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Abstract: The construction of lunar surface roads is conducive to improving the efficiency of lunar
space transportation. The use of lunar in situ resources is the key to the construction of lunar bases. In
order to explore the strength development of a simulated lunar soil geopolymer at lunar temperature,
geopolymers with different sodium hydroxide (NaOH) contents were prepared by using simulated
lunar regolith materials. The temperature of the high-temperature section of the moon was simulated
as the curing condition, and the difference in compressive strength between dry curing and sealed
curing was studied. The results show that the high-temperature range of lunar temperature from
52.7 ◦C to 76.3 ◦C was the suitable curing period for the geopolymers, and the maximum strength of
72 h was 6.31 MPa when the NaOH content was 8% in the sealed-curing mode. The 72 h strength
had a maximum value of 6.87 MPa when the NaOH content was 12% under dry curing. Choosing a
suitable solution can reduce the consumption of activators required for geopolymers to obtain unit
strength, effectively reduce the quality of materials transported from the Earth for lunar infrastructure
construction, and save transportation costs. The microscopic results show that the simulated lunar
soil generated gel substances and needle-like crystals under the alkali excitation of NaOH, forming a
cluster and network structure to improve the compressive strength of the geopolymer.

Keywords: lunar soil simulant; geopolymer; NaOH; dry curing; sealed curing; microscopic results

1. Introduction

As the nearest celestial body to the Earth, the unique space environment and abundant
mineral resources of the moon make it a key springboard for deep space exploration [1].
Landing on the moon to exploit lunar resources and building a lunar base is the focus
of aviation competition among countries. The construction of lunar bases and lunar
infrastructures is an important task of lunar exploration projects. The construction of
lunar roads is the key to improving the functionality and operational efficiency of lunar
bases [2]. The lunar surface is rugged, the gravity is low, the lunar soil is loose, and the
adhesion is strong, which makes it easy for a lunar rover to slip, sink, or even become
unable to move [3]. It is easy for a lunar rover to lift the lunar surface soil while driving
and attach it to the solar panel to make it invalid. In addition, if the loose lunar soil is
attached to the positions of the important parts inside the lunar rover, it can easily cause
the lunar rover to fail or even short-circuit. The Chinese Yutu lunar rover has a top speed
of only 0.2 km/h. Building roads with a certain structural strength on the lunar surface can
effectively improve the speed and safety of lunar equipment transportation, thereby further
improving the transportation efficiency of goods and providing a basic guarantee for lunar
scientific research activities and production and construction. According to NASA‘s report,
the cost per kilogram of material sent to the moon‘s orbit is more than USD 20,000 [4]. How
to use the moon‘s in situ resources to establish a lunar scientific research base has become a
research hotspot in the scientific and engineering communities [5,6].
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Alkali-activated lunar regolith is considered to be a promising in situ resource uti-
lization technology for the moon [7–9]. It is highly feasible to use lunar regolith as a raw
material for geopolymerization to prepare lunar road materials. Studies have shown that
geopolymer materials have good physical and mechanical properties [10]. A geopolymer
is an inorganic polymer formed by the alkali excitation of silicon–aluminum material, so
silicon–aluminum material is the precursor material for the preparation of geopolymers.

According to statistics, the content of silicon–aluminum oxide in the ‘Apollo‘ lunar
soil sample is more than 60%, indicating that the lunar soil meets the conditions for
preparing geopolymer precursors. The alkaline solution provides hydroxide ions for the
polymerization reaction of the simulated lunar soil, which promotes the disintegration of
the silicon–aluminum structure in the simulated lunar soil [11]. The lunar regolith itself
has low strength and does not contain cementitious minerals, but it can be converted into
cementitious materials through an alkali excitation reaction. After four reaction stages of
deconstruction, reconstruction, condensation, and crystallization [12], it is finally solidified
into a geopolymer with a certain structural strength. Sodium hydroxide (NaOH) solution
is a commonly used alkali activator, and its content directly affects the performance of
the geopolymer.

Grugel et al. [13] prepared sulfur-rich geopolymers using JSC-1 simulated lunar soil.
Although the problem of the material source was solved, it deforms and melts when the
temperature reaches 119 ◦C, thereby reducing its strength. Alexiadis et al. [14] used a JSC
LUNAR-1A lunar soil simulant to prepare a geopolymer with NaOH solution as an alkali
activator and found that the compressive strength of the lunar soil simulant geopolymer
was significantly different according to the concentration of the sodium hydroxide solution.
Mills et al. [15] compared the mechanical properties of alkali-activated lunar-soil-like
geopolymers prepared in vacuum extreme-high-temperature (600 ◦C) and low-temperature
(−80 ◦C) environments and found that the high-temperature environment was more
conducive to the curing of geopolymers. Xiong et al. [16] treated a simulated lunar soil
geopolymer excited with a NaOH solution with high- and low-temperature cycles of
120 ◦C and −30 ◦C and found that the compressive strength of the geopolymer was even
improved after 20 cycles. Pilehvar et al. [17] used a NaOH solution to prepare a DNA-1
lunar soil simulant geopolymer with a uniaxial compressive strength of 16 MPa. Therefore,
it is scientific and promising to use simulated lunar soil as the raw material and sodium
hydroxide solution as the activator to prepare a simulated lunar soil geopolymer for the
study of lunar road construction materials based on the two aspects of material selection
and method use.

