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Effects of Ilmenite on the Properties of
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Abstract:Microwave sintering is regarded as a high-efficiency, energy-saving, and rapid-heating technique for the preparation of structural
materials on the Moon. However, the influencing factors (i.e., ilmenite content and sintering temperature) on microwave sintering processes
are not well-understood. Herein, five lunar regolith simulants with different contents of ilmenite (i.e., 4.6%, 28.5%, 43.9%, 65.8%, and 80.9%
by weight) were used for microwave sintering experiments at 1,050°C, 1,150°C, and 1,300°C. The characterization of the microstructure,
mineralogy, thermal conductivity, and mechanical properties of the products shows that the ilmenite content and sintering temperature sig-
nificantly affected the properties of the microwave-sintered products. The sintering product containing 4.6% by weight ilmenite at 1,300°C
showed a dense texture, good thermal insulation properties (thermal conductivity of 0.15� 0.005 Wm−1 K−1), and optimal compressive
strength (74.0� 7.1 MPa). This suggests that adding ilmenite to lunar regolith does not improve the properties of microwave-sintered prod-
ucts. The results in this paper provide reference for the preparation of structural materials on the Moon in the future. DOI: 10.1061/(ASCE)
AS.1943-5525.0001344. © 2021 American Society of Civil Engineers.
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Introduction

Utilizing lunar resources and establishing lunar bases are the pri-
mary objectives of lunar exploration in the 21st century (Rousek
et al. 2012; Kalapodis et al. 2020). A lunar base requires a signifi-
cant amount of structural material, but transportation of these
materials from the Earth to the Moon is notably expensive (Duke
et al. 2003). The lunar surface is covered with a layer (1–10 m in
thickness) of fine-grained regolith, formed by long-time impacts
of meteorites and micrometeorites, exposure to cosmic rays and
solar wind, and thermal cycling. Mineralogically, lunar regolith is
mainly composed of rock chips, mineral particles, glass fragments,

and highly porous agglutinates (Lucey et al. 2006; Crawford 2015).
Importantly, basaltic regolith commonly contains ∼1.9% to 23.9%
by weight ilmenite (Sato et al. 2017). Lunar regolith is a preferred
material for in situ resource utilization (ISRU) on the Moon (Ruess
et al. 2006; Faierson and Logan 2012; Lim et al. 2017; Zhou et al.
2019).

To prepare the structural materials for lunar bases, a wide range
of techniques has been investigated, including electrothermal sinter-
ing (Allen et al. 1992; Altemir et al. 1993; Song et al. 2020), laser
sintering (Balla et al. 2012; Fateri et al. 2013; Fateri and Gebhardt
2015), solar sintering (Cardiff and Hall 2008; Nakamura and Smith
2005; Fateri et al. 2019), microwave sintering (Wright et al. 1986;
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Meek et al. 1987), and three-dimensional (3D) printing (Ceccanti
et al. 2010; Taylor et al. 2018; Xu et al. 2019). Among these tech-
niques, microwave sintering has the unique advantages of high ef-
ficiency, even heating, and energy availability. First, compared with
other sintering techniques, microwave sintering is energy-efficient
(energy savings of 90%) and heats quickly. In addition, a large pen-
etration of heat (13.4 mm depth for 2.45-GHz microwaves) can be
achieved by microwave sintering (Lim et al. 2017, 2021). Second,
even heating is inherent to microwave sintering because the heat is
produced by coupling certain microwave frequencies with specific
materials that uniformly absorb microwave energy (Taylor and
Meek 2005). Third, because microwave energy is independent of
sunlight, it is be readily available and easily obtained on the Moon
(Lim et al. 2017). These facts make microwave sintering especially
relevant in high-temperature sintering experiments on the Moon.

The application of microwave sintering on lunar regolith has
been investigated for over 35 years. A series of microwave sintering
experiments on terrestrial basalts with ilmenite have shown that
ilmenite can promote the coupling between samples and micro-
waves (Wright et al. 1986; Meek et al. 1984; Vaniman et al. 1986;
Hill et al. 2005). Meek et al. (1987) conducted microwave sintering
experiments on three lunar regolith simulants, the results of which
indicated that the compressive strength and hardness of the prod-
ucts varied greatly with different temperatures and compositions.
Allen et al. (1994) and Allen (1998) performed microwave heating
experiments on lunar regolith simulants JSC-1 and MLS-1, and the
samples were uniformly sintered and crack-free. Temple et al. (2006)
indicated that the powdered graphite in JSC-1 samples could pro-
mote a reduction reaction in microwave heating experiments. Taylor
and Meek (2005) investigated the effect of nanophase-sized Fe0

grains on microwave sintering of Apollo 17 lunar regolith. Specifi-
cally, the transient liquid phase created by nanophase Fe0 could pro-
mote the melting of samples, which makes microwave sintering
technology potentially applicable to sintering lunar regolith. Allan
et al. (2013) modeled and conducted microwave processing of the
JSC-1A lunar simulant. This study was based on the geometry of
heating patterns, and various temperature ranges demonstrated a
good representation of JSC-1A microwave-surface heating.

