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Abstract

Microwave sintering is a key technology for future lunar habitats, which has been verified by various lunar soil simulant experiments.
However, nanophase iron (np-Fe0), a unique component of the real lunar regolith, has been ignored in previous studies of the microwave
sintering of lunar soil simulants. In this study, microwave-sintering experiments of lunar soil simulant CLRS-2 with and without np-Fe0

at different temperatures were conducted. A comparison of the microstructure and chemical composition of sintered products indicates
that all products of samples with 1.0 wt% np-Fe0 exhibit better properties than those without np-Fe0 after heating at equivalent temper-
atures. Adding np-Fe0 to the lunar soil simulant CLRS-2 couples well with microwaves, which may increase the real heating temperature
in a sample, resulting in the product being solidified at 700 �C and a relatively dense product forming at 900 �C, thus improving the
sintering efficiency. This study suggests that microwave sintering is an effective potential technology for future lunar habitats and road
hardening because of the wide distribution of np-Fe0 in the lunar regolith. The technical parameters given in this study can provide an
important guide for future lunar construction by microwave sintering.
� 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Building a permanent lunar habitat is critical for
humans to exploit lunar resources and explore deep space.
Because transporting materials from Earth is costly, it is
sensible to consider in-situ resource utilization technologies
that use the local lunar regolith to develop lunar habitats
(Duke et al., 2003). Therefore, a series of technologies,
including microwave sintering (Hill et al., 2005, Kim
et al., 2021; Lim et al., 2021; Srivastava et al., 2016;
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Taylor and Meek, 2005; Taylor et al., 2003, 2006; Zhou
et al., 2021), solar sintering (Nakamura and Senior, 2005,
2008), laser sintering (Fateri and Gebhardt, 2015), and
plasma sintering (Zhang et al., 2020, 2021), have been pro-
posed over past decades (Farries et al., 2021). Microwave
sintering is distinguished among these technologies by its
rapid sintering, volumetric heating, and energy efficiency
(Oghbaei and Mirzaee, 2010; Taylor and Meek, 2003,
2005; Taylor et al., 2006). The potential application of
microwave sintering has been verified by previous simula-
tion experiments and numerical modeling with lunar soil
simulants, and the effects of different compositions, temper-
atures, and input powers on the sintered products have
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been discussed (Allan et al., 2013; Lim and Anand, 2019;
Zhou et al., 2021).

It should be noted that previous studies of microwave
sintering by various lunar soil simulants have ignored a
unique property in the actual lunar regolith—nanophase
iron (np-Fe0) (Basu, 2005; James et al., 2003; Taylor and
Liu, 2010; Taylor and Meek, 2005). This np-Fe0 is thought
to form by vapor deposition from micrometeorite bom-
bardment and sputtering deposition by solar wind implan-
tation (Basu, 2005, Gu et al., 2022; Hapke, 2001; Hapke
et al., 1975; Loeffler et al., 2009; Sasaki et al., 2001;
Weber et al., 2020; Yamada et al., 1999). It is widely dis-
tributed and exhibits different size characteristics in the
rims of lunar soil particles and agglutinate glasses (Basu,
2005; Guo et al., 2022; James et al., 2003; Pieters and
Noble, 2016; Tang et al., 2011). The np-Fe0 in the rims
of lunar soil particles has a diameter of 3–33 nm, while in
agglutinate glasses, its diameter can be > 100 nm, some-
times up to nearly 1 lm (Basu, 2005; Gu et al., 2022;
James et al., 2003; Pieters and Noble; 2016, Tang et al.,
2011). In addition, the contents of np-Fe0 in lunar mare
and highland areas are different; in the highland, the np-
Fe0 content is approximately 0.7 wt%, whereas, in the
mare, it is close to 1.0 wt% (Mo et al., 2022; Morris,
1980; Tang et al., 2011). Taylor and Meek (2005) per-
formed microwave-sintering experiments on Apollo sam-
ples and speculated that np-Fe0 could couple well with
microwaves, which could markedly influence the
microwave-sintering process and the performance of sin-
tered products (Taylor and Liu, 2010; Taylor and Meek,
2005; Taylor et al., 2006).

The microwave sintering of real lunar samples provides
only preliminary data and does not provide a detailed
investigation of the relationship between np-Fe0 and sin-
tered products. Simultaneously, the influence of np-Fe0

cannot be reflected by microwave-sintering lunar soil simu-
lants. Here, to understand the effect of np-Fe0 on the char-
acteristics of microwave-sintering products, commercial
np-Fe0 was added to the lunar soil simulant CLRS-2 to
conduct microwave-sintering experiments, and the
microstructure, composition, and valence of Fe in the
resulting products were analyzed.

