bone mass loss of an astronaut lost was as

much as that of persons between ages 50 and 60[1].

Hydroxyapatite (HAP) crystals are the main

constituents of bone. The results by Fabio et al.

showed that collagen fibrils were key factors of HAP

crystallization[2]. Therefore, HAP crystallization pro-

cess will be changed if collagen fibrillogenesis changes.

Collagen fibrillogenesis is a self-assembly process,

which usually is expressed by diffusion-limited ag-

gregation (DLA)[3−4]. However, the collagen clus-

ters formed during fibrillogenesis under normal grav-

ity are influenced by gravity and caused gravity

sedimentation[5−6]. We assume that the reason of

bone mass loss under microgravity conditions is the

change of collagen fibrillogenesis and relevant changes

of HAP crystallization process. To clarify such as-

sumption, one needs to know the changes of col-

lagen fibrils and HAP crystals under normal grav-

ity (1 g) and simulated microgravity (μg) conditions

on the Earth. For this purpose, we prepared three-

dimensional collagen fibrils and cultured HAP crys-

tal on such collagen fibrils under 1 g and simulated

μg conditions. Then we observed the changes of mor-

phology of three-dimensional collagen fibrils and HAP

crystals.

1.1 Experiments

(i) Three-dimensional collagen fibrils were prepared

using Type I collagen from rat tail (Sigma Co., 9007-

34-5). 5mL Collagen solution at final concentrations

3.0mg·mL−1 was prepared. The solution was com-
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posed of (i) 20% collagen-Acetic acid solution, (ii)

69% H2O, (iii) 10% 10 × MEM (Gibco Co., 41500-

034), and (iv) 1.2% 0.1M NaOH to neutralize the pH.

All of the chemical reagents were analytically pure.

(ii) Simulated μg condition was achieved by

three dimensional clinostat. Collagen solutions at fi-

nal concentration 3.0mg·mL−1 were divided into two

groups. Collagen solutions in group 1 were placed

into a three dimensional clinostat for 30 minutes with

rotation speed of 15 rpm at 20◦C. Collagen solutions

in group 2 were placed into biochemical incubator at

20◦C for 30 minutes. Collagen fibrillation process fin-

ished during 30 minutes. Collagen fibrils in group 1

and 2 were prepared under simulated μg and 1 g con-

ditions, respectively.

(iii) HAP crystallization was conducted at

37.0◦C. Crystallization solution was 1.5 × SBF (sim-

ulated body fluid, pH = 7.4), which was prepared

according to Ref. [6]. The collagen fibrils were im-

mersed into HAP crystal growth solution for 24 hours

incubation. After that, collagen fibrils samples were

taken out and frozen dried before SEM observation.

1.2 Results and Discussion

Figure 1 showed the morphology of three-

dimensional collagen fibrils, which were fiberized un-

der simulated μg (a) and 1 g (b) conditions, respec-

tively. The amounts of cavitation in Figure 1(a) are

obviously larger than that in Figure 1(b). The di-

ameters of collagen fibrils in Figure 1(a) are much

smaller than that in Figure 1(b). These results in-

dicate that both the framework of three-dimensional

and the shape of collagen fibrils are obviously differ-

ent when collagen fibrillogenesis is conducted under

different gravity. The effect of simulated μg was to

make the framework of collagen fibrils to be more

loosed and decrease the diameter of collagen fibrils.

Such μg effect affects the HAP crystallization pro-

cess, which is showed in Figure 2. In Figure 2(a),

the shape of HAP crystals is cubic under simulated

μg condition. However, most of the HAP crystals are

plate-like under 1 g condition, which is showed in Fig-

ure 2(b). Under 1 g gravity, because of the bigger size

Fig. 1 Morphology of three-dimensional collagen fibrils,

which were fiberized under simulated µg (a) and 1 g (b)

conditions, respectively. Scale bar: 200 µm

Fig. 2 Morphology of three-dimensional collagen fibrils,

which were fiberized under simulated µg (a) and 1 g (b)

conditions, respectively. Scale bar: 2 µm

and larger amount of collagen fibrils, the amounts

of nucleation sites for HAP crystallization are much

larger than that under μg condition. This is the rea-

son of such difference of HAP morphology under dif-

ferent gravity.