Most researchers choose to maintain samples in a constant-temperature and -humidity
environment, but the temperature of the lunar surface changes with time and is very dry.
When the temperature of the lunar surface is 50–80 ◦C, it meets the polymerization condi-
tions for a simulated lunar soil geopolymer. Although the water inside the geopolymer
will be lost in a dry environment, it can be collected and reused, which is an important
part of saving the transportation costs of lunar resources. Weng et al. [18] found that water
played a role as a medium in the process of geopolymerization. Water only existed as a
reactant in the dissolution stage and existed in the form of products in the other stages.
Wang et al. [19] prepared a condensate water circulation system and cured the simulated
lunar soil geopolymer at the lunar ambient temperature. The results showed that 98% of
the water could be recycled during the curing process of the simulated lunar soil geopoly-
mer. At present, there are few reports on the comparison of the mechanical properties of
simulated lunar soil geopolymers in a water loss curing environment and water retention
curing environment. Therefore, a simulated lunar soil geopolymer was prepared by using
the in situ temperature of the moon, and the mechanical properties of the simulated lunar
soil geopolymer under dry curing (a water loss environment) and sealed curing (a water
retention environment) were studied. The difference and the influence of a dry-curing
environment on the simulated lunar soil geopolymer can provide some reference for the
construction of lunar roads.
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In this experiment, five high-temperature periods were selected according to the tem-
perature change curve of the moon at 45◦ latitude near the landing area of Chang ‘E-5.
Three kinds of alkali-activated lunar soil simulants with different NaOH concentrations
were prepared using volcanic ash lunar soil simulants as the raw materials, and the lu-
nar soil simulants were cured by dry curing and sealed curing. The mass loss rate and
side length shrinkage rate of the geopolymer in a dry environment at the lunar surface
temperature were studied. By comparing the differences in the compressive strength and
mass strength efficiency of the geopolymer under different schemes, the optimum curing
temperature scheme and NaOH concentration of the simulated lunar soil material were
determined, which provides an experimental basis for the application of simulated lunar
soil geopolymers in lunar pavement construction.

2. Materials and Methods
2.1. Materials

The raw material used in the experiment was basaltic volcanic slag from Lingshou
County, Hebei Province. The simulated lunar soil materials for preparing the geopolymers
were obtained by screening and grinding them, as shown in Figure 1.
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Figure 1. Photograph of experimental lunar soil simulant.

The XRD pattern of the experimental lunar soil simulant is shown in Figure 2. It can be
seen that the main phases of the lunar soil simulant were albite, anorthite, andesine, augite,
and olivine. This is consistent with the main mineral composition in real lunar soil [20].
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Table 1 lists the chemical composition of the real lunar soil collected from the Apollo
probe and the simulated lunar soil materials. In order to make the particle size of the
simulated lunar soil material closer to that of the real lunar soil, the fine simulated lunar
soil material was screened to obtain the particle size distribution, as shown in Figure 3 [21].

Table 1. Compositions of real lunar soil and lunar soil simulant (wt.%).

Item Apollo-14 [20] Apollo-15 [20] JSC-1 [13] DNA-1 [17] Experimental
Lunar Soil Simulant

SiO2 46.30 48.10 47.71 47.79 47.82
Al2O3 12.90 17.40 15.02 19.16 16.89
FeO 15.10 10.40 10.79 8.75 10.20
CaO 10.70 10.70 10.42 8.28 9.36
MgO 9.30 9.40 9.01 1.86 5.46
Na2O 0.54 0.70 2.70 4.38 2.55
K2O 0.31 0.55 0.82 3.52 2.30
TiO2 3.00 1.70 1.59 1.00 0.06
MnO 0.22 0.14 0.18 - -
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Figure 3. Particle size distribution of experimental lunar soil simulant.

The sodium hydroxide (NaOH) solution was prepared by mixing sodium hydroxide
particles with distilled water as the mixing water and alkali activator. The purity of the
NaOH used was 96% (mass fraction).

2.2. Curing Section

Figure 4 shows the real ambient temperature of the lunar surface at different latitudes [22].
This experiment was intended to study the mechanical properties of the simulated lunar
regolith geopolymer at the real temperature of the moon, so the temperature change line
at 45◦ latitude closest to the landing point of Chang ‘E-5 was selected. According to the
method in [23], since the duration of a day on the moon is equal to 30 days on the Earth,
the time on the moon must be converted into the time on the Earth. The linear interpolation
method was used to determine the temperature value every 12 h, and the temperature
section above 0 ◦C was intercepted. Marks A, B, C, D, and E correspond to 222 h–294 h,
270 h–342 h, 318 h–390 h, 366 h–438 h, and 414 h–486 h, as shown in Figure 5. Table 2 lists
the curing temperature schemes to simulate the temperature change on the lunar surface at
45 ◦ latitude.
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Table 2. Curing temperature schemes from A to E.

Curing Time
Group of Curing Temperature Scheme

A (◦C) B (◦C) C (◦C) D (◦C) E (◦C)

0–12 h 5.9 52.7 74.9 76.3 60.3
12–24 h 21.8 60.2 76.2 74.9 52.7
24–36 h 33.5 66.1 77.5 70.6 44.9
36–48 h 45.1 70.5 77.4 66.3 33.7
48–60 h 52.7 74.9 76.3 60.3 22.5
60–72 h 60.2 76.2 74.9 52.7 7.4

2.3. Geopolymer Synthesis

The solid NaOH was dissolved in distilled water to prepare the NaOH solution.
After cooling to room temperature, it was mixed with simulated lunar soil powder to
prepare simulated lunar soil geopolymer pastes. The coordination of the lunar soil simulant
geopolymer is shown in Table 3. The mixed simulated lunar soil geopolymer pastes were
fully mixed in the mortar mixer. After the mixing was completed, the pastes were poured
into molds of 50 mm × 50 mm × 50 mm and then vibrated to remove air bubbles in the
pastes, and a polyethylene film was wrapped and then placed in an electric drying oven
(101-00B, Shangcheng Instrument Manufacturing Co. Ltd., Shaoxing, China) according to
the A–E schemes. After 24 h of curing, the molds were removed, one group of samples was
stopped curing and their 24 h compressive strength was immediately measured, one group
of samples was sealed with a PE-sealed bag and put into the electric drying oven for sealed
curing, and the other group of samples without sealing treatment was directly put into
the electric drying oven for dry curing to simulate the dry environment on the moon. The
curing methods and steps are shown in Figure 6.
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Table 3. Mix proportions of lunar soil simulant geopolymer with different sodium hydroxide contents.

