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  ABSTRACT OF THE DISSERTATION 

Developing Lunar “Cement” Using Lunar Soils 

 

by 

 

Tze-Han Chen 

Doctor of Philosophy in Materials Science and Engineering  

 

University of California, San Diego, 2015 

 

Professor Yu Qiao, Chair 

 

 

In order to build massive outposts or telescopes on the Moon. it have been 

decades since the call of a structural material, lunar “cement”, based on locally 

harvestable resources, e.g. lunar regolith. The development of the material is confined by 

a variety of criteria, including material properties and energy consumption.  

Inorganic-organic hybrid (IOH) was proposed to be an ideal candidate of lunar 

“cement”. It uses a polymer of a high strength/weight ratio and a high radiation resistance 

as binder, to strongly bind together lunar regolith particles. 



xvii 

 

To minimize the polymer binder content, a novel material processing approach, 

the high-pressure compaction technique (HPCT), was developed. Experiments and 

analyses were conducted to explore the unique features of HPCT, the properties of the so-

processed IOH, and the dominant factors. It is concluded that HPCT can be employed to 

produce IOH with an ultralow binder content of ~4 wt.% and a satisfactory flexure 

strength of 20-30 MPa. The polymer binder can be either a thermoset or a thermoplastic. 

The HPCT procedure is simple, fast, and scalable. The HPCT machinery can be small 

sized and lightweight.  
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CHAPTER 1 

INTRODUCTION 

1.1 Space Exploration to the Moon 

Modern space exploration began in the early 20
th

 century, with the development 

of rocket technology. The technology leaped forward in the “space race” between the 

Soviet Union and the United States during the cold war. As a result, the first Moon 

landing was achieved by the American Apollo 11 on July 20
th

, 1969. From 1970s to the 

early 21st century, the focus of space transportation was shifted from one-off flights to 

sustainable settings, leading to the space shuttle program and the establishment of the 

low-orbit international space station (ISS), after decades of exploration endeavor.  

The Moon has since then been considered one of the top candidate locations for 

sustainable bases, outposts, and even for future space immigration and colonization. The 

advantages of the Moon include proximity to Earth, availability of energy and material 

resources, gravity, protection from space hazards, to name a few. Setting a outpost on the 

Moon would create new opportunities for further space exploration as well as scientific 

and commercial activities, such as astronomy, mining, and even tourism (Shrunk, 2007). 

To construct outposts and bases on the lunar surface (Toklu, 2000), one has to fully 

consider the lunar environment. The surface temperature at lunar equator ranges from -

173 
o
C to 127 

o
C. The temperature change is drastic because there is no free water and 

atmosphere to moderate the temperature. Lacking of the protection layer of atmosphere 

also causes that the lunar surface is constantly subjected to cosmic radiation and solar 
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wind; it is also the reason why the Moon has mountain ranges and valleys – The 

mountains and valleys are mainly caused by meteorite bombardments, with the basin 

areas being the direct result of the impacts while the highland areas remain intact. 

Smaller basins are also called craters.  

The perimeters of basins and craters can potentially be suitable locations for base 

construction, because they provide a certain level of shielding that can reduce the 

possibility of meteorite impacts and excessive radiation exposure (Figure 1-1). The 

gravity on the Moon is ~1/6 of Earth normal, much easier for human being to adapt to, 

compare to free space; and it may be proven useful for future design and operation of 

machinery.  

 

1.2 Structures comprised of indigenous materials 

The concepts of the first-generation lunar habitats (every parts and components 

are built on earth) have already been intensively investigated and relatively well 

understood (Benaroya 2002), and the third-generation facilities(every parts and 

components are built on the new planet) are still far off, highly complex, and can only be 

based on many assumptions and uncertainties (Cohen 2002). Therefore, our work will 

focus on the second-generation, mainly prefabricated lunar bases. Second-generation 

lunar habitats can be further divided into three main structural types: inflatable structures, 

rigid structures, and underground construction.   

 

1.2.1 Inflatables 

Using inflatable lunar structures is an effective way to speed up the construction 
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process while lowering the weight and costs (Roberts 1988; Broad 1989). Membrane 

fabrics would support the internal pressurized environment, however, an unsupported 

inflatable will collapse with a loss of pressure, so the possibility of puncture has to be 

addressed in the design process. Sufficient abrasion resistance, as well as resistance to all 

kinds of loads during transport and construction, might only be achieved using layered 

and/or composite solutions. Most inflatables not only provide a large volume, but also 

provide perceptible volume, which makes the environment a pleasant place to live and a 

productive place to work. 

 

1.2.2 Rigid Structures 

Rigid structures such as trusses, frames, and arches are what we are most familiar 

with on the Earth. A hard structural shell provides certain robustness and a high puncture 

resistance, for example. Rigid structures can be designed to accommodate all loading 

cases, at the same time without the need for a secondary structure. The penalty is the 

generally heavy weight and transportation volume. 

 

1.2.3 Underground Construction 

The geological phenomenon known as lava tube might provide an attractive 

alternative to lunar surface construction (Ruess et al, 2006). Lava tubes, formed by flow 

channels of molten lava, are common on the Earth. It is believed that lunar lava tubes will 

be more frequent and much larger than their terrestrial analogs. Roof thickness in excess 

of 10 m will provide safe and long term sheltering against radiation and meteoroid 

collisions. Concerns of material degradation, thermal fatigue, and related exposure 
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problems are moderated or negated. For initial lunar base/outpost development, 

prefabricated habitats may use lava tubes as shelters against environmental hazards. Later, 

it might be possible to modify the lava tubes to function as habitats. Geometry, surface 

roughness, air tightness, and other problems will be addressed, especially the reliability 

of the cavern roof. 

The most recent development of lunar structures is targeting a double layer 

structure, combining the advantages of inflatable structures and the abundance of lunar 

regolith. By building a structure using inflatable structure as the interior structure, and the 

lunar regolith bonded together to form a protective shielding exterior layer, this new 

structure can have high perceptible volume, high puncture resistance, and high shielding 

capability to other hazards including radiation and projectiles.  

 

1.3 Lunar Regolith and Lunar Soil Simulants 

The lunar regolith is probably the most straightforward and the most ample 

building material on the Moon. It can also be used as a protective shielding against 

ionizing radiation, temperature extremes, and meteorites (Schrunk, 2002). Through 

sintering and other potential processes, regolith can be made into bricks or sheets and be 

used in construction projects. 

The lunar regolith is different in many ways from terrestrial soils. The lacking of 

atmosphere on the Moon allows meteorites to strike the surface. The kinetic energy melts 

some of the grains and form breccias and agglutinates, both of which are composed of 

smaller grains welded together. The weathering process on the Moon is also very 

different from on the Earth, due to the absence of moisture and oxygen. Lunar soils are 
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susceptible to electrostatic charging to a much higher degree.  

In order to further investigate processes and operations before we return to the 

Moon, “imitation lunar soils” or simulants have been developed. Simulants are needed in 

mainly two categories of research, resource extraction and engineering. The first simulant 

developed for general use was Minnesota Lunar Simulant-1 (MLS-1), which became 

available in 1988 (Schrunk et al, 2007). It mimics the chemistry and detailed grain 

properties of typical lunar soils. The first engineering simulant developed was Johnson 

Space Center (JSC)-1, which mimics the regolith's engineering properties and includes a 

glass component (McKay et al, 1994). It has been ground to approximately the same 

grain size distribution as lunar regolith. The chemical composition of JSC-1 is listed in 

table 1-1, and the composition of Apollo 14 soil sample 14163 is also shown for 

comparison. The 25 tons of JSC-1 produced in 1994 have been used up and a new batch 

was requisitioned in 2005. The second batch was referred to as JSC-1A to differentiate it 

from the original batch, but the composition and the particle size distribution are the same 

(Ref.Technical data from Orbitec, inc). All the experiments described in this thesis were 

conducted using JSC-1A.  

Ongoing research of simulating agglutinates with single-domain iron to further 

match the unique structure of lunar particles are conducted by Orbitec under a NASA 

contract. If successful, this research will enhance the fidelity of future regolith simulants. 

Figure 1-4 shows the comparison of grain size between JSC-1A and several other 

samples from Apollo missions. Figure 1-5 shows the comparison of SEM photos between 

lunar agglutinate particles and simulant agglutinate particles.  
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1.4 Lunar Construction Materials 

It is desirable that, after the first-generation habitats start to function, locally 

harvestable resources (LHR) such as lunar soils, can be utilized for maintenance and 

expansion of lunar bases (Casanova and Aulesa, 2000). The materials processing and 

properties must be adequately understood before further studies, including mission plan, 

structural design, and interior design, can be carried out, which are also essential to the 

exploration missions to other planets or planetary satellites, e.g. the Mars. 

Several types of lunar building elements including rock structures, brick structures, 

and cement structures have been proposed by researchers. Lunar rocks can be harvested 

from 3-15 meters below the lunar surface (Schrunk et al., 2007). However, it requires 

considerable tooling and machinery, not to mention the intensive energy consumption 

which may not be available at the early stage of lunar base/outpost construction. Lunar 

“bricks” may be produced by sintering lunar regolith (Allen et al., 1994a). It requires less 

heavy-duty machines and the shape of bricks is almost unlimited. Advanced concepts of 

“smart bricks” has also been proposed (Figure 1-6), which designs the bricks into 

interlocking shapes to facilitate robotic construction (Allen et al., 1994b). However, the 

sintering process involves high temperature and consequently, is highly energy-

consuming. Heinze et al. (2013) confirmed that the basaltic grains in JSC-1A lunar soil 

simulant can only be sintered at 1050 
o
C or higher. In 2005, Dr. Taylor and Dr. Meek 

from the University of Tennessee tested microwave-aided heating on an actual Apollo 

lunar soil sample, a method that can potentially decreased the energy consumption 

(Taylor et al., 2005), as microwave can melt lunar soil within a short period of time 

(Figure 1-7). However, the thin penetration depth remains a big issue that it is difficult to 
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produce bulky bricks. The microwave-aided sintering is more useful on dust mitigation or 

treatment of surface layers and pavements. 

Lunar “cement” production has been investigated for more than a decade. It is, 

theoretically, possible that, as lunar dusts of different chemical compositions are 

appropriately mixed together, through complicated combustion and curing procedures, 

portland-cement-like materials that can react with water or other liquids to form load-

bearing components, may be obtained (Cox, 2000; Schrunk, 2002; Benaroya et al., 2002; 

Ruess et al., 2004). However, to achieve this, massive and energy-consuming “cement 

plants” must be built on the Moon, before “lunar cements” are available. Even if this 

could be done, the “lunar cements”, as any other portland cements, are of low tensile 

strengths; thus, a large amount of metal or composite reinforcements must be used (Boles 

et al., 2002). Their long-term reliability, especially in high vacuum and high/low-

temperature environment, is also problematic. Furthermore, the water or reactive 

chemicals necessary for the cementing process is about 30-40 wt.%; that is, for every 10 

parts of “lunar cement”, 3-4 parts of liquid need to be provided.  

In view of these limitations, over the years, a few alternative concepts, such as 

applications of planetary lava (McGown et al., 2002; Fielder and Leggett, 2002), in-situ 

fabrication of glass (Tucker and Ethridge, 1998) and metals (Stefanescu et al., 1998), and 

water-free sulfur cements (Toutanji et al., 2006), were proposed. The idea of sulfur 

cement attracted attention, because sulfur may be extracted directly from lunar regolith. 

Since 2011, Prof. Khoshnevis of University of Southern California has been working on 

the detailed construction methodology of lunar structures using sulfur cements. His group 

developed a space version of Contour Crafting to build structures on lunar and Martian 
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surface, using sulfur as the binder in the extruded mixture (Khoshnevis et al., 2013). The 

“bottleneck” is the poor mechanical properties of sulfur, especially when temperature is 

relatively high.  