1.3 Conclusions

The microgravity conditions obviously affect colla-

gen fibrillogenesis, and microgravity thus affects the

growth and morphology of HAP crystals. This re-

sult will help us to find ways to understand bone loss

mechanism in space condition.
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2�Microgravity Material Research

Activities on Drop Tube

During alloy solidification, the gravity-driven convec-

tion influences heat and mass transfer, which in turn

affects the solidification microstructures[9−11]. There-

fore, in order to understand the fundamental physi-

cal principles governing the dendritic and eutectic mi-

crostructure formation in the diffusive and convective

regime, we have performed a series of microgravity ex-

periments using drop tube in recent years, addition-

ally some other microgravity investigations have also

been proposed or are currently in development[12].

The microgravity experiments were carried out

in an evacuated 50-meter-long drop tube. During

experiments, the upper half part of cylindrical sam-

ples, which were enveloped in high purity corundum

crucibles, were melted by an induction heater at the

top of the drop tube. Then they were released and

dropped down under vacuum in the tube when given

temperatures were reached, subjecting to a micro-

gravity conditions for 3.24 s. The samples were finally

quenched into silicone oil when landing at the bottom

of the drop tube. For comparison, the same proce-

dures without free falling, i .e., melting and quench-

ing, were performed on same samples in the drop

tube. These samples were referred to as μg samples

and 1 g samples, respectively. This method was ap-

plied to investigate the influence of gravity on the

dendrite growth of Ni-Al, Ni-Ti, Ni-Co, Ni-W alloys

and SRR99 Ni-based single crystal superalloy, and

on the growth of Al-Al2Cu, Fe-Fe2Ti and Al-Al3Ni

eutectic alloys. Here we report some results about

Ni-based superalloy and Al-Al3Ni alloy.

Figure 3 shows the as-solidified macrostructures

of SRR99 alloy under microgravity and normal grav-

ity conditions, respectively. The coarse dendrites on

the lower part are the seed crystal. At the melting

interface, columnar dendrites grow epitaxially from

the seed crystal. Besides, some other dendrites nu-

cleate at the surface of the sample and grow toward

the inside, which interfere with the epitaxial growth

of the dendrites from the seeds. Because the epitax-

ial growth of the columnar dendrites in the vicinity

of the initial growth interface surely proceed during

free falling for μg sample, the study of this work was

focused mainly on this part.

The transverse microstructures of μg sample and

1 g sample are shown in Figure 4. It is noted that the

dendrite trunks are fine in both samples. The mea-

sured primary and secondary dendrite arm spacing

at different distances from the melting interface is

shown in Figure 5. The primary arm spacing of both

samples increase with the distance away from the in-

terface, and the spacing of 1 g sample which is larger

than that of μg sample. The secondary arm spacing

of μg sample is almost constant with the increase of

distance away from the melting interface, while that

of 1 g sample increases slowly. The secondary arm

spacing of μg sample is smaller than that of 1 g sam-

ple at the same location.

Fig. 3 Macrostructures of ingots solidified in (a)

microgravity and (b) unit gravity

Fig. 4 Typical microstructures on transverse sections of

samples solidified under (a) microgravity

and (b) normal gravity
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Since the cooling rate decreases gradually dur-

ing solidification, the growth of some dendrite tips,

for example, those behind the close dendrites, is

blocked, which therefore, lead to the increase of pri-

mary arm spacing, as shown in Figure 5. Com-

pared to μg sample, gravity-induced convection en-

hances the transfer of heat and mass at the front of

the tips of leading dendrites, resulting in a higher

growth rate of them[13]. Thus, more dendrites tips be-

hind them stopped growing, which causes 1 g sample

having larger primary arm spacing. The secondary

arm spacing mainly depends on the local solidifica-

tion in mushy zone. Since the microscope convection

in the mushy zone will increase the solute transport,

and therefore increase the growth rate of secondary

arms, the secondary arm spacing of 1 g sample be-

come larger compared with that of μg sample.