Content of NaOH mNaOH/mlss mw/mlss

4% 0.04 0.3
8% 0.08 0.3
12% 0.12 0.3

mNaOH represents the mass of sodium hydroxide particles; mlss represents the mass of lunar soil simulant; mw
represents the mass of mixed distilled water.
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2.4. Test Method

A uniaxial compression test machine (DNS-300, Changchun Machinery Institute,
Changchun, China) was used to measure the compressive strength of the samples at 24 h
and 72 h under each curing scheme. The loading rate was 0.5 mm/min, and the obtained
compressive strength was the average strength of the three samples.

An electronic balance was used to weigh the quality of the simulated lunar soil
geopolymer specimen in the B–E temperature schemes with the dry-curing method. The
accuracy of the electronic balance was 0.01 g, and the final mass measured was the average
of the mass of the three specimens.

A vernier caliper was used to measure the axial length of the simulated lunar soil
geopolymer specimen in the B–E temperature schemes under dry curing. The accuracy of
the vernier caliper was 0.01 mm, and the measured final axial length was the average of the
axial lengths of the three specimens.

The internal microstructures of the geopolymers in the curing section with differ-
ent NaOH contents at 72 h were characterized by scanning electron microscopy (SEM,
FlexSEM1000, Japan).

3. Results
3.1. Compressive Strength

The compressive strengths of the geopolymer at 24 h and 72 h under the same curing
scheme are shown in Figure 7. The curing temperature within 24 h of scheme A was
low, which delayed the bonding and hardening of the geopolymer. Therefore, the 24 h
compressive strength of each group of specimens under this scheme was zero, and the
compressive strength was measured only after sealed curing for 72 h. When the content
of NaOH was 8%, the sample was damaged and the bearing capacity was lost when the
sample was dry-cured for 72 h in scheme C, as shown in Figure 8. This was due to the
rapid evaporation of water in the geopolymer, whereby the specimen shrank, and micro-
cracks were first generated outside. As the shrinkage intensified, the cracks extended
inward until the cracks ran through the entire specimen to break the specimen and it lost
its compressive capacity.
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Figure 8. Morphology of simulated lunar soil geopolymer containing 8% NaOH after dry curing for
72 h under scheme C.

In Figure 7a, it can be seen that compared with the compressive strength of the five
temperature curing schemes at the same NaOH concentration for 24 h, the compressive
strength in the C and D schemes was significantly higher than that in the other groups.
When the NaOH concentration was 8%, the strength was the largest, 3.24 MPa and 3.25 MPa,
respectively. The compressive strength of the specimens in groups C and D at the same
NaOH concentration was comparable because the curing temperature of the two groups for
24 h was about 75 ◦C, and was higher than in other schemes. It can be seen that in the high-
temperature curing environment, it was beneficial to accelerate the combination reaction of
the NaOH solution and lunar soil simulant material, thereby improving the strength of the
geopolymer. On the contrary, the lower initial curing temperature hindered the dissolution
and reaggregation of silicates and aluminates, making the geopolymer’s compressive
strength relatively low [24]. Therefore, the compressive strength of the geopolymers in



Materials 2024, 17, 1413 8 of 17

schemes B and E for 24 h was small, while in scheme A, the strength of the specimen was
not formed due to the low temperature.

In Figure 7b,c, it can be seen that when cured for 72 h, except for the geopolymer
with an 8% NaOH content in group C, which lost its strength due to shrinkage and
rupture, the compressive strength in the other groups was higher than that at 24 h. At
72 h, the geopolymer with a 12% NaOH content under dry curing in scheme D obtained
the maximum compressive strength of 6.87 MPa, which was 114.7% higher than that at
24 h. The geopolymer with an 8% NaOH content in scheme D obtained the maximum
strength of 6.31 MPa after 72 h under sealed curing, which was 94.2% higher than that
at 24 h. When the content of NaOH was 4%, the compressive strength in group E after
72 h of sealed curing was 0.3 MPa, which was only 44.1% of the compressive strength at
24 h, and the strength showed negative growth. This may be due to the low content of
NaOH, on the one hand, and, on the other hand, due to the decrease in temperature, the
dissolved silicate and aluminate could not agglomerate well, which hindered the process
of the hydration reaction.

The 72 h strength of the specimen with a 12% NaOH content in scheme D under
sealed curing increased by only 7.2% compared with the 24 h strength, which was much
smaller than the strength growth under dry curing. Because the curing temperature in this
scheme was gradually reduced from 76.3 ◦C to 52.7 ◦C, the decrease in temperature led to
a decrease in the rate of polymerization reaction. In the process of dry curing, although the
temperature was also reduced, the water in the geopolymer also constantly evaporated,
which made the concentration of NaOH increase accordingly, which was conducive to
the development of the strength of the geopolymer. The strength of the latter was 100.3%
higher than that of the former.

In order to show the development and change in strength more clearly, Figure 7b also
shows the ratios of the 24 h compressive strength to the 72 h final strength of the geopolymer
with an 8% NaOH concentration in the sealed-curing mode, which were 0, 47.3%, 60.6%,
51.5%, and 85.9%, respectively. Figure 7c shows the ratios of the 24 h compressive strength
to the 72 h final strength of the geopolymer with a 12% NaOH concentration in the dry-
curing mode, which were 36.6%, 63.3%, 46.6%, and 63.4%, respectively. This shows that
the early strength development of the geopolymer was sensitive to temperature, and the
subsequent temperature change affected the strength growth of the geopolymer.

3.2. Mass Loss Rate

For the specimens under dry curing, the water was lost with the increase in the curing
time, which manifested as a decrease in specimen quality. An electronic balance was used
to measure the mass of the simulated lunar soil geopolymer specimen when it was cured
for time t (t = 24 h, 36 h, 48 h, 60 h, and 72 h), and the mass loss rate was calculated to
measure the water loss in the specimen. The formula was:

qm =
mt − m24h

m24h
× 100% (1)

In the formula, qm represents the mass loss rate of the simulated lunar soil geopolymer
specimen; mt denotes the mass of the specimen at time t; and m24h represents the initial
mass of the specimen when it was cured for 24 h.