2. Samples and experiments

2.1. Sample preparation

The lunar mare soil simulant CLRS-2 developed by the
Institute of Geochemistry, Chinese Academy of Sciences,
was used for the microwave-sintering experiments. The
main minerals in CLRS-2 are plagioclase feldspar, olivine,
pyroxene, and ilmenite, and the chemical composition is
shown in Table 1. The np-Fe0 was provided by Jiangsu
Leiming New Materials Technology Co. Ltd., and its X-
ray diffraction (XRD) patten and scanning electron micro-
scope (SEM) image are shown in Fig. 1. To reduce
absorbed water and lower weighting error, all the lunar soil
946
simulants and corundum crucibles used in this study were
baked at 120 �C for approximately 24 h. Because np-Fe0

is very active, all samples were prepared in a glove box
and transferred in a sealed box filled with high-purity Ar
before being microwave sintered. Each corundum crucible
(50 � 20 � 20 mm) held 10 g of sample material; approx-
imately 1.0 wt% of np-Fe0 was also required. Therefore,
approximately 9.9 g of CLRS-2 and 0.1 g of np-Fe0 were
weighed, using an electronic scale with a one-in-ten-
thousand accuracy. To avoid spontaneous combustion or
mass loss of np-Fe0 in the mixing process, a multi-layer
structure was used to prepare the samples. One quarter
of the CLRS-2 sample was placed flat in a corundum cru-
cible, followed by one third of the weighed np-Fe0, which
was evenly spread over the CLRS-2 sample surface. This
process was repeated until the crucible contained four lay-
ers of CLRS-2 and three layers of np-Fe0. A total of six
samples were prepared using this method. Although the
multi-layer structure is different from the real situation,
the cross section of sintered products does not show differ-
ences in structure and composition (Figure S1), indicating
that this method can be used to discuss the microwave-
sintering process of real lunar soil. As a control group,
six 10-g pure CLRS-2 samples without np-Fe0 were also
prepared in corundum crucibles. The samples with np-
Fe0 were labelled #0702, #0802, #0902, #1002, #1102,
and #1202, while the samples without np-Fe0 were labelled
#0701, #0801, #0901, #1001, #1101, and #1201. The first
two numbers of each sample label represent the different
sintering temperatures; that is, 07, 08, 09, 10, 11, and 12
correspond to 700, 800, 900, 1000, 1100, and 1200 �C,
respectively. The selected sintering temperatures in this
experiment are based on previous research and the compo-
sition of the lunar soil simulant CLRS-2 (Lei et al., 2020).

2.2. Microwave-sintering process

To minimize oxidation, the prepared samples were
transported from the glove box to the microwave-
sintering apparatus in a box filled with high-purity Ar.
Fig. 2 shows the basic arrangement of the microwave fur-
nace, which provides microwave energy through two mag-
netrons. Samples in crucibles (50 � 20 � 20 mm), one with
and one without np-Fe0, were protected by larger crucibles
(60 � 30 � 30 mm). The two samples were simultaneously
placed into a mullite container (102 � 102 � 30 mm) and
then heated on the same magnetron side. The temperature
during the heating process was measured by a Pt–Rh ther-
mocouple above the samples. The insulation material
around the sample cavity was composed of alumina fibers.
To reduce the oxidation of samples during the heating pro-
cess, the furnace wall was closed tightly, and the pump was
opened to exclude air in the furnace until the pressure was
approximately 3000 Pa. After this point, a mixed flow of
96% N and 4% Ar was pumped into the furnace until the
pressure within the furnace was just higher than atmo-
spheric pressure, and then this mixture was pumped away



Table 1
Chemical composition of lunar soil simulant CLRS-2 measured by X-ray fluorescence.

Chemical composition SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO P2O5 TiO2

Contents(wt%) 40.73 12.33 18.04 7.55 10.25 2.42 0.77 0.20 0.16 6.58

Fig. 1. X-ray diffraction (XRD) pattern and scanning electron microscope (SEM) image of np-Fe0. (a) XRD pattern showing that the np-Fe0 has a high
degree of purity. (b) SEM image of np-Fe0 showing that it has a diameter range of dozens to hundreds of nanometers.