The influence of gravity on the growth of eutec-

tic microstructures was studied in a similar way. Al-

Al3Ni eutectic alloy was solidified with a series of so-

lidification parameters under both microgravity and

normal gravity. Figure 6 shows the microstructures

of μg sample and 1 g sample, respectively. It shows

that the microstructures of both μg samples and 1 g

samples are composed of α-Al phase matrix and reg-

ularly arrayed rod-like Al3Ni phase. The inter-rod

spacing distributions of Al3Ni phase were determined

by individually measuring the distances between each

nearest neighbor rods, and the results are shown in

Figure 7. It indicates that the inter-rod spacing dis-

tribution peak value and range of μg sample are larger

than those of 1 g sample at same growth rate. In addi-

tion, the spacing distribution peak values and ranges

under both conditions decrease gradually with the in-

crease of solidification velocity. Furthermore, from

Figure 8 which shows the trend of change of average

eutectic spacing with growth rate, it can be found

that, with the growth rate increasing, the difference

between the average spacing under the two gravity

levels reduces gradually, even though they both re-

duce gradually and the average spacing under μg is

always larger than that under 1 g.

During the coupled growth of the Al-Al3Ni eu-

tectic, under the effect of diffusion, Al and Ni ele-

ments would segregate separately at the fronts of α-Al

phase and Al-Al3Ni phase. This would lead to local

element enrichment in the solute boundary layer, and

correspondingly, change the local melt density. Un-

der the influence of buoyancy convection, the melt

rich in Al, which is lighter than the homogenous melt

ahead of the growth front, would move up. As a re-

sult, Ni concentration in the solute boundary layer

would go up, and consequently, the eutectic spacing

has to get closer to keep phase equilibrium. While

under μg condition, no buoyancy convection exists

any more, the eutectic spacing would be selected by

a nearly pure diffusion process. Besides, due to the

rise of Ni concentration in the solute boundary layer,

the effective diffusion coefficient under normal gravity

becomes larger. To validate the hypothesis, the Al

Fig. 5 Primary (a) and secondary (b) dendrite arm spacing at different locations in µg sample and 1 g sample
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Fig. 6 SEM images showing the cross section microstructures of the samples grown at V = 1912 µm·s−1 under (a) 1 g

and (b) µg, V = 1075 µm·s−1 under (c) 1 g and (d) µg, respectively

Fig. 7 (a) Effect of gravity level on eutectic spacing

distribution at V = 1075 µm·s−1 and effect of

growth rate on eutectic spacing distribution

under (b) 1 g and (c) µg

Fig. 8 Change of the average eutectic spacing

with growth rate

contents at different distances along the growth di-

rection within zone B in each sample are determined

by EDAX, and the result (Figure 9) shows that the

Al contents increase with growth proceeding upwards

in every 1 g sample, while those in μg samples keeps

almost unchanged.

It can also be observed in this work that the

effect of buoyancy convection on the eutectic spac-

ing is closely related with dynamic factors, such as

growth rate. With acceleration growth, the differ-

ences of eutectic spacing and Ni content at the same

growth section between 1 g and mg samples are both

diminishing. This is proved by experiment that only

when growth rate is smaller than convection rate,

convections driven by gravity play an important role

in the formation of eutectic solidification microstruc-

ture, and larger the difference between the growth

rate and convection rate, more important role gravity

will play. It can be estimated that once the growth
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Fig. 9 Al content distribution along the growth direction in (a) 1 g samples and (b) µg samples

rate go beyond the convection rate, gravity con-

vection will have no effect on the solidification mi-

crostructure any more.

3�Research of Thermoelectric
Materials for Space

Thermoelectric conversion has attracted much inter-

est for the application in electronic cooling, waste

heat recovery and space power source, because it is

silent in operation and highly reliable with no mov-

ing parts as well as long operation life when installed

at any angle[14−15]. The conversion efficiency of ther-

moelectric devices is greatly related with the figure-

of-merit (ZT) of thermoelectric materials and tem-

perature difference. As for a given thermoelectric

material system, the chemical composition and mi-

crostructure is a major factor influencing the ther-

moelectric performance. There are many types of

thermoelectric materials, which can be divided into

three categories according to the working tempera-

ture. Bi2Te3-based alloys are well-known as the best

Peltier cooling materials currently used near room

temperature and good power generation materials

at about 250◦C[16−17]. Doped or filled CoSb3-based

skutterudite compounds have high ZT values and are

regarded as one of the promising materials working

at medial temperature range[18−21]. CoSb3-Bi2Te3-

based cascade components and integrated systems are

currently being developed to support the future deep

space exploration missions.

