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A B S T R A C T

Lunar regolith molding technologies are receiving an increasing attention in lunar exploration program. Most
studies are carried out in the air on earth, ignored the effects of high vacuum (~ 10-12 mbar) on the lunar surface.
This paper presents the results of a study aimed at assessing the effect of vacuum on the sintering of low Ti basalt
type lunar simulant CLRS-1. The results show that porous sample with density of 1.19 g cm-3 can be obtained by
sintering at 1100 °C under vacuum, which has much lower thermal conductivity (0.265Wm-1 K-1) than concrete
and other lunar resource derived structural materials. It could potentially be applied as the thermal insulation
material for the Moon base construction. The pore-forming mechanism in vacuum was investigated. It was found
that evaporation of the products of solid dissolved mineral crystals led to a great deal of weight loss and inhibited
the densification during sintering.

1. Introduction

As a celestial body nearest to Earth, the Moon has been desired to be
utilized as a transit station not only for exploration of Mars or farther
galaxies, but also for developing the rich minerals and energy resources
based on the currently sustainable development requirements of human
society [1]. To realize the human colonization on the Moon, an im-
perative lunar base for sustainable long-term human presence must be
established at first. However, it is too expensive to transport building
materials from Earth; for example, it could cost up to $2 million to
transport an ordinary brick to the Moon [2]. Thus, the in-situ resource
utilization (ISRU) of construction materials becomes the natural and
best choice [3,4]. The dry and powdery lunar regolith with 30 µm to
1mm and irregular shapes derived from fragmentation of the rocks and
meteorolite is everywhere on the Moon surface, which is the most
economical and feasible construction materials to build lunar bases.

The properties of lunar regolith have been intensely investigated,
and various lunar regolith simulants such as JSC-1, EAC-1, DNA-1, FJS-
1, OB-1 and CLRS-1 have been developed by America, Europe, Japan,
Australia and China [5–7]. These simulants are effective replica of lunar
regolith from Apollo missions, in which main components are volcanic
vitreous, plagioclase, pyroxene, olivine and magnetite. The sintering of

simulated lunar regolith has attracted wide attention. There are many
researches on the sintering methods of lunar regolith simulants, in-
cluding furnace sintering [8], microwave sintering [9–11], laser sin-
tering [12–17] and solar sintering [6,18,19]. However, lunar regolith is
a complex multicomponent inorganic nonmetallic material. The
molding process may be drastically complicated. Hence, sintering
process and sintering properties for lunar regolith should be discussed
more deeply to improve their molding technology.

It should be noted that the atmospheric pressure on Moon is about
3× 10-12 mbar compared to about 1 bar on Earth, which indicates that
the vacuum sintering properties of lunar regolith simulants have to be
discussed. Normally, under vacuum condition, the wettability of liquid
phase, oxygen partial pressure and melting point of components will be
different from that in air [20]. Thus, the vacuum atmosphere generally
leads to the reduction in the inner pores of the samples during sintering.
More than that, many researches have indicated that vacuum sintering
could improve the densification to prepare transparent ceramics
[21–23]. Although the vacuum sintering of lunar regolith simulants
should more closely simulate sintering condition on the Moon, few
reports have been found [24]. More works for vacuum sintering prop-
erties of lunar regolith should be carried out for the lunar base con-
struction preparation and scheme design. It is quite possible to obtain
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the information for main physicochemical variations and major influ-
ence of components for sintering.

In this paper, we investigated the vacuum sintering process of a
lunar regolith simulant, CLRS-1, as well as physicochemical properties
such as density, thermal conductivity performance and composition
evolution of the sintering samples for the first time. In addition, when
the sintering temperature was lower than a certain value, the sintered
samples densified with the increase of sintering temperature, but when
the sintering temperature was higher, the unusual pore formation oc-
curred. Thus the pore-forming mechanism of sintered samples was
further explored.

