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Abstract 

 

The future of human expansion to our nearest neighbour, the Moon and beyond, relies on 

the utilisation of the available in situ resources on the respective planetary bodies. These 

resources can be suitable for construction, fuel production, mineral extraction, life support, 

and consumables required for a sustainable human presence off-Earth. This research 

describes the use of microwave energy for investigating the potential of lunar construction 

using lunar regolith. Microwaves of frequency 2.45 GHz and 1.0 kW power are used to heat 

the lunar soil simulants (LSS) JSC-1A and NU-LHT-3M to predict the microwave heating 

behaviour of lunar Mare and Highland region samples. The dielectric properties of material 

define whether it will reflect, absorb, or be transparent to the incident microwave. The 

temperature-dependent dielectric properties of the LSS are determined using the cavity 

perturbation technique; both materials were found to be absorbers. Using this data, a 

theoretical analysis is carried out to predict the microwave heating behaviour of LSS with 

temperature. A computational analysis using Multiphysics software is then presented to 

quantify the influence of heat losses on the microwave heating of LSS in a domestic 

microwave oven used for experiments. These results form the basis of experimental tests in 

a domestic microwave oven. The combined results of the theoretical, simulation and 

experimental activities are used to design a bespoke microwave (BM) of industrial standards 

with better features to handle the heating and melting of LSS; these include the ability to 

record sample surface temperatures and to alter the atmospheric pressure and composition. 

Experiments with the BM demonstrate that Mare region samples (similar to JSC-1A) will 

exhibit better microwave heating susceptibility than the Highland region samples (similar to 

NU-LHT-3M) on the Moon. Further tests investigated the importance of water content in 

the lunar soil. It revealed that this water acts likely as a susceptor for highland region samples, 

which are low absorbers of microwave at 2.45 GHz, 1.0 kW themselves.  
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Chapter 1 

Introduction 

A new space era has begun. As public and private players join hands to race back to the 

Moon and beyond (Artemis Program | NASA), the future of humans becoming a space-

faring species looks promising. By 2022, the last time humans set foot on the Moon was in 

1972. Since then, the Moon has been only studied from a distance. The studies on the 

geological history and evolution of the Moon have been merely conducted by various robotic 

landers and orbiters after the Apollo missions. After almost five decades, humanity is again 

gearing up to set foot on our nearest celestial neighbour (Howard, 2020, Spudis, 2008). The 

human exploration of the Moon appears naturally to be the first stepping-stone as it is the 

closest and the only planetary body that has been extensively studied so far. It provides ample 

opportunity to field test various technologies in an extreme environment, yet relatively close 

to the safety and sanctuary of Earth, approximately three days away. Thus, the Moon is 

considered a platform to test, verify, and implement technologies for sustaining human 

exploration missions, thus enabling travel to bodies such as Mars, eventually leading to 

exploration beyond the solar system.  

Longer duration stays at the Moon may be used as ‘fuel depot’ for deep-space missions, 

housing radio telescopes, solving mysteries around Earth and the Moon’s creation or a lunar 

base promoting lunar space tourism (Dave Mosher, 2018, Crawford et al., 2012). To sustain  

such longer-term human missions, it will be necessary to build robust infrastructure and 

habitats to supply abundant chemical and mineralogical elements and compounds, including 

life-support consumables like oxygen and water for fuel and power needs. Fulfilling these 

prerequisites for a successful human mission to the Moon involves a steep cost, the biggest 

impediment to crewed missions over the last five decades (Dave Mosher, 2018). Mass is a 

critical component of any space mission and must be minimised to maximise cargo use 

(Mueller et al., 2016). Due to the Earth’s deep gravity well, sending a payload to the Moon 

in a conventional manner is a costly affair. If such raw materials can be extracted on the 

Moon, rather than carrying them from Earth, it will yield substantial cost savings. Thus, a 

rising interest is witnessed towards in situ resource utilisation (ISRU) to eradicate the 

limitation of steep cost and make the human missions to the Moon more economically viable. 

ISRU is a term used to refer to the use of locally available resources on planetary bodies in 

question for robotic or human exploration, enabling missions cheaper, faster, and better. 

https://www.nasa.gov/artemisprogram
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To realise extended duration visits to the Moon, a lunar base, or an outpost with appropriate 

infrastructure is inevitable to house the team of scientists, engineers, and workforce in 

addition to rovers and the machinery needed for research. This would involve 

landing/launching pads, habitats, scientific labs, telescopic dish antennas, 

machinery/instruments. The in situ resource for the construction of such a massive 

infrastructure can be the lunar regolith. Regolith is the unconsolidated heterogeneous 

material overlying solid rocks (Anand et al., 2012, McKay et al., 1991, Heiken et al., 1991). 

Its composition has the vital elements of construction materials such as iron, silicon, 

aluminium, calcium, and titanium (Pro Crew SCHEDULE, 2020, Mcdonald, 2019).  

Building lunar bases and infrastructure on the Moon using lunar regolith has invited 

numerous research, e.g., producing lunar concrete using water, sulfur, polyethene 

(thermoplastic polymer), synthesis of lunar cement materials using geopolymer technology, 

and making a mould for aluminium casting and using additive manufacturing technique 

(a.k.a. 3D printing). Production of lunar concrete using water has been discussed (Ishikawa 

et al., 1992), but the biggest disadvantage of this construction technique is the use of water 

itself. The reason is that water will be a very scarce commodity on the Moon, unlike Earth. 

Thus, even if available for ISRU applications, saving it as life support consumable or for 

making propellants has a higher priority. Also, for fabricating concrete on Earth, water is 

essential for its hardening. However, in the lunar vacuum environment, the hardening 

process will be adversely affected and lower the quality of the concrete (Ishikawa et al., 1992) 

because the resulting product will be porous and of weaker strength due to the evaporation 

of moisture in the vacuum (Ishikawa et al., 1992). Lunar sulfur concrete uses sulfur as the 

binding material instead of water with the lunar regolith simulant (Toutanji et al., 2012, 

Omar and Issa, 1994, Grugel and Toutanji, 2008). Sulfur can be extracted from the mineral 

troilite found on the Moon. However, the daytime temperature at the lunar surface exceeds 

the melting point of sulfur (120 C on Earth at 1 atm) (Isachenkov et al., 2021b, Grugel 

and Toutanji, 2008). This limits the use of lunar sulfur concrete to permanently shadowed 

craters, not to mention the poor strength, durability, and refractoriness of sulfur concrete 

(Wang et al., 2017). Lunar concrete involves the use of polyethene as a binder (Lee et al., 

2018, Sik Lee et al., 2015, Oh et al., 2020). The results from the synthesis of lunar regolith 

based geopolymer cement (Wang et al., 2017, Davis et al., 2017) states that it is suitable for 

highland regions (Davis et al., 2017) but induces the cost of carrying the thermoplastic 

polymers from Earth. The lunar regolith simulant has also been discussed to be used to make 

moulds to cast a wide range of aluminium parts (Baasch et al., 2021). However, this research 

uses the lunar regolith as a mould, not the primary building material.  
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Although these are very thoroughly researched fields of lunar construction and are suitable 

for different regions on the Moon, Additive Manufacturing (AM) technology stands out to 

have the maximum advantages over the casting/moulding/fabricating lunar concrete method. 

AM technology involves the process of fabricating a 3D object by sequentially adding and 

bonding raw materials under automated computer control (Mueller et al., 2016), and the 

bonding can be achieved by a specific binder which could be a chemical or a heat source. 

This technology can manufacture parts in a wide variety of sizes and shapes, reduce the 

wastage of material, unlike the traditional manufacturing techniques such as machining, 

casting, pressing, etc., and can be automated with less human intervention. There is plentiful 

research carried out in the field of additive manufacturing for lunar construction using lunar 

regolith explained in detail in Chapter 2. It involves the use of a heat source (e.g., solar, laser 

and microwave), or a chemical binder to bond the layers and form a structure.  

The work in this thesis investigates microwave energy at around 2.45 GHz as a potential 

heat source to melt the lunar soil simulants and test the mechanical properties of the melted 

product. The analysis will attempt to include the lunar soil simulants with compositions from 

the two distinct regions from the Moon: mare and highlands. Lunar regolith acts as a 

dielectric, readily absorbing the microwave energy (Taylor and Meek, 2005). The finer 

fraction of lunar regolith (< 1 cm particle size), called lunar soil, which includes 

toxicologically hazardous lunar dust (soil fraction < 20 µm) (Liu and Taylor, 2011), is 

considered ideal for efficient microwave absorption (Taylor and Meek, 2005). Because of 

this, heating lunar soil using microwaves is one of the attractive ways for an additive 

fabrication technique that can be utilised for lunar construction.  

Therefore, in this research, an assessment of the suitability of microwave heating of the lunar 

soil based on the mineralogy of the lunar soil simulants and the results achieved is presented. 

The implication of the findings from this research will be discussed in the context of lunar 

construction. 

 

1.1 Research aims and objectives 

The aim of this research is to answer the main overarching question: 

‘Whether lunar soil from different regions of the Moon can be melted using direct microwave 

energy at 1 kW, 2.45 GHz to be used as a suitable construction material?’ 

This research has mainly focussed on five research objectives below, which are 

accomplished using theoretical calculations, experimental analysis, computational 
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simulation, and analytical method as applicable to achieve this aim. As it is not feasible to 

work with real lunar soil, the experiments are carried out with lunar soil simulants: JSC-1A, 

NU-LHT-3M and FJS-1. 

1. To identify the dielectric properties of the lunar soil simulants to predict their 

microwave heating behaviour. 

2. To investigate the high-temperature processing using analytical methods to 

understand the thermal transitions in the simulant, causing the dielectric properties 

to change. 

3. To understand how well different lunar soil simulants can be heated by direct 

microwave energy at 2.45 GHz. 