Previous studies demonstrated that microwave sintering can ef-
fectively solidify simulated lunar regolith. However, the factors af-
fecting the microwave sintering process, such as ilmenite content
and sintering temperature, are not well-understood. In this study, a
series of microwave sintering experiments have on lunar regolith
simulants with different ilmenite content at different sintering tem-
peratures, with the aim to investigate the effects of ilmenite content
and sintering temperature on the properties of microwave-sintered
lunar regolith simulants.

Preparation of Regolith Simulants with
Different Contents of Ilmenite

In this study, the low-titanium basaltic lunar regolith simulant
CLRS-1 [also known as CAS-1 lunar regolith simulant (Zheng
et al. 2009)] was used for microwave sintering. To prepare a series
of lunar regolith simulants with different contents of ilmenite, the
micrometer-sized (<100 μm) powders of terrestrial ilmenite con-
centrate (sourced from Panzhihua, Sichuan Province, China) were
mixed with the CLRS-1 regolith simulant in various ratios (i.e., 1∶0,
7∶3, 1∶1, 3∶7, and 0∶1) (Table 1). Bulk TiO2 contents for these pre-
pared five samples were characterized using X-ray fluorescence
spectrometry (XRF) (ARL Perform’X Sequential XRF, Thermo
Fisher Scientific, Waltham, Massachusetts) at the Institute of Geo-
chemistry, Chinese Academy of Sciences, following standard

procedures (e.g., Deng et al. 2017). Based on the TiO2 content,
the ilmenite content in each sample was calculated (i.e., 4.6%,
28.5%, 43.9%, 65.8%, and 80.9% by weight, respectively)
(Table 1).

Microwave Sintering Experiments

Before microwave sintering experiments, the prepared regolith
simulant with different ilmenite abundance were dried at the tem-
perature of 120°C for 24 h. The five oven-dried samples were then
placed in a rectangular alumina crucible with the dimensions of
60 × 30 × 30 mm [Figs. 1(a and b)]. Each sample was prepared
(three groups of 25 g each) for the microwave sintering experiments
in a microwave high-temperature furnace (CY-AT1700 C-M, Hunan
change Microwave Technology, Changsha, China) at the Institute of
Geochemistry, Chinese Academy of Sciences. This instrument is a
controlled-atmosphere high-temperature sintering furnace heated by
microwaves.

During the microwave sintering experiments, the samples were
placed in alumina crucibles without compression and then put into
the heating chamber of the microwave high-temperature furnace for
sintering. This furnace was evacuated and then filled with flowing
high-purity argon and 3%–4% nitrogen. The chamber of the furnace
was maintained at 88,790 Pa (1 atmospheric pressure) during the
entire sintering experiment. The sintering experiments for each
sample were performed at temperatures of 1,050°C, 1,150°C, and
1,300°C, with a hold time of 1 h at the target temperature (Table 1).
The heating rate was set as 6°C/min, and the power was 500–
1,800 W. After the sintering experiment, the samples were cooled
to 800°C by controlling the microwave power at a cooling rate of
6°C=min, followed by natural cooling. All temperatures mentioned
here refer to the temperature in the chamber of the microwave high-
temperature furnace.