The mass loss rate of the geopolymer under the B–E temperature schemes in the dry
environment is shown in Figure 9. When the curing time was 72 h, the geopolymer with
a NaOH content of 4% had higher mass loss rates under the B–E temperature schemes,
which were 22.89%, 21.05%, 21.43%, and 13.91%, respectively. The mass loss rate in
scheme E was much smaller than that in schemes B, C, and D, which was due to the lower
curing temperature and the lower water loss rate. When the NaOH content of the local
polymer was 8%, the mass loss rate steadily increased under the B and C curing schemes,
and the moisture in the geopolymer continued to evaporate in the high-temperature dry
environment. The mass loss rate was small in the D scheme, which was inevitably related
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to the subsequent temperature reduction. When the NaOH content in the local polymer
was 12%, the mass loss rate during the curing for 72 h in each curing scheme was small.
The final mass loss rate in the D scheme was 11.64%, while the final mass loss rate in the
E curing scheme was only 4.92%. This shows that 12% NaOH has a good water retention
effect on geopolymers in a dry environment.
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3.3. Shrinkage Rate

A simulated lunar soil geopolymer and volcanic ash geopolymer are essentially the
same, and they will produce shrinkage deformation during the hardening process [25,26].
This shrinkage mainly includes chemical shrinkage caused by the alkali-activated hydration
reaction, temperature shrinkage caused by the temperature change, and drying shrinkage
caused by water loss.

During the test time, there were no cracks or shrinkage damage in the simulated lunar
regolith geopolymer specimens in the sealed-curing environment, while shrinkage cracks
appeared in some specimens in the dry-curing environment. Therefore, a vernier caliper
was used to measure the axial length of the dry-cured simulated lunar soil geopolymer
specimen when it was cured for time t (t = 24 h, 36 h, 48 h, 60 h, and 72 h). The shrinkage
rate was calculated, and the shrinkage deformation of the specimen was analyzed. The
formula was:

sl =
lt − l24h

l24h
× 100% (2)

In the formula, sl represents the shrinkage rate of the simulated lunar soil geopolymer
specimen; lt represents the axial length of the specimen at time t; and l24h represents the
initial axial length of the specimen when it was cured for 24 h.

Figure 10 shows the shrinkage change trend in the simulated lunar soil geopolymer
with different sodium hydroxide contents under different temperature curing schemes with
the increase in the curing time in the dry-curing environment. When the NaOH content
in the simulated lunar soil geopolymer was constant, the shrinkage rate in the different
temperature curing schemes was different. It can be seen in the diagram that when the
content of NaOH was 4%, the shrinkage of the geopolymer cured for 72 h in the B and E
schemes was 3.49% and 3.16%, respectively, which was much higher than the values of
0.89% and 1.17% in the C and D schemes, and the B and E schemes had high shrinkage
rates of 3.13% and 2.80% at 12 h after mold removal. The geopolymer with an 8% NaOH
content had a shrinkage rate of 2.77% when it was cured for 72 h in scheme B, and the
shrinkage rate steadily increased with the increase in the curing time. The shrinkage rate
in scheme C was also at a high level, reaching 2.32% at 60 h. However, due to the high
dry-curing temperature and the rapid evaporation of water, the geopolymer contracted and
ruptured and lost its bearing capacity. When the NaOH content in the local polymer was
12%, the shrinkage rate of the specimen was at a low level in each scheme, and the mass
shrinkage was small, indicating that the shrinkage effect caused by water loss was small.
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Figure 10. The shrinkage of geopolymer under dry curing from 24 h to 72 h.

Under the four curing schemes of B–E, the three geopolymers with different NaOH
contents showed that the shrinkage rate increased with the increase in the curing time. This
is because in the dry environment, the water in the geopolymer continuously evaporated,
and the gel phase shrank accordingly. When the curing time was 72 h, the shrinkage rates of
the three NaOH-containing geopolymers under the B curing scheme were the largest. This
may have been due to the gradual increase in the curing temperature under the B scheme,
which was more conducive to the formation of the gel and the evaporation of water. The
three-phase effect of chemical shrinkage, drying shrinkage, and temperature shrinkage
increased, resulting in an increase in the shrinkage rate of the geopolymers. After the E
curing scheme for 48 h, the growth rate of the shrinkage rate of the geopolymers with the
three NaOH contents was significantly reduced. The shrinkage rate of the geopolymers
with a NaOH content of 4% remained almost unchanged with time, while the shrinkage rate
of the geopolymers with NaOH contents of 8% and 12% even decreased. This is because the
E scheme had a lower curing temperature after 48 h, and the chemical shrinkage, drying
shrinkage, and temperature shrinkage were significantly reduced, which eventually led to
a slight expansion of the geopolymer.

3.4. Mass Strength Efficiency

In the construction of a lunar base, considering the transportation cost of materials,
the mass of materials transported from the Earth should be minimized, and cm is defined
as the mass strength efficiency (MSE) to measure the mass-saving degree of NaOH and
water. The formula is:

cm =

[
1
f
× m24h

mT
× (mNaOH + mw)× 100

mlss

]−1
(3)

In the formula, cm represents the reciprocal of the mass ratio of the sum of NAOH
and water forming a 1 MPa strength to the mass ratio of the lunar soil simulant. The larger
the cm, the smaller the total mass of NaOH and water required to form the unit strength
of the geopolymer; thus, less material mass is carried from the Earth. m24h represents
the quality of the geopolymer when it was cured for 24 h; mT represents the mass of the
geopolymer cured for time T, where T = 24 h or 72 h; mNaOH represents the mass of NAOH;
mw represents the mass of water; and mlss represents the mass of the lunar soil simulant. f
represents the compressive strength value. The mass strength efficiency of the simulated
lunar regolith geopolymer at 24 h and 72 h under each test scheme is shown in Figure 11.
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Figure 11. The mass strength efficiency under each curing scheme.