2. Materials and methods

2.1. Materials

The lunar regolith simulant used in this research was the Chinese
national standard sample low-titanium lunar simulant CLRS-1 (GSB 01-
2186-2008) supplied by Institute of Geochemistry, Chinese Academy of
Sciences. The simulated lunar regolith with a relatively wide particle
size was obtained by grinding and crushing form volcanic ash. The Si,
Al, Fe, Mg and Ca are the main elements of CLRS-1 as shown in
Table 1S, which is derived from volcanic vitreous, plagioclase, pyr-
oxene, olivine and magnetite [25]. The composition of CLRS-1 is very
similar to the actual lunar regolith sample collected from the lunar
surface retrieved by the Apollo mission.

The CLRS-1 powder as shown in Fig. 1S was sieved using a sieve
with the apertures of 200 mesh and maintained an sharp and irregular
shape. The powder was then dried in an oven at 110 °C for 24 h. The
dried powder of 0.6 g placed in a cylindrical stainless steel mold with
the inner diameter of 20mm was compressed under 24MPa pressure,
and then kept this pressure for 4min to form a thin disc with a thickness
of about 1mm.

2.2. Sintering experiments

A commercial tube type vacuum sintering furnace (BTF-1200C,
BEQ, China) with Edwards vacuum pump (RV8) was employed for
vacuum sintering. The prepared CLRS-1 thin disc samples were put on
an Al2O3 substrate placed in a quartz boat for sintering. After the va-
cuum degree was reached to 2.0–5.0×10-3 mbar, the samples were
heated with the heating rate of 15 °Cmin-1, and held at the target
temperature for 15min. The target temperatures were set at 700, 800,
900, 1000, 1050, 1100 and 1150 °C, respectively. Meanwhile, the same
sintering experiments in air were also performed to compare with va-
cuum sintering. After finishing the sintering, the furnace was opened for
rapid natural cooling. The obtained CLRS-1 sintering samples were used
for characterization.

2.3. Characterization

For carrying out the nondestructive examination of the CLRS-1
sintering samples, the micro-CT imaging equipment with a CT analyzer
(CD-5BX/nCT, China) [26] contained a 60 kV/150mA micronano-focus
X-ray tube were performed. The morphology and elemental distribution
were measured using a thermal field scanning electron microscope
(SEM) (JSM-7800F, JEOL, Japan) and the attached energy-dispersive X-
ray spectrometer (EDS). The crystalline phases presented in green body
and sintered samples were identified by X-ray diffraction analysis
(X’Pert3 Powder, Panalytical, Netherlands) using a Cu/Kα radiation run
at 40 kV/40mA. Laser Raman spectrometer (InVia-Reflex, Renishaw,
England) with the laser wavelength of 532 nm was utilized for char-
acterizing the Raman spectra of compounds in the CLRS-1 sintering
samples. The X-Ray Fluorescence spectroscopy (XRF-1800, Shimadzu,
Japan) based on General rules for analysis of JY/T016-1996 wave-
length dispersive X-ray fluorescence spectrometry was used to

determine elemental composition of samples.
The bulk densities of CLRS-1 sintered samples were measured ap-

plying the Archimedes method in a solid densitometer (BR-120, Beyond
Test, China). Thermal conductivities of CLRS-1 sintered samples were
measured by a laser thermal conductivity testing instrument (LFA 457,
Netzsch. Ltd, German). For the thermal conductivity measurement, the
samples were prepared as cylinders with the diameter of 12.7mm and
the thickness of 1–3mm through grinds by sand papers prior. The
conductive silver paste was used to stick the 12.7 mm×0.8mm sheet
copper with high thermal conductivity on the top and bottom of cir-
cular surfaces for the porous samples due to the absorbed laser pulse
energy can be quickly transferred.

3. Results and discussion

3.1. Porous structure and thermal conductivity

The appearances of the samples sintered in vacuum and air showed
different color and shape variations. The colors of samples sintered in
vacuum were deepened to dark gray with increasing the sintering
temperature, while that of in air was similar to brick red (Fig. 1), which
is quite different from the green body of CLRS-1 as shown in Fig. 2(a).
Interestingly, the shrinkage and deformation of samples were distinctly
observed at the sintering temperature of 1100 °C in vacuum, comparing
to the samples sintered without variation in air. The diameter of the
sintered disc sample in vacuum at 1100 °C shrunk from 20mm to about
16mm, its thickness increased from 1mm to about 5mm (Fig. 2(b))
and the shape became non-uniform compared to the green body. When
the sintering temperature was increased to 1150 °C, the abundant
molten phenomena of the samples were observed, in which the molten
phase sprawled to the edge of Al2O3 substrate (Fig. 2(c)) compared to
the samples sintered at 1100 °C. However, these phenomena have not
been found from the samples sintered in air, although a weak molten
phenomenon was observed. The extrinsic morphology feature of the
samples indicated the possibility of macro pores formed inside the
sample sintered in vacuum.

The micro-CT imaging technique was performed to reveal the inner
pore morphology of sample sintered in vacuum at 1100 °C. The ob-
tained micro-CT 3D images can identify that many pores with various
sizes and shapes are inside the sintered sample (Fig. 2(b)) as shown in
Fig. 2(d). The 2D sliced images from the A-A position and the contacted
Al2O3 substrate (Fig. 2(e) and (f), respectively) clearly show that a
macro pore with large size and irregular shape is formed at the sample
center, meanwhile the smaller pores with spherical shape are also
generated. These features are also presented in the sample sintered in
vacuum at 1150 °C (Fig. 2(c)) as shown in Fig. 2S(a) and (b). However,
no macro pores is observed in sample sintered in vacuum at 1050 °C and
the micro-CT images exhibit a dense structure inside the sample (Fig. 2S
(c)), which means the formation of macro pores started above 1050 °C.
The obtained porous sample of lunar regolith simulant sintered in va-
cuum could be expected to possess interesting properties.

Fig. 1. Photos of samples sintered in air and vacuum at different temperatures.
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To clarify the effect of temperature on sintering process, the vacuum
degree variation in sintering chamber with time and temperature his-
tory in heat treatment process (Fig. 3(a)) and sintering temperature
trends to weight loss ratio (Fig. 3(b)) had been measured and plotted.
When temperature was raised to 400 °C, the vacuum degree declined
significantly, which may be caused by the volatilization of a second
type of water that presumably bound in lattices of secondary minerals
along with other volatile oxides substances [27]. Then the vacuum
degree ascended and was kept between 2.0 and 2.5× 10-3 mbar until
950 °C. Continue to heat up, the vacuum degree declined again and kept
declining to 4.5×10-3 mbar at 1100 °C. After holding at 1100 °C for
15min, the vacuum degree finally declined to 6.5×10-3 mbar. The
vacuum degree variation in sintering chamber is mainly affected by the
evaporation and diffusion of substances at high temperature. Therefore,
vacuum degree variation is closely related to mass loss and what can be
predicted is that the loss of material was quite small between
550–950 °C and considerable loss of material started from 950 °C, which
is consistent with the observation from Fig. 3(b). However, no macro
pores were observed in samples sintered below 1100 °C, which may be
due to that the evaporation rate of the substances was slower than the
mass transfer rate. When sintering temperature rose up to 1100 °C, the
evaporation rate of the substances was faster which hindering the for-
mation and contraction of closed pores [28]. Furthermore, the content

of liquid phase increases with sintering temperature, which leads to the
increase of mass transfer rate, and part of pores shrunk, thus the density
of sample sintered in vacuum at 1150 °C increased.

The pores would inevitably affect the density of materials. Thus, the
densities of samples sintered under different conditions have been
measured and plotted in Fig. 3(c). The result shows that porous samples
sintered in vacuum at 1100 °C has the lowest density 1.19 g cm-3, which
is nearly half of that at 1050 °C (2.35 g cm-3) and much lower than
density of air sintered samples (2.26 g cm-3) at the 1100 °C. The density
of samples sintered in vacuum at 1150 °C increases due to melting of
components. Different from the samples sintered in vacuum, the density
of samples sintered in air increases with sintering temperature. Besides,
vacuum sintered samples have higher density than air sintered samples
below 1050 °C. These phenomena are consistent with the powder sin-
tering theory [29] as illustrated below. Generally, in the sintering
process, there are a large number of pores include primordial pores and
that of formed by particle rearrangement. Then, the pores gradually
shrink and deform due to the mass transfer between particles, and fi-
nally form isolated closed pores. During this process, the density of
samples will gradually increase with sintering temperature. The ap-
pearance of liquid phase in sintering process is beneficial to further
densification of samples. Vacuum atmosphere could promote wett-
ability of liquid phase and the removal of gas to transform the open

Fig. 2. (a) The photos of green body, (b)
sample sintered in vacuum at 1100 °C and (c)
1150 °C; (d) micro-CT 3D imaging of sample in
(b); (e) micro-CT 2D slices from the middle and
(f) bottom that contact with Al2O3 substrate for
the sample sintered in vacuum at 1100 °C by
micro-CT. “A-A” represents a slice that looks
down from top to bottom.

Fig. 3. (a) The variation of vacuum degree in the sintering process for porous sample sintered at 1100 °C in vacuum. (b) The weight loss ratio and (c) the density for
all samples sintered in air and vacuum under different sintering temperature.
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pores into closed pores [30,31], so vacuum sintered samples usually
have higher density. However, the mass transfer of the complex mul-
tiphase simulated lunar regolith system during sintering process in our
experimental will be more complicate. The process of porosity reduc-
tion will be hindered when substances evaporate in large quantities and
the closed pores will have the tendency to swell under vacuum due to
the pressure difference, which explains the reason for the low density of
samples sintered at 1100 °C under vacuum. This phenomenon is dif-
ferent from the densification process in general sintering.

Besides, Fig. 3(b) shows that the weight loss ratio in vacuum sin-
tering is about four times that in air sintering. As we know, the vacuum
degree on the Moon is much higher than our experiments. Obviously,
the vacuum condition has a very great influence on the lunar regolith
simulants sintering properties. The unexpected macro-pore formation,
the weight loss and the density decrease of samples in our experiment
for only ~ 10-1 Pa vacuum sintering condition demonstrate the sig-
nificance of vacuum sintering research for lunar regolith. Thus, the
major influence of different components in samples should be figure out
and further analyses are needed to confirm which components evapo-
rated during sintering. And the pore-forming mechanism should be
clarified.

Porous materials usually have good thermal insulation properties.
Hence, thermal conductivities of porous samples and dense samples at
room temperature 25 °C, daytime temperature of the Moon 123 °C [32]
and a possible heat treatment temperature 600 °C are measured and
listed in Table 1. The thermal conductivity at room temperature of
porous sample sintered in vacuum at 1100 °C is only 0.265Wm-1 K-1,
and that of the densest sample (sintered at 1050 °C) is 0.900Wm-1 K-1

and about 3.4 times to porous sample. The values for porous sample are
lower than those of some light concretes [33] and dense concretes [34],
and also lower than that of glasses (2.0 ± 0.3Wm-1 K-1) prepared from
simulated compositions of lunar regolith simulant JSC-1A by Pinheiro
et al. [35] Moreover, the thermal conductivity of samples shows the
characteristics of increasing with temperature and density except
sample sintered in vacuum at 1000 °C. It is known that, in air condition,
there are three primary heat transfer mechanisms including heat con-
duction, convection and thermal radiation. Considering that convection
and thermal radiation only happen inner the pores of materials, so these
two modes of heat transfer in dense materials can be ignored on the
basis of the size of pores is quite small. However, for porous materials,
convection and thermal radiation could not be ignored, especially the
radiation heat transfer flow which is proportional to the fourth power of
the temperature [36], and that means the higher the temperature, the
more heat the radiation is. This is consistent with the results in the
Table 1. At 600 °C, the thermal conductivity of porous sample increases
significantly to 1.326Wm-1 K-1, while that of dense samples is not
significantly changed.

The results show that lightweight porous samples have low thermal

conductivity at room temperature and lunar surface temperature,
which may lead to a good application prospect to buildings with ex-
treme temperature conditions on the Moon; for example, it can be used
as the thermal insulation layer for the lunar bases. Actually, similar
lightweight foam cement has already been used as thermal insulation
board on earth [37]. However, the temperature difference on the sur-
face of Moon is much larger than that on the earth, which puts forward
higher requirements for energy conservation, so more thermal insula-
tion materials are needed on Moon. In addition, the thermal con-
ductivities of porous samples in high temperature sintering are rela-
tively good, which provides the possibility for more applications. The
last remarkable thing is that there are only two modes of heat transfer,
namely heat conduction and thermal radiation [38], in vacuum.
Therefore, the thermal conductivity values obtained in our experiment
is quite possibly higher than that of sample tested on the Moon, because
of the inhibitory effect of large pores on thermal conductivity and
thermal radiation. This means the heat insulation property may be even
better on the Moon for our sample.

3.2. Evaporated substances and pore-forming mechanism

3.2.1. The XRD analysis
Phase evolution, morphology and composition change during sin-

tering process were investigated to discover the evaporated substances.
The XRD patterns for green body and vacuum sintered samples in Fig. 4
indicate that the crystalline phases of all samples are mainly composed
of plagioclase (Ca,Na)[(Al,Si)4O8] (PDF#99–0012 and PDF#99–0001)
forsterite Mg2SiO4 (PDF#99–0052), magnetite Fe3O4 (PDF#99–0073)
and diopside CaMgSi2O6 (PDF#99–0045) phase, and the main differ-
ence among samples is the peak strength. There are broad amorphous
scattering in green body and samples sintered in vacuum at 800 °C and
900 °C respectively. Then the broad amorphous scattering disappeared
at higher sintering temperature which may be related to enhanced
crystallization [27]. Besides, as is known, the amorphous phases usually
have low softened temperature [39,40], for instance, that lower than
700 °C for silicate glass [41] and lower than 900 °C for aluminosilicate
glass [42,43]. While silicate and aluminosilicate mineral crystals in
lunar regolith system usually have a melting point of higher than

Table 1
The thermal conductivity and specific heat of air sintered samples and vacuum
sintered samples at 25 °C, 123 °C and 600 °C. To make sure the shape pre-
servation of tested sample, the sample sintered at 1050 °C and 1100 °C are
chosen.

Sintering
atmosphere

Sintering
temperature/℃

Density/
g cm-3

Test
temperature/
℃

Thermal
conductivity/
Wm-1 K-1

Vacuum 1100 1.126 25 0.265
123 0.359
600 1.326

1050 2.346 25 0.900
123 1.039
600 1.126

Air 1100 2.342 25 0.769
123 0.897
600 0.960

Fig. 4. The comparisons of XRD patterns of green body with samples sintered in
vacuum at different temperatures.

L. Song et al. Ceramics International 45 (2019) 3627–3633

3630



1000 °C. Thermodynamically, softened amorphous phase would be
more volatile than crystal phase under vacuum because of the in-
stability of disordered structure of softening phase [44,45]. Therefore,
non-ignorable weight loss happened in sintered samples at low sin-
tering temperature (below 1000 °C) in Fig. 3(b) may mainly attribute to
amorphous phase.

It is remarkable that the diffraction peaks are strengthen with in-
crease of sintering temperature below 1050 °C, and then decrease. This
may be due to the serious deformation and the formation of porous
structure of the samples from 1050 °C. Especially, compare to the XRD
peak of plagioclase phase at 30.248°, the relative peak intensity of
diopside phase at 29.845° and 44.343° increases with the sintering
temperature below 1000 °C, and then decreases above 1000 °C, which
indicates that the amount of diopside crystal decrease or worse crys-
tallinity above 1000 °C sintering temperature. Generally, this phenom-
enon may be related to solid dissolution of alkali oxides which came
from molten amorphous phase in mineral crystals and then decrease the
melting point of dissolving part [46]. However, unlike the reports [47],
only the decrease of peak intensity has been observed instead of the
broadening for peak width in our work, which confirms that solid
dissolution with lower melting temperature has vaporized at higher
temperature or under vacuum. Hence, the increase of the mass loss rate
above 1000 °C in air may be caused by vaporization of amorphous and
solid solution. Under vacuum, the melting and vaporization tempera-
ture of the material will normally decrease, thus the vaporization speed
in vacuum is faster than that of in air at the same temperature. That is
why the mass loss in vacuum is nearly four times higher than that of in
air.

In addition, the XRD peaks of magnetite at 56.935° and 62.520° are
very weak in green body, and become stronger after sintering. This is
because of the continuously creation of Fe3O4 crystals. Differently,
there is hematite phase independently observed in the XRD pattern of
air sintered samples after 900 °C heat treatment without magnetite XRD
signal (Fig. 3S). This explains the reddened process of air sintered
samples shown in Fig. 1. Thus, the XRD patterns show that the vacuum

sintering process has a great effect on the types of iron oxides in sin-
tered samples by lack of O2 in sintering [27].

3.2.2. The SEM and EDS analysis
Fig. 5 shows the characteristic SEM zones of the porous sample

sintered in vacuum at 1100 °C. Fig. 5(a) and (b) are respectively the
SEM images of cross section and surface of sample, which indicate that
a large number of open and close pores with size of 20–200 µm existing
both on the surface and inside of the sample, and the smallest pore size
may reach nanometer level according to the magnified images. The
magnified image Fig. 5(c) shows that the crystal morphologies of dif-
ferent regions are very different and the magnified images of feature
areas I, II and III are shown in Fig. 5(d)-(f). According to Fig. 5(d) and
Table 2, there is a mass of irregular lamellar crystal with very high
content of Fe and Si, and higher content of Mg as point A than point C,
D, E and F. While, Fig. 5(e) is mainly composed of tabular crystal as
point C with high content of Al and Si and granular crystal as point B
with content similar to point A. Combined with the results of XRD and

Fig. 5. SEM images of cross section (a), surface macrograph (b) (c), magnified images of feature areas (d) (e) and the pore micrograph (e) of sample sintered in
vacuum at 1100 °C. Figure (d) is the magnified image of zone Ⅰ, Figure (e) is the magnified image of zone Ⅱ, and Figure (f) is the magnified image of zone Ⅲ.

Table 2
EDS data of atom composition (sample sintered in vacuum at 1100 °C) marked
in Fig. 4.

Element Atomic%

A B C D E F

Na 1.10 1.47 3.87 4.09 0.96 2.04
Ca 0.81 1.39 3.03 2.75 0.80 8.60
Mg 2.61 2.47 0.86 0.70 0.54 0.89
Al 3.11 3.13 8.74 9.20 1.87 5.21
Si 5.20 5.85 17.96 17.27 3.43 9.01
K 0.61 5.41 1.80 1.00 0.33 1.26
Fe 29.93 23.62 3.72 1.31 74.15 16.66
Ti 5.00 4.44 1.33 0.34 3.51 0.00
O 51.63 52.23 58.67 63.33 14.41 56.33
Total 100 100 100 100 100 100
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EDS results, the grains at point A and B are probably mainly composed
of the magnetite (Fe3O4) and forsterite (Mg2SiO4) phase. Furthermore,
although the morphology of the crystal at point D is square, it has si-
milar content with point C and the grains are mainly plagioclase
((Ca,Na)[(Al,Si)4O8]) phase. Moreover, abnormally large grains and
triangular crystal can be found in the pore structure in amplified area III
(Fig. 5(f)), namely the macroscopic pore region. The EDS data of point E
indicates that the triangular phase is mainly iron oxide phase, which is
also been observed in the study of Hintze et al. [6] However, the
composition of the substance at smooth zone F in Fig. 5(f) is quite
different from that of the others point. The content of Al and Si of zone
F is similar to point A and B, despite lower Mg and higher Ca content.
Thus we consider that the substance at zone F may be the product of the
evaporation of Mg in Ca-Mg silicates such as diopside. Of course, the
evaporation can lead to the generation of macro pores.

3.2.3. The XRF analysis and pore-forming mechanism
Further analyses were carried out to confirm what the evaporated

substances exactly are. A comparison of the element concentrations by
XRF test between sintered samples and green body is shown in Fig. 6.
The concentrations of Si and Fe had decreased after sintering at 700 °C,
while the relative content of Na, Mg and Al increased. As discussed in
XRD results, in consideration of high molten point of mineral crystals,
the first evaporated substances in samples below 700 °C could only be
amorphous phase (or mineral glass) with Si and Fe elementals. Besides,
in the system of silicate minerals, the Si-O and Al-O skeletons are
mainly combined by the covalent bonds, while the excess negative
charge is compensate for by other cations, in the form of ionic bonds
[48]. Therefore, it is easy to understand that less loss of Al is owing to
the extreme stability of the covalent bonds. Further comparison of the
difference between samples sintered at 1050 °C (the dense sample) and
1100 °C (the porous sample) indicates that the concentrations of Si and
Mg significantly decreased, which implies that the substances evapo-
rated and resulted in the formation of the macro pores may contain a
great quantity of Si and Mg, in accord with the observation from SEM
(Fig. 5(f)). It is common believed that the melting point of magnesium
containing minerals is extremely high, such as 1890 °C for pure for-
sterite and 1391 °C for pure diopside in our materials at standard at-
mospheric pressure. Nevertheless, there is one exception that enstatite
has a quite low melting temperature, namely between 630 °C and
1000 °C. There is few report on the transformation of forsterite to en-
statite by solid solution, but according to Chen et al. [49], enstatite is
generated at 1100 °C in MgO-SiO2 system. Hence, we speculate that low
melting point solid solution such as enstatite was produced by diopside
solid dissolve in the complex system, and then the solid solution eva-
porated under high temperature in vacuum.

Take into account variation of vacuum degree in sintering chamber
during sintering, weight loss ratio of samples and results of XRF, the

change of components of porous samples during sintering can be
summarized as follow. From room temperature to ~ 400 °C, the main
change of the sample is the evaporation of water, including the water
molecules adsorbed on the surface of particles and in the crystal lattice.
From ~ 400 °C to ~ 950 °C, the amorphous phase in sample melted and
gradually evaporation, which results in the reduction of the elements
contained in the amorphous phase, including Si, Al, Ca and Fe. From
~ 950 °C to ~ 1050 °C, the molten amorphous phase solid dissolved in
mineral crystals, which leads to decrease of the melting point of solid
dissolving part [46]. During this process, a small amount of Mg element
evaporated and the peak intensity of diopside phase has decreased at
the same time, which means the diopside phase was quite possibly solid
dissolved and produced a solid solution such as enstatite with a lower
melting point. However, the amount of solid solution is quite low. From
~ 1050 to 1100 °C, more and more solid solution with low melting
point such as enstatite was generated and evaporated. The evaporation
hindered the transfer of materials in sintering and thus the macro pores
formed. It is surely that other elements may also be evaporated in this
process, but their quantity is small enough to be negligible comparing
with Mg. Thus, the amorphous phase and solid solution containing Mg
created in sintering induce the most evaporation behavior of material
for lunar regolith simulant CLRS-1 in vacuum sintering, which is quite
different from that in air. Thus, the fast evaporation of those substances
in sintering process induced the formation of macro pores inside the
sample. The major influence of different components and pore-forming
mechanism for vacuum sintering of lunar regolith simulant CLRS-1 is
clarified.

4. Conclusion

This study investigated the effect of vacuum on the sintering be-
havior of CLRS-1 lunar simulant. Porous samples with density of
1.19 g cm-3 can be obtained by sintering at 1100 °C under vacuum. The
porous samples have quite low thermal conductivity at both daytime
temperature on the Moon and under room temperature, are 0.265Wm-

1 K-1 and 0.359Wm-1 K-1 respectively. Furthermore, the component
evolution during sintering was summarized and mechanism of pore-
forming was illustrated, namely the fast evaporation of low melting
point solid solutions containing Mg led to the formation of macro pores
inside the sample. These findings reveal important sintering properties
and mechanism information for application of the lunar base con-
struction material.
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