Recently, with the advancements in the field of 3D printing, researchers started to 

consider the possibility of using additive construction method to build structures on the 

lunar surface. Enrico Dini of Monolite UK Ltd. demonstrated a layering process using a 

mixture of fine sand and metallic oxide (MgO) that would cross-link when sprayed with a 

chlorine-based saltwater solution to produce a material similar to sandstone or limestone. 

In 2013, the European Space Agency (ESA) chose Dini's process to develop the concept 

of additive construction of lunar base. The NASA Kennedy Space Center's Surface 

System group has recently changed its focus onto additive construction as well, by 

directly melting or fusing granular regolith particles using infrared laser heating. In 2014, 

they were able to achieve dense solid cylindrical parts (diameter 8-10mm, height 25-

30mm) without any macroscopic defects using a laser power of 50W, a scan speed of 20 

mm/s, a powder feed rate of 12.36 g/min, and energy levels up to 50 J/mm
2 

(Mueller et al., 

2014). Increasing the power to 500W could raise the energy levels up to 50 J/mm
2
 (11.23 

J/mm
3
 at 8.9 mm layer thickness) and allows faster structure fabrication than previously 

achieved. The testing results indicated that the samples had strengths better than Portland 

concrete. This technology requires further research to scale up the process; moreover, the 

high energy consumption still imposes a significant challenge. 

 

1.5 Inorganic-Organic Hybrid (IOH) Lunar “Cement”  

With every attempt of using solely locally harvestable materials on the Moon 
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failed to meet the high requirements for lunar construction, it was proposed by Dr. Qiao 

of University of California, San Diego, that a small amount of binder may be shipped 

from the Earth and be used to produce inorganic-organic hybrid (IOH) lunar “cement”. 

From his previous research (Qiao et al., 2005a,b; 2006; 2007), polymer 

intercalated/exfoliated (PIE) cements was developed (Figure 1-8).  

The polyamide 6-silicate nanointerphase was synthesized using polymer 

intercalation/exfoliation technique of polyamide 6. Because the initial interlayer distance 

of silicate is smaller than polyamide chains, when in situ polymerizaion was applied, the 

layered structure of the tactoids would be interupted, giving it superior stiffness and 

strength. It was then melted and added into portland cement in a brabender and mixed 

thoroughly. The cement-nanointerphase mixture was then hot pressed into shape, cut into 

flexure tesing samples and air cooled. 

In a PIE cement, the binder is not formed through hydration reaction, the polymer 

interphase is employed to hold the inorganic particles. The grains are bonded to the 

nanophase through van der waals force, hence, no chemical reactions were involved, 

making it much easier to extend to real lunar dusts or regolith. 

The permeability of the PIE cement is very low, due to the barrier effect of the 

nanointerlayes. The tensile strength is about 70 MPa, comparable to aluminum alloys. Its 

damping ratio is much larger than metallic materials and is attractive for moon mitigation. 

However, a PIE cement does not quite meet other aspects of lunar cement requirements; 

particularly, the polymer binder content is too high, usually around 15-30 wt%. That is 

why a new material and process technique needs to be developed using similar concept 

but a different approach. 
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1.6 Choice of Polymer Binder Phase 

Polymers are the top choice for the binder, because they are lightweight, easy to 

process, and strong in both compression and tension. Also, radiation resistant polymers 

are available and have been widely applied in space applications. On the one hand, due to 

the limited payload capacity of space transportation, the amount of polymer binder in the 

lunar cement would be ideally less than 5 wt.%. On the other hand, the lunar cement 

should be much stronger than terrestrial Portland cement, so as to have a higher factor of 

safety and to reduce the need and complexity of reinforcements. The goal of our research 

is set to a flexural strength above 10 MPa, about 2 times higher than that of regular 

Portland cement.  

Among more than 1,000 different types of polymers, the organic binder phase in 

IOH lunar cement should be strong, lightweight, radiation resistant, and thermally stable 

from -200 
o
C to 150 

o
C. Moreover, its surface tension could be either low or high, but not 

in the intermediate range, to promote wetting with lunar regolith grains. 

Polymers were first screened based on two criteria: First, its working temperature 

must be in the range from -200 
o
C to 150 

o
C. Second, the polymer should be radiation 

resistant. Once these two criteria are satisfied, the candidates of the highest strength-to-

density (S/D) ratios and appropriate surface tensions were chosen. The top candidates are 

shown in Table 1-2. 

 

1.7 Conventional Processing Techniques of Particulate Composties 

With the proposed concept of IOH, the lunar “cement” that we are develping is 

essentially a particulate composite, with over 95 wt.% of its composition being the 
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particulate fillers, i.e. lunar soil grians, and less than 5 wt.% being the polymer binder 

phase. Its flexural strength should be higher than 10 MPa; it must be durable in the lunar 

surface environment; and its processing must be simple, fast, energy-efficient, and 

compatible with simple and lightweigth machinery.  

Traditional processing techniques of particulate composites include extrusion, 

injection molding, compression molding, resin transfer molding, casting, etc (Mazumdar, 

2001). However, all of them require that at least 40 wt.% of the material must be liquid, 

molten or softened polymer to achieve a sufficient fluidity for mixing (Figure 1-9), much 

exceeding the limit of polymer binder content of lunar “cement”.  

Polymer cement processing is another common engineering practice (Zhang et al, 

2012). The process is similar to traditional cement processing which involves rigorous 

mixing and curing in either heated environment or at room temperature. Typically, 10 to 

25 wt.% of polymer binder is needed to make a structurally integral material (Chandra et 

al., 1994), still beyond the 5 wt.% limit for lunar “cement” (Figure 1-10). 

In battery electrode processing, the active material grains are often bound together 

by a polyvinylidene fluoride (PVDF) binder, with the binder content of only 3 to 4 wt.% 

(Boudin, 1999). The technology is in essence in the category of thin-film processing, 

which involves using  a large amount of solvent to dissolve the binder and later 

evaporating it. It imposes tough charllenges to the vacuum environment on the Moon, 

and adds a significant burden too the payload. The so-produced materials are usually 

quite weak, suitable only to non-structural applications (Figure 1-11). 

Soil compaction is yet another way to agglomerate particles (Budhu, 2010), but 

the load-bearing capacity of compacted soils are dependent on the confinements. The soil 
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particles may be “interlocked” with each other, having little actual bonding strength 

between them when they are subjected to a tension loading. More critically, with an ultra-

low moisture/water contant, compaction of soils may be much less efficient.  

It becomes clear that a new material processing technique needs to be developed 

in order to fabricate IOH lunar “cement”. The material must be strong and lightweight, be 

able to work stably in the temperature range of -200 
o
C to 150 

o
C, and be radiation 

resistant. The processing procedure must be fast and simple, and the processing facilities 

and equipment must be small-sized and lightweight.  
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Table 1-1 Chemical compositions of JSC-1 and lunar soil 14163 

 
JSC-1 Lunar soil 14163 

Oxide Conc. (Wt %) Conc. (Wt %) 

SiO2 47.71  47.3 

TiO2 1.59  1.6 

Al2O3 15.02  17.8 

Fe2O3 3.44  0 

FeO 7.35  10.5 

MgO 9.01  9.6 

CaO 10.42  11.4 

Na2O 2.70  0.7 

K2O 0.82  0.6 

MnO 0.18  0.1 

Cr2O3 0.04  0.2 

P2O5 0.66  --- 
 

 
Table 1-2 Top candidates of polymer binder phase(Mark, 2007) 

Ranking Polymer 
Density 

(g/cm
2
) 

Strength 

(MPa) 

S/D 

ratio 
Tg(

o
C) 

Radiation 

Resistance 

1 Polyimide 1.43 90 63 >400 Good 

2 
Polyetherketoneketone 

(PEKK) 
1.31 110 84 143 Good 

3 Polyetherimide (PEI) 1.27 85 67 216 Good-Fair 

4 Polysulfone (PSU) 1.36 90 66 185 Poor-Good 

5 
Polyaryletherketon 

(PAEK) 
1.37 85 62 >250 Fair-Good 

6 
Melamine - 

Formaldehyde Resin 
1.50 60 40 

150-

170 

Better than 

EP 

7 Epoxy Resin 1.21 100 83 N/A Fair 
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Figure 1-1 Lunar surface (NASA, 1969) 

 

 

 
Figure 1-2 A few inflatable space habitats tested by NASA (Wired, 2013) 
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Figure 1-3 A potential design for rigid space habitat on the Moon (Gizmodo, 2014) 
 

 

 
Figure 1.4 Comparison of grain size (Technical data from Orbitec, inc) 
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Figure 1-5 Lunar agglutinate particles (top) and simulated agglutinate particles (bottom) 

(Gustafson et al., 2006). 

 

 

 

 
Figure 1-6 Construction using “smart bricks” and an eletromagnetic end effector (Allen et 

al., 1994b) 
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Figure 1-7 SEM photo of the surface of lunar soil grains after sintering with 2.45 GHz 

microwave radiation. Note the presence of a melt phase (now glass) along grain 

boundaries. Although the ‘measured temperature’ of the charge was under 900 
o
C, the 

temperature necessary to produce the melt along the grain boundaries was higher than 

1200 
o
C (Taylor et al., 2005). 

 

 

 
Figure 1-8 Schematic diagram of the polymer intercalation/exfoliation process: (a) a tactoid 

surrounded by monomers; (b) the intercalated monomers; (c) the nanolayers exfoliated by 

polymer chains. The polymer chains are formed through in situ polymerization. 
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Figure 1-9 Schematic diagram of the process mentioned.(a) Injection molding, (b) Resin 

transfer molding 

 

 
Figure 1-10 Photos of polymer cement processing equipment and a product 

 

 

 
Figure 1-11 Electrode material processing and its setup 
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CHAPTER 2 

COMPRESSION MOLDING OF LUNAR “CEMENT” 

2.1 Introduction   

To develop a new processing technique of inorganic-organic hybrid (IOH) lunar 

“cement” to reduce the polymer binder content to below 5 wt.% and to raise the flexural 

strength to above 10 MPa, one possible method is to optimize the size gradation of the 

inorganic soil grains (Figure 2-1).  

As the smaller grains fill the free space among the larger ones, the amount of the 

organic material may be reduced while the overall mechanical properties can be 

improved. Such a technique has been, for example, commonly employed in concrete 

processing (Zhang et al, 2012), in which aggregates of different sizes are mixed together 

to lower the use of the relatively expensive cementitious materials. 

 

2.2 Compression Molding Procedure 

Arguably, the simplest possible approach to produce lunar “cement” is to first use 

direct mechanical mixing to mix polymer powder with lunar soil grains and then use 

compression molding to put them into shape, similar to the traditional process technique 

of polymer-matrix particulate composites. If the process is performed during daytime on 

the Moon when the temperature is around 120 
o
C, by using an organic binder with the 
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softening point around 200 
o
C, the temperature of mixture only need to be raised by ~80 

o
C, quite power efficient.  

2.2.1 Polyethylene-Silica IOH  

In order to analyze the hypothesis that particle size distribution may affect the 

binder content, we began our study by testing silica particles of well-controlled size 

distributions as an analogue to lunar soil simulant. The organic phase was first chosen as 

polyethylene (PE), as its rheological behaviors are controllable, its processing is 

straightforward, and a large amount of reference data are available in open literature, 

making it an ideal model binder.  

Two types of silica particulates were investigated, with the diameters of 100 µm 

and 5 µm, respectively. The 100 µm silica particulates were obtained from Sigma-

Aldrich (Part No. G8893), the particle size of which was in the range from 50 µm to 106 

µm; the 5 µm particulates were obtained from Cospheric (Part No. P2011SL), the particle 

size of which fell in the range from 3 µm to 8 µm. The polyethylene pellets were 

provided by Shamrock (Part No. Taber Tiger 5512).  