Fig. 2. Schematic diagram of microwave sintering.
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again. This process was repeated three times to maintain
the pressure in the furnace at a level a little higher than
atmospheric pressure during the microwave heating pro-
cess. Subsequently, the parameters for automatic sintering
were set; the key parameters are summarized in Table 2.
The heating process can be described as follows: First,
from room temperature to 300 �C, the heating rate was
set at 7.5 �C/min with an input power of 1300 W; this
was used for preheating the furnace. Next, the power was
increased to 1500 W to arrive at the target temperature
at a rate of 6.25 �C/min. Six groups of samples (each
947
included one sample with and one without np-Fe0) were
heated to different temperatures, ranging from 700 to
1200 �C, at intervals of 100 �C. The sintering process
requires approximately 60 min of holding time at the target
temperature, using an input power of 1500 W. After sinter-
ing, the input power was adjusted to 1000 W and the sam-
ples were cooled to 600 �C at a rate of 5 �C/min. The
heated products were then cooled naturally to a safe tem-
perature for removal from the furnace. Finally, the prod-
ucts were separated from the crucibles using a diamond
liner cutter. The characteristics of the products are shown
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in Fig. 3, and their basic information is summarized in
Table 3. The phases, chemical composition, and
microstructure of the sintered products were analyzed.

2.3. Analysis methods

Before sintering, the CLRS-2 and np-Fe0 were analyzed
by XRD with Ni-filtered Cu radiation at 40 kV and 40 mA,
and the morphology of the np-Fe0 was also observed using
an SEM. Several analytical methods were used to compare
the properties of the microwave-sintered products. The
microstructure and composition of the sintered products
were analyzed using an SEM with an energy-dispersive
X-ray spectrometer. The back-scattered electron images
of the sintered products were taken with a beam current
of 0.2nA and an accelerating voltage of 15 kV. The mineral
phases of the sintered products were determined using
XRD with Ni-filtered Cu radiation at 40 kV and 40 mA.
These analyses were conducted at the Institute of Geo-
chemistry, Chinese Academy of Sciences. The relative con-
tents of the different valence states of Fe in the sintered
products were analyzed at room temperature using a Moss-
bauer spectrometer with 57Co (Rh) as a radioactive source
at the Dalian Institute of Chemistry and Physics, Chinese
Academy of Science. To observe the internal microstruc-
ture of the sintered products, a high-resolution X-ray
tomographic microscope with a voltage of 50 kV and
power of 4 W was used to systematically perform a detailed
three-dimensional scan of the sintered products at the Nan-
jing Institute of Geology and Paleontology, Chinese Acad-
emy of Sciences.

3. Results

3.1. Morphology and structure of sintered products

The appearance characteristics of the products are
shown in Fig. 3. After heating at 700 and 800 �C, products
#0701 and #0801 remained in powder form. When heated
at 900 �C, product #0901 solidified with a rough surface
containing many pores. However, when heated at only
700 �C, product #0702 solidified and contained relatively
few visible pores. After sintering at 900 �C, product
#0902 presented a harder surface compared with product
#0901. Generally, after heating at a given temperature,
all products of samples with np-Fe0 had harder surfaces
and fewer pores compared with those lacking np-Fe0.

Fig. 4 shows the microscopic structures of the products
of samples with and without np-Fe0 after heating at differ-
ent temperatures. At 900 �C, product #0901 presented an
accumulated solid phase, and most minerals were aggluti-
nated in their original form; this product contained many
spherical pores, the largest of which exceeded 300 lm. Sev-
eral large minerals with high melting points, such as ilme-
nite and olivine, remained unaffected by sintering at
1000 �C in product #1001, while other minerals with low
melting points melted and some minerals recrystallized.



Fig. 3. Characteristics of sintered products. Products of samples with np-Fe0 were labeled using numbers ending "02", and the content of np-Fe0 was
1.0 wt%. Products of samples without np-Fe0 were labeled using numbers ending "01", and the content of np-Fe0 was 0 wt%.
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When the temperature was increased to 1100 �C, product
#1101 transformed into glass with numerous irregular
micro-scale pores. After sintering at 1200 �C, product
#1201 contained some micro-scale pores and many
needle-like plagioclase and pyroxene grains formed by
recrystallization. Generally, with increasing sintering tem-
perature, the products of samples without np-Fe0 showed
fewer and smaller pores, the minerals gradually melted,
and the amount of recrystallized plagioclase gradually
increased.