It can be seen in Figure 11a that the cm value at 24 h was cm (8%) ≥ cm (12%) ≥ cm
(4%) in each temperature curing scheme, indicating that too little and too much NaOH
reduces the mass strength efficiency of lunar soil simulant materials within 24 h. Figure 11b
shows that under the condition of 72 h dry curing, the cm of the geopolymer with a 12%
NaOH content had a high level in each curing scheme group. In the D curing scheme, the
maximum compressive strength was reached at 72 h, and the cm reached a maximum value
of 1.85 MPa, which was 143% higher than that at 24 h. It can be seen in Figure 11c that the
geopolymer with an 8% NaOH content had a higher cm value in the 72 h sealed-curing
environment. Similarly, in the D scheme, the cm had a maximum value of 1.66 MPa, an
increase of 93% over 24 h, and the compressive strength also reached the maximum value.

It can be seen that 8% and 12% NaOH had a significant effect on the strength growth
of the geopolymers, while the 24 h cm values of the geopolymers with a 4% NaOH content
under each curing scheme were smaller than those of the former two, and the cm value at
72 h was smaller than the 24 h cm value. The growth was even negative based on the cm
value after curing for 72 h in the E scheme, indicating that 4% NaOH had a weak effect on
the strength growth of the geopolymers.

3.5. Stress–Strain Curve

Since the simulated lunar soil geopolymers had similar stress–strain curves, the 72 h
compressive stress–strain curve of the geopolymer under the D scheme was selected as a
typical representative, as shown in Figure 12.
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It can be seen in Figure 11 that the NaOH content had a significant effect on the stress–
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the stress–strain curve shapes of the geopolymers were different, they all showed a con-
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Figure 12. The stress–strain curve of geopolymer in scheme D.

It can be seen in Figure 11 that the NaOH content had a significant effect on the
stress–strain curve of the simulated lunar regolith geopolymer. When the content of NaOH
was 4%, the compressive strength of the geopolymer was small, the peak strain was small,
the stress–strain curve was flat, and the ductility and toughness of the geopolymer were
good. The geopolymer under 12% NaOH sealed curing and 8% NaOH dry curing had
a higher peak stress, the stress–strain curve was of the “thin and narrow“ type, and the
compressive strength was higher.

Although the effects of different NaOH contents and different curing conditions on the
stress–strain curve shapes of the geopolymers were different, they all showed a consistent
brittle failure mode. As shown in Figure 13, The failure process was approximately divided
into the following four stages: the compaction stage (I), the linear elastic stage (II), the
yield deformation stage (III), and the failure stage (IV). The specific performance was as
follows: in stage I, the internal pores of the specimen were compressed under loading,
the specimen was gradually compacted, the stress increased in the “concave“ form, and
the specimen was not obviously damaged. In stage II, the internal pores of the specimen
could no longer be compressed, the specimen was in the stage of linear elastic deformation,
the stress increased almost in a straight line, and micro-cracks appeared on the surface
of the specimen. In stage III, the stress gradually increased in the “convex“ form until it
reached the peak point, and the crack width of the sample gradually expanded and slowly
extended to both ends. In the IV stage, the specimen was unable to continue to bear the
load, the stress–strain curve decreased rapidly, and the specimen exhibited brittle failure
and penetrating cracks.

Materials 2024, 17, x FOR PEER REVIEW 12 of 17 
 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0
S

tr
es

s/
M

P
a

Strain/10-2

Dring Curing   Sealed Curing

4%        4%

8%      8%

12%       12%

o

 

Figure 12. The stress–strain curve of geopolymer in scheme D. 

It can be seen in Figure 11 that the NaOH content had a significant effect on the stress–

strain curve of the simulated lunar regolith geopolymer. When the content of NaOH was 

4%, the compressive strength of the geopolymer was small, the peak strain was small, the 

stress–strain curve was flat, and the ductility and toughness of the geopolymer were good. 

The geopolymer under 12% NaOH sealed curing and 8% NaOH dry curing had a higher 

peak stress, the stress–strain curve was of the “thin and narrow“ type, and the compres-

sive strength was higher. 

Although the effects of different NaOH contents and different curing conditions on 

the stress–strain curve shapes of the geopolymers were different, they all showed a con-

sistent brittle failure mode. As shown in Figure 13, The failure process was approximately 

divided into the following four stages: the compaction stage (I), the linear elastic stage (II), 

the yield deformation stage (III), and the failure stage (IV). The specific performance was 

as follows: in stage I, the internal pores of the specimen were compressed under loading, 

the specimen was gradually compacted, the stress increased in the “concave“ form, and 

the specimen was not obviously damaged. In stage II, the internal pores of the specimen 

could no longer be compressed, the specimen was in the stage of linear elastic defor-

mation, the stress increased almost in a straight line, and micro-cracks appeared on the 

surface of the specimen. In stage III, the stress gradually increased in the “convex“ form 

until it reached the peak point, and the crack width of the sample gradually expanded and 

slowly extended to both ends. In the IV stage, the specimen was unable to continue to bear 

the load, the stress–strain curve decreased rapidly, and the specimen exhibited brittle fail-

ure and penetrating cracks. 

 

Figure 13. Stress–strain curve and failure mode of lunar soil simulant polymer. 

3.6. Energy Characteristics 

According to the first law of thermodynamics and the law of conservation of energy, 

the input energy of the press loaded on the simulated lunar soil geopolymer during the 

static compression test was: 

 

  

 

  

    /  

 0

  

 0

 

  

Figure 13. Stress–strain curve and failure mode of lunar soil simulant polymer.



Materials 2024, 17, 1413 13 of 17

3.6. Energy Characteristics

According to the first law of thermodynamics and the law of conservation of energy,
the input energy of the press loaded on the simulated lunar soil geopolymer during the
static compression test was:

U = Ue + Ud (4)

In the formula, U is the input energy of the press to the simulated lunar soil geopoly-
mer; Ue is the elastic energy of the lunar soil simulant; and Ud is the dissipation energy,
in MJ/m3.