A series of samples were prepared with the PE contents of 18.7 wt.%, 14.3 wt.%, 

8.9 wt.%, 6.5 wt.%, 4.2 wt.%, and 2.0 wt.%, respectively. The inorganic phase was either 

neat 100 m silica particles or a mixture of 100 m and 5 m silica particles. In the latter 

case, the weight ratio of the two silica particles was 765:235, with the assumption that the 

particles were closely packed and the smaller ones nearly fully fill the gaps among the 

larger ones. The amount of materials was calculated for a 1"1/4"1/4" mold. 

Weighted PE pellets and silica particles were mixed in a ceramic crucible at room 

temperature (Figure 2-2). The crucible was heated on a Barnstead Thermolyne-
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HP131225 hot plate in air, together with the empty mold, at 300 
o
C for 10 minutes. After 

the PE phase had melted, the "wet sand" mixture was thoroughly stirred and placed into 

the mold. The hot plate was then turned off and the PE-Silica IOH beam was air cooled 

on the hot plate, completing the setting process (Figure 2-3).  Finally, the beam was 

moved out of the mold and the surfaces were polished using 320 grit sand papers to 

remove precracks and roughness. 

The PE-Silica sample was evaluated via three-point bending testing in a Type 

5582 Instron machine, in the displacement control mode. The crosshead speed was set to 

3.0 mm/min and the span length, L, was set to 19.05 mm. The flexural strength is defined 

as R = (3/2)(PmaxL/bd
2
), where Pmax is the maximum load, b the sample width, and d is 

the sample height (Figure 2-4). 

2.2.2 Samples based on PE and JSC-1A lunar soil simulant 

With the development of a sieve analysis system, we moved forward to 

investigate JSC-1a lunar soil simulant. The lunar soil simulant was provided by Orbital 

Technologies Corporation.  

A sieve analysis stage was constructed by using a W.S. Tyler Ro-Tap RX29 

machine, with a shake table, a sieve holder, and a foldable protective case. The system is 

28" wide  21" deep  25" high. The shake frequency can be as high as 278 per minute, 

with a two-dimensional circular displacement of 1"  0.75", 150 taps per minute. The 

hammer weight is 5 lbs. The sieve holder can carry up to 8 plates simultaneously, as 

shown in Figure 2-5. 

The full sieves stack consisted of 6 sieves with a top cover and a bottom pan. The 

grid sizes of the sieves were chosen as 560 m, 500 m, 112 m, 90 m, 25 m and 20 
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m, respectively, ordered from the top to the bottom. Thus, we could obtain 3 groups of 

simulant grains with the grain sizes ranging from 500-560 m, 90-112 m, and 20-25  

m, respectively.  

The capacity of each batch of analysis was around 500 g. Raw lunar soil simulant 

grains were first placed on the top sieve, which had the largest grid size. The stack was 

removed from the Ro-Tap after 10 minutes of sieving. The power of the system was 500 

W; thus, each sieve analysis consumed 150-300 kJ of energy, or ~0.04-0.08 kWh. Grains 

of different sizes were brush-collected from corresponding sieves and weighed (Figure 2-

6).  

The typical amounts of grains of different particle size ranges were shown in 

Table 2-1, fitting with the grain size distribution curve of JSC-1A (Figure 1-4). The 

“waste” grains that did not have the required particle sizes were stored separately. 

In order to achieve the ideal, continuous size gradation, more sieves were needed 

in the sieve stack. However, as will be shown in Section 2.2 below, our testing data 

demonstrated that a 2-step or at most 3-step size gradation was already quite satisfactory. 

Using more bulky and heavier sieve stacks would lead to only an incremental increase in 

materials properties, and, thus, would not be considered in the research. 

To closely relate the simulant data to the results of the PE-Silica samples, we first 

employed PE as the binder. A series of samples were prepared with the PE contents of 

30.3 wt.%, 15.7 wt.%, 9.8 wt.%, 7.1 wt.%, 4.6 wt.%, 3.14 wt.%, and 2.2 wt.%, 

respectively. Various simulant grain size gradations were analyzed: uniform grain size 

(90~112 m sieve analyzed grains), two-step size gradation (90~112 m and 20~25 m 

sieve analyzed grains, with the weight ratio of 765:235), and random sized (raw simulant 
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without sieve analysis). The processing and testing procedures of the simulant were 

identical to that of the PE-Silica samples.  

 

2.3 Material Characterization and Discussion 

The flexural strength of the samples are characterized through three-point bending 

tests. Flexure strength reflects the resistance of the material to tensile loadings, critical to 

the performance of structural beams, lateral and shear walls, ceilings and floors, among 

others. Typical flexure strength of Portland cement is 4-5 MPa (Koren et al, 2012). 

Typical tensile strength of PE is 10-20 MPa (Mark, 2007). Flexural strength is usually 2 

times higher than the tensile strength.   

Tables 2-2 and 2-3 give the detailed experimental data for PE-Silica IOH samples 

and the results are drawn into curves in Figure 2-7. The flexure strength of the PE-Silica 

IOH samples is quite impressive – comparable with that of ordinary Portland cement (2-4 

MPa) even in the worst case when the PE content is only 2 wt.%. In the samples where a 

two-step size gradation is employed, when the PE content is 4 wt.%, the strength is ~7 

MPa, at least 50% higher than that of Portland cement. Note that PE is known for its 

relatively low strength, compared with other organic materials.  

According to Figure 2-7, the sample strength decreases monotonically as the PE 

content is reduced. In the samples containing only 100 m silica particles, the 

relationship between the flexure strength, R, and the PE content, C, is quite linear, as it 

should be. When 5 m silica particles are added, the R-C relation becomes quite 

nonlinear, as the filling of fine silica particles in the gap among larger particles takes 

place. 
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As the PE content is lowered from 100 wt.% (neat PE) to 6 wt.%, little decrease in 

flexure strength could be observed, suggesting that such a two-step particle size gradation 

can well enhance the structural integrity of IOH materials. Only when the PE content is 

below 5 wt.%, does considerably reduction in material strength occur, but still much 

higher than that of the samples of uniform silica particle size under the same materials 

preparation and testing conditions.  

Clearly, when the fine particles fill the gap among the larger particles, they have 

little influence on the interfacial bonding between the PE matrix and the larger silica 

particles, and thus, do not affect much the final flexure strength. Only when the polymer 

content is low so that the fine particles are directly exposed to the matrix – larger particle 

interface zone, does their role becomes critical. That is, as the fine particles raise the total 

surface area, the polymer is no longer sufficient to wet all the silica surfaces under the 

current processing condition. Nevertheless, the strength is still increased as the fine 

particles are used. 

Tables 2-4 to 2-6 show the testing data of flexure strength for PE-JSC1A IOH 

samples with uniform grain size, two-step size gradation, and random grain size of 

simulant grains.  

The data of flexure strength of the simulant based samples are quite consistent 

with that of silica based samples: As the PE content is lowered, the flexure strength 

reduces monotonically. From Figure  2-8, it can be seen that with a ~5 wt.% PE content, 

the flexure strength can be ~5 MPa, close to that of Portland cement. When the PE 

content is below 11 wt.%, the strength of simulant based sample is somewhat lower than, 

but still comparable with that of silica based ones (Figure  2-9), probably due to the 
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relatively low surface tension of the simulant grains. Figure 2-10 shows a photo of the 

simulant-PE sample. 

Figure 2-11 shows SEM microscopy of fracture surfaces. The simulant particles 

and the binder phase wet each other quite well. No loose particles could be detected, 

indicating that the simulant-binder interface is strong; that is, the addition of simulant 

grains itself does not lead to any significant reduction in IOH strength. However, there 

are evident defects, in the form of micro-voids. As the binder content is reduced, it may 

not fill all the gaps, especially where the local simulant grains are relatively far apart 

from each other. The micro-voids can act as stress concentrators and crack initiators, thus 

considerably lowering the materials strength. As the binder content is reduced, the defect 

size and number density tend to increase, so that the flexural strength decreases. 

Similar to the result of silica based samples, employing a two-step grain size 

gradation is beneficial to the flexure strength of simulant based materials, as shown in 

Figure 2-8. However, the degree of improvement is less pronounced, probably because 

the “fine” particles in the simulant based samples (~20 m in size) are much coarser than 

that in the silica based samples (~ 5 m in diameter). Thus, they can only relatively 

poorly fill the gaps among the larger grains, resulting in a reduced increase in strength. 

Other possible reasons include the irregular shape and the relatively wide size distribution 

of simulant grains.  

Chapter 2, in part, is a reprint of the content as it appears in Science and 

Engineering Composite Material. T. Chen, B. Chow, and Y. Qiao, “Two-Stepped 

Gradation of Particle Size in an Inorganic-Organic Hybrid” Sci Eng Compos Mater 2014 
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Table 2-1 Amount of Sieve Analyzed Simulant Grains 

Grid size(um) wt.% 

>560 11.00 

500~560 1.80 

112~500 35.00 

90~112 5.60 

25~90 39.50 

20~25 2.80 

<20 4.30 
 

 

 

Table 2-2 Testing data of PE-Silica samples with a uniform 100 m particle size. 

PE wt.% Average Flexural Strength (MPa) Standard Deviation 

100 13.76 0.65 

19 7.35 1.02 

14 7.26 1.74 

9 5.41 1.38 

4 2.99 0.25 
 

 

 

Table 2-3 Testing data of PE-Silica samples of both 100 m and 5 m particles. 

 

 

 

 

 

 

PE wt.% Average Flexural Strength (MPa) Standard Deviation 

100 13.76 0.65 

14 12.46 2.31 

9 11.31 3.39 

6 12.90 2.29 

4 7.02 1.75 

2 2.35 0.63 
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Table 2-4 The testing data of PE-JSC-1A samples of uniform size gradation. 

PE wt.% Average Flexural Strength (MPa) Standard Deviation 

100.0 13.76 0.65 

30.3 9.39 0.65 

15.7 6.53 1.72 

9.8 5.03 0.81 

7.1 3.42 0.13 

4.6 2.07 0.73 

3.1 0.85 0.40 

2.2 0 0 

 

 

Table 2-5.The testing data of PE-JSC-1A samples of two-step grain size gradation. 

PE wt.% Average Flexural Strength (MPa) Standard Deviation 

100.0 13.76 0.65 

30.3 10.94 0.68 

15.7 10.89 1.23 

9.8 7.32 1.97 

7.1 5.75 0.57 

4.6 2.85 0.73 

3.1 0.56 0.47 

2.2 0 0 

 

 

Table 2-6 The testing data of PE-JSC-1A samples with random particle size distribution. 

PE wt.% Average Flexural Strength (MPa) Standard Deviation 

100 13.76 0.65 

30.3 7.97 1.26 

9.8 5.36 0.79 

4.6 1.9 N/A 

2.2 0 0 
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Figure 2-1 The concept of size gradation (Koren et al,, 2012) 

 

 

 

 

 

 
Figure 2-2 SEM image of silica particles with the diameter around 100 microns. 
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Figure 2-3 (Left) The mechnical mixing system. PE-Silica IOH beams (Middle) being 

processed in a mold and (Right) after setting. 

 

 

 

 

 

 

 

 
Figure 2-4 (Left) A schematic and (Right) a photo of the three-point bending measurement  

system. (Middle) The compressor and the supporter plates. 
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Figure 2-5 (Left) The empty and (Right) the fully loaded sieve analysis system. 

 

 

 

 

   
Figure 2-6 Lunar soil grains after sieving. 
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Figure 2-7 (Top) A typical testing curve of the PE-Silica IOH sample. (Bottom) The testing 

results of the PE-Silica IOH samples of different PE contents and silica particle size 

gradation. 
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Figure 2-8 The flexure strength of simulant-based samples of various PE contents. 

 
Figure 2-9 Comparison of the flexure strengths of the simulant-PE and the silica-PE  

samples. The particle size distribution is uniform (~ 100 m) 
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Figure 2-10 A photo of the simulant-PE sample. 