However, at just 700 �C, product #0702 solidified; it
contained randomly distributed spherical pores, the largest
949
being almost 50 lm in diameter. Most of the minerals in
#0702 were agglutinated; although there was no obvious
recrystallization, some melted rims could be observed at
the edges of the minerals. The microstructure of this pro-
duct was similar to that of product #0901, which was sin-
tered at 900 �C, but the pores of #0702 were much smaller.
Similar to product #1001 sintered at 1000 �C, product
#0802 sintered at 800 �C underwent melting, decomposi-
tion, and partial recrystallization, except for some olivine
and ilmenite grains, and other minerals. In addition, large
olivine and ilmenite grains had distinct melted rims. After
sintering at 900 �C, product #0902 showed evident



Table 3
Summary of products after heating in a microwave furnace.

Samples Temperature (℃) State Bond to the Crucible Size (l*w*h cm) Density (g/cm3)

#0001 Room temperature _ _ _ _
#0701 700 Loose No _ _
#0702 700 Partial sintered Little 4.1*0.7*0.4 3.11
#0801 800 Loose No _ _
#0802 800 Sintered Little 4.2*1.3*0.5 3.20
#0901 900 Partial sintered Little 3.9*0.7*0.5 2.85
#0902 900 Sintered A lot 4.0*1.0*0.5 3.22
#1001 1000 Sintered A Lot 4.3*1.2*0.4 3.09
#1002 1000 Sintered A lot 4.2*1.3*0.5 3.20
#1101 1100 Sintered A lot 4.2*1.3*0.3 3.15
#1102 1100 Sintered A lot 4.3*1.3*0.4 3.30
#1201 1200 Sintered A lot 3.8*1.2*0.3 3.23
#1202 1200 Sintered A lot 4.4*1.2*0.5 3.23
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vitrification with a few recrystallized minerals; only a crack
and several small pores were observed. With temperatures
increasing to 1000 �C and 1100 �C, recrystallization of the
minerals in the sintered products of samples with np-Fe0

became more evident; in particular, plagioclase grains
appeared as needles. Meanwhile, the pores in products
#1002 and #1102 also increased. However, the needle-
like minerals and pores were reduced in the product until
the sintering temperature reached 1200 �C.

Comparing the differences between the sintered products
of samples with and without np-Fe0 reveals that, at equiv-
alent heating temperatures, products of samples with np-
Fe0 had fewer and smaller pores. Computed tomography
(CT) images of the potential pores and cracks in products
sintered at 900 �C are shown in Fig. 5. Product #0901 con-
tained many pores, whereas, at the same temperature, pro-
duct #0902 contained a crack but fewer internal pores. In
general, when the heating temperature of the sample with-
out np-Fe0 was higher than that of the sample with np-Fe0,
a similar microstructure was observed in their sintered
products. Product #0901 sintered at 900 �C and product
#0702 sintered at 700 �C had similar mineral arrangements
and spherical pores; however, the latter had fewer and
smaller pores than did the former. In addition, even though
similar vitrification could be observed in product #1101
sintered at 1100 �C and product #0902 sintered at 900 �
C, the latter showed a higher degree of vitrification and
fewer pores compared with the former.

3.2. Phases of sintered products

Fig. 6 shows the XRD patterns of lunar soil simulant
CLRS-2 and the sintered products. Disregarding glass,
metallic Fe, and other low-content minerals such as mag-
netite, which went undetected, the crystalline phases of
all products primarily comprised plagioclase, pyroxene,
ilmenite, and olivine; these correspond to the minerals
shown in Fig. 4. Fig. 6a shows the peak intensities of the
main components in the products of samples without np-
Fe0, after sintering at different temperatures. The intensity
of plagioclase near 28� weakened considerably at 1000 �C
950
but recovered at 1200 �C. This phenomenon is consistent
with that shown in Fig. 4, in which the plagioclase began
to melt at 1000 �C, mostly became glass at 1100 �C, then
recrystallized to numerous needle-like plagioclase crystals
at 1200 �C. Other minerals also showed similar trends.
For pyroxene, the intensity of the main peak at 30� weak-
ened markedly and the secondary peak near 35� disap-
peared with increasing temperature. For ilmenite, the
peak intensity in product #1101 that was sintered at
1100 �C was evidently the weakest.

Fig. 6b shows the peak intensities of the main compo-
nents in the products of samples with np-Fe0 added, after
sintering at different temperatures. Above 700 �C, the peak
intensities of plagioclase, pyroxene, and ilmenite started to
decrease and reached their lowest values at 900 �C. The
intensities recovered at 1000 �C and then did not change
significantly as the temperature further increased. Notably,
at 900 �C, many weak mineral peaks disappeared, includ-
ing the olivine peaks. This result is consistent with the phe-
nomenon of vitrification in product #0902 that was
sintered at 900 �C, as shown in Fig. 4.