Analytical Methods

The microstructure of sintered regolith simulant was observed
using a FEI Scios dual-beam focused ion beam/scanning electron
microscope (FIB/SEM, Thermo Fisher Scientific, Waltham, Mas-
sachusetts) at the Institute of Geochemistry, Chinese Academy of
Sciences. The representative back-scattered electron (BSE) images

Table 1. Information on the studied samples and microwave sintering
experiments

Samples Components

TiO2

(% by
weight)

Contents
of ilmenitea

(% by
weight)

Sintering
temperature

(°C)

1-1050 100% CLRS-1 2.42 4.6 1,050
1-1150 1,150
1-1300 1,300
2-1050 70%CLRS-1þ 30%

ilmenite concentrate
14.99 28.5 1,050

2-1150 1,150
2-1300 1,300
3-1050 50%CLRS-1þ 50%

ilmenite concentrate
23.12 43.9 1,050

3-1150 1,150
3-1300 1,300
4-1050 30%CLRS-1þ 70%

ilmenite concentrate
34.65 65.8 1,050

4-1150 1,150
4-1300 1,300
5-1050 100% ilmenite

concentrate
42.59 80.9 1,050

5-1150 1,150
5-1300 1,300
aContents of ilmenite were calculated from the abundance of TiO2

determined by XRF.
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of each sample were collected with the following conditions: 15 kV
accelerating voltage, 0.2–0.8 nA beam current, 7 mm working dis-
tance, and ∼50× magnification.

The phase composition of the samples before and after the sin-
tering experiments were obtained by X-ray diffraction (XRD), with
Ni-filtered and Cu radiation at 40 kV and 40 Ma, which was per-
formed at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. Approx-
imately 0.5 g of each sample was prepared and sent for testing after
grinding and drying for 24 h.

The thermal conductivity of the samples before and after the
sintering experiments was measured using a thermal analyzer (Hot
Disk TPS2500S, Uppsala, Sweden) at the Institute of Geochemis-
try, Chinese Academy of Sciences. Approximately 20 g of powder
sample before the sintering experiments was weighed and mea-
sured using a 5,501 probe with a radius of 6.403 mm. For the solid
products after the sintering experiments, the samples were cut into
6–8 mm cubes and then measured using a 7,577 probe with a radius
of 2.001 mm. All measurements were performed at ∼20°C and a
pressure of ∼10 Pa for 1,280 s.

Compressive strength was measured using a microcomputer
controlled electronic universal testing machine (BTM5105, Shen-
yang BAOTAK Instrument, Shenyang, China) with a maximum
load of 100 kN, conducted at the Chongqing Institute of Green
and Intelligent Technology, Chinese Academy of Sciences.
Two regular cubes of each sample were prepared with lengths of
6–8 mm for the measurements. The displacement rate during the
compression process was 0.5 mm=min.

Results and Discussion

All powder samples were solidified and shaped with some volume
shrinkage after sintering. The appearances of the sintered products
were black, with few visible cracks on their surface. Fig. 1 shows
the sintered products cut by a computer-controlled diamond wire-

cutting machine; the dimensions of the products were cubical with
side lengths of 6–8 mm. Some small pores were observable in all
cut products, with more pores in the products with low sintering
temperature and high ilmenite content. To compare the influence of
ilmenite content and sintering temperature on the properties of
the sintered products, the characteristics of microstructure, miner-
alogy, thermal performance, and compressive strength of all prod-
ucts were analyzed.

Microstructures

Fig. 2 shows representative SEM images of the 15 sintered prod-
ucts, with different contents of ilmenite and sintering temperatures
(i.e., 1,050°C, 1,150°C, and 1,300°C). The results indicate that all
the sintered samples were either melted or recrystallized. Pores and
cracks were observed in all products. However, the sizes and num-
bers of these pores and cracks varied with the ilmenite content and
sintering temperature:
• As the ilmenite content increased, the pore sizes and the number

of pores and cracks generally increased. This indicates that the
difference in the microwave absorption capacity of ilmenite and
silicate leads to different thermal effects during the microwave
sintering process.

• As the sintering temperature increased, the pore size and number
of pores decreased, except for the products from the samples
with 80.9% by weight ilmenite. This suggests that a large amount
of gas escaped below 1,200°C.

• The products from samples with 4.6% by weight ilmenite sin-
tered at 1,300°C had a dense texture due to the advantages of
uniformity and the presence of small pores and few cracks.

Mineralogy

Determination of mineralogy of sintered products was performed
to assist in investigating the reaction in the samples during the
microwave sintering. The XRD results showed that silicate

#1-1050

# 1-1150

# 1-1300

# 2-1050

# 2-1150

# 2-1300

# 3-1050

# 3-1150

# 3-1300

# 4-1050

# 4-1150

# 4-1300

# 5-1050

# 5-1150

# 5-1300

(a)

(b) (c)

Fig. 1. (Color) Images of the studied samples: (a) microwave high-temperature furnace (CY-AT1700C-M); (b) example of the sintered lunar regolith
stimulant; and (c) 15 sintered products for the prepared ilmenite-bearing regolith simulants at different sintering temperatures (i.e., 1,050°C, 1,150°C,
and 1,300°C).
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minerals underwent little change (Fig. 3). There was a large amount
of glass in the sintered products compared with that of the samples
before sintering. The products from the samples with 4.6% by
weight ilmenite sintered at 1,150°C and 1,300°C consisted almost
entirely of glass, whereas other products contained pyroxene,
olivine, Fe-Ti oxides, and glass. This means that ilmenite, with its
good microwave absorption capability, may affect the recrystalli-
zation of silicate minerals during high-temperature microwave
sintering.