 

 

 

 

 

 
Figure 2-11 SEM microscopy of fracture surfaces. (Left) uniform distribution particles,   

(middle) random distribution particles, (right)two-step size gradation particles. The PE 

content is maintained as 9.8 wt.% 
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CHAPTER 3 

WET COMPACTION OF LUNAR “CEMENT” 

3.1 Introduction   

Soil compaction is a vital part of construction process on the Earth. It is employed 

to support of structural entities, e.g. buildings and roadways. The lack of binder phase, 

however, prevents it from producing tensile-load-bearing structural component, such as 

beams and shear walls.  

It is hypothesized that by adding a relatively small amount of binder phase into 

the simulant grains, followed by a high-pressure compaction, the redundant part of the 

binder phase would be “squeezed” out, leaving only the “necessary” binder material in 

the gaps among the inorganic grains. Such an IOH material can carry tensile and shear 

loadings, while the binder content may be minimized.  

 

3.2 Wet Compaction Procedure 

Special loading systems, referred to as load cells in the following discussion, were 

developed to handle materials of ultralow polymer binder contents. In a load cell, a high 

pressure can be directly applied to form a disk-shaped sample. The load cell was made of 

stainless steel and was 3/4" in inner diameter and 2" in height. It was equipped with a top 
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piston and a bottom piston; both of the pistons were 3/4" in diameter and 1" in height 

(Figure 3-1).  

Unsaturated polyester resin (UPR), provided by US Composites, (404 Tooling 

Polyester Resin-Isophthalic), was used as the binder to prove the concept and to test how 

thermoset resins would interact with simulant grains. Methyl ethyl ketone proxide 

(MEKP) which is also provided by US Composites, is used as the hardener, it was added 

into the resin and thoroughly mixed, using a lab spatula in a 50 ml beaker for 1 minute. 

About 5 g of JSC-1A simulant grains were placed in another 50 ml beaker, and 15 wt.% 

of UPR-hardener mixture was added. The resin would gradually soak into the loosely 

packed simulant grains in about 60 sec, and completely mixed with the grains at about 60 

rpm for 1 min, by using a lab spatula. The mixture was transferred to the load cell and 

compressed with the top and bottom pistons at various compression pressures, by using a 

type-5582 Instron machine (Figure 3-2). After the set point of pressure was reached, the 

pressure was maintained for one minute, followed by reducing the pressure to zero. The 

loading and unloading rate was kept constant at 0.3 mm/min.  

The load cell was moved into an VWR(1330GM) oven, heated at 100 
o
C in air for 

an hour for curing. After curing, the sample was removed from the load cell (Figure 3-3) 

and cut into beam samples using an MTI high speed diamond cut-off saw (Figure 3-4). 

The sample surfaces were polished by 320 grit sand paper to eliminate surface cracks and 

roughness. The flexure strength was measured in a three-point bending setup on a Type 

5582 Instron machine, in the displacement control mode. The crosshead speed was set to 

3.0 mm/min and the span length, L, was set to 19.05 mm. The flexural strength is defined 
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as R = (3/2)(PmaxL/bd
2
), where Pmax is the maximum load, b the sample width, and d is 

the sample height (Figure 2-3). 

The outer surfaces of the pistons and the inner surface of the load cell loosely fit 

with each other. During the compaction, a portion of the UPR was squeezed out of the 

gap between the loadcell and the pistons, as expected. The final polymer binder content 

was measured by a Perkin-Elmer Thermal-gravimetric analysis (TGA) system, heated up 

to 550 
o
C and hold for 1 hour with the heating rate of 20 

o
C/min(Figure 3-5).  

The measured sample was about 50 mg cut from the original flexure testing beam 

near the surface of rupture. The weight loss measured by the TGA were considered the 

true binder content, since pure JSC-1A particles shows only less than 0.1 wt.% of weight 

loss with the same heating procedure. Figure 3-6 is a typical TGA measuring curve for 

the weight loss during the heating sequence. 

 

3.3 Results and Discussion 

The testing results on the relationships among the flexural strength, the maximum 

compression pressure, and the final polymer content are shown below in Figure 3-7 and 

Figure 3-8. With a 30 MPa compression pressure the polyester content can be decreased 

to around 12.5 wt.%; when the compression pressure is increased to 350 MPa, the sample 

has the lowest polyester content of 8.7 wt.%, much lower than the initial value (15 wt.%) 

but still higher than the goal of 5 wt.%. On the one hand, the final polymer content can be 

decreased by increasing the compression pressure.  

On the other hand, it has little influence on the flexure strength, since through 

such a wet compaction procedure the gaps among the simulant grains are always filled 
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and the defect density remains low. The flexural strength is nearly the same regardless of 

the compaction pressure and the final polymer content, between 30 to 40 MPa. Clearly, 

wet compaction does provide us a way to fabricate strong structural materials with 

reduced polymer binder content. However, the polymer content needs to be reduced by 

another factor of 2 to reach the design objective. Since the flexural strength of the wet-

compacted samples by far exceeds 10 MPa, there is sufficient leeway to reduce the 

polymer binder amount. Figure 3-9 shows a tested sample and its cross section.   

Several methods have been tried to further reduce the polymer binder content. The 

most instinctive approach would be to further increase the compaction pressure, so as to 

squeeze out more polymer. However, as indicated in Table 3-1, increasing pressure from 

350 MPa can only have a marginal effect. Moreover, 350 MPa is already relatively high 

in terms of material processing; a much higher pressure may demand complicated 

machinery and be energy-consuming, which should be prevented for lunar construction.  

Effects of simulant grain size gradation were also investigated, by using two-step 

size gradation (90~112 m and 20~25 m sieve analyzed grains, with the weight ratio of 

765:235). The polymer content can be slightly decreased to 7.5 wt.% with a 350 MPa 

compression pressure. Aggressive vibration was employed on the load cell before adding 

the binder, so that the simulant grains have a more closed-pack configuration (Figure 3-

10). The minimum polymer content that we can reach is ~6.5 wt.% (Table 3-1). 

Aggressive vibration was also employed simultaneously as the compaction is on-going, 

but no noticeable improvement was get.  

Clearly, although wet compaction gives encouraging results, a simpler, faster, and 

more efficient approach needs to be developed. 
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Table 3-1 Methods for reducing the final polymer content 

Method Description Effectiveness 

Different compression rate 0.1mm/min~0.9mm/min  Poor 

Multiple pressing 

Repeatedly applying 

compression pressure for 

multiple times 

Poor 

Prolonged compression 

time 

Increasing the compression time 

at the peak pressure to 300 min 

Polymer content 

decreased from 8.5 

wt.% to 7.5 wt.% 

Precision sieve analysis 

500um-100um 

100um-20um 

500um-100um-20um 

Changing simulant particle size 

gradation, from random particles 

to two or three-stepped particle 

size gradation 

Poor 

Higher compression 

pressure 

Rising the maximum 

compression pressure to 700 

MPa 

Polymer content 

decreased from 

8.5wt.% to 8.0wt.% 

Vigorous vibration
*
 

Vibrating the load cell at the 

maximum compression pressure 

Polymer content 

decreased from 

8.5wt.% to 6.5wt.% 

  

 

 

 
Figure 3-1 Photos of the load cell and pistons 
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Figure 3-2 Photos of (left) a loadcell with UPR being added and (right) the type-5882 

Instron Machine. 

 

 
Figure 3-3 Photo of a disk-shaped IOH sample removed from the load cell after curing 
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Figure 3-4 Photo of the MTI high speed diamond cut-off saw 

 

 
Figure 3-5 Photo of the Perkin-Elmer thermal-gravimetric analysis (TGA) system 
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Figure 3-6 Typical TGA measuring curve (polyester resin IOH) 

 
Figure 3-7 The polyester content changes with the set compression pressure 
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Figure 3-8 Flexural strength of the samples with different polyester content 

 

 

  
Figure 3-9 Photos of a tested polyester-based IOH sample 
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Figure 3-10 Vibration devices used for wet compaction process 
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CHAPTER 4 

HIGH-PRESSURE COMPACTION OF LUNAR “CEMENT” WITH A THERMOSET 

BINDER 

4.1 Introduction   

In order to further enhance the binder distribution and also simplify the processing 

procedure, inspired by the observations in wet compaction, we developed the high-

pressure compaction technique (HPCT). This technique helps lower the polymer content 

to below 5 wt.% while the flexure strength remains relatively high. 

HPCT is feasible based on the following understanding: 1) The gaps among the 

inorganic grains do not need to be fully filled by polymer binder; the binder should be 

strategically distributed to only the direct contact points of adjacent filler grains. Thus, 

the polymer binder is fully utilized to carry load; its amount is much reduced as the 

strength is satisfactory. 2) Such a binder distribution may be achieved by high-pressure 

compaction. As the grains are squeezed toward each other, pre-mixed binder droplets are 

broken apart and spread along the grain surfaces; moreover, the capillary forces become 

significant and the characteristic length scale is reduced, which “pulls” the binder toward 

the narrowest places, i.e. the direct contact points – the most critical locations for load 

carrying. 



45 

 

 
 

The HPCT procedure is simple and fast, not involving prolonged mechanical 

mixing and complicated vibration, discussed blow.  

 

4.2 High-pressure Compaction on Thermoset-Based Materials 

Epoxy resin is selected as the binder, since it is strong, durable, easy to process, 

and has been widely applied in space structures (Lukez, 1987). It is ranked high in the list 

of polymer binder candidates (Section 1.6).  

We investigated the high-strength Epon 828 epoxy resin provided by Miller-

Stephenson, and the hardener was m-Xylylenediamine provided by Sigma-Aldrich. The 

resin and the hardener were first mixed thoroughly with a lab spatula in a 50 ml beaker, 

with the weight ratio being 5:1. After mixing, a small amount of epoxy resin-hardener 

mixture was dropped into about 5 g of air-dried JSC-1A simulant grains. The resin 

content ranged from 2 wt.% to 8 wt.% of the total weight and various simulant grain size 

gradations were analyzed: uniform grain size (90~112 m sieve analyzed grains), two-

step size gradation (90~112 m and 20~25 m sieve analyzed grains, with the weight 

ratio of 765:235), and random grain size distribution (raw simulant without sieve 

analysis). 

 The simulant grains and the resin were thoroughly mixed for a few minutes in a 

50 ml beaker by a lab spatula, and was transferred into a load cell. The load cell was 

made of stainless steel and was 3/4" in inner diameter and 2" in height. It was equipped 

with a top piston and a bottom piston; both of the pistons were 3/4" in diameter and 1" in 

height (Figure 3-1), identical to the ones used in the wet compaction processing. The load 

cell was quasi-statically compressed through the top and bottom pistons by a type-5582 
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Instron machine (Figure 3-2), with the loading rate of 0.3 mm/min. The maximum 

compression pressure ranged from 20 MPa to 350 MPa.  

After the first loading, the top piston was removed and the compressed material 

was transferred into a 50 ml beaker, broken apart by a lab spatula into small aggregates 

with the sizes around 100 m. During the breaking process, it could be observed that the 

initially non-uniformly dispersed resin had been spread out quite uniformly. However, 

due to the limited amount of binder, the simulant grains were only partially wetted.  

The mixture was placed back into the load cell and compressed again at the same 

loading rate and maximum pressure, to improve the wetting of simulant grains. The 

compacted material was kept in the load cell, with the pistons remaining in place but not 

compressed, and cured in a VWR(1330GM) box furnace at 100 
o
C in air for an hour to 

harden the epoxy resin binder. The procedure is depicted in Figure 4-1 and Fig 4-2 

After curing, the sample was removed from the load cell and cut into beam 

samples using an MTI high speed diamond cut-off saw (Figure 3-4). The sample surfaces 

were polished by 320 grit sand paper to eliminate surface cracks and roughness. The 

flexure strength was measured in a three-point bending setup on the type-5582 Instron 

machine, in the displacement control mode. The crosshead speed was set to 3.0 mm/min 

and the span length, L, was set to 19.05 mm. The flexural strength is defined as R = 

(3/2)(PmaxL/bd
2
), where Pmax is the maximum load, b is the sample width, and d is the 

sample height (Figure 2-3). Figure  4-3 shows a typical three-point bending curve of an 

epoxy-based IOH sample.  