3.3. Iron content in different phases of sintered products

Fig. 7 shows the relative Fe contents with different
valence states in the various phases of CLRS-2 and the sin-
tered products, as characterized by Mössbauer spec-
troscopy. Based on previous studies (Dyar et al., 2006;
Herzenberg, 1970; Herzenberg and Riley, 1970,1971;
Rancourt et al., 1994; Stevens et al., 1998) and the compo-
sitions of the products described above, the main Fe-
bearing phases were identified as ilmenite, Fe-silicate, and
magnetite; no metallic iron was observed.

Fig. 7a shows the relative Fe content in the different
phases of CLRS-2 and the products of samples without
np-Fe0. From 700 to 800 �C, the relative Fe content in
the different phases of the heated products (#0701 and
#0801) was nearly the same as that of CLRS-2, which is
consistent with the fact that the two products showed no
consolidation. When the temperature increased to 900 �C,
the relative Fe content in product #0901 changed mark-



Fig. 4. Back-scattered electron images of sintered products. The main phases include: a = ilmenite (Ilm), b = olivine (Ol), c = Pyroxene (Px), and
d = needle-like plagioclase (Pl).
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Fig. 5. Computed tomography images of sintered products. (a) Product #0901 sintered at 900 �C. (b) Product #0902 sintered at 900 �C. (c) Product #1101
sintered at 1100 �C. These CT images were acquired by adjusting the transparency of sintered products; hence, the white areas indicate the distribution of
pores and fractures.
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edly. Magnetite Fe2+ and Fe3+ signals could not be
detected; however, the silicate Fe2+ and Fe3+ contents
increased substantially, to approximately twice those of
the products #0701 and #0801. Conversely, the ilmenite
Fe2+ content decreased at this time. When the temperature
increased to 1000 �C, the silicate and ilmenite Fe2+ con-
tents increased slightly, while the silicate Fe3+ content
decreased markedly. From 1100 to 1200 �C, the relative
Fe content of different valence states in the two heated
products #1101 and #1201 basically remained stable.

Fig. 7b shows the relative Fe content in the different
phases of CLRS-2 and the products of samples with np-
Fe0. When heated to just 700 �C, no magnetite Fe2+ or
Fe3+ signals were detected in product #0702 and the sili-
cate Fe2+ content increased substantially, to nearly twice
that of CLRS-2. As temperature increased, the Fe content
in the different phases was more stable than that of the
products without np-Fe0.

Fig. 7c shows the Fe2+/Fe3+ ratio in the silicate phases
of the heated products. For products of samples without
np-Fe0, the Fe2+/Fe3+ ratio after heating at 700–900 �C
changed little compared with that of CLRS-2. The ratio
increased substantially at 1000 �C, to nearly three times
that of the product sintered at 900 �C. This ratio then
dropped by a third and remained stable at 1100 �C and
1200 �C. However, after heating at different temperatures,
the Fe2+/Fe3+ ratios in products of samples with np-Fe0

were different from those of samples without np-Fe0. After
heating to just 700 �C, the Fe2+/Fe3+ ratio in product
#0702 was nearly four times that of CLRS-2; it changed lit-
tle from 800 to 900 �C, then decreased substantially at
1000 �C, to nearly half the value observed at 900 �C. The
ratio then increased and peaked at 1100 �C before drop-
ping slightly at 1200 �C. In general, except for the products
sintered at 1000 �C, it was evident that all products of sam-
ples without np-Fe0 had lower ratios than products of sam-
ples with np-Fe0 after sintering, with differences of 2–3
times.
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4. Discussion

4.1. Influence of np-Fe0 on the structure and composition of

microwave-sintered products

Comparing the structure and composition of the heated
products of samples with and without np-Fe0, sintered at
equivalent temperatures, evident differences were observed.
A notable phenomenon is the appearance of pores, as
shown in Fig. 4, which are caused by the vaporization of
different types of water and other low-melting-point mate-
rials (Lei et al., 2020). Products of samples with and with-
out np-Fe0 exhibited distinct characteristics at equivalent
heating temperatures, and this single variable indicates that
these differences arise from the added np-Fe0 coupling well
with microwave energy.