Some of the ilmenite decomposed into pseudobrookite after the
microwave sintering, and the amount of decomposed ilmenite in-
creased with increasing sintering temperatures. The reaction can be
expressed as follows:

4FeTiO3 þ O2 → 2Fe2TiO5 þ 2TiO2 ð1Þ
A potential reason for the oxidation reaction in ilmenite may be

the presence of residual oxygen in the powder sample or/and the
additional oxidation condition produced during the melting of sil-
icate mineral. Considering the oxygen fugacity has a large influ-
ence on the stability of the Fe-Ti oxides, small amount of oxygen

can cause the reaction with ilmenite (Toplis and Carroll 1995).
In addition, the pseudobrookite may also be closely linked to the
disproportionation of ferrous iron in ilmenite (Williams et al. 2012).
The behavior of ilmenite at high temperature is very complicated
and requires further research in the future.

In combination with the microstructure, the sintered products
from the samples with 4.6% by weight ilmenite were relatively
dense with less pores and cracks, which was consistent with the
products, and almost entirely composed of glass. When the content
of ilmenite increased, the glass content of the products decreased,
and the cracks and pores of the products increased correspondingly,
which affected the uniformity and density of the sintered products.
The samples with low ilmenite content and microwave-sintered at
high temperature could completely melt and form uniform silicate
glass, which improved their compactness.

Thermal Conductivity

The thermal properties of the materials, especially the thermal con-
ductivity, significantly affect the thermal insulation performance of

Sample
#1

Sample
#2

Sample
#3

Sample
#4

Sample
#5

1050 C 1150 C 1300 C 

Fig. 2. Representative BSE images of the 15 sintered products with different contents of ilmenite and sintering temperatures (i.e., 1,050°C, 1,150°C,
and 1,300°C).
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lunar base structures. Fig. 4 shows the thermal conductivity of pow-
der samples before sintering and sintered products after sintering.
The results show that (1) as the ilmenite content increased, the
thermal conductivity of the powder samples generally increased,
)2 ) compared with the powder samples, the thermal conductivity

of the sintered products noticeably increased, (3) the thermal con-
ductivity of the sintered products ranged from 0.1� 0.003 to
0.2� 0.006 Wm−1 K−1, approximately an order of magnitude

higher than that of the powder samples, (4) the thermal conductivity
decreased with sintering temperature, except for that of products
from samples with 43.9% by weight ilmenite sintered at 1,050°C
and 1,150°C, and (5) the effect of the ilmenite content on the thermal
conductivity of the products was noticeable at different tempera-
tures. At 1,050°C and 1,150°C, the thermal conductivity of the prod-
ucts first increased and then decreased with the increase of the
ilmenite content. The thermal conductivity of the products decreased
as the ilmenite content increased, and finally increased at 1,300°C.

Compressive Strength

Based on the compressive strength experiments, the compressive
strength of the sintered products ranged from 12.5� 0.7 to 74.0�
7.1 MPa and exhibited a general decreasing trend with an increase
in the ilmenite content (Fig. 5). In general, there was no evident
correlation between the compressive strength of the sintered prod-
ucts and sintering temperature, whereas the sintered products from
samples with 4.6% by weight ilmenite displayed an increase in
compressive strength with the increase of temperature.

Implications for the ISRU of Lunar Regolith

There are several problems regarding to the establishment of a lunar
base supporting long-term human habitation, including (1) suitable
protection against the extreme lunar environment (e.g., radiation,
micrometeoroids, and harsh thermal environment) must be pro-
vided, and (2) the in situ utilization of lunar regolith as a building
material must be examined from an economic viewpoint. The
easily accessed regolith, which has the potential to be directly

10 20 50 6030 40 10 20 50 6030 40 10 20 50 6030 40 10 20 50 6030 40 10 20 50 6030 40

Two-Theta (deg) Two-Theta (deg) Two-Theta (deg) Two-Theta (deg) Two-Theta (deg) 
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Sample #1 Sample #2 Sample #3 Sample #4 Sample #5
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Fig. 3. (Color) XRD patterns for the five prepared regolith simulants and 15 sintered products.
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Fig. 4. (Color) Thermal conductivity of the powered regolith simulants
(gray circles) and the sintered products at different temperatures (color
squares).
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heated in situ, makes microwave sintering a potential method for
producing solid structures (Allan et al. 2013). The properties of
microwave-sintered lunar regolith products, including microstruc-
ture, mineralogy, thermal performance, and mechanical properties,
are important for evaluating the viability of microwave sintering
technology on the Moon.