The calculation formulas of U, Ue, and Ud in the compression process of the simulated
lunar soil geopolymer samples are as follows:

U =
∫ ε0

0
σ0Ddε0 (5)

Ue =
1
2

σ0ε0 ≈ σ0
2

2E
(6)

Ud = U − Ue (7)

In the formulae, σ0 and ε0 are the peak stress and peak strain of the simulated lunar
soil geopolymer, respectively, and E is the slope of stage II in the stress–strain curve.

The relationship curves between the sodium hydroxide content and energy parameters
of the group D samples under the two curing methods are shown in Figure 14.
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Figure 14. The relationship between polymer energy and NaOH content in lunar soil simulant.

Figure 14a shows that in the dry-curing mode, when the NaOH content was 12%, the
elastic energy was the highest and amounted to 0.0423 MJ/m3. The ratio of the elastic
energy to the input energy was the largest, which was 0.69. The ratio of the dissipation
energy to the input energy was the smallest, which was 0.31. It can be seen in Figure 14b
that in the sealed-curing mode, when the NaOH content was 8%, the input energy and
elastic energy were the largest, which were 0.0612 MJ/m3 and 0.034 MJ/m3, respectively.
The ratio of the elastic energy to the input energy was the largest, which was 0.56. The ratio
of the dissipated energy to the input energy was the smallest, which was 0.44. This was
similar to the strength characteristics of the simulated lunar regolith geopolymer, so it is
speculated that the energy accumulation and dissipation of the simulated lunar regolith
geopolymer are related to the compressive strength.

3.7. Micro Results and Analysis

Figure 15 shows the scanning electron microscope images of the geopolymers with
NaOH contents of 4%, 8%, and 12% after sealed curing for 72 h and a NaOH content of 8%
after dry curing for 72 h under scheme D.
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Figure 15. Typical SEM images of geopolymers under D temperature scheme at 72 h.

It can be seen in Figure 15a that the surface of the geopolymer was covered with
agglomerated gel particles, but it showed a relatively loose state. There were large pores in
the gel material produced by hydration, and there were unreacted lunar soil simulants. The
bulk material indicates that when the NaOH content was 4%, the geopolymer hydration
reaction was incomplete, which affected the development of strength.

In Figure 15b, it can be seen that when the NaOH content was 8%, a large num-
ber of rod-like crystals were formed on the surface of the geopolymer, and loose gel
material groups rarely existed. The rod-like crystals grew in a crisscross manner and
formed a dense network structure, which greatly improved the strength of the geopolymer
and had a high degree of polymerization, which was consistent with the results of the
compressive strength.

It can be clearly seen in Figure 15c that the hydration products generated when the
NaOH content was 12% were uneven. There was a large number of gel substances on the
surface of the geopolymer, and there were also holes, indicating that excessive NaOH hin-
ders the hydration reaction of the geopolymer, which is not conducive to the development
of strength. In addition, prismatic crystals were also found in the image. He [27] believed
that the prismatic crystals produced by the hydration reaction of geopolymers were a
special form of sodium silicate impurity, which had an adverse effect on the strength of the
geopolymers. This also further explained the reason for the decrease in the compressive
strength of the geopolymers when the NaOH content was 12%.

As shown in Figure 15d, the hydration reaction of the geopolymer with a NaOH
content of 8% under dry-curing conditions was relatively uniform, the needle-like crystals
formed on the surface were distributed in a network, and there were obvious gel particle
clusters. This was due to the internal water loss in the geopolymer. The hydration was not
complete, and the cementitious material could not further react to form a denser structure,
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which limited the development of compressive strength. However, at the same time, the
dense structure hindered the loss of water outward, which also explains the reason why
the mass loss rate of the geopolymer with a NaOH content of 8% was low under this curing
scheme. Therefore, a proper amount of NaOH and sufficient water are the key factors for
the development of geopolymer strength.

4. Discussion

Considering the mechanical properties and microscopic characteristics of the simulated
lunar soil geopolymer, two mechanisms can be proposed to clarify its curing under sealed
curing and dry curing.

In the sealed-curing environment, the geological polymerization reaction was the
main curing method for the simulated lunar soil geopolymer. In this experiment, the
geopolymer reaction was mainly related to the curing temperature and the concentration
of the NaOH solution. Only when the temperature was high enough, the simulated lunar
soil geopolymer could produce sufficient strength in a limited time. Taking the simulated
lunar soil geopolymer specimen with a NaOH content of 4% as an example, when the
curing temperature during 24 h was 5.9 ◦C–21.8 ◦C, the geopolymer had not yet completed
the initial curing, and the strength was 0; when the curing temperature during 24 h was
52.7 ◦C–60.2 ◦C, the compressive strength of the simulated lunar soil geopolymer specimen
was 0.37 MPa; and when the curing temperature during 24 h was 74.9 ◦C–76.2 ◦C, the
compressive strength of the specimen reached 1.45 MPa. This means that the specimen had
a high degree of polymerization reaction in the temperature range of 60.2 ◦C–76.2 ◦C. This
threshold phenomenon was also found in the tests by Geng [7].

In addition, the solidification of the simulated lunar soil geopolymer was affected by
the concentration of the NaOH solution. When the concentration of the NaOH solution was
low, the aluminosilicate could not be completely dissolved, and the simulated lunar soil
particles could not be fully geologically polymerized. The product was relatively simple,
showing a lower compressive strength, which can be observed in Figure 15a. When the
concentration of the NaOH solution was too high, the initial product was wrapped around
the simulated lunar regolith particles, which can be observed in Figure 15c. Therefore,
the early compressive strength of the simulated lunar regolith geopolymer was reduced,
and the later geological polymerization rate was slowed down. This rule has also been
confirmed in the study by Dai [28].