3.1 Results of Space Experiment of

Bi2Se0.21Te2.79 Crystal

In space microgravity environment, the buoyancy-

driven convection, sedimentation and hydrostatic

pressures in the process of crystal growth can be

validly suppressed, therefore compositional homo-

geneity and structural integrity can be improved

greatly. The n-type Bi2Se0.21Te2.79 crystal was grown

under microgravity conditions by zone melting on the

Foton-M3 spacecraft of Russia in 2007[22]. The dis-

tribution of chemical composition along growth direc-

tion and XRD results show that compositional homo-

geneity and crystallization of space-grown crystal are

obviously improved. The highest ZT values of 1.14

and 0.88 are obtained at 300K for space- and ground-

grown crystals along crystal growth direction, respec-

tively. The ZT value of space-grown crystal is higher

than that of ground-grown crystal in the temperature

range 300–500K, suggesting that high crystallization

under microgravity conditions is beneficial to Bi2Te3-

based thermoelectric materials.

3.2 Ground-based Research of

Thermoelectric Materials

In order to understand the inherent law of the solute

transport of multi-component system in the process

of crystal growth, and to reveal the influence of com-

positional and micro-structural change of thermoele-
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Fig. 10 Product photo of a Bi0.52Sb1.48Te3 ampoule

Fig. 11 Scanning electron microscopy images for Bi0.52Sb1.48Te3samples grown at the rate of

(a) 3mm·h−1, (b) 5 mm·h−1, and (c) 7mm·h−1

ctric material on thermoelectric transport properties,

the crystal of p-type Bi0.52Sb1.48Te3 is planning to

be grown on Tiangong-2 target spacecraft. A series

of ground experiment has been carried out since 2011.

Figure 10 shows a quartz crucible for Bi0.52Sb1.48Te3,

which is made of two-double quartz structure. The

total length of the ampoule is 260 ± 0.2mm and the

diameter of the ampoule is 16–0.2mm. The dimen-

sion of Bi0.52Sb1.48Te3 ingot in the ampoule is 7.6±
0.2mm in diameter and 55± 0.2mm in length. The

Bi0.52Sb1.48Te3 ampoule has to withstand the vibra-

tion and shock test required by Tiangong-2 target

spacecraft.

In order to determine the best technological

parameters of space experiments, we investigated

the influence of sample growth rate on thermoelec-

tric performance. When keeping other conditions

unchanged, typical microstructures of the samples

grown by different growth rate 3 mm·h−1, 5mm·h−1

and 7 mm·h−1 are shown in Figure 11. The analysis

of samples by scanning electron microscope (SEM)

shows that there is Te precipitate phase and its

amount decreases with increasing sample growth rate.

The existence of Te phase is equivalent to the donor

doping in the Bi-Sb-Te system. The results show that

the hole concentration increases with the decrease of

extra Te content, and thus increases electrical con-

ductivity and decreases scattering on phonons. The

influence of growth rate on the thermoelectric per-

formance is showed in Figure 12. The maximum ZT

value of 1.04 is obtained at 350K for 5mm·h−1 ve-

locity. The growth rate of 5mm·h−1 is determined as

most appropriate one for Bi0.52Sb1.48Te3 samples.

High performance CoSb3-based skutterudites

and CoSb3/Bi2Te3-based segment materials can

greatly improve energy conversion efficiency of ther-

moelectric power generator. We carried out stud-

ies on CoSb3-based skutterudites and CoSb3/Bi2Te3-

based materials and devices. Skutterudites with mul-

tiple fillers Ba, La and Yb were synthesized and very

high thermoelectric figure of merit ZT = 1.7 at 850K

Fig. 12 Temperature dependence of ZT for

Bi0.52Sb1.48Te3 samples grown at 3mm·h−1,

5mm·h−1 and 7mm·h−1
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was obtained[23], which is the highest value reported

in skutterudites. We have developed process for scal-

ing up skutterudites and the ZT value reached 1.35

at 850K for the scaled skutterudite materials. We

have also developed electrode and integrating tech-

nology for the skutterudite devices, and the energy

conversion efficiency of the skutterudite devices and

the CoSb3/Bi2Te3-based cascade devices can reach

8.2% and 10.1%, respectively.
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