 

4.3 Results and Discussion 
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4.3.1 SEM Microscopy 

The microstructure of IOH was analyzed at various stages during its processing 

procedure. A few grams of IOH was processed. When the material was in powder form, 

each time about 0.5 grams of particles were extracted for observation. When the material 

was monolithic, a three-point bending setup was employed to generate fracture surfaces 

along the median plane, and the fracture surfaces were examined. In both cases the 

observation was carried out in a Philips XL30 scanning electron microscope (SEM). The 

local content of binder phase was confirmed by using the electron dispersive X-ray 

spectroscopy (EDX). In the EDX maps, the areas of the highest nominal carbon content 

were highlighted by red circles. For the IOH samples of 10 wt% binder content, yellow 

circles were used to highlight the areas of the lowest local binder content.  

4.3.1.1 Evolution of IOH microstructure during the high-pressure compression process 

Step 1: Pre-mixing 

The first step was pre-mixing, in which resin was added into JSC-1A simulant 

particles and mixed with a lab spatula. The resin content under investigation was 4 wt.%. 

Due to the relatively high viscosity of the resin and the ultra-low binder content, 

mechanical mixing could not disperse the resin uniformly. The resin existed as large 

droplets, often surrounded by small JSC-1A simulant particles, forming clusters around 

500 μm in diameter, comparable to the size of the largest particles of JSC-1A simulant 

(Figure  4-4). The clusters scattered randomly in the mixture. 

Step 2: The first compression 

Next, the pre-mixed mixture was placed into a steel load cell and quasi-statically 

compressed under a high pressure. As the pressure increased, the particles would be 
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crushed, causing the average particle size to decrease; also, the resin droplets were 

disrupted. As the gaps among the particles decreased with the increase in pressure, the 

resin binder was "squeezed" through the small channels formed between the particles and 

was able to spread over a much larger area (Figure  4-5). As a result, the resin binder was 

distributed more uniformly. Four area of particular interest is marked in red circle, with 

their SEM image showing in Figure  4-6 to Fig 4-9.  

Figure 4-6 shows a typical case of originally larger particle, which was crushed by 

the high pressure; the pieces were held together by the resin binder. Figure 4-7 shows the 

resin binder on JSC1A simulant as small isles, formed through the high pressure 

compression. In Figure  4-8, it is obvious that small particles can be bridged together by 

the resin binder, similar to Figure  4-6, indicating that the difference between the original 

larger particles and the clusters formed by smaller particles was reduced. Finally in 

Figure  4-9, a large resin droplet could still be observed, indicating that a single high-

pressure compression was not sufficient to fully disperse the resin phase. 

Step 3: Re-mixing 

Then, the compressed mixture was taken out of the load cell, broken apart by a lab 

spatula into small aggregates of sizes around 100 μm. Because of the non-uniform binder 

distribution, only a portion of the particles were covered by the binder phase. It can also 

be observed that the average size of the particle clusters is much smaller compare to the 

pre-mixed ones (Figure  4-10).  

Step 4: the second compression 

Finally, the mixture was put back into the load cell and quasi-statically 

compressed under the same high pressure as in the first compression. In the second 
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compression, similar to the first one, the resin binder is "squeezed" through the channels 

among the particles and is redistributed. The crushed particles would spontaneously form 

a close-packed structure, which decreases the overall porosity (Figure  4-11). Moreover, 

the large capillary forces associated with the small gap size further "drags" the binder 

phase into the narrowest locations, i.e. the direct contact points of particles. After the 

second compression, the resin binder is distributed quite uniformly and few large resin 

droplets can be detected. Four areas are marked and observed in detail, as shown in 

Figure 4-12 to Figure 4-15. Figure 4-12 shows that the binder phase is spread over a large 

area, often mixed with the smallest JSC1A particles. Figure 4-13 shows the particles fully 

wetted by the resin. In Figure 4-14, the resin is distributed quite uniformly, with evident 

markings of lost particles. Figure 4-15 shows that while dense resin can still be 

occasionally observed, no large droplets exist. As the particles forming the close-packed 

structure and the resin binder is distributed uniformly, the IOH is able to develop its high 

strength. 

4.3.1.2 IOH microstructure influenced by the binder content 

For the sample containing 2 wt.% epoxy binder, due to the limited amount of resin, 

few resin droplets could be found at the fracture surface (Figure  4-16). The clusters of 

epoxy and small particles are relatively small. Nevertheless, it is obvious that the binder 

phase can bridge together the crushed, small particles quite effectively. Three area of 

particular interest is marked in red circle, with their SEM image showing in Figure  4-17 

to Figure  4-19.  

When the epoxy binder content is increased to 4 wt.%, the clusters are larger and 

thicker, and more populated (Figure  4-20). Particles embedded in the resin binder is 
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easily observed. Marks of lost particles are also quite common on the fracture surfaces 

(Figure  4-21 to Figure  4-25).  

When the epoxy binder content is increase to 10 wt.%, the binder amount is 

sufficient to form a web-like semi-continuous structure (Figure  4-26). Particles can be 

completely embedded within the binder phase (Figure  4-27, Figure  4-28).  

 

4.3.2 Effects of Polymer Content and Grain Size 

The relationship between the flexural strength and the resin content is shown in 

Figure 4-29. With a low epoxy content of only 2.2 wt.%, the flexure strength can be as 

high as 10 MPa, much higher than that of regular Portland cement (5-6 MPa).  

As the polymer content increased to ~3.5 wt.%, the strength is more than 20 MPa, 

comparable with the crashing strength of lunar rocks, e.g. basalt. With a polymer content 

of 5 wt.%, the strength reaches ~40 MPa, comparable with that of cast copper alloys. If 

the polymer content increases to 7 wt.%, which is the level achieved by the wet 

compaction method, the strength is nearly 60 MPa, comparable with that of aluminum 

alloys.  

Note that the influence of particle size gradation vanishes. In Figure 4-29, all the 

three curves, representing samples of uniform, random, and two-step particle size 

distributions, respectively, are about the same. That is, for the HPCT procedure, the 

cumbersome sieve analysis and the careful control of particle size gradation are no longer 

necessary, which leads to a shorter processing time and higher energy efficiency. 

The compressive strength was measured on IOH samples of random-sized JSC-

1A particles and epoxy binder, and the results are shown in Figure 4-30. The IOH sample 



51 

 

 
 

was cylindrical shaped, with the height of 32 mm and the diameter of 19 mm. It was 

placed in the type-5582 Instron machine, and compressed at a rate of 0.3 mm/min. For 

self-comparison purpose, the effective compressive strength was calculated as Fmax/A, 

where Fmax is the peak loading and A is the initial cross-sectional area.  

With a low epoxy content of only ~2 wt.%, the compressive strength is 40 MPa, 

comparable with that of regular unreinforced concrete (20-40 MPa). As the polymer 

content increased to 5 wt.%, the strength is more than 110 MPa, close to that of 

aluminum alloys. The relationship between the effective compressive strength and the 

polymer content is quite linear, suggesting that the polymer micro-aggregates (PMA) are 

relatively independent of each other. 

The success of HPCT should be attributed to the repeated high-pressure 

compression, which crushes the soil grains. The broken parts, under the high pressure, 

spontaneously form a closed-pack structure, minimizing the gaps among the inorganic 

particles, better than the configuration that can be achieved by a pre-set grain size 

gradation. The high pressure also helps “squeeze” the viscous resin into the narrow 

channels formed between the particles. Probably most importantly, the resin diffusion is 

drastically promoted by the large capillary force, which can be as high as tens of MPa as 

the channel size is reduced under the external compaction pressure (Batchelor, 1967). As 

such loadings are repeated for two times, the wetting of resin on soil grains is nearly 

complete and quite uniform, as shown by the SEM images in Figure 4-31. 

 

4.3.3 Effects of Compression Pressure 
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We tested samples of epoxy contents of 4 wt.% and 2.5 wt.%, prepared under 

various compression pressures, as shown in Figure 4-32. In all the cases, the flexure 

strength increases monotonically with the compression pressure. There exists a critical 

compression pressure around 50 MPa, above which the strength gradually increases with 

compression pressure; below which, as the compression pressure decreases, the strength 

is rapidly reduced. Clearly, below 50 MPa, crashing of simulant grains is incomplete, and 

therefore the structural integrity of the final material is relatively poor. Above 50 MPa, 

the simulant grains are broken apart and close-packed, and the high pressure is also 

beneficial for promoting uniform wetting of polymer over the grain surfaces, as 

suggested by the SEM images in Figure 4-33 

 

4.3.4 Effects of Compression Time 

The compression time is defined as the duration that the highest pressure is 

maintained on the sample. Its influence on the flexural strength is shown in Figure  4-34.  

The testing data suggest that the compression time is a secondary factor; i.e. the resin 

binder is dispersed relatively well regardless of the duration of compaction.  

When the compression time is relatively short, the strength gradually increases 

with it, indicating that resin diffusion is indeed happening within the material under high 

compression pressure, and it does take time for resin diffusion to complete. The strength 

peaks after ~10 min, after which a prolonged compression would have a detrimental 

effect. It may be attributed to a couple of factors: First, as the resin-hardener mixture 

begins to set, an excessive external loading would cause damages that cannot be 

recovered by liquid flow and diffusion; the gel time of the epoxy resin is ~15 min. 
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Second, as the pressure is applied and the capillary effect keeps driving the binder to the 

narrowest direct contacting points of grains, the binder droplets become increasingly 

large yet farther and fewer between. If the benefits of increase in strength of individual 

binder droplet are offset by the weakening effects of reduction in their number density, 

the material strength tends to decrease. 

Figure 4-34 shows that the sample obtained ~75% of its peak strength (30 MPa), 

immediately after the loading is applied, with the compression time less than 1 second; 

the rest ~25% of the peak strength (10 MPa) was obtained through maintaining the high 

compression pressure for ~10 minutes, to better disperse the polymer binder among the 

grains. Apparently, there are at least two different resin flow/diffusion mechanisms:  

The first mechanism, which dominates in the short-term behaviors in the first 

second of compaction, may be associated with the forced flow of resin as it is “squeezed” 

through the gaps, somewhat similar to a Poiseuille flow. Due to the small length scale of 

the filler grains, this mechanism can be completed rapidly, and accounts for the first 

~75% of the total strength.  

The second mechanism may be the surface diffusion driven by the capillary force. 

The typical diffusion rate in a micron-sized channel of a viscous resin is 0.1 um/s 

(Springer, 1982); the grain size in an IOH is ~500 m. Thus, such a diffusion takes a 

much longer time to finish than the forced flow.  

   

4.3.5 Temperature Effects 
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As mentioned earlier, the working environment of IOH on the Moon must be 

taken into consideration. One of the major concerns is the strength of the material across 

the broad temperature range on the lunar surface (Table 4-1).  

We tested IOH samples containing 4 wt.% epoxy, processed at 350 MPa 

compression pressure. After the samples were cut and polished, for high-temperature 

experiments, they were placed in an oven at 120
 o

C for 20 minutes, and then tested in a 

three-point bending setup equipped with an MB Mica-insulated band heater. For low 

temperature experiments, the samples were immersed in liquid nitrogen for 20 minutes 

and then tested in a three-point bending setup equipped with a cooling liquid bath. The 

cooling liquid was a mixture of liquid nitrogen and ethanol. The testing temperature was 

either -70
 o
C or -198

 o
C, measured by an Aldrich Digitrol II power controller and a type-

K thermocouple, as shown in Figure 4-35. 

The measurement results are shown in Figure 4-36. Lowering temperature has a 

beneficial effect, as polymers usually tend to be stronger at a lower temperature. For the 

higher temperature at 120
 o

C, the material exhibited only a slight decrease in flexural 

strength, suggesting that so-processed IOH materials may work well in the temperature 

range on lunar surface. The testing setup is shown in Figure 4-37. 