In the dry-curing environment, the simulated lunar soil geopolymer dehydrated, and
its curing mechanism was combined in two ways: one was the chemical curing method of
geological polymerization, and the other was the physical curing method of dry silicate
combination. According to the recognized geological polymerization mechanism, water
itself does not participate in the reaction in the process of geopolymerization but exists as a
medium [29]. In the dry-curing environment, when the specimen was in the initial stage of
curing, due to the sufficient water in the geopolymer, the curing mode was dominated by
geological polymerization. With the continuous evaporation of water, the reaction medium
was slowly deprived. The combination of silicate solutes in the interstitial fluid of the
lunar soil simulant particles dominated the curing of the geopolymer. Under the same
water–binder ratio, NaOH with a higher concentration can introduce more silicates into
the interstitial fluid and bond the lunar soil simulant particles together after dehydration,
which is similar to the bonding mode of alkali silicate-bonded sand [30].

It is worth noting that although the test found that when the curing temperature
gradient was reduced from 76.3 ◦C to 52.7 ◦C, the simulated lunar soil geopolymer obtained
a better compressive strength under both sealed curing and dry curing, it should also be
noted that in a continuous high-temperature dry-curing environment, the specimen may
shrink and rupture, so it is also necessary to monitor the physical and mechanical properties
of the specimen in a long-term dry-curing environment.
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5. Conclusions

By using the original temperature of the moon to prepare the simulated lunar soil
geopolymer, and simulating the compressive strength of the geopolymer cured in the dry
and humid environment of the moon, the following conclusions were drawn:

1. In the dry environment, the geopolymer produced mass loss and shrinkage deforma-
tion due to water loss. In the high-temperature environment, the geopolymer with a
4% NaOH content had the fastest mass loss rate. When the NaOH content was 8%, dry
cracking shrinkage damage easily occurred; when the NaOH content was 12%, the
geopolymer had a better water retention capacity and lower shrinkage deformation.

2. Considering the compressive strength of the geopolymer under the five temperature
curing schemes, the D scheme with a moon time of 366 h–438 h and temperature
change of 76.3 ◦C–52.7 ◦C was the appropriate curing time. When the NaOH content
of the local polymer was 8%, the strength reached 6.31 MPa after sealed curing for
72 h. When the NaOH content was 12%, the strength reached 6.87 MPa after dry
curing for 72 h.

3. The dry-curing and sealed-curing methods had the maximum mass strength efficiency
cm under the D temperature scheme. The simulated lunar soil geopolymer cm with
a NaOH content of 12% reached the maximum value of 1.85 MPa under dry curing,
and the cm reached the maximum value of 1.66 MPa when the NaOH content was 8%
under sealed curing.

4. The microscopic results show that the appropriate amount of NOH made the sim-
ulated lunar soil geopolymer generate needle-like crystals and dense structures un-
der the action of alkali excitation, thereby improving the compressive strength of
the geopolymer.

Author Contributions: Conceptualization, J.G. and Q.M.; Methodology, J.G.; Software, J.G.; Valida-
tion, J.G.; Writing—original draft, J.G.; Supervision, Q.M.; Project administration, Q.M.; Funding
acquisition, Q.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marzena, D.; Jacek, K. Terrestrial Laser Scanning of Lunar Soil Simulants. Materials 2022, 15, 8773.
2. Windisch, L.; Linke, S.; Jütte, M.; Baasch, J.; Kwade, A.; Stoll, E.; Schilde, C. Geotechnical and Shear Behavior of Novel Lunar

Regolith Simulants TUBS-M, TUBS-T, and TUBS-I. Materials 2022, 15, 8561. [CrossRef]
3. Guo, Y.Q.; Luo, W.H.; Xu, Z.D.; Shu, B.M.; Yang, D.K. Research on the design and gait planning of a hexapod robot based on

improved triangular gait for lunar exploration. Appl. Sci. 2023, 14, 260. [CrossRef]
4. Mehdizadeh, H.; Kani, E.N.; Sanchez, A.P.; Fernandez-Jimenez, A. Rheology of activated phosphorus slag with lime and alkaline

salts. Cem. Concr. Res. 2018, 113, 121–129. [CrossRef]
5. Bennett, J.N.; Ellender, D.; Dempster, G.A. Commercial viability of lunar In-Situ Resource Utilization (ISRU). Planet. Space Sci.

2020, 182, 104842. [CrossRef]
6. Karl, D.; Kamutzki, F.; Zocca, A.; Goerke, O.; Guenster, J.; Gurlo, A. Towards the colonization of Mars by in-situ resource

utilization: Slip cast ceramics from Martian soil simulant. PLoS ONE 2018, 13, e0204025. [CrossRef]
7. Geng, Z.; Zhang, L.; Pan, H.; She, W.; Zhou, C.; Zhou, H.; Yu, Z.; Xu, Z. In-situ solidification of alkali-activated lunar regolith:

Insights into the chemical and physical origins. J. Clean. Prod. 2023, 391, 136147. [CrossRef]
8. Egnaczyk, T.M.; Mills, J.N.; Wagner, N.J. Composition-property relationships of BP-1 lunar regolith simulant geopolymers for

in-situ resource utilization. Adv. Space Res. 2024, 73, 885–917. [CrossRef]
9. Kinga, K.; Kinga, P.; Barbara, K. An Overview for Modern Energy-Efficient Solutions for Lunar and Martian Habitats Made Based

on Geopolymers Composites and 3D Printing Technology. Energies 2022, 15, 9322.
10. Naser, M. Extraterrestrial construction materials. Prog. Mater. Sci. 2019, 105, 100577. [CrossRef]

https://doi.org/10.3390/ma15238561
https://doi.org/10.3390/app14010260
https://doi.org/10.1016/j.cemconres.2018.07.010
https://doi.org/10.1016/j.pss.2020.104842
https://doi.org/10.1371/journal.pone.0204025
https://doi.org/10.1016/j.jclepro.2023.136147
https://doi.org/10.1016/j.asr.2023.11.030
https://doi.org/10.1016/j.pmatsci.2019.100577


Materials 2024, 17, 1413 17 of 17

11. Guo, X.L.; Xiong, G.Y.; Wang, Z.H. A conception of geopolymer-based lunar soil concrete and its in-situ construction by 3D
printing. Spacecr. Environ. Eng. 2020, 37, 209–217.