4. To examine the mechanical properties of the melted product to be considered as a 

suitable construction material. 

5. To predict the direct microwave heating behaviour of lunar regolith/soil based on the 

results obtained for the lunar soil simulants. 

 

1.2 Structure of the thesis 

Figure 1-1 presents the flow chart of the thesis structure. 

 

       Figure 1-1: Flow chart of the thesis structure 
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Chapter 2 explains the detailed literature review for this research explaining the existing 

work carried out in the field of additive manufacturing-based construction techniques on the 

Moon, lunar geology, mechanical characteristics of ready product, and microwave heating 

of lunar soil.  

Chapter 3 describes the importance of dielectric properties in predicting the microwave 

heating behaviour of materials. The dielectric properties of lunar soil simulants, JSC-1A and 

NU-LHT-3M at 2.47 GHz up to the temperature of 950 °C has been measured using the 

cavity perturbation method at the University of Nottingham (UoN), UK. It is then compared 

to the existing literature data values of granite and basalt, taken as control materials, at 2.45 

GHz. The effect of mineral and chemical composition of JSC-1A and NU-LHT-3M is 

studied to compare the differences in the heating phenomenon of these two simulants. The 

purpose is to examine if the presence of a given mineral or element plays a key role in making 

the sample a better absorber of microwave energy. 

Chapter 4 delineates high-temperature studies of JSC-1A by using analytical techniques such 

as Differential Scanning Calorimetry (DSC), Thermo Gravimetric Analysis (TGA), X-ray 

diffraction (XRD) and Scanning Electron Microscopy (SEM)/Energy Dispersive 

Spectroscopy (EDS). It showcases and discusses the thermal transitions occurring above 

600 °C and 800 °C in JSC-1A, which are the estimated reasons for the rapid increase in 

microwave absorption at these temperatures and beyond. This would lead to detecting and 

identifying new crystalline phases in JSC-1A at high temperatures enhancing the microwave 

absorption at these temperatures.  

Chapter 5 presents the first two parts of analysing the microwave heating behaviour of both 

lunar soil simulant (LSS) and control material, i.e., theoretical analysis and computational 

results. The theoretical analysis calculates the power density, penetration depth and heating 

rate of LSS at 2.47 GHz and control materials at 2.45 GHz. These parameters are based on 

the dielectric properties and will indicate the total time taken by both the LSS to melt under 

microwave radiation in the absence of heat losses. Simulation studies are carried out using 

COMSOL Multiphysics software to analyse microwave heating of cylindrical samples of 

both LSS and control materials in a domestic microwave (DM) oven operating at a power of 

1 kW and a frequency of 2.47 and 2.45 GHz, respectively. These studies include the effect 

of radiative heat loss. It aims to find the effect of the aspect ratio (diameter/height) of a 

cylindrical sample on microwave absorption of both the LSS and the control material. 

Chapter 6 shows the first set of experimental results obtained in this research in a DM oven 

operating at 1 kW, 2.45 GHz. It demonstrates the results of experiments conducted in four 
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categories: (i) different masses of JSC-1A, (ii) different particle sizes of JSC-1A, (iii) 

different bulk densities of JSC-1A, and (iv) different lunar soil simulants (JSC-1A, NU-

LHT-3M & FJS-1). The melted/sintered product (yield specimen) obtained from these 

experiments are visually inspected, analysed for SEM, and tested for true density, hardness, 

and elastic modulus. The objective of these experiments is to understand the effect of 

different masses, particle sizes, densities, and mineralogical compositions (different 

simulants) on microwave heating.  

To better understand the microwave behaviour of JSC-1A and NU-LHT-3M, a bespoke 

microwave (BM) of industrial standards was co-designed and manufactured by a small-scale 

manufacturer - Industrial Microwave Systems Ltd. (Milton Keynes, UK). 

Chapter 7 details the design factors involved in manufacturing the BM commissioned by 

The Open University. This was undertaken to sustain high sample temperatures for extended 

durations safely. It then presents the results obtained by experiments conducted on the BM 

for (i) different masses of JSC-1A, and (ii) JSC-1A and NU-LHT-3M with and without water. 

The idea of adding water to the LSS is for examining if water could act as a susceptor aiding 

in the microwave heating process. Yield specimens from these experiments are visually 

inspected and analysed by SEM/EDS, plus testing for true density, hardness, and elastic 

modulus.  

Chapter 8 summarise the research findings and discusses the microwave heating behaviour 

of lunar regolith from the understanding obtained using the two lunar soil simulants. It 

critically reviews the strength of the yield specimens for being a suitable construction 

material. It then outlines the prospects of the findings of this research and brings the research 

to a conclusion. 
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Chapter 2 

Literature Review 

Space architecture is the theory and practice of designing and building environments in outer 

space for humans (Howe and Sherwood, 2000). This research is the subset of space 

architecture and breathes under the umbrella of three main areas: (i) lunar construction using 

additive manufacturing technology (3D printing), (ii) nature and properties of lunar regolith 

and lunar soil simulants (LSS), and (iii) the interaction of microwave energy with the lunar 

regolith and LSS. This chapter attempts to cover the literature surrounding these three main 

areas combine to form the foundation of this research.  

 

2.1 Additive Manufacturing technology (3D printing) 

The three dimensional printing mechanism is a manufacturing technique dating back to 1971 

(Kading and Straub, 2015). It involves the process of constructing a 3D object by 

sequentially adding and bonding raw materials under automated computer control (Mueller 

et al., 2016, Shapiro et al., 2016, Lim et al., 2012). It is the opposite of subtractive 

construction, a process which begins with a block of raw material and then removes the 

material by methods such as excavating, tunnelling, contouring, boring and others to create 

the final desired shape. The raw material used in a 3D printing technique could be in the 

form of liquid, powder bed or solid sheets. The bonding of the layers is achieved using a 

chemical binder or a heat source. 

The advantages of 3D printing are reduced human intervention, new architectural forms and 

functions (Mueller et al., 2016) and tool free fabrication (Lim et al., 2016, Shirazi et al., 

2015). Additive manufacturing (AM) technique has its terrestrial applications in the fields 

of aerospace (Shapiro et al., 2016, Guo and Leu, 2013, Thomas et al., 1996), automotive 

(Guo and Leu, 2013, Song et al., 2002), construction (Lim et al., 2012, Le et al., 2012b, Le 

et al., 2012a, Lim et al., 2016), food (Lipton et al., 2010), medical applications (Ventola, 

2014, Shirazi et al., 2016) and in the production of prototype parts and fabricating tools 

(Sambu et al., 2002). Recently, it has gained attention in the field of extra-terrestrial 

construction using indigenous materials (Mueller et al., 2016). For extra-terrestrial 

environments, 3D printing can be applied to construct habitats or shielding cover for habitats 

from an extreme environment, roads, landing/launching pads, instruments, repair parts of 

instruments on planetary bodies like the Moon and Mars (Mueller et al., 2016, Cesaretti et 
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al., 2014, Doule et al., 2011, Lim et al., 2015). It can also be used to produce parabolic 

antennas on the Moon (Taylor and Meek, 2005) or in space (Lewin, 2017, Wall, 2020). 

Recently 3D printing of parts using plastics (Lewin, 2017) and ceramics (Wall, 2020) has 

been demonstrated on the international space station in microgravity. 

 

2.1.1 3D printing techniques in terrestrial applications 

The most popular 3D printing techniques for terrestrial application are selective laser 

sintering (SLS), stereolithography (SLA), fused deposition modeling (FDM), laminated 

object manufacturing (LOM), and inkjet 3Dprinting (3DP) techniques (Kruth et al., 1998, 

Shirazi et al., 2015, Shahrubudin et al., 2019). Stereolithography is a process involving the 

solidification of a liquid. The raw material is a photosensitive monomer resin that forms a 

polymer and solidifies when exposed to ultraviolet (UV) light. It uses a UV helium-cadmium 

or argon ion laser (Pham and Gault, 1998). Photo-polymers are used in SLA. In FDM, using 

a computer numerical control (CNC), precisely molten material is forced through a die (a 

process called extrusion) to specific places in layers (Pham and Gault, 1998, Kruth et al., 

1998, Kading and Straub, 2015). This technique is commonly used to print thermoplastics 

such as polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS) (Pham and Gault, 

1998, Kruth et al., 1998, Kading and Straub, 2015). SLS is the main technique in the category 

of processes building the part by joining powder grains together using a laser (Pham and 

Gault, 1998). Sintering is a method where a powdered/porous material is heated below its 

melting point to enable the particles to bond together to form a solid (Hintze and Quintana, 

2012). SLS uses a fine powder that is heated with a CO2 or Nd:YAG (neodymium-doped 

yttrium aluminium garnet; Nd:Y3Al5O12) laser beam for scanning successive layers to create 

a 3D object. Materials used for SLS are polymers, sand, wax, ceramics, and metals (Pham 

and Gault, 1998, Kruth et al., 1998, Shirazi et al., 2015). LOM is a technique that uses solid 

sheets to form the part. It bonds the layers of sheets with an adhesive and then cuts the part 

contour using a CO2 laser (Pham and Gault, 1998). Materials used in LOM can range from 

paper, polymer, composites to ceramics and metals (Pham and Gault, 1998, Kruth et al., 

1998). In inkjet 3D printing (3DP), the layers of powder are applied and joined selectively 

by a liquid binder based on object profiles generated (Pham and Gault, 1998, Shirazi et al., 

2015). The material used could be metal or ceramic powders or metal-ceramic composites 

with polymeric binders (Pham and Gault, 1998, Kruth et al., 1998).  
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2.1.2 3D printing techniques for lunar construction  

As lunar regolith is a potential raw material for construction on the Moon, it can be used to 

build structures in a 3D printing technique. The most effective way to bind the layers to 

fabricate a structure would be to either extrude melted regolith or sinter the raw material 

(Mueller et al., 2016). For joining the layers or for converting the regolith into printable ink, 

a chemical binder is required in various present techniques. For example, Contour Crafting 

(CC) (Khoshnevis, 2004) utilises an extrusion-based technique, similar to the FDM method,  

creating robust and elastic structures from lunar regolith simulant using extrusion-based 3D-

printing of regolith simulant inks (Jakus et al., 2017). The patented D-shaping process is 

used for a D-Shape printer, similar to an inkjet printing technique (Cesaretti et al., 2014). 

Digital Light Processing (DLP), similar to SLA, is used to fabricate ceramic parts from lunar 

regolith simulant (Liu et al., 2019, Altun et al., 2021). However, in all of these, the binder 

has to be exported from Earth to the Moon as a consumable apart from the infrastructure 

needed for the whole fabrication procedure. 

As an alternative, heat can be used to bind the layers. The heat sources for fabrication on the 

Moon for either sintering or melting could be solar energy, which can be harvested on the 

Moon, or energy from electromagnetic (e.g., laser or microwave) radiation both of which 

can be generated by man-made sources in situ. 3D printing techniques, including FDM and 

Selective Laser (or Solar or Microwave) Sintering/Melting could be used on the Moon for 

fabricating structures using these methods. The prospects of using solar, laser and 

microwave energy to fabricate structures from the powdered lunar regolith are briefly 

described below. 

Using solar power for 3D printing structures is a suitable fabrication technique as the solar 

energy is readily and cheaply available on the Moon. Nakamura et al. (Nakamura and Smith, 

2011) proposed to use an optical waveguide transmission line to direct the solar radiation to 

the place of utilisation for sintering of 15 ×15 in pad (1451.6 cm2) of volcanic tephra soil at 

the raster speed of 1–2.35 mm/s. Hintze and Quintana (Hintze and Quintana, 2012, Hintze 

et al., 2009) demonstrated that the solar concentrators are expected to densify lunar simulant 

surface up to 6 mm deep in a fixed position, or only 1-2 mm deep in a rastering mode while 

thicker structures can be obtained by adding multiple layers. The power requirements will 

depend on the positioning with the sun and focus on the processing area. DLR team 

combined concentrated sunlight with a 3D printing process to create the first 3D printer 

capable of fabricating 3D objects out of lunar regolith simulant sintered layer by layer by 

concentrated solar light (Meurisse et al., 2018). However, there are some limitations with 

this technique as follows.  



 10 

(i) The heat from the solar concentrator would have a limited depth penetration; 

(ii) the requirement to maintain positioning controls, mirrors, and lenses to locate 

desired focal spot location relative to the movement of the sun and the solar 

concentrator is complicated (Hintze and Quintana, 2012, Allan et al., 2011); 

(iii) the possible buildup of lunar dust on the mirrors and lenses (Gaier, 2005) would 

reduce the concentrator efficiency; 

(iv) the efficiency of the concentrator will be affected by the optical properties of the 

lunar regolith. As the darker mare regions absorb more light, it would be heated more 

efficiently by the solar concentrator than highlands regolith, if all other properties are 

the same (Hintze and Quintana, 2012); and  

(v) the sun does not shine equally in all the regions of the Moon, making this 3D 

printing process a geographically specific technique.  

Laser processing (sintering/melting) requires less energy than solar processing and provides 

better resolution that is required for manufacturing engineering parts and components 

(Isachenkov et al., 2021a). Thus, laser sintering/melting of the lunar regolith has been well 

demonstrated by few researchers. The initial experiments by Balla et al. (Balla et al., 2012) 

with the lunar mare simulant produced dense solid cylinders ( 8-10 mm, 25-30 mm height) 

have shown that the sample successfully melted, and the function of incident laser energy 

relies on laser power, scan speed and powder feed rate. Fateri and Gebhardt (Fateri and 

Gebhardt, 2015) fabricated a 10 mm x 10 mm x 3 mm cube using laser melting of the lunar 

mare regolith simulant (Fateri and Gebhardt, 2015). Goulas et al. (Goulas et al., 2017) and 

Gerdes et al. (Gerdes et al., 2018) also demonstrated laser melting of lunar regolith simulant. 

Successful laser melting of lunar highland simulant has also been presented in recent studies 

(Abbondanti Sitta and Lavagna, 2018, Caprio et al., 2020). However, the intrinsic feature of 

laser processing is that, at a certain time, only a small volume of the material is thermally 

treated, which results in extremely high-temperature gradients within the sample.  

On the other hand, microwave processing of the lunar regolith has been identified as one of 

the most attractive fabrication methods for construction on the Moon because (i) microwave 

heating offers a volumetric heating and has significant advantages over conventional heating 

(Agrawal, 2006), and (ii) lunar regolith acts as a dielectric and readily absorbs the microwave 

energy sharing the same principle on which the food heats up in a domestic microwave 

(Taylor and Meek, 2005). The half-power penetration depth of microwave energy for the 

lunar soil and lunar simulants is  65 cm at low temperature (Taylor and Meek, 2005) and 25 

cm at room temperature (Allan et al., 2012) better than solar or laser energy. The detailed 
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literature on microwave processing of lunar soil simulants and the factors influencing it is 

described in the § 2.4.4 below. 

 

2.2 Lunar Geology and Environment 

2.2.1 Lunar Geology 

Regolith is a terrestrial term, also used for the Moon (McKay et al., 1991). The regolith on 

Earth is influenced by the wind, water, presence of oxygen and other life activities. In 

contrast, the lunar regolith has developed by Space Weathering due to constant meteoroids 

and micro-meteoroids impacts and the steady bombardment of solar radiation and galactic 

cosmic rays (McKay et al., 1991) on airless surface conditions.  

The lunar regolith is a potential resource for construction due to the mineralogical make-up 

of the lunar regolith. Though the Moon’s geology varies in composition at different locations 

on the surface, broadly it is classified into two: the highlands (light coloured, heavily cratered 

and relatively higher altitude) and the maria (smoother than highlands, low areas, dark 

coloured and younger surface) (Figure 2-1). Lunar regolith is made of minerals and glasses 

(Heiken et al., 1991) and is abundant in silicate minerals (>90% volume) (Hintze and 

Quintana, 2012). In general, the most common silicate minerals found on the Moon are 

plagioclase feldspar (NaAlSi3O8 or CaAl2Si2O8), pyroxene (Ca(MgFe)2Si2O6 or 

(MgFe)2Si2O6 and olivine (Mg2SiO4 or Fe2SiO4). Ilmenite (FeTiO3), the most abundant 

oxide mineral on the Moon and some rare earth elements are also found in traces (Heiken et 

al., 1991). Beside the presence of metallic iron, Fe0, all the iron present on the Moon in the 

minerals exists as Fe2+. Due to the paucity of free oxygen on the Moon, none of this iron is 

present in its highly oxidized form – Fe3+, which is the case mostly in the minerals found on 

Earth (Taylor and Liu, 2010, Hill et al., 2007). Thus, similar minerals (e.g. ilmenite) found 

on the Moon and Earth have quite different magnetic and chemical properties (Taylor and 

Liu, 2010). 

It is believed that the Moon was covered by huge ocean of magma soon after it was formed 

(Hill, 2013). With the rising of crystals to the surface of the magma ocean, the highlands are 

the first lunar crust to be formed (Rothery, 2003). They are chemically rich in Ca and Al, 

composed primarily of the alumina silicate mineral plagioclase feldspar (Heiken et al., 1991). 

These are called anorthosite rocks which are intrusive igneous rocks composed 

predominantly of calcium-rich plagioclase feldspar (Hill, 2013). Highland rocks are further 

divided into three types - a) Ferroan anorthosites, which are the most ancient composed 

largely of Ca and Al rich plagioclase feldspar, b) Magnesium-rich rocks, which contain 
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plagioclase and Mg-rich grains of pyroxene and olivine, and c) KREEP rocks, which are 

crystalline highland rocks containing chemical component enriched in elements as 

potassium (K), the lanthanides or “rare earth elements” (REE), and phosphorus (P). The 

KREEP component is usually accompanied by relatively high concentrations of the 

radioactive elements U and Th (Heiken et al., 1991). The Moon’s secondary of crust, maria 

were formed when lava erupted on to the surface and filled low areas especially those inside 

larger circular impact basins. These are basaltic rocks and rich in iron, magnesium and 

titanium, having pyroxene as the primary mineral with olivine and with a large variation of 

ilmenite at different places (Heiken et al., 1991). Basaltic rocks are extrusive igneous rocks 

that are low in silica content and comparatively rich in magnesium and iron. The remarkable 

fact is that 16% of the nearside is covered with mare basalts, while only 1% of the far side 

has mare basalt cover (Heiken et al., 1991). 

 

 

Figure 2-1: The Moon (Wide, 2011) 

 

The finer fraction of lunar regolith, less than 1 cm in size, is scientifically called lunar soil. 

Lunar soil is fine-grained, mostly with over 95 wt%. less than 1 mm; 50% less than 50µm 

(the approximate diameter of human hair) and 10 ~ 20% is finer than 20 µm. But, the specific 

area is high because of the irregular shapes of the particles, approx. 0.5 m2/g (Taylor and 

Meek, 2004). Most detailed regolith studies have been performed on fractions < 1 mm. 

The formation of lunar soil is highly dominated by micro-meteorite impacts, solar radiation, 

and galactic cosmic rays. The rocks are broken into smaller pieces due to the meteoritic 

impacts termed as comminution and the formation of many glassy aggregates (typically 40-

75%) from impact-produced melting termed as agglutination. This space weathering has 

implanted myriads of nanophase-size (3-33 nm) Fe0 (originally called ‘single domain’ Fe 
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(Taylor and Liu, 2010) grains) within the silicate glass of the lunar soil. It was stated that the 

majority of native Fe0 in the lunar soil was formed by the auto reduction of the FeO in the 

silicate melts, formed by the meteoritic impacts. The reduction was driven by the solar wind 

implanted hydrogen nuclei. Another major source of np-Fe0 is present in thin patinas (rims) 

on the surfaces of many lunar soil particles and other mineral grains which is also formed by 

the deposition of vapour produced by the abundant and intense micrometeorite impacts. 

Even plagioclase grains contain thin rims with appreciable Fe content (Taylor and Meek, 

2004). As there is no free oxygen, metallic iron can exist in its zero-valence state i.e., Fe0. 

Thus, the lunar soil contains this metallic iron Fe as a component, in addition to the 

meteoritic FeNi metal from impactors (Taylor and Liu, 2010). It has also been observed that 

with the decrease in the particle size of the lunar soil, the glass content in the agglutinates 

increases and thus the presence of np-Fe0 increases. The amount of np-Fe0 helps indicate the 

maturity of the lunar soil, which is indicative of the degree of surface exposure of the soil to 

space weathering (Taylor and Meek, 2005, Morris, 1978). The maturity index is given by 

Is/FeO, where, Is is the measure of the signal from np-Fe0, divided by the total FeO content 

of the sample (Taylor and Meek, 2005, Morris, 1978). The sample having the lowest 

maturity index, signifying the shortest duration of surface exposure, is termed immature, the 

one with intermediate index is termed submature, and the one with the highest value is 

designated as mature. 

The fraction of lunar soil < 20 µm is categorised as lunar dust, highly abrasive and 

electrostatic in nature (Lim et al., 2017, Taylor et al., 2005c, Vaniman et al., 1991). It can 

pose multiple design and operational challenges while inhabiting the Moon (Taylor et al., 

2005c). However, the lunar dust problem can be mitigated as it could be utilised as a 

construction material (Taylor et al., 2005c). Lunar soil and dust hold the potential to be used 

as a construction material as it has elements such as calcium, silicon, aluminium and iron. 

Furthermore, Taylor and Meek (Taylor and Meek, 2005) claimed that the presence of np-

Fe0 in the lunar soil enhances microwave absorption and makes the lunar soil suitable for 

microwave heating. It will be covered in detail in § 2.3.3. 

 

2.2.2 Lunar surface environment 

The physical characteristics of Earth and the Moon highlight the differences presented in  

Table 2-1. 

The lunar surface environment is highly driven by the extremely thin atmosphere on the 

Moon, virtually a high-vacuum environment (Vaniman et al., 1991). The gas concentrations 
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at day and night, mentioned in Table 2-1, are different due to the extreme temperature 

variation between the lunar day and night. However, the day-night temperature variation 

becomes smaller in the polar regions, resulting in smaller differences between daytime and 

night-time atmospheres (Vaniman et al., 1991). The main constituents of the lunar 

atmosphere are neon, hydrogen, helium and argon. Neon and hydrogen are derived from the 

solar wind. Helium comes from the solar wind, but nearly 10% may be radiogenic and lunar 

in origin. Argon is primarily presented as 40Ar derived from the radioactive decay of lunar 

40K (about 10% of the argon is 36Ar of the solar wind origin). The lunar atmosphere also 

contains methane, carbon dioxide, ammonia and hydrogen. The total mass of the atmosphere 

is estimated to be 25,000 kg (Williams, 2020b) where as that of Earth is 5.1 x 1018 kg 

(Williams, 2020a).  

 

Table 2-1: Physical comparison of the Moon and Earth (Heiken et al., 1991), *These estimates 

account for moonquakes only and do not account for seismicity from meteoroid impacts. 

Property Moon Earth 

Mass 7.353 x 1023 kg 5.976 x 1024 kg 

Radius (spherical) 1738 km 6371 km 

Surface area 37.9 x 104 km2 510.1 x 106 km2 

(Land = 149.8 x 106 km2) 

Mean density  3.34 g/cm3 5.52 g/cm3 

Gravity at equator 1.62 m/sec2 9.81 m/sec2 

Escape velocity at equator  2.38 km/sec 11.2 km/sec 

Sidereal rotation time 27.32 days 23.93 hr 

Inclination of equator/orbit 641’ 2328’ 

Mean surface temperature 107 C at day;  

-153 C at night 

22 C 

Temperature extremes -233 C to 123 C -89 C to 58 C 

Atmosphere  104 molecules/cm3 day 

2 x 105 molecules/cm3 night 

2.5 x 1019 molecules/cm3 

(at T = 25 C, P = 1 atm) 

Seismic energy 2 x 1010 J/yr* 1017 – 1018 J/yr 

Magnetic field 0 (small paleofield) 24 – 56 A/m 

 

Due to such a thin atmosphere, the Moon is highly vulnerable to bombardment by various 

sizes of micrometeoroids and meteoroids. On average, the velocities of meteoroids at the 

Moon are in the range of 13 to 18 km/s (Zook, 1975).  

The Moon has deficient seismic activity as compared to Earth. The release of seismic energy 

from the Moon is ≈ 2 x 1010 J/yr compared to Earth’s 1017 to 1018 J/yr (Heiken et al., 1991). 
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Lunar seismic activity was recorded for eight years. It is worthy of noting that this data has 

been collected within those eight years, and it is possible that larger but rarer moonquakes 

might not have occurred during this time. The largest recorded moonquakes had Earth 

equivalent magnitudes of about 4 on the Richter scale in those eight years (Heiken et al., 

1991). Seismic energy due to meteoroid impacts on the surface was also recorded. The 

impact due to meteoroids tends to increase during meteoroid shower peaks that have been 

recorded to occur between April to July. During the seismic recording period, the largest 

recorded impact represented meteoroids of about 5 t and seven impacts of 1 t and above 

(Heiken et al., 1991). Although landslides are very rare, crater walls can slide triggered by 

seismic activity and impact. Therefore, it is important to choose the location for permanent 

human settlement away from such unstable slopes. 

A very thin atmosphere and the absence of magnetic field aids to severe exposure to solar 

wind particles, galactic cosmic rays, and occasionally intense solar flares on the lunar surface 

(Vaniman et al., 1991, Toutanji et al., 2012). For a sustainable mission to the Moon, 

electronics and humans both alike need protection against such an ionizing environment 

(Toutanji et al., 2012). 

Different locations on the lunar surface vary considerably in their temperature ranges. As 

shown in Table 2-1, the lunar temperature swings between from -233 ˚C at permanently 

shadowed craters at the poles to 123 ˚C in the day at the equator. Extreme temperature 

variations at the equator regions are experienced from 123 ˚C (daytime maximum) to -178 

˚C (night time minimum) (Williams et al., 2017). Successful measurements of temperature 

were made during Apollo 15 and 17 landing sites. The mean temperature (average 

temperature over a lunar day-night cycle) varies from the surface at certain depths. The 

measurement taken at Apollo 15 showed that the temperature at a depth of 35 cm is 45 K 

higher than the surface. At Apollo 17 site, this difference is 40 K. The temperature increase 

is probably because of the temperature dependence of thermal conductivity of the top 1 to 2 

cm of lunar soil (Vaniman et al., 1991). Most of the heat flux is likely to be generated by 

radioisotopes (mainly 40K, 232Th, 235U and 238U) present at a depth of about 300 km (Vaniman 

et al., 1991). In general, there is no significant temperature fluctuation below the depths of 

50 cm due to the lunar day-night cycle (Vaniman et al., 1991). 

The topmost layer of regolith is characterised by low bulk density and thermal conductivity, 

which increase with depth due to the prevalence of large rock fragments (Hayne et al., 2017). 

Variation in temperature at different regions on the Moon is an important aspect of working 

with lunar regolith as dielectric properties are different at different temperatures (§ 2.3.4) 

and thus will be the change in microwave heating behaviour at different surface temperatures.  
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It is to be noted that the bulk density of lunar regolith or lunar soil simulants listed in this 

thesis refer to that of the soil sample in total and does not refer to the density of individual 

mineral phases present in it. 

 

2.3 Lunar soil simulants 

Apart from the satellite data, scientists have studied lunar geology by collecting lunar 

samples from three sources. The first most significant source is the samples collected by 12 

astronauts from six US Apollo missions at the near side of the Moon close to the equator in 

the 1970s. A total of 381.7 kg of rock and soil samples were collected. The second source is 

from three Russian robotic Luna missions returning a total of 321 g of lunar material in the 

1970s. The third source of study is the lunar meteorites fallen on Earth found in Antarctica’s 

ice cap by both US and Japanese expeditions (Heiken et al., 1991). The recent fourth source 

is from Chinese Chang’e-5 mission returning  1.5 kg of lunar samples. However, the total 

lunar samples collected from these missions are insufficient for experimental studies related 

to engineering and in situ resource utilisation (ISRU). Thus, many countries have 

manufactured lunar regolith simulants for scientific and academic purposes. These simulants 

do not entirely exhibit all the properties of the lunar regolith but simulate one or a few 

properties such as particle size, glass content, etc. (Taylor and Liu, 2010). More than 30 

lunar simulants have been produced to date, and some of them already been exhausted 

(Taylor, 2010, Sibille et al., 2006). Here are a few examples of the lunar soil simulants used 

in this research: 

1. JSC-1A: US low-Ti Mare simulant 

2. NU-LHT-3M: US Highlands simulant  

3. FJS-1: Japanese Mare simulant 

 

2.3.1 JSC-1A 

JSC-1A is a mare lunar soil simulant developed by NASA. It is referred to be approximating 

the low-titanium mare regolith (Alshibli and Hasan, 2009, Cannon, 2021b), which reproduce 

of the original JSC-1 simulant and is crushed volcanic tuffs with abundant glass and a large 

amount of nano-meter sized magnetite (Fe2+Fe3+
2O4) (Taylor, 2010). JSC-1 approximated 

the particle size distribution and engineering properties of Apollo 14 soil (Hill et al., 2007). 

Its chemical composition also matches the average Apollo 14 mare basalt (Sibille et al., 2006, 

Cannon, 2021b). Kanamori et al. (Kanamori et al.) also mentioned that JSC-1 is similar to 
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Apollo 14 and 15 samples. As JSC-1A is from the same quarry source, it is very similar to 

JSC-1 in chemical composition (Hill et al., 2007) and thus, Apollo 14 soil sample. JSC-1A 

is manufactured by Orbital Technologies Corporation, US and made available worldwide 

since 2005 (Sibille et al., 2006, Orbital Technologies Corporation, 2005). The particle size 

of JSC-1A is 1 mm and lower, JSC-1AF has particle size 50 µm and lower and JSC-1AC 

has particle size 5 mm and lower (Orbital Technologies Corporation, 2005). Its melting point 

listed in its Material Safety Data Sheet (MSDS) is around 1125 C (Orbital Technologies 

Corporation, 2005). Another research team, Ray et al. (Ray et al., 2010) mentioned that the 

overall chemical composition of the JSC-1A lunar simulant is close to that of the real lunar 

soil collected by the Apollo 17 mission, indicating the total iron content is nearly the same 

in the simulant and the Apollo 17 lunar soil. However, it is well noted that the JSC-1A lunar 

simulant contains both Fe2+ (∼76%) and Fe3+ (∼24%) ions as opposed to the actual lunar 

soil, which contains Fe2+ ions only. This is due to the no atmosphere in the Moon’s 

environment which leaves the iron ions in the lunar soil either as 0 (elemental) or 2+ states. 

Table 2-2 shows the chemical composition of JSC-1, JSC-1A from different references, 

Apollo 17 and Apollo 14 lunar soil samples. 

 

Table 2-2: Chemical composition, expressed as weight% of lunar soils and simulants 

(aTotal Fe as FeO (This table appears in (Lim et al., 2021)) 

Major Element Composition Percentage by weight (wt%) 

JSC-1 

(Hill et 

al., 

2007) 

 

JSC-1A 

(Orbital 

Technologies 

Corporation, 

2005)       

JSC-1A 

(Hill et 

al., 2007)       

JSC-1A 

(Ray et 

al., 2010)       

Apollo 

sample 

14163 

Apollo 

sample 

70051 

Silicon dioxide (SiO2) 49.1 46-49 46.2 45.7 47.3 42.2 

Titanium dioxide (TiO2) 1.48 1-2 1.85 1.9 1.6 5.09 

Aluminium oxide (Al2O3) 15.5 14.5 – 15.5 17.1 16.2 17.8 15.7 

Ferric oxide (Fe2O3) - 3-4 - 12.4 - - 

Iron oxide (FeO) 9.81a 7 – 7.5 11.2a  10.5 12.4 

Magnesium oxide (MgO) 8.48 8.5 – 9.5  6.87 8.7 9.6 10.3 

Calcium oxide (CaO) 10.1 10 – 11  9.43 10.0 11.4 11.5 

Sodium oxide (Na2O)   2.46 2.5 – 3 3.33 3.2 0.7 0.24 

Potassium oxide (K2O) 0.85 0.75 – 0.85  0.85 0.8 0.6 0.07 

Manganese oxide (MnO) 0.18 0.15 – 0.20  0.19 0.2 0.1 0.15 

Diphosphorus pentoxide (P2O5)  0.61 0.6 – 0.7  0.62 0.7 - - 

Chromium III Oxide (Cr2O3) - 0.02 – 0.06  - - 0.2 - 
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Table 2-2 shows JSC-1A resemble Apollo 14 for its titanium content and Apollo 17 for the 

total iron content. The major glass and mineral phases present in JSC-1A identified by Hill 

et al. (Hill et al., 2007) are plagioclase feldspar (38.8 vol%), glass (49.3 vol%) and olivine 

(9 vol%). Apart from these, JSC-1A contains chrome spinel, Ti-magnetite, quartz, 

clinopyroxene and apatite. Another researcher, Cesaretti et al. (Cesaretti et al., 2014) 

identified pyroxene, olivine and plagioclase as major crystalline phases in JSC-1A. Hill et 

al. (Hill et al., 2007) also listed the components of individual major phases of JSC-1A shown 

in Table 2-3.  

 

Table 2-3: Composition of Glass and Mineral Phases in JSC-1Aa [a numbers in 

parentheses represent one sigma variance in averaged analysis in terms of the least figure 

cited] [b Total Fe as Fe2+] (Hill et al., 2007) 

Minerals Glass Plagioclase Olivine Ti-magnetite Cr-spinel 

SiO2 46.8 (5) 50 (1) 38.5 (3) 0.18 (8) 0.22 (17) 

TiO2 2.44 (17)     10.9 (5) 0.94 (2) 

Al2O3 13.9 (3) 30.6 (4) 0.04 (1) 9.16 (104) 34.5 (1) 

Fe2O3       37.6 (6) 12.1 (1) 

FeO 12.1b (5) 0.78 (13) 17.9 (3) 33 (7) 16.1 (1) 

MgO 5.6 (37) 0.15 (2) 42.8 (4) 5.97 (17) 14 (1) 

CaO 10.5 (6) 14.4 (5) 0.29 (3) 0.16 (2) 0.13 (3) 

Na2O   3.89 (27) 3.15 (24)       

K2O 1.17 (10) 0.13 (3)       

MnO 0.21 (2)   0.3 (3) 0.32 (3) 0.2 (1) 

Cr2O3       1.02 (31) 20 (3) 

V2O3       0.51 (5)   

NiO     0.15 (5)     

P2O5 1.04 (6)         
 

JSC-1A does not contain np-Fe0 particles, but JSC-1A very well approximates the 

engineering properties of lunar soil due to its natural high-glass content combined with its 

particle size distribution (Hill et al., 2007). Arslan et al. (Arslan et al., 2010) measured three 

different samples of JSC-1A and found its particle size distribution well within the upper 

and lower bound curves of tested lunar regolith samples as shown in Figure 2-2. It suggests 

that 60 %, 50% and 30% of particles are smaller than 137 µm, 100 µm and 54 µm 

respectively. Zeng et al. (Zeng et al., 2010a) also listed the particle size distribution of JSC-

1A to be well within that of lunar regolith and 60% and 30% of particles are smaller than 

110 µm and 42 µm. 
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Figure 2-2: Particle-size distribution of three samples of JSC-1A in comparison with upper 

and lower bounds of lunar regolith (Arslan et al., 2010) 

 

2.3.2 NU-LHT-3M 

NU-LHT-3M is one of the NU-LHT (NASA/USGS-Lunar Highlands Type) regolith 

simulant representing the highland region on the Moon (Zeng et al., 2010b). The ‘M’ 

(medium) designates a simulant with a particle size smaller than 1 mm (Zeng et al., 2010b). 

It is designed and produced by the United States Geological Survey (USGS) based on the 

sample from the Apollo 16 site as this is close to being representative of the lunar highlands 

(Stoeser et al., 2011, Zeng et al., 2010b). It contains calcium-plagioclase, orthopyroxene, 

clinopyroxene, and major phases with major amounts of glass (Zybek Advanced Products, 

2013). It contains minor/trace amounts of ilmenite, β-tricalcium phosphate (whitlockite), 

pyrite, and fluor-apatite (Zybek Advanced Products, 2013). It also contains a small amount 

of olivine and chromite (Stoeser et al., 2011, Cannon, 2021c) but is not mentioned in its 

MSDS  (Zybek Advanced Products, 2013). Its chemical composition is compared with the 

mean of the Apollo 16 samples and given in Table 2-4. Its melting point is given as 1,200 – 

1,300 C (Zybek Advanced Products, 2013). Similar to JSC-1A, NU-LHT-3M also does not 

contain np-Fe0 particles. The particle size of NU-LHT-3M is concluded to be 1 mm and 

lower (Stoeser et al., 2011, Zeng et al., 2010b, Cannon, 2021c). The MSDS says that 10 % 

of NU-LHT-3M particles are smaller than 25 µm (Zybek Advanced Products, 2013). 

 

Particle size, mm 



 20 

Table 2-4: Chemical composition, expressed as weight% of NU-LHT-3M and mean of Apollo 16 

samples 

Major Element 

Composition 

Percentage by weight (wt%) 

NU-LHT-3M (Zybek 

Advanced Products, 

2013) 

 

Apollo 16    

(Mean) (Kanamori 

et al.) 

Apollo 16 

(Average)  

(Stoeser et al., 

2011) 

SiO2 46.70 45.00 45.09 

TiO2 0.41 0.54 0.56 

Al2O3 24.40 27.30 27.18 

Fe2O3 4.16 - - 

FeO - 5.10 5.18 

MgO 7.90 5.70 5.84 

CaO 13.60 15.70 15.79 

Na2O 1.26 0.46 0.47 

K2O 0.08 0.17 0.11 

MnO 0.07 0.30 0.065 

P2O5 0.15 0.11 0.12 

Cr2O3 - 0.33 0.107 

 

 

2.3.3 FJS-1 

FJS-1 is a Japanese mare lunar soil simulant produced by Shimizu Corporation from 

crushing basaltic rocks from Mt. Fuji (Taylor and Liu, 2010, Matsushima et al., 2009, Hintze 

and Quintana, 2012) to simulate lunar mare soils (Cannon, 2021a). Ṭhe composition of FJS-

1 by Schrader et al. is given as plagioclase (48.78 wt%), clinopyroxene (24.39 wt%), 

orthopyroxene (1.37 wt%), olivine (4.94 wt%), glass (7.15 wt%), ilmenite (3.65 wt%), 

Mg,Fe,Al silicate (1.53 wt%), K feldspar (7.24 wt%) and others (0.95 wt%) (Schrader et al., 

2008). Hintz and Quintana (Hintze and Quintana, 2012) also identified plagioclase, pyroxene 

and small amounts of olivine and ilmenite in it. Their analysis also indicated that the 

plagioclase in FJS-1 has significant amounts of sodium which should lower the melting point 

of plagioclase compared with other simulants (Hintze and Quintana, 2012). Glass present in 

FJS-1 is crushed natural basalt (Schrader et al., 2010). By volume, FJS-1 is estimated to 

contain less amount of glass compared to other simulants (Schrader et al., 2010). Table 2-5 

lists the chemical composition of FJS-1, which is similar to the composition of JSC-1A listed 

in Table 2-2 with no np-Fe0 particles in it. 
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                  Table 2-5: Chemical composition of FJS-1(Cannon, 2021a) 

Major Element 

Composition 

Percentage by weight (wt%) 

FJS-1 (Cannon, 2021a) 

SiO2 49.10 

TiO2 1.90 

Al2O3 16.20 

Fe2O3 4.80 

FeO 8.30 

MgO 3.80 

CaO 9.10 

Na2O 2.80 

K2O 1.00 

MnO 0.19 

P2O5 0.44 

 

From the experiments carried out by Hintze and Quintana, FJS-1 exhibits a melting point of 

around 1,200 C (Hintze and Quintana, 2012). Figure 2-3 shows the maximum particle size 

going up to around 3 mm with 20 % of particles smaller than 74 µm (Matsushima et al., 

2009). 

 

 

Figure 2-3: Particle-size distribution of FJS-1 (Matsushima et al., 2009) 

 

Lunar soil has been shown to melt when exposed to 2.45 GHz microwave radiation in a 

domestic microwave (Taylor and Meek, 2005). Microwave heating studies on both 

experimental (Allan et al., 2013, Barmatz et al., 2013) and simulation (Allan et al., 2012, 

Ethridge and Kaukler, 2011a) have performed microwave processing experiments on a few 
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lunar simulants, including JSC-1A. This research uses JSC-1A and NU-LHT-3M to perform 

the designed experiments. To avoid the effect of moisture on the microwave heating, when 

the experimental procedure required it, both the lunar soil simulant (LSS) was heated enough 

to eliminate water or moisture trapped in them. 

 

2.4 Characterisation Techniques 

Sample characterisation techniques, such as, Scanning Electron Microscope (SEM) and X-

ray diffraction (XRD), and thermal analysis tools, such as, Simultaneous Thermal Analysis 

(STA) have been used in this research to analyse the lunar soil simulants. The working 

principle of these are discussed here below.  

 

2.4.1 Simultaneous Thermal Analysis (STA) 

Simultaneous thermal analysis (STA) simultaneously performs thermogravimetric (TG) 

analysis and differential scanning calorimetry (DSC) on a sample. TG gives the change of 

mass with temperature and DSC measures the change in heat flow with temperature for a 

given sample. It provides better correlation between these two types of analyses because 

they are run under the exact same conditions, both saving time and simplifying interpretation 

of the results (EBATCO, 2021). STA is invaluable in certain applications, such as 

differentiating between phase transformation and decomposition (EBATCO, 2021). 

 

2.4.2 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) technique is used to identify the crystallographic structure of a 

given sample.  X-rays are generated by a cathode ray tube and is incident on the sample. It 

hits the sample at a certain angle () producing the reflected X-rays which are detected by 

the detector and processed. The detector moves in a circle around the sample as shown in 

Figure 2-4. The detector position is recorded as the angle 2theta (2) (Speakman, 2011). It 

records the number of X-rays observed at each 2 to generate an X-ray diffractogram. The 

number of X-rays or X-ray intensity is usually recorded as “counts” or “counts per second”. 

The diffraction peaks in the diffractogram are then identified by referencing to a pre-existing 

database. 
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Figure 2-4: XRD Schematic (Speakman, 2011) 

 

2.4.3 Scanning Electron Microscope (SEM) 

The scanning electron microscope is a microscope used to produce an image of the 

microstructure of a sample with the help of electrons. A beam of electrons is produced at the 

top of the microscope by heating of a metallic filament. The electron beam generated follows 

a vertical path through the column of the microscope. It makes its way through 

electromagnetic lenses which focus and direct the beam down towards the sample. Once it 

hits the sample, other electrons, such as backscattered electrons (BSE) or secondary 

electrons (SE)among others are ejected from the sample. The respective detectors collect 

them and convert them to a signal and thus produce an image. A schematic of the SEM is 

shown in Figure 2-5. An X-ray detector detects the X-rays emitted by the sample when hit 

by the electron beam which is named as Electron Dispersive Spectroscopy (EDS), helpful in 

detecting the elemental composition of the target material.  

 

Figure 2-5: Set-up of a scanning electron microscope (Havancsák) 
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2.5 Microwave Heating 

To test heating of LSS under microwave radiation, it is important to understand the nature 

of microwaves and the interaction of materials under microwave energy. Therefore, the 

application, advantages and challenges in microwave heating and its working principle are 

explained in the following section. 

 

2.5.1 Microwaves 

Microwave radiation is the region in the electromagnetic spectrum that lies between radio 

waves and infra-red waves (Figure 2-6). It has a frequency range between 300 MHz and 300 

GHz corresponding to wavelengths between 1 m and 1 mm. In a few places, microwaves are 

defined quite differently, as the waves with frequencies between 1 GHz and 300 GHz, 

corresponding to 30 cm to 1 mm wavelength (Williams, 2015).  

 

 

Figure 2-6: Microwave radiation in the electromagnetic spectrum (CSI, 2017) 

 

The relation between frequency ν, wavelength λ in metres and speed of light c in 

electromagnetic radiation is: 

ν =
𝑐

λ
 

where, 𝑐  = 3.0 x 108 m/s 

The relation between the energy of a photon E and its wavelength λ in metres and frequency 

ν in electromagnetic radiation is: 

   𝐸 = ℎν 

   where, ℎ = Planck’s constant (Augustyn, 2021) = 6.63 x 10-34 J.s 

The use of electromagnetic radiation for communication purposes started early in this 

century. Most early practical applications used radio waves as they can travel long distances. 

However, in the 1930s and 1940s, it was discovered that microwaves are easy to control, 

10
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and because of their high frequency than the radio waves, they can carry greater amounts of 

information on them. Both of these advantages make microwaves very useful for Radio 

Detection and Ranging (RADAR), a remote sensing technique for detecting ships, aircraft, 

motor vehicles or weather information and for long distance communications via satellites 

(Williams, 2015). Apart from these uses, it was found that microwave energy can also be 

used for heating applications (Krishnamoorthy, 2011). For such applications, other than 

telecommunication, there are many distinct frequency bands allocated for industrial, 

scientific and medical (ISM) use, with the principal frequencies centred at 915 MHz, 2.45 

GHz, 5.8 GHz and 24.124 GHz (Pueschner, 2021a, Council, 1994). Out of these, 915 MHz 

and 2.45 GHz are commonly used for heating purposes for which equipment can be readily 

purchased (Pueschner, 2021b). The allocation of ISM bands is stipulated by International 

Telecommunication Union (ITU), which has documented a worldwide allocation table 

varying slightly for different regions or countries (Hardesty, 2019). Today, microwave 

heating is used in our domestic microwave at 2.45 GHz to heat the food and in many 

industrial and scientific applications for processing various materials such as ceramics, 

metals and composites offering several advantages over conventional heating methods. 

 

2.5.2 Advantages and challenges of microwave heating 

Microwave heating has significant advantages over conventional heating in materials 

processing such as substantial energy savings (in some cases as much as 90%), rapid heating 

rates, reduced cycle time, product quality improvement and eco-friendliness (Agrawal, 

2006). A general observation is that microwave sintered products possess finer 

microstructures and other unique features leading to improved mechanical properties. This 

leads to an overall improvement in the quality and performance of the processed materials 

(Agrawal, 2006).  

In the conventional heating process, radiation or convection governs the heating, followed 

by thermal energy transfer via conduction to the inside of the material through a thermal 

conductivity mechanism. It is a slow process and takes considerable time to achieve thermal 

equilibrium. It is independent of the nature of the material. Any material can be heated in a 

conventional oven (Agrawal, 2006). On the other hand, microwave energy is delivered 

directly to materials through molecular interaction with the electromagnetic field 

(Thostenson and Chou, 1999). Microwave heating involves the absorption of microwave 

energy by the material as a volumetric process by converting electromagnetic energy into 

thermal energy, generating heat throughout the volume. Thus, the heating is rapid and 

instantaneous and is dependent on the material under process. On the other hand, 
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conventional heating occurs purely due to the energy transfer. For ceramics, polymers and 

other materials, with significantly low thermal conductivity, microwave heating can reduce 

the processing times and enhance the overall quality (Thostenson and Chou, 1999). 

Microwave-assisted mechanical rock breakage system for civil and mining engineering and 

space industry applications has also been studied and is a feasible and beneficial approach 

(Hassani et al., 2011). 

Apart from the advantages of microwave heating, it also results in a few challenges. As the 

heating progresses, dielectric properties change as the material often undergo physical and 

structural transformations (Thostenson and Chou, 1999) affecting the heating. Such changes 

are material based and pose difficulty in process control. This, along with the variation in an 

electromagnetic field, generates non-uniform heating (Thostenson and Chou, 1999). 

 

2.5.3 Dielectric properties 

As the absorption of microwave depends on the nature of the material, most of the materials 

can be divided into three categories based on their interaction with microwave: opaque (e.g., 

bulk metals), transparent (very low dielectric loss materials, e.g., glass) and absorbers 

(moderate to high dielectric loss materials, e.g., water). Solid metals are good reflectors of 

microwaves at room temperature (a property used in radar detection) (Agrawal, 2006, 

McGill et al., 1995). However, metals in a powdered form very well absorb microwave 

energy (Taylor and Meek, 2004, McGill et al., 1995). The same is valid for carbon, i.e., 

powdered carbon absorbs microwaves even though solid carbon, such as a carbon crucible, 

reflects microwaves (McGill et al., 1995). Most other materials are either transparent or 

absorb microwaves to varying degrees at ambient temperature. The degree of absorption of 

the microwave energy by a material (an absorber) depends on its dielectric properties 

(Agrawal, 2006). The dielectric properties of a material changes dramatically with the 

temperature rise. For a single-component material, the degree of absorption can be easily 

predicted, but the increase in the number of phases, it becomes more complex. Lunar soil is 

one such complex combination of different minerals. 

Dielectrics are essentially insulators. When exposed to an electromagnetic field, they 

become polarized (Romulo et al., Spring 2011). The interaction between the electromagnetic 

wave and matter occurs through the electric field vector and the magnetic field vector of the 

electromagnetic field of the applied wave (Agrawal, 2006). The vast majority of work carried 

out with microwave heating of solids refer to the heating to the energy loss mechanisms of 

the electric vector (Agrawal, 2006). The material can be polarised either by stretching or by 



 27 

rotation methods. The various polarisation mechanisms primarily found in dielectrics or 

insulators are electronic, ionic/atomic/molecular, orientational and interfacial (DoITPoMS, 

2019, Olhoeft and Strangway, 1975, Agrawal, 2006, Romulo et al., Spring 2011). The two 

important dielectric properties are a dielectric constant and dielectric loss. Dielectric 

constant relates to the permittivity of a material. Permittivity is the ability of a material to 

store energy in an applied electric field and is the degree to which a material polarises in 

response to an applied electric field. The dielectric constant is sometimes also referred to as 

relative permittivity: the ratio of the permittivity of the dielectric to the permittivity of a 

vacuum. Thus, the greater the polarisation developed by the dielectric in an applied electric 

field of given strength, the greater the dielectric constant (DoITPoMS, 2019). An efficient 

dielectric will support a varying charge with minimal dissipation of heat (DoITPoMS, 2019, 

Calla and Rathore, 2012). Dielectric loss is the loss in a dielectric that dissipates energy 

through the movement of charges in an alternating electromagnetic field as polarisation 

switches direction. This dielectric loss is utilised to heat the food in a domestic microwave 

oven (DoITPoMS, 2019).  

These two properties are crucial to determine the material heating in the presence of an 

electromagnetic wave such as the microwave. These properties depend on the frequency and 

are also influenced by density, mineral composition, grain size, moisture and temperature, 

etc. (Calla and Rathore, 2012).  

A paper by Aral et al. (Aral et al., 1992) presents the dielectric properties of alumina at 2.45 

GHz over the temperature range of 20 °C to 800 °C shown in Figure 2-7. Permittivity here 

refers to the dielectric constant, ε’ and loss tangent indicates the role of dielectric loss.  
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Figure 2-7: Permittivity and loss tangent of alumina at 2.45 GHz (Aral et al., 1992) 

 

2.5.3.1 Dielectric properties of terrestrial rocks 

Similarly, the dielectric behaviour of two most common terrestrial rocks found on Earth’s 

crust, basalt and granite, at 2.45 GHz, is also available as presented in  Figure 2-8 and  Figure 

2-9 (Hartlieb et al., 2016). The true density of basalt and granite solid rocks at which these 

dielectric properties are measured are 2.70 and 2.60 g/cm3, respectively (Hartlieb et al., 

2016). An email (Philipp Hartlieb 2020, personal communication, 16 December) confirmed 

the true density values of basalt and granite. The dielectric properties of both rocks increase 

with increasing temperatures, but that of granite are lower than basalt. Thus, basalt is a 

relatively good absorber of microwave energy at 2.45 GHz than granite. Basalt is quite 

similar to JSC-1A as JSC-1A was mined from a quarry in Merriam crater, a volcanic ash 

deposit of basaltic composition (Rickman et al., 2007). The composition of basalt is given 

as feldspar, pyroxene, quartz and ilmenite (Hartlieb et al., 2016) whereas, that of granite is 

feldspar, quartz and micas (MEC, 2021, Hartlieb et al., 2016). In general, basalt is a dark-

coloured, fine-grained igneous rock and mainly comprises of plagioclase and pyroxene 

minerals (King, 2022a). On the other hand, granite is light-coloured, coarse-grained igneous 

rock rich in quartz and feldspar and is the most common plutonic rock found on Earth’s crust 
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(Britannica, 2021, King, 2022b). It also contains minor amounts of mica, amphiboles, biotite 

and other minerals (King, 2022b). Granite is a durable construction material used in concrete 

preparation for building highways and infrastructure (MEC, 2021, Britannica, 2021).  

There are certain notable differences between basalt and granite. Basalt can contain a glass 

phase, but granite normally does not contain a glass phase. In case of powdered samples of 

these rocks, another remarkable difference can be noted especially in larger particle size 

fractions: the particles of a basalt powder might contain several mineral phases in one 

particle whereas that of a granite powder might be predominantly monomineralic (containing 

just one mineral phase). As biotite and amphibole (containing iron) are minor phases in 

granite, it is largely a deficient of iron-rich minerals as compared to basalt, rich in iron-

bearing minerals. This is also one of the differences between JSC-1A and NU-LHT-3M as 

NU-LHT-3M contains fewer iron-bearing minerals than JSC-1A. Iron-bearing minerals such 

as pyroxene (Hartlieb et al., 2016) and magnetite (McGill et al., 1995) appear to be good 

absorbers of microwave radiation at 2.45 GHz indicating the presence of such minerals can 

be very beneficial for microwave absorption. Therefore, basalt and granite appear to be good 

control materials for comparing the microwave heating behaviour of the lunar soil simulants 

(LSS): JSC-1A and NU-LHT-3M. 

 

 

          Figure 2-8: Dielectric constant of basalt and granite at 2.45 GHz (Hartlieb et al., 2016) 
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Figure 2-9: Dielectric loss of basalt and granite at 2.45 GHz (Hartlieb et al., 2016) 

 

2.5.3.2 Dielectric properties of lunar soils  

Olhoeft and Strangway (Olhoeft and Strangway, 1975) investigated the dielectric properties 

of the first 100 meters below the Moon’s surface by analysing nearly ninety-two Apollo 

lunar soil samples at frequencies ranging from 0.0001 GHz to 9 GHz. They used several core 

tube specimens of lunar regolith sampled from 1 -3 m depth, to examine the dielectric 

properties of lunar soil as a function of density under controlled laboratory conditions 

(Olhoeft and Strangway, 1975, Heiken et al., 1991). The nature of soil density is not clearly 

stated by the authors. However, as it is referred to the complete soil sample, it is presumed 

to be the bulk density of the soil sample not the individual density of the phases in it. A 

formula derived from studying these samples indicated that the density increases rapidly 

with increasing depth below about 1 m, but the density increase becomes unrealistic. Another 

data set for density versus depth profile is generated from the laboratory determined self-

compression data of lunar soil samples. These data were used to derive estimates for the 

range of soil density using depth profiles in the lunar sub-surface at depths of up to 100 m. 

The data also show an increase in density with depth at the shallowest depths. However, 

these data are derived from surface fines only and do not represent coarser rock mixtures or 

solid rock. The experiments conducted at the Apollo 17 site evidenced the presence of rock 

at close to 7 m depth. The authors claimed, therefore, that results from the estimates made 
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for soils to the depth of 100 m are probably realistic only up to 7 - 10 m below the surface 

of the Moon (Olhoeft and Strangway, 1975). 

According to their study, the dielectric constant in dry materials does not vary with a 

frequency above a few kHz below temperatures of 200 ˚C (Olhoeft and Strangway, 1975). 

However, it was found to increase with density, as shown in Figure 2-10. It is worth noting 

that the samples have the same density dependence, whether in solid or soil form. Olhoeft 

(Olhoeft, 1981) also observed that the dielectric constant is mainly dependent on density at 

higher frequencies. 

The loss tangent is not easily measured as even a slight atmospheric moisture content would 

have a profound effect. Some of the early Apollo mission samples were deemed to have been 

contaminated and yielded very high values for loss tangent because of the moisture effects. 

Thus, the samples collected by early Apollo missions were discounted while studying the 

loss tangent. Data from the uncontaminated samples of Apollo 14, 15, 16 and 17 showed a 

clear increase in the loss tangent with both the density and the iron and titanium compounds 

(Olhoeft and Strangway, 1975, Strangway and Olhoeft, 1977), as shown in Figure 2-11. 

 

 

Figure 2-10: Dielectric constant versus density (after (Olhoeft and Strangway, 1975)) 

Figure 2-10 have been redrawn using the data reported in Table 2 of Olhoeft and 

Strangway (Olhoeft and Strangway, 1975). In each case, the data have been fitted by 

standard regression analysis. The upper and lower bounds to the regressed data are also 

plotted at one standard deviation uncertainty. This appears in (Srivastava et al., 2016) 
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Figure 2-11: Density normalised loss tangent versus titanium and total iron oxides content 

(after (Olhoeft and Strangway, 1975)) 

 

Apart from density and FeO + TiO2 content, the loss tangent is thought to vary with 

frequencies above 100 kHz. Thus, the data gathered by Olhoeft and Strangway (Olhoeft and 

Strangway, 1975) of 64 lunar regolith samples at room temperature and at 450 MHz indicate 

dielectric loss varying from 0.0027 to 0.483. At 9 GHz, the dielectric loss values vary from 

0.048 to 0.054 at room temperature. In summary, it shows that there is a relationship between 

dielectric properties of lunar regolith and three factors - density, frequency and FeO + TiO2 

content in the frequency range of 100 kHz and above (Olhoeft and Strangway, 1975).  

However, in future, when lunar regolith will be extracted for ISRU studies, such as, to be 

used for construction, it will be taken out of its original position and applied to a site. Thus, 

powder handling, flowability, and how it deposits (and compacts under its own weight), all 

of it would come into play. In such a scenario, the density of the individual mineral phases 

and the bulk density of the regolith poured upon onto a surface would become more relevant 

than the soil density at depths affecting the dielectric properties. The low gravity of the Moon 

than Earth will also pose challenges. While pouring or displacing the lunar regolith for 

construction related activities, it is presumed that the finer particles of the lunar regolith, 

lunar dust (see § 2.2.1) might be lost due to its electrostatic nature and low lunar gravity. 

The future studies should look into these details. 
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Barmatz et al (Barmatz et al., 2011) also reported values of dielectric loss of lunar mare 

(mature and submature) and highland (mature and submature) regolith samples at room 

temperature at frequency of 2.45 GHz. Reading from the plots, the room temperature 

dielectric loss values at 2.45 GHz of mare mature and submature lunar regolith are 0.0375 

and 0.0406. Similarly, the values of highland mature and submature lunar regolith are 0.0099 

and 0.0118. The authors suggested that mare lunar regolith containing large amounts of FeO 

and TiO2 have higher dielectric losses than lunar highland regolith with lower FeO and TiO2.  

 

2.4.3.3 Dielectric properties of lunar soil simulants 

JSC-1A – lunar mare soil simulant 

The dielectric constant ε' and dielectric loss ε'' of JSC-1A having a bulk density of 1.8 g/cm3 

at 2.5 GHz for temperatures ranging from -190 ⁰C to 200 ⁰C is given by Calla and Rathore 

(Calla and Rathore, 2012) in Table 2-6. 

 

                       Table 2-6: Dielectric properties of JSC-1A at 2.5 GHz 

Temperature (⁰C) ε' ε'' Loss Tangent 

-190 3.75 0.12 0.032 

-50 4.01 0.2 0.05 

0 4.1 0.23 0.056 

30 4.13 0.24 0.058 

50 4.18 0.25 0.06 

100 4.26 0.29 0.068 

150 4.38 0.34 0.078 

200 4.52 0.39 0.086 

 

The waveguide containing JSC-1A was kept in a hot chamber and a cold chamber containing 

liquid nitrogen to increase and decrease the temperature of the sample respectively, (Calla 

and Rathore, 2012). The dielectric properties in this study are measured in Earth’s 

atmospheric condition. Allan et al. (Allan et al., 2013) have also measured the dielectric 

properties of JSC-1AC (a grade of lunar simulant JSC-1A, with particles < 5 mm). The JSC-

1AC samples to be tested for dielectric measurements was purged with ultrahigh purity argon 

to avoid reactions with oxygen which can alter the simulant chemistry. Two pellets totaling 

267 mg of JSC-1AC were prepared to the bulk density of 2.09 ± 0.15 g/cm3 for dielectric 

testing (Allan et al., 2013). The authors measured the dielectric properties as a function of 

temperature from room temperature to 1,100 ⁰C. The authors have measured the dielectric 

loss/loss factor while heating and cooling down. There is a drop in the dielectric loss from 
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room temperature to 100 ⁰C considered due to the loss of adsorbed water from JSC-1AC 

particle surfaces. Change in the dielectric loss while heating between 800 ⁰C and 1000 ⁰C is 

attributed to the exothermic crystallisation of glass in JSC-1A (Allan et al., 2013). This was 

not observed during the cool down process indicating an irreversible phenomenon. Calla and 

Rathore (Calla and Rathore, 2012) have not hinted at such observations as they did not 

measure at temperatures above 200 ⁰C. 

The dielectric constant values are higher, and the loss factor measurements are far lower in 

Allan et al. measurements as compared to Calla and Rathore in the range of room 

temperature to 200 ⁰C. Reading from the plot by Allan et al, the value of the dielectric loss 

at 25 ⁰C for JSC-1AC is 0.115 (dielectric constant is 5.023) and that of JSC-1A at 30 ⁰C from 

Calla and Rathore is 0.24. Ethridge and Kaukler (Ethridge and Kaukler, 2011b) also 

measured the dielectric properties of various lunar simulants and their daughter simulants 

containing metallic iron for assessing the feasibility of using microwave energy to extract 

volatiles such as water from the lunar permafrost at 2.45 and 10 GHz. However, they did not 

measure these properties as a function of temperature but only measured the values at room 

temperature. According to their measurements, at 2.45 GHz, JSC-1A has a dielectric 

constant value of 3.9 to 4.2 and dielectric loss of 0.08. At 10 GHz, JSC-1A has a dielectric 

constant value of 3.7 and dielectric loss of 0.08 (Ethridge and Kaukler, 2011b). The paper 

does not state the environmental conditions for these measurements, indicating it might be 

carried out in ambient conditions. Their measurements showed that there is not much 

difference in the dielectric properties of regolith simulants with np-Fe0 in comparison to 

JSC-1A (Ethridge and Kaukler, 2011b). Barmatz et al. also measured the dielectric loss of 

various lunar soil simulants. As per their measurement, JSC-1A has values in the range of 

0.055 to 0.073 (Barmatz et al., 2012) in the range of 1.8 to 3.5 GHz but do not mention the 

measurement conditions. For a quick comparison, the loss tangent values at a frequency 

close to 2.45 GHz from all the researchers are shown in Table 2-7. 

 

Table 2-7: Loss tangent of JSC-1A from existing literature close to 2.45 GHz at room 

temperature 

Samples Frequency 

(GHz) 

Temperature Loss tangent  

(tan δ = ε''/ε') 

JSC-1A (Calla and Rathore) 2.5 30 ⁰C 0.0581  

(Calla and Rathore, 2012) 

JSC-1AC (Allan et al) 2.45 25 ⁰C 0.0229  

(Allan et al., 2013) 

JSC-1A (Ethridge et al) 2.45 Room 0.0198  

(average) 
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Figure 2-12 summarizes all the known dielectric loss values of JSC-1A, JSC-1AC and lunar 

regolith samples from the existing literature.  

 

 

Figure 2-12: Comparison of room temperature dielectric loss values of Barmatz lunar 

mare regolith (Barmatz et al., 2011), Olhoeft lunar regolith (Olhoeft and Strangway, 1975) 

with Calla and Rathore JSC-1A (Calla and Rathore, 2012), Allan et al JSC-1AC (Allan et 

al., 2013) and Ethridge and Kaukler JSC-1A (Ethridge and Kaukler, 2011b) 

 

NU-LHT-3M – lunar highland soil simulant 

Ethridge and Kaukler (Ethridge and Kaukler, 2011b) also measured the dielectric properties 

of NU-LHT at 2.45 and 10 GHz. According to their measurements, at 2.45 GHz, it has a 

dielectric constant of 3.34 and dielectric loss of 0.021. Barmatz et al. (Barmatz et al., 2012) 

also measured the dielectric loss of highland-like simulants which included NU-LHT-2M 

ranging from 0.011 to 0.022 in the frequency range of 1.8 – 3.5 GHz. The dielectric loss 

values of NU-LHT from Ethridge and Kaukler are plotted with that of lunar highland regolith 

samples from Barmatz et al. and lunar regolith samples from Olhoeft et al. in Figure 2-13.  
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Figure 2-13: Comparison of dielectric loss values of Barmatz lunar highland regolith 

(Barmatz et al., 2011), Olhoeft lunar regolith (Olhoeft and Strangway, 1975) with Ethridge 

and Kaukler NU-LHT (Ethridge and Kaukler, 2011b) 

 

The values of NU-LHT are visibly lower than that of JSC-1A when Figure 2-12 and Figure 

2-13 are compared reflecting the differences in the dielectric properties of lunar mare and 

highland regolith samples previously discussed. 

The above data of JSC-1A and NU-LHT-3M show that the dielectric properties of the LSS 

depend on the microwave frequency. Barmatz et al (Barmatz et al., 2013) also studied the 

dependence of dielectric properties on the particle shape of the LSS. The result showed that 

at 2.45 GHz at room temperature, LSS with sharper particle edges shows better heating 

characteristics (Barmatz et al., 2013).  

 

2.5.4 Microwave heating of lunar soil and lunar soil simulants 

Most research and industrial activities involve using of only 915 MHz and 2.45 GHz in the 

microwave range (Taylor and Meek, 2005). For example, the microwave oven used in a 

household kitchen operates at 2.45 GHz because the water molecules present in the food 

show good microwave absorption at this frequency (Thridandapani, 2011). Industrial 

microwave heating of wide range of materials, including powders, minerals, ceramics, 
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polymers, and composites (ceramic and polymer matrix) have been investigated (Council, 

1994, Agrawal, 2006, Borrell et al., 2014, Oghbaei and Mirzaee, 2010). 

There have been a handful of experimental research and simulation studies on microwave 

heating of lunar soil simulants to understand its importance for enabling it to be a viable 

technique for lunar construction. It began as a result of efficiently heating lunar soil under 

microwave energy at 2.45 GHz by researchers. Experiments have been performed involving 

heating of the lunar soil as well as lunar simulants (Taylor and Meek, 2005, Taylor et al., 

2005a). Due to its readiness, affordable costs, and good coupling with the lunar soil and 

simulants, 2.45 GHz has been probably chosen for most research with experiments dealing 

with lunar soil and lunar simulants. 

In addition, Taylor et al. also demonstrated that Apollo 17 lunar regolith was melted at 2.45 

GHz. Their study suggested that the actual lunar regolith heated much faster than the lunar 

simulant JSC-1A at half the power (Allan et al., 2012, Taylor et al., 2005b, 2005a) because 

the Apollo 17 regolith reached a higher temperature than JSC-1A (Taylor et al., 2005b). This 

mostly leads to the fact that the difference in dielectric properties