 

4.3.6 Permeability Measurement 

Since many lunar structures must be air tight, the permeability of IOH was 

characterized. The measurement setup is dipicted in Fig 4-38. Compressed nitrogen was 

employed as the gas phase, and the open end was maintained at 1 atm. An IOH sample 

was tightly fit into a plastic tube and sealed from the side. The amount of gas that 
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penetrated through the sample was measured by water displacement method. The 

permeability was calculated as (Bear 1972):                                    

      

while κ is the sample permeability, ν is the gas flow rate through the sample (m/s), μ is 

the dynamic viscosity of the gas (Pa·s), ΔP is the applied pressure difference (Pa), and Δx 

is the thickness of the sample. 

The test results are shown in Figure 4-39.  For a lunar cement sample using 5 wt% 

epoxy as the binder and formed under a 350 MPa compression pressure, the permeability 

ranges from 1 to 2.5×10
-4

 cm
2
. This value is nearly 100 times higher than that of a regular 

portland cements (Bear 1972), as it should be, since the interstitial sites among the filler 

grains are purposely left unfilled. The permeability almost doubles when the binder 

content is decreased from 5 wt.% to 2 wt.%,  indicating that IOH becomes more porous.  

Due to the high permeability, if waterproofness or airproofness is required for an 

IOH structgure, additional protective layers, e.g. a thin layer of non-structural metallic 

foil, should be employed. The thin metal layer also helps mitigate space radiation and 

heat radiation loss. 
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Table 4-1 Typical temperatures at the lunar surface 

 Min Mean Max 

Equator 100K 220K 390K 

85
o
N 70K 130K 230K 

 

 

 

 
Figure 4-1 (a) The epoxy binder; (b) Dry JSC-1A powders; (c) 4 wt% epoxy-hardner 

mixture on JSC-1A; (d) The stainless steel load cell 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4-2 (a) A disk sample after the first compression; (b) The interior of the compacted 

material; (c) The sample was broken apart; (d) The disk shape was formed again after the 

second compression and cured at 100 
o
C for 1 hour. 

 

(a) (b) 

(c) (d) 
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Figure 4-3 A typical three-point bending curve 
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Figure 4-4 (Top) SEM image showing the clusters formed by resin droplets and small 

JSC1A particles. (Bottom) A closer look of small particles covered by resin 
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Figure 4-5 SEM image of a fracture surface after the first compression. The resin was 

spread over a much larger area. Four area of particular interest is marked in red circle, with 

their SEM image showing in Figure 4-6 to Figure 4-9. 
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Figure 4-6 (Top) An originally larger particle crushed by the high pressure. (Bottom) The 

EDX map of carbon, confirming the distribution of the binder phase that are marked by the 

red circles.  

1 



62 

 

 
 

 

Figure 4-7 (Top) Resin binder on JSC1A particles, marked by the red circles. (Bottom) The 

EDX map of carbon, confirming the distribution of the binder phase that are marked by the 

red circles. 
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Figure 4-8 (Top) A few particles bridged together by the resin binder, marked by the red 

circles. (Bottom) The EDX map of carbon, confirming the distribution of the binder phase 

that are marked by the red circles. 

3 
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Figure 4-9 (Top) Large resin droplets could still be observed. (Bottom) The EDX map of 

carbon, confirming the distribution of the binder phase that are marked by the red circles. 
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Figure 4-10 SEM image shows the particle clusters after re-mixing. The sizes of the 

clusters are much smaller than that of pre-mixing 
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Figure 4-11 SEM image of a fracture surface after the second compression, showing a 

close-packed configuration of the particles and a uniformly distributed binder phase 

 

 

1 

2 

3 

4 



67 

 

 
 

 

Figure 4-12 (Top) No large droplet of resin can be observed. (Bottom) The EDX map of 

carbon, confirming the distribution of the binder phase that are marked by the red circles. 
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Figure 4-13 (Top) The particles are fully wetted. (Bottom) The EDX map of carbon, 

confirming the distribution of the binder phase that are marked by the red circles.  
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Figure 4-14 (Top) The binder phase spreading over a large area uniformly. (Bottom) The 

EDX map of carbon, confirming the distribution of the binder phase that are marked by the 

red circles. 

3 



70 

 

 
 

 

Figure 4-15 (Top) Denser binder areas can still be observed occasionally, while no large 

droplets exist. (Bottom) The EDX map of carbon, confirming the distribution of the binder 

phase that are marked by the red circles. 

 

 

4 



71 

 

 
 

 

Figure 4-16 SEM image of a fracture surface of a sample containing 2 wt.% epoxy. 

Three areas of particular interest are marked by the red circles, with zoomed in 

SEM image showing in Figure 4-17 to Figure 4-19. 
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Figure 4-17 (Top) Gaps among crushed particles filled by clusters of resin and small 

particles. (Bottom) The EDX map of carbon, confirming the distribution of the binder 

phase that are marked by the red circles. 
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Figure 4-18 (Top) Tape-like resin phase bridging together large particles. (Bottom) The 

EDX map of carbon, confirming the distribution of the binder phase that are marked by the 

red circles. 
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Figure 4-19 (Top) Resin phase bridging together crushed, relatively small particles. 

(Bottom) The EDX map of carbon, confirming the distribution of the binder phase that are 

marked by the red circles. 
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Figure 4-20 SEM image of the fracture surface of a 4 wt.% epoxy sample. Four areas of 

particular interest are marked by the red circles, with zoomed in SEM image showing in 

Figure 4-21 to Figure 4-25 
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Figure 4-21 (Top) SEM image of a 4 wt.% epoxy sample. Few large droplet of resin can be 

observed. (Bottom) The EDX map of carbon, confirming the distribution of the binder 

phase that are marked by the r marked by the red circles.  
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Figure 4-22 SEM image of a 4 wt.% epoxy sample. Marks of lost particles can be observed 

(green circles). 
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Figure 4-23 (Top) SEM image of a 4 wt.% epoxy sample. The particles are fully wetted. 

(Bottom) The EDX map of carbon, confirming the distribution of the binder phase that are 

marked by the red circles. 
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Figure 4-24 (Top) SEM image of a 4 wt.% epoxy sample. The binder phase spreads over a 

large area quite uniformly. (Bottom) The EDX map of carbon, confirming the distribution 

of the binder phase that are marked by the red circles. 
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Figure 4-25 (Top) SEM image of a 4 wt.% epoxy sample. Dense binder areas can still be 

observed occasionally, while no large droplets exist. (Bottom) The EDX map of carbon, 

confirming the distribution of the binder phase that are marked by the red circles. 
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Figure 4-26 SEM image of the fracture surface of 10 wt.% epoxy sample. 
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Figure 4-27 (Top) SEM image of a 10 wt.% epoxy sample. (Bottom) The EDX map of 

carbon, yellow circles were used to highlight the areas of the lowest local binder content. 
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Figure 4-28 (Top) SEM image of a 10 wt.% epoxy sample. (Bottom) The EDX map of 

carbon, yellow circles were used to highlight the areas of the lowest local binder content. 
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Figure 4-29 The flexure strength as a function of the Epoxy content 

 
Figure 4-30 The compressive strength as a function of the Epoxy content 
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Figure 4-31 SEM images of HPCT-processed IOH samples (a) 500 um simulant with 2.0wt.% 

Epoxy. 

  

 

 
Figure 4-31 SEM images of HPCT-processed IOH samples continued (b) 500 um simulant with 

4.6wt.% Epoxy 
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Figure 4-31 SEM images of HPCT-processed IOH samples continued (c) 500 um 

simulant with 6.7wt.% Epoxy 

 

 

 
Figure 4-31 SEM images of HPCT-processed IOH samples continued (d) Simulant grains of a 

two-step size gradation (500um:100um:20um, of the mass ratio of 60:30:15), with 2.6wt.% 

Epoxy 

 

 

 

 
Figure 4-31 SEM images of HPCT-processed IOH samples continued (e) Simulant grains of a 

two-step size gradation (500um:100um:20um, of the mass ratio of 600:300:150), with 3.3 wt.% 

Epoxy 
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Figure 4-31 SEM images of HPCT-processed IOH samples continued (f) Simulant grains of a 

two-step size gradation (500um:100um:20um, of the mass ratio of 600:300:150), with 4.77 wt.% 

Epoxy 

 

 
Figure 4-31 SEM images of HPCT-processed IOH samples continued (g) Simulant of a random 

grain size distribution, with 3.3 wt.% Epoxy 

 

 
Figure 4-32 The flexure strength as a function of the compression pressure 
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Figure 4-33 SEM images of samples prepared with various compression pressures (a) 

Simulant with a random grain size distribution, with 3.3 wt% epoxy, prepared under a 350 

MPa compression pressure 

 

 
Figure 4-33 SEM images of samples prepared with various compression pressures continue  

(b) Random simulant with 3.3wt.% Epoxy, 100MPa compression pressure 

 

 

 
Figure 4-33 SEM images of samples prepared with various compression pressures continue 

(c) Random simulant with 3.3wt.% Epoxy, 30MPa compression pressure 
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Figure 4-34 The flexure strength as a function of the compression time. 

 

 

 

 
Figure 4-35 Photos of temperature controller (left) and the band heater(right). 
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Figure 4-36 The flexure strength of 4wt.% Epoxy sample (compressed at 350 MPa) at  

various temperatures. 

 

 

 
Figure 4-37 Photos of testing specimens (a) 120 

o
C (b) -200 

o
C 
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Figure 4-38 Setup for permeability test 

 

 

 
Figure 4-39 The permeability as the function of Epoxy content 
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CHAPTER 5 

HIGH-PRESSURE COMPACTION OF LUNAR “CEMENT” BASED ON A 

THERMOPLASTIC BINDER 

5.1 Introduction   

The high-pressure compaction technique (HPCT) that we developed worked quite 

well on epoxy binder, which is a thermoset. However, epoxy ranks only number seven in 

our list of polymer binder candidates, in terms of strength-density ratio, durability, and 

radiation resistance. All the top four candidates are thermoplastics. It is desired to also 

develop a technique to produce IOH based on these binders.  

Compared with thermosets, another advantage of thermoplastics is that they can 

be melted and recycled. That is, after a lunar structure retires, most of it IOH components 

can be reused, which may significantly reduce the burden of space transportation in a 

long run.  

 

5.2 High-pressure Compaction for Thermoplastic Binder - Direct Melting Approach 

The most straightforward way to apply HPCT on thermoplastics is probably to 

melt the binder first, and then repeat the compression and curing procedures that worked 

well for epoxy based IOH, as described in Chapter 4. Such a method will be referred to as 

the direct melting approach (DMA) in the following discussion.  
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Polyetherketoneketone (PEKK) (KEPSTAN 6002PL), provided by Arkema in 

powder form, with the particle size of ~ 50 m, was employed in the current study as the 

binder. The PEKK powders were first added into a 50 ml beaker with about 5 grams of 

air-dried, random-grain-sized JSC-1A simulant. The PEKK content was 7 wt.% of the 

total mass. The powder/particles were then mixed with a lab spatula for a few minutes 

and was transferred into a load cell. The load cell was made of stainless steel and was 

3/4" in inner diameter and 2" in height. It was equipped with a top piston and a bottom 

piston; both of the pistons were 3/4" in diameter and 1" in height (Figure 3-1), identical 

to the ones used in the wet compaction processing. 

The load cell was taken to the Inston machine with both the top and bottom 

pistons in place. A heating device (Figure 5-1) was set up on the Instron machine, which 

included an MB Mica-insulated band heater and an Aldrich Digitrol II power controller 

and a type-K thermocouple. The load cell was heated by the band heater to 360 
o
C, with 

surrounded by a layer of fire bricks for insulation. The high temperature was kept for 20 

minutes after it reached 360 
o
C. Then, the fire brick on top of the load cell was removed, 

and the load cell was quasi-statically compressed through the top and bottom pistons by 

the Instron machine, with the loading rate of 0.3 mm/min and the maximum compression 

pressure of 350 MPa. An extension loading rod was placed between the top piston and 

the loading plate of the Instron machine, together with an expanded polypropylene (EPP) 

insulation layer, to protect the Instron loadcell. 