12. Fernández-Jiménez, A.; Palomo, A. Composition and microstructure of alkali activated fly ash binder: Effect of the activator. Cem.
Concr. Res. 2005, 35, 1984–1992. [CrossRef]

13. Grugel, R.N. Integrity of sulfur concrete subjected to simulated lunar temperature cycles. Adv. Space Res. 2012, 50, 1294–1299.
[CrossRef]

14. Alexiadis, A.; Alberini, F.; Meyer, E.M. Geopolymers from lunar and Martian soil simulants. Adv. Space Res. 2017, 59, 490–495.
[CrossRef]

15. Mills, J.N.; Katzarova, M.; Wagner, N.J. Comparison of lunar and Martian regolith simulant-based geopolymer cements formed
by alkali-activation for in-situ resource utilization. Adv. Space Res. 2022, 69, 761–777. [CrossRef]

16. Xiong, G.; Guo, X.; Yuan, S.; Xia, M.; Wang, Z. The mechanical and structural properties of lunar regolith simulant based
geopolymer under extreme temperature environment on the moon through experimental and simulation methods. Constr. Build.
Mater. 2022, 325, 126679. [CrossRef]

17. Pilehvar, S.; Arnhof, M.; Pamies, R.; Valentini, L.; Kjøniksen, A.L. Utilization of urea as an accessible superplasticizer on the moon
for lunar geopolymer mixtures. J. Clean. Prod. 2020, 247, 119177. [CrossRef]

18. Weng, L.; Sagoe-Crentsil, K. Dissolution processes, hydrolysis and condensation reactions during geopolymer synthesis: Part
I—Low Si/Al ratio systems. J. Mater. Sci. 2007, 42, 2997–3006. [CrossRef]

19. Wang, K.T.; Lemougna, P.N.; Tang, Q.; Li, W.; Cui, X.M. Lunar regolith can allow the synthesis of cement materials with near-zero
water consumption. Gondwana Res. 2017, 44, 1–6. [CrossRef]

20. Morris, R.V. Handbook of Lunar Soils; Lyndon B. Johnson Space Center: Los Alamos, NM, USA, 1983.
21. Carrier, W.D. Particle size distribution of lunar soil. J. Geotech. Geoenviron. Eng. 2003, 129, 956–959. [CrossRef]
22. Williams, J.P.; Paige, D.A.; Greenhagen, B.T.; Sefton-Nash, E. The global surf-ace temperatures of the Moon as measured by the

Diviner Lunar Radiometer Experiment. Icarus 2017, 283, 300–325. [CrossRef]
23. Zhou, S.; Yang, Z.; Zhang, R.; Zhu, X.; Li, F. Preparation and evaluation of geopolymer based on BH-2 lunar regolith simulant

under lunar surface temperature and vacuum condition. Acta Astronaut. 2021, 189, 90–98. [CrossRef]
24. Verma, M.; Dev, N. Effect of Liquid to Binder Ratio and Curing Temperature on the Engineering Properties of the Geopolymer

Concrete. Silicon 2022, 14, 1743–1757. [CrossRef]
25. Najimi, M.; Ghafoori, N. Engineering properties of natural pozzolan/slag based alkali-activated concrete. Constr. Build. Mater.

2019, 208, 46–62. [CrossRef]
26. Salami, B.A.; Ibrahim, M.; Al-Osta, M.A.; Nasir, M.; Ali, M.R.; Bahraq, A.A.; Wasiu, A. Engineered and green natural pozzolan-

nano silica-based alkali-activated concrete: Shrinkage characteristics and life cycle assessment. Environ. Sci. Pollut. Res. Int. 2022,
30, 17840–17853. [CrossRef]

27. He, J.; Jie, Y.; Zhang, J.; Yu, Y.; Zhang, G. Synthesis and characterization of red mud and rice husk ash-based geopolymer
composites. Cem. Concr. Compos. 2013, 37, 108–118. [CrossRef]

28. Dai, X.; Aydin, S.; Yardimci, M.Y.; De Schutter, G. Rheology and structural build-up of sodium silicate- and sodium hydroxide-
activated GGBFS mixtures. Cem. Concr. Compos. 2022, 131, 104570. [CrossRef]

29. Provis, L.J.; Palomo, A.; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015, 78, 110–125.
[CrossRef]

30. Xin, F.H.; Liu, W.H.; Song, L.; Li, Y.M. Study on Influence of Silicate Modulus and Cation Type on Tensile Strength for Sand Core.
Int. J. Met. 2022, 17, 314–321. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cemconres.2005.03.003
https://doi.org/10.1016/j.asr.2012.06.027
https://doi.org/10.1016/j.asr.2016.10.003
https://doi.org/10.1016/j.asr.2021.10.045
https://doi.org/10.1016/j.conbuildmat.2022.126679
https://doi.org/10.1016/j.jclepro.2019.119177
https://doi.org/10.1007/s10853-006-0820-2
https://doi.org/10.1016/j.gr.2016.11.001
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:10(956)
https://doi.org/10.1016/j.icarus.2016.08.012
https://doi.org/10.1016/j.actaastro.2021.08.039
https://doi.org/10.1007/s12633-021-00985-w
https://doi.org/10.1016/j.conbuildmat.2019.02.107
https://doi.org/10.1007/s11356-022-23424-8
https://doi.org/10.1016/j.cemconcomp.2012.11.010
https://doi.org/10.1016/j.cemconcomp.2022.104570
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1007/s40962-022-00774-0

	Introduction 
	Materials and Methods 
	Materials 
	Curing Section 
	Geopolymer Synthesis 
	Test Method 

	Results 
	Compressive Strength 
	Mass Loss Rate 
	Shrinkage Rate 
	Mass Strength Efficiency 
	Stress–Strain Curve 
	Energy Characteristics 
	Micro Results and Analysis 

	Discussion 
	Conclusions 
	References