Previous studies have classified materials in the micro-
wave field into three categories: 1) reflector, e.g., bulk
metal, which makes microwaves reflect and is therefore
impenetrable; 2) transparent, e.g., glass, which microwaves
pass through without loss; and 3) absorber, e.g., water and
some minerals, where microwaves are absorbed (Oghbaei
and Mirzaee, 2010; Taylor and Meek, 2003; Taylor et al.,
2006). Even though bulk metal is a strong reflector of
microwaves, many studies have found that metal powder
can be an excellent microwave absorber when its size is
smaller than the skin depth of bulk metal (Mondal et al.,
2008, 2010; Taylor et al., 2006); the skin depth can be cal-
culated as follows (Gupta and Wong, 2007; Sun et al.,
2016):

d ¼
ffiffiffiffiffiffi

2q
p
xl0l0

where d, q, x, l0, and l0 represent the skin depth, resistivity
of the material, angle frequency, magnetic permeability,
and relative magnetic constant, respectively. The skin
depth of bulk Fe metal is approximately 1.3 lm (El



Fig. 6. X-ray diffraction patterns of sintered products. (a) Comparison of
the XRD patterns of CLRS-2 and products of samples without np-Fe0

after sintering at different temperatures. (b) Comparison of the XRD
patterns of CLRS-2 and products of samples with np-Fe0 after sintering at
different temperatures.
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Khaled et al., 2018; Sun et al., 2016), which is larger than
the diameter of the np-Fe0 used in the experiments, as well
as that of np-Fe0 in actual lunar soil (Basu, 2005; Gu et al.,
953
2022; James et al., 2003; Pieters and Noble, 2016; Tang
et al., 2011).

To better understand the interaction of microwaves with
metal, three mechanisms (magnetic loss, conductive loss,
and dielectric loss) have been proposed in past decades
(Cheng et al., 2002; Gupta and Wong, 2007; Luo et al.,
2004; Rybakov et al., 2006; Rybakov and Volkovskaya,
2019; Zhang et al., 2018). Previous studies have attributed
the heating absorption mechanism of materials that inter-
act with microwaves to dielectric loss (Oghbaei and
Mirzaee, 2010); however, such a theory is not well suited
for metal heating in microwave fields (Gupta and Wong,
2007). Research into metallic Fe and Fe-oxide powders in
separate magnetic (H) and electric (E) microwave fields
(Figure S2) indicates that metallic Fe is better heated in a
H microwave field (Cheng et al., 2002; Gupta and Wong,
2007). Therefore, the main mechanisms by which np-Fe0

converts microwave energy into thermal energy should be
magnetic and conductive loss (Anzulevich et al., 2017;
Gupta and Wong, 2007; Rybakov et al., 2006; Rybakov
and Volkovskaya, 2019; Sun et al., 2016; Zhang et al.,
2018; Zhou et al., 2017). However, herein, no metallic Fe
was detected in sintered products by Mössbauer spec-
troscopy, which means that the added np-Fe0 was likely
oxidized during the heating process. Moreover, the sintered
products were black, different from the red color of previ-
ous products sintered in air, indicating that oxidation in
our experiments is not obvious, and the oxides may mainly
be FeO (Figure S3). Based on the heating behavior of
metallic Fe and Fe-oxides in H and E fields (Figure S2),
np-Fe0 can quickly reach a high temperature via magnetic
loss during microwave heating, while FeO after the oxida-
tion of np-Fe0 during the heating process can promote
heating in the form of dielectric loss. Consequently, the
added np-Fe0, although it may be oxidized to FeO, plays
the role of an extra heating absorber in samples during
the microwave-sintering process. At equivalent
microwave-heating conditions, the actual temperature of
samples with np-Fe0 might be higher than that of samples
without np-Fe0, causing differences in their products.

Adding np-Fe0 to the lunar soil simulant has a good
absorption effect and converts the microwave energy into
a large amount of heat after absorbing microwaves, caus-
ing the product of the sample with np-Fe0 to enter the solid
phase after heating at 700 �C. The heat generated by the
sample with np-Fe0 in the microwave field at 800 �C was
sufficient to melt most of the minerals, except for some
minerals with high melting points; it can be described as
partially melted, further improving the compactness of
the product. At 900 �C, adding np-Fe0 to the lunar soil sim-
ulant accelerated the melting of minerals; simultaneously,
the short cooling period promoted vitrification; accord-
ingly, the structure of this product was more compact.
With increasing temperature, almost all minerals com-
pletely melted; however, some minerals recrystallized
because the cooling time increased. Adding np-Fe0 to the
lunar soil simulant plays a key role in heat conduction dur-



Fig. 7. Relative content of Fe in different phases of CLRS-2 and sintered products. (a) Comparison of the Fe content of CLRS-2 and the products of
samples without np-Fe0. (b) Comparison of the Fe content of CLRS-2 and the products of samples with np-Fe0. (c) Ratio of Fe2+/Fe3+ in silicate phases of
CLRS-2 and sintered products.