After the first loading, the load cell was air cooled. After the temperature 

decreased to the room temperature, the top piston was removed and the compressed 

material was transferred into a 50 ml beaker, broken apart by a lab spatula into small 
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aggregates with the sizes below 100 m. The mixture was then placed back into the load 

cell and heated up again with the same setup and procedure as the first loading, and 

compressed again at the same loading rate and maximum pressure. The load cell was air 

cooled again to room temperature, and the material was removed from the load cell and 

cut into beam samples using an MTI high speed diamond cut-off saw (Figure 3-4). The 

sample surfaces were polished by 320 grit sand paper to eliminate surface cracks and 

roughness. The flexure strength was measured in a three-point bending setup on the type-

5582 Instron machine, in the displacement control mode. The crosshead speed was set to 

3.0 mm/min and the span length, L, was set to 19.05 mm. The flexural strength is defined 

as R = (3/2)(PmaxL/bd
2
), where Pmax is the maximum load, b is the sample width, and d is 

the sample height (Figure 2-3). 

Figure 5-2 shows a photo of samples of 7 wt.% PEKK. The flexural strength was 

only between 5 to 7 MPa, substantially lower than that of epoxy based IOH samples with 

the same binder content. This could be caused by the poor temperature control on 

different parts of the heating setup, the oxidation of PEKK during repeat heating, and/or 

the poor wettability and high viscosity of PEKK melt. It is clear that a better approach 

should be developed to disperse the binder phase. 

 

5.3 High-pressure Compaction for Thermoplastic Binder - Powder Approach 

Thermally stable thermoplastics tend to have high melting points, and therefore, 

such a process is quite energy consuming and demands complex heating elements, as the 

high temperature is maintained throughout the entire procedure. The relatively high 

viscosity of thermoplastic melts also imposes tough challenges.  
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 In view of the above considerations, a much simplified technique was developed. 

The following thermoplastics were investigated: Polyetherketoneketone (PEKK) 

(KEPSTAN 6002PL), provided by Arkema in powder form, with the particle size of ~ 50 

m; polyimide (PI)(P84) provided by Evonik industries in powder form, with the particle 

size from 1-10 m; and polyamide-clay nanocomposite (PCN) provided by UBE 

industries in pellet form. 

The first two thermoplastics are top two candidates in our list of polymer binders. 

Polyamide (PA) was excluded from the list because of its poor radiation resistance. PCN, 

however, is much enhanced in various properties (Usuki et al., 2005) and thus, was 

included in this investigation.  

The PEKK had a glass temperature (Tg) of 160 
o
C and a melting temperature (Tm) 

of 300 to 305 
o
C. The PI has a heat deflection temperature (Td) of 320 

o
C and a Tg of 337 

o
C. The as-received PCN had a large pellet size around a few mm; it was ground by a 

IKA A11 mill for 30 min at 1000 rpm to fine powders 50-200 µm large. The melting 

temperature of PCN is ~270 
o
C (Usuki et al., 2005). The SEM image of the powders of 

the three thermoplastic binders are shown in Figure 5-4. 

The thermoplastic powders were mixed with about 5 g of air-dried, JSC-1A 

simulant grains in a 50 ml beaker with a lab spatula. The polymer content ranged from 3 

wt.% to 6 wt.% of the total weight and various simulant grain size gradations were 

analyzed: uniform grain size (90~112 m sieve analyzed grains), two-step size gradation 

(90~112 m and 20~25 m sieve analyzed grains, with the weight ratio of 765:235), and 

random grain size (raw simulant without sieve analysis). 
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The mixture was moved into a load cell. The load cell was made of stainless steel 

and was 3/4" in inner diameter and 2" in height. It was equipped with a top piston and a 

bottom piston; both of the pistons were 3/4" in diameter and 1" in height (Figure 3-1), 

identical to the one used in the wet compaction processing. The top piston was quasi-

statically compressed into the load cell by a type-5582 Instron machine (Figure 3-2), with 

the loading rate of 0.3 mm/min. The maximum compression pressure ranged from 10 

MPa to 350 MPa. After holding the pressure for 5 minutes, the entire load cell, including 

the material inside and the two pistons, was moved into a CARBOLITE (CTF 12/75/700) 

quartz tube furnace. No external force was applied on the pistons during heating; it was 

observed that the position of the pistons were self-locked, due to the small amount of 

JSC-1A particles that escaped from the load cell and trapped in the gap between the 

pistons and the inner surface of cylinder. The material was heated up with the heating rate 

of 20 
o
C/min to the set point, and the high temperature was maintained for 1 hour. The 

heating was performed in a nitrogen protection environment by purging nitrogen through 

the quartz tube from an open end.  

After heating was completed, the material was furnace cooled to room 

temperature, taken out of the load cell, by using the Instron machine to extrude the two 

pistons out of the cylinder. The material was cut into beam samples using an MTI high 

speed diamond cut-off saw (Figure 3-4). The sample surfaces were polished by 320 grit 

sand paper to reduce surface cracks and roughness. The flexure strength was measured in 

a three-point bending setup on the type-5582 Instron machine, in the displacement 

control mode. The crosshead speed was set to 3.0 mm/min and the span length, L, was set 

to 19.05 mm. The flexural strength is defined as R = (3/2)(PmaxL/bd
2
), where Pmax is the 
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maximum load, b the sample width, and d is the sample height (Figure 2-3). The process 

is depicted in Figure 5-3.  

 

5.4 Results and Discussion 

In the above procedure, the thermoplastic binder was in powder form during 

compression. No heating is involved during the main part of processing and materials 

handling; the binder is melted only in the last step of sample curing. It holds a number of 

advantages: First, the complexity of mixing and handling of polymer melts is 

considerably reduced. Second, the potential binder loss during HPCT is minimized. Third, 

the burden and energy use associated with heating and insulation are significantly 

reduced. Fourth, as heating and compression are de-coupled, performed in different 

devices separately, the system design and operation become quite straightforward. These 

issues are especially important since the IOH processing will eventually take place on the 

surface of the Moon.  

In addition to the above unique features, the thermoplastic powder based HPCT 

(TPB-HPCT) enjoys most of the benefits of the thermoset based HPCT in Chapter 4: the 

high compression pressure crashes the filler grains, eliminating the necessity of sieve 

analysis and cumbersome grain size gradation design; the IOH strength is much higher 

than that of regular infrastructural materials, e.g. steel reinforced concrete; and most 

importantly, the polymer content is maintained low, discussed below. 

5.4.1 Effects of Polymer Content 

Figure 5-5 shows the flexural strengths of the thermoplastic based IOH samples 

processed at the optimum temperatures. It can be seen that PEKK works best among the 
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three binders. With only 3 wt.% of PEKK, the flexural strength reaches 15 MPa, while 

with 6wt.% PEKK, the strength goes up to nearly 28 MPa. The difference among the 

three binders should be contributed to their respective wettability to the JSC-1A simulant 

grains, as well as other secondary factors such as the polymer powder sizes and the 

viscosity of polymer melts. 

5.4.2 Effects of Processing Temperature  

It is imperative to determine the optimum heating temperature in the last step, to 

ensure full curing and also to minimize energy requirement. Figures 5-7 to Figure 5-9 

show the flexural strength of IOH samples processed at various temperatures. The 

influence of the heating temperature seems secondary. As long as polymer melting is 

complete, it does not have any pronounced influence on the final strength. Nevertheless, 

with higher polymer content, the strength tends to slightly increase with the heating 

temperature, which may be considered if energy supply is ample and strength is critical. 

5.4.3 Effects of Compaction Pressure 

The following Sections from 5.4.3 to 5.4.5 are focused on PEKK, since it clearly 

demonstrates the best performance among the three thermoplastic binder candidates.  

Figure 5-10 shows the influence of compaction pressure on the flexural strength. 

The strength increases rapidly with the compaction pressure, when it is below 100 MPa. 

When the pressure exceeds 100 MPa, its effects somewhat saturates. This phenomenon is 

similar to our earlier observation for epoxy based IOH. Since no liquid form is involved 

in the compaction, it should be related to the internal friction among the simulant grains 

and the polymer powders that, if the pressure is not sufficiently high, the polymer 

powders may not fully conform to the grain surfaces.  
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5.4.4 Effects of Testing Temperature 

The same setup was employed as in Section 4.2.4 to test the flexural strength of 

PEKK based IOH under various temperatures. Figure 5-11 shows the results, quite 

similar to the behaviors of epoxy based IOH: Lowering temperature has a beneficial 

effect, as PEKK also gets stronger in a colder environment. At 120
 o

C, the material 

exhibited only a slight decrease in flexural strength, suggesting that so-processed PEKK 

based IOH may work well in the temperature range at lunar surface.  

5.4.5 Permeability Measurement 

We used the same setup as in Section 4.2.5 to measure the permeability of PEKK 

based IOH samples of various PEKK contents. The results are shown in Figure 5-12. All 

the samples were processed with a 350 MPa compression pressure, and cured at 400 
o
C 

for 1 hour. The permeability ranges from 8 to 8.5 x 10
-4

 cm
2
, higher than that of epoxy 

based IOH. Clearly, the solid powder processing leads to a higher porosity, as the 

polymer binder are isolated in microscopic islands. The permeability remains nearly the 

same when the binder content is increased from 2 wt.% to 5 wt.%, implying that it is 

dominated by the largest pores among the filler grains. The permeability data of a few 

common minirals are listed in Figure 5-13, as a comparison. 

Similar to epoxy based IOH, if airproofness or waterproofness is required, the 

PEKK based IOH must be protected by a non-permeable layer, e.g. a thin metal foil layer.  

 

5.5 Theoretical Analysis 

As suggested by our testing results, with a given binder content (c), the 

strength of IOH, R, is influenced by a number of factors: the peak compaction pressure (P) 
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and the holding time (Δt), the strength of cured polymer binder (σ0), and the viscosity of 

uncured polymer resin (η); i.e. R = f(P, σ0, Δt, η), where f is a certain function. Through 

dimensional analysis (Bridgman, 2012), we have R/σ0 = f(PΔt/η). If f is taken as a power 

law, 

 

where α and β are system parameters. Parameter α is mainly affected by the particle 

crushing and the wettability to the binder phase; β is mostly related to the binder 

diffusion. They are dominated by a number of factors: particle size distribution of the 

filler, crushing pressure of the filler, wettability between the binder phase and the filler, 

morphology of binder phase (e.g. continuous or separate), channel size and configuration, 

the capillary force, among others.  

Figure 5-14 shows that, through data fitting, the above equation agrees with the 

testing results quite well. The testing data are for epoxy based IOH samples made with 

high-pressure compaction technique described in chapter 4. The values of α and β are set 

to 0.75 and 0.39, respectively, through regression to the data of the 4 wt% epoxy IOH. 

For the data fitting, σ0 is set to 100 MPa, measured in experiments on 100% epoxy resin 

cured at the same condition as IOH; Δt = 1 sec; η = 15 Pa·s, (Miller-Stephenson, 

technical data); the compaction pressure, P, is 350 MPa.  

The values of the α and β are then tested against the curves of 2.5 wt% epoxy IOH 

and 4 wt% PEKK-based IOH (Figure 5-15). For PEEK based samples, σ0 = 88 MPa 

(Arkema, technical data); Δt = 1 sec; η = 200 Pa·s (Arkema, technical data); P = 350 MPa; 
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and c = 4 wt%. It can be seen that the above equation describes the system behaviors 

quite well in both cases; that is, the effects of σ0, Δt, η, P, and c are captured. 
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Figure 5-1 The heating setup. 