The microwave sintering experiments of lunar regolith simulant
CLRS-1 with different ilmenite contents produced solid structural
materials. The comparison of microstructure, mineralogy, thermal
insulation, and mechanical properties of the sintered products in-
dicates that the product from the sample with 4.6% by weight
ilmenite sintered at 1,300°C showed superior performance. Due to
the low ilmenite content, the silicate minerals in the sample sintered
at high temperature completely melted and formed an entirely glassy
product. The product had a compact and uniform microstructure
with few visible pores and cracks and possessed a maximum com-
pressive strength of up to 74.0� 7.1 MPa. By comparison, the
compressive strength of this product is much greater than that of
the products obtained by microwave sintering by Meek et al.
(1987) and Allen et al. (1994) (i.e., 5–25 and ∼7.6 MPa, respec-
tively). Compared with the high-quality MU30 ordinary sintered
brick (with a compressive strength of ∼30 MPa) for terrestrial con-
struction, the sintering product in this study shows sufficient com-
pressive strength (74.0� 7.1 MPa) to be used as a construction
material for a lunar base.

The temperature on the Moon varies significantly (between 100
and 400 K in a lunar day) (Williams et al. 2017), which requires
structural materials with good thermal insulation properties. Porous
materials with low thermal conductivity generally have better insu-
lation. The thermal conductivity of products with the best insulation
performance in this study was 0.1� 0.003 Wm−1 K−1, which is
lower than that of the sintered products (i.e., 0.265 Wm−1 K−1)
produced under vacuum by Song et al. (2019). This value is also
much lower than that of the product obtained by a high-temperature
quenching experiment of JSC-1A [i.e., 2.0� 0.3 Wm−1 K−1
(Pinheiro et al. 2013)]. This work demonstrates that microwave-
sintered products have better thermal performance than products
prepared by other methods (e.g., electrothermal sintering), making
the microwave sintering technique promising for the preparation of
structural materials for lunar bases.

Ilmenite in lunar regolith varies between 0% and 20% by weight
and is mainly distributed in mare regions of the Moon (Lucey 1998;

Lemelin et al. 2013). This mineral has a significant effect on the
product properties of microwave-sintered lunar regolith simulants.
In this study, the sintered products from samples with a low ilmen-
ite content have optimal mechanical properties and thermal perfor-
mance. This indicates that lunar low-Ti regolith is particularly
suitable for the preparation of structural materials.

Conclusion

This work investigated the effect of the ilmenite content and sinter-
ing temperature on the properties of microwave-sintered lunar rego-
lith simulants. The products were prepared by microwave sintering
samples with ilmenite contents of 4.6%, 28.5%, 43.9%, 65.8%, and
80.9% by weight at temperatures of 1,050°C, 1,150°C, and 1,300°C.
Measurements of microstructure, mineralogy, thermal conductivity,
and compressive strength of the sintered products indicated that
ilmenite content and sintering temperature have a significant influ-
ence on their properties. The product from the sample with 4.6%
by weight ilmenite, which was sintered at 1,300°C, demonstrated
superior performance. Specifically, this product was almost entirely
composed of glass and had a dense structure with few visible pores
and cracks. It had good thermal insulation properties (i.e., with ther-
mal conductivity of 0.15� 0.005 Wm−1 K−1) and optimal com-
pressive strength (i.e., 74.0� 7.1 MPa).

The results of this study show that structural materials with good
thermal insulation and superior mechanical properties could be di-
rectly prepared by in situ microwave sintering of lunar regolith at
high temperature. The parameters of the microwave sintering ex-
periments in this work could be helpful for the future preparation
of structural materials on the Moon. However, the high-vacuum
environment on the lunar surface could have a significant effect
on the sintering process and the properties of the sintered products
(Meurisse et al. 2017). In the future, it is necessary to conduct mi-
crowave sintering of lunar regolith simulants in vacuum.
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