Fig. 8. Schematic diagram of microwave-sintering of lunar soil. Space weathering rims and agglutinate glass are transparent to microwaves and have no
specific melting point, thus are easily melted by the heat produced by np-Fe0 coupling with microwaves. Therefore, transient liquid phases can be formed,
and the lunar soil can be sintered.
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ing microwave sintering, resulting in the sintered products
of samples with np-Fe0 having greater compaction as well
as smaller and fewer bubbles compared with the products
of samples without np-Fe0, when heated at equivalent tem-
peratures. Adding np-Fe0 to the lunar soil simulant con-
verts microwave energy into heat, promoting the melting
of silicate minerals and ilmenite. In real lunar soil, the
np-Fe0 heated by microwaves also plays the role of a tran-
sient liquid phase (Taylor and Meek, 2005), which can
induce lunar soil particles to agglutinate and consolidate.

Previous studies have also found that metal powder
accelerates series reaction in a microwave field (Whittaker
and Mingos, 1993, 1995), and such powders have been
widely used to synthesize various materials (Vinothini
et al., 2010; Yun et al., 2019). In this study, np-Fe0 added
to the lunar soil simulant caused distinct degrees of melting
954
and recrystallization of the products at different tempera-
tures, thus changing the composition of the products.
Although most of the minerals in product #0702 did not
melt after heating at 700 �C, many rims appeared around
the edges of these minerals, indicating that partial reaction
and melting had occurred. Plagioclase, pyroxene, and small
olivine and ilmenite crystals in the sample with np-Fe0

melted after heating at 800 �C, leaving some large olivine
and ilmenite crystals with melted rims. At 900 �C, product
#0902 showed evident vitrification, suggesting that almost
all the minerals had melted, and a small amount of the min-
erals had recrystallized during cooling. However, the heat-
ing temperature was lower than the actual melting points of
most of these minerals, suggesting that np-Fe0 added to the
lunar soil simulant might raise the temperature locally to
reach the melting points of these minerals. However, this
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hypothesis requires further investigation using more precise
temperature measurement methods. Fine particles of Fe–
Ti-oxide were dispersed within the products after heating,
indicating that part of the reaction took place at a high
temperature to enable its recrystallization. The length of
needle-like plagioclase extended with higher temperatures
and increased cooling time. However, other minerals with
high melting points are difficult to recrystallize at the same
cooling time. This is the main reason why needle-like pla-
gioclase is the most obvious recrystallization phases in sin-
tered products.

Adding np-Fe0 to the lunar soil simulant couple well
with microwaves, causing differential phase melting, ele-
ment migration, and valence changes. Many rims appeared
at the edges of minerals in the products of samples with np-
Fe0 after sintering at 800 �C; this may be the result of the
continuous migration of elements during sintering reac-
tions. In addition, the valence state and relative content
of Fe changed markedly in these products. The higher tem-
perature conditions created by the addition of np-Fe0 to
the lunar soil simulant may promote the migration of ele-
ments from decomposing magnetite to the silicate phase
by isomorphism or other mechanisms. This could be the
main reason why the relative Fe2+ content in the silicate
phases of the sintered product markedly increased but no
Fe2+ or Fe3+ signal was found in the magnetite after heat-
ing at 700 �C. In addition, the ilmenite and the added np-
Fe0 might also provide sources for the increase in Fe2+ con-
tent in the silicate minerals. In general, the Fe2+/Fe3+ ratio
in sintered products of samples with np-Fe0 was higher
than that of samples without np-Fe0 after heating at an
equivalent temperature, suggesting that a reducing condi-
tion might be created by the addition of np-Fe0, which is
itself oxidized. Moreover, the abnormal ratio at 1000 �C
might indicate that some silicates with low melting points
melted, converting some Fe3+ into Fe2+ and transferring
it to ilmenite or another silicate, thus increasing the ratio.
However, this process already occurred in products of sam-
ples with np-Fe0 at a lower temperature; thus, adding np-
Fe0 to the lunar soil simulant may also be responsible for
the different Fe2+/Fe3+ ratios in sintered products #1001
and #1002.
4.2. Implications for the microwave-sintering of lunar soil