 

 

 

 

Figure 5-2 Photo of samples with 7 wt.% PEKK, produced through DMA. 
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Figure 5-3 The process of TPB-HPCT. 
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(a) 

 
(b) 

 
(c) 

Figure 5-4 SEM images of (a) PEKK, (b) PCN, and (c) PI powders 
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Figure 5-5 The flexure strength as a function of the thermoplastic binder content. 

 

 
Figure 5-6 SEM images of PEKK IOHs with different polymer content (a) 2wt.%  
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Figure 5-6 SEM images of PEKK IOHs with different polymer content continue (b) 4wt.% 

 

 
Figure 5-6 SEM images of PEKK IOHs with different polymer content continue (c) 6wt.% 

 

 
Figure 5-6 SEM images of PEKK IOHs with different polymer content continue (d) 8wt.% 
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Figure 5-7 The flexure strength of PEKK based IOH. 

 
Figure 5-8 The flexure strength of PCN-based IOH as a function of the hinder content.  
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Figure 5-9 The flexure strength of polyimide IOH of various binder contents, produced at  

different processing temperatures. 

 
Figure 5-10 The flexure strength as a function of the compaction pressure of 4wt.% PEKK  

IOH 
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Figure 5-11 The flexure strength of 4wt.% PEKK IOH (compressed at 350 MPa), produced 

at various heating temperatures. 

 

 
Figure 5-12 The permeability as a function of the PEKK content. 
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Figure 5-13 Permeability of common minerals (Bear, 1972). 

 

Figure 5.14 Comparison of theoretical and testing curves, for epoxy based IOH of 

different binder contents 
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Figure 5-15 Comparison of theoretical and testing curves, for epoxy and PEKK based 

IOH.
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CHAPTER 6 

DYNAMIC COMPACTION OF LUNAR “CEMENTS” 

6.1 Introduction   

With the success of the high-pressure compaction technique (HPCT), it is 

desirable that the setup and operation can be further simplified. Specifically, at a 

construction site on the Moon, the mass and complexity of the processing system must be 

minimized. More specifically, the machinery used to reach the high compaction pressure 

~350 MPa should be simple, small-sized, and lightweight. The most critical step of 

HPCT is the high pressure compression on the regolith-resin mixture, which may impose 

tough challenges to lunar construction, because of the lack of heavy duty machines and 

the limited energy supply (Figure 6-1).  

To lower the required energy use and the complexity of machinery, heavy-duty 

hydraulic presses should be avoided. Inspired by our previous results that the majority of 

the IOH strength is gained immediately after the high pressure is applied, dynamic 

compaction is an attractive alternative approach: An drop-tower-type setup may be 

employed to apply repeated impact forces on the regolith-resin mixture. It is envisioned 

that as long as a sufficient high pressure can be reached, even for only a fraction of 

second, the polymer resin can be efficiently dispersed over the short characteristic length 
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of regolith grains. Such a system is simple, and energy efficient. It is formed by only a 

hammer and a hammer lifting component, discussed below.   

 

6.2 Dynamic Compaction Process  

Epoxy resin was selected as the binder to be investigated in this chapter; it was 

provided by Miller-Stephenson (Epon 828). The hardener was m-Xylylenediamine 

provided by Sigma-Aldrich. The resin and the hardener was first mixed together 

thoroughly with a lab spatula in a 50 ml beaker with the weight ratio of 5:1. After the 

mixing, a small amount of epoxy-hardener mixture was dropped into about 5 g of air-

dried JSC-1A simulant grains. The resin content was fixed at 4 wt.% of the total weight, 

for all the samples grains were random sized; i.e. no sieve analysis was performed. 

The simulant-resin mixture was transferred into the load cell. The load cell was 

made of stainless steel and was 3/4" in inner diameter and 2" in height. It was equipped 

with a top piston and a bottom piston; both of the pistons were 3/4" in diameter and 1" in 

height (Figure 3-1), identical to the one used in the wet compaction processing and high-

pressure compaction technique. The load cell was placed into a CEAST 9350 impact 

machine (Figure 6-2). The hammer mass was in the range from 2.77 kg (the loading 

frame only) to 5.77 kg, adjusted by 1 kg weights. By adjusting the combination of the 

hammer mass and the drop distance, the impact energy on the load cell was controlled 

precisely. An accelerometer embedded in the hammer measured the acceleration of the 

hammer, from which the impact force was calculated. Figure 6-3 shows a typical impact 

pulse.  
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A first impact was conducted for initial compaction, as the counterpart of the first 

compaction in HPCT. Then, the top piston was removed and the compressed material 

was transferred into a 50 ml beaker, broken apart by a lab spatula into small aggregates 

with the sizes below 100 m. The particles were placed back into the load cell and taken 

to the drop tower for multiple impacts. When the particles were loosely packed, with the 

same hammer mass and drop distance, the impact force was relatively low; the impact 

force increased as the particles were condensed, and eventually after a few impacts, 

reached a plateau. As shown in Figure 6-4, the impact force usually saturated after the 

fourth impact. Further increasing the impact number did not lead to any significant 

changes in material properties.  

After completing the impacts, the material was kept in the load cell, with the 

pistons remaining in place but not compressed, and cured in a VWR(1330GM) box 

furnace at 100 
o
C in air for an hour to cure the epoxy binder. After curing, the sample was 

removed from the load cell and cut into beam samples using an MTI high speed diamond 

cut-off saw (Figure 3-4). The sample surfaces were polished by 320 grit sand paper to 

eliminate surface cracks and roughness.  

The flexure strength was measured in a three-point bending setup on the Type 

5582 Instron machine, in the displacement control mode. The crosshead speed was set to 

3.0 mm/min and the span length, L, was set to 19.05 mm. The flexural strength is defined 

as R = (3/2)(PmaxL/bd
2
), where Pmax is the maximum load, b the sample width, and d is 

the sample height (Figure 2-3). The influences of important material parameters were 

analyzed, as will be discussed in the next section. 
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6.3 Results and Discussion 

6.3.1 Effects of Impact Energy 

The total input energy of dynamic compaction is defined as the kinetic energy of 

the hammer: mv
2
/2, where m is the hammer mass and v is the impact velocity. Figure 6-5 

shows that a higher total input energy leads to a higher flexural strength. It should be 

noted that after repeatedly impacting the sample for 4 times, the energy use is 4 times 

larger; however, the flexural strength is increased less than 50%. The benefits of 

increased strength to lunar exploration missions must be balanced by the increase in 

demand of energy. The reduction in the beneficial effects of more impacts may be related 

to that the required energy to further compact the regolith particles increases 

exponentially as the particles are condensed.  

6.3.2 Impact Velocity Effect, with a Constant Impact Energy 

Different combinations of hammer and impact velocity would result in different 

compaction mode of the regolith grains. In our experiment, the total input energy is fixed 

constant, and different combinations of hammer mass and impact velocity are tested.  

Figure 6-6 shows that, interestingly, with the total input energy maintained similar, 

a lower impact velocity and a heavier hammer mass lead to stronger IOH samples, 

compared with a higher impact velocity and a lighter hammer. This phenomenon may be 

attributed to the compaction process of the simulant particles: At a lower impact velocity, 

the rotational motion among the grains is less severe and thus, less defects are formed. A 

slower impact rate may also promote resin diffusion, beneficial to achieve a uniform 

binder network. From Figure 6-7 and Figure 6-8, it can be seen that the impact curve of 
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the slower but heavier hammer (2.4 m/s, 4.27 kg) is broader and last longer than the 

curve of the faster but lighter one (3 m/s, 2.77kg), with the total input energy being at the 

same level. This finding sheds light on the future machinery design.  

 

Figure 6-1 A typical HPCT curve of the Instron machine. The area under the curve 

indicates the consumed energy. For a regular 4 wt% epoxy sample with the total mass of 5 

g, the total energy is about 300 J. 
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Figure 6-2 The CEAST 9350 impact machine 

 

Figure 6-3 A typical impact curve of the CEAST 9350 machine. 
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Figure 6-4 The peak impact force changes with the number of impacts. 

 

Figure 6-5 Flexural strength as a function of the number of impacts. The two curves 

indicate the influence of impact energy. 
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Figure 6-6 Flexural strength as a function of the number of impacts. The curves have the 

same impact energy but different impact velocities. 

 

 

 

Figure 6-7 The impact curve of a slower but heavier hammer than that in Figure 6-8. 
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Figure 6-8 The impact curve of a faster but lighter hammer than Figure 6-7. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

After decades of development of space exploration techniques since the early 20
th

 

century, the next phase will feature a sustainable setting, with bases and outposts built on 

celestial bodies. Moon is considered an attractive and realistic place to begin with. 

To build bases, outposts, and/or bulky research facilities on the Moon, using 

traditional portland cement as the structural material is not an option, due to the limited 

space transportation capacity and the severe environment condition at the lunar surface. It 

is desirable that new structural materials can be developed, based on locally harvestable 

resources, e.g. lunar regolith. The materials, sometimes referred to as lunar “cements”, 

should have satisfactory strength and durability, and their production should be energy 

efficient.  

In the current project, we investigated that concept of inorganic-organic hybrid 

(IOH): By using a radiation-resistant polymer with a high strength/weight ratio as the 

binder, lunar soil grains can be strongly bound together, forming structural parts.  The 

polymer binder content must be lower than 5 wt%, to reduce the requirement of space 

transportation.  

Major engineering polymers were ranked and the top candidates were determined, 

according to their strength, mass density, radiation resistance, thermal softening points, 
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and surface tensions. Surface tension affects the wettability between polymer binder and 

lunar soil grains. The experiments were mostly performed on JSC-1A lunar soil simulant, 

using it as an analog to real lunar regolith.  

Due to the required, ultra-low binder content, traditional composites processing 

techniques, such as extrusion, injection molding, or even mechanical mixing could not 

handle the IOH precursor. Our study started with polyethylene (PE), which confirmed the 

efficacy of controlling particle size gradation (Chapter 2). We also studied the wet 

compaction method, which lead to a high IOH strength yet relatively high binder content 

above 6.5 wt% (Chapter 3). High-pressure compaction technique (HPCT) was then 

developed, and the binder content was lowered to ~4 wt% (Chapter 4): By using a 

substantially higher pressure to compact the particles with resin, epoxy-based IOH could 

reach a flexural strength of 10-35 MPa, with only 2-4 wt% polymer binder. The high IOH 

performance was attributed to: 

1. The high pressure crashed the simulant grains and forced them to form a close-packed 

configuration, which decreased the volume of interstitial gaps.  

2. The highly compacted simulant grains interlocked with, which enhanced compressive 

strength. 

3. The high pressure compression provided a driving force to disperse the binder phase, 

in a Poisuelle-flow-like motion, through the small channels among the crushed grains.  

4. Probably most importantly, at the peak compression pressure, the capillary effects 

promoted further dispersion of the binder phase into the narrowest space, i.e. the 

direct contact points between adjacent simulant grains, so that the polymer binder is 

fully utilized to carry load. 
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HPCT can be applied to both thermoset and thermoplastic binders. When a 

thermally stable thermoplastic binder was used, a solid compaction approach worked 

better than the melt-compaction approach (Chapter 5). It decoupled the cumbersome 

heating and compaction operations.  

A dimensional analysis was performed for IOH processing, and a close-form 

equation was derived to relate the IOH strength to the binder content, the binder strength, 

the compaction pressure, the compaction time, and the resin viscosity. It fit with our 

testing data quite well. 

To simplify the processing machinery and to reduce energy consumption, we 

investigated dynamic compaction (Chapter 6), which takes advantage of the short 

characteristic length of simulant grains: As long as a sufficiently high compaction 

pressure is applied, even for only a few milliseconds, the polymer resin can be distributed 

efficiently across the small-sized grains, strongly bridging them together. Thus, IOH can 

be formed through repeated compaction. The samples strength is comparable with that of 

HPCT technique.  
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