In this study, the microstructure and composition of
products were observed after the addition of np-Fe0 to
the lunar soil simulant CLRS-2, which coupled well with
microwaves and converted microwave energy into thermal
energy. Comparing the heated products showed that add-
ing np-Fe0 to the lunar soil simulant decreased the porosity
and increased the density of sintered products at a given
temperature. In addition, at lower temperatures, products
of samples with np-Fe0 presented similar properties to
those of samples without np-Fe0 at higher temperatures,
suggesting that adding np-Fe0 to the lunar soil simulant
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effectively improves the microwave-sintering rate. Because
oxidation does not readily occur in the lunar environment,
the microwave heating mechanism of np-Fe0 in real lunar
soil will be dominated by magnetic loss, thus the sintering
efficiency will be better than that in the experiments. Stud-
ies of Apollo and CE-5 products indicate that np-Fe0 is
widely distributed in agglutinate glasses and the space
weathering rims of lunar soil (Basu, 2005; Gu et al.,
2022; Guo et al., 2022; Hapke, 2001; James et al., 2003;
Pieters and Noble, 2016). The content of np-Fe0 in lunar
soil is generally 0.7–1.0 wt% and is higher in mature lunar
mare soil. The space weathering rims, and agglutinate glass
are transparent to microwaves, and have no specific melt-
ing point (Oghbaei and Mirzaee, 2010; Taylor and Meek,
2005); therefore, real lunar soil will melt and consolidate
easily through transient liquid phases and the temperature
increase caused by np-Fe0 in the microwave-sintering pro-
cess; this is illustrated in Fig. 8. It is foreseeable that np-Fe0

will play an important role in the preparation of structural
materials and hardening of the lunar surface for future
lunar habitats through microwave-sintering technology.
Because np-Fe0 has a great absorbance capacity for micro-
waves, enabling volumetric heating at low temperature,
and having energy-saving and time-saving characteristics,
as well giving products with useful properties, microwaves
could provide a promising technology to harden lunar soil
for future infrastructure, including lunar research stations
and roads, if a region with mature lunar soil is chosen.
5. Conclusions

In this paper, 1.0 wt% np-Fe0 was added to the lunar
soil simulant CLRS-2, and microwave-sintering experi-
ments were conducted. The microstructure and composi-
tion of the heated products were subsequently analyzed.
The results show that adding np-Fe0 to the lunar soil sim-
ulant couples well with microwaves, causing a dense
microstructure and evident changes in the composition of
the products. From the similar characteristics of heated
products at different temperatures, we suggest that the
actual temperature in samples with np-Fe0 might be
increased, thus improving the microwave-sintering effi-
ciency. At a temperature of 900 �C, product #0902 exhib-
ited relatively hard properties. These parameters can
guide the future preparation of structural materials and
hardening of the lunar surface for creating a lunar habitat
using microwave-sintering technology. Because adding np-
Fe0 to the lunar soil simulant demonstrates its favorable
absorption properties in a microwave field, more attention
should be paid to the microwave effects of np-Fe0 in real
lunar soil. In the future, the detailed mechanism of how
adding np-Fe0 to the lunar soil simulant promotes sintering
in the microwave-sintering processes and the mechanical
and thermal properties of sintered products should be fur-
ther investigated.
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2006. Mössbauer spectroscopy of earth and planetary materials. Annu.
Rev. Earth Planet. Sci. 34, 83–125.

El Khaled, D., Novas, N., Gazquez, J.A., Manzano-Agugliaro, F., 2018.
Microwave dielectric heating: Applications on metals processing.
Renew. Sustain. Energy Rev. 82, 2880–2892.

Farries, K.W., Visintin, P., Smith, S.T., Eyk, P.v., 2021. Sintered or
melted regolith for lunar construction: state-of-the-art review and
future research directions. Constr. Build. Mater. 296.

Fateri, M., Gebhardt, A., 2015. Process parameters development of
selective laser melting of lunar regolith for on-site manufacturing
applications. Int. J. Appl. Ceram. Technol. 12, 46–52.

Gu, L., Chen, Y., Xu, Y., et al., 2022. Space weathering of the Chang’e-5
lunar sample from a mid-high latitude region on the moon. Geophys.
Res. Lett. 49.
956
Guo, Z., Li, C., Li, Y., et al., 2022. Nanophase iron particles derived from
fayalitic olivine decomposition in Chang’E-5 lunar soil: Implications
for thermal effects during impacts. Geophys. Res. Lett. 49.

Gupta, M., Wong, W.L.E. Microwaves and Metals (Gupta/Microwaves
and Metals) || Index. 2007.

Hapke, B., 2001. Space weathering from Mercury to the asteroid belt. J.
Geophys. Res. Planets 106, 10039–10073.

Hapke, B., Cassidy, W., Wells, E., 1975. Effects of vapor-phase deposition
processes on the optical, chemical, and magnetic properties OE the
lunar regolith. The Moon 13, 339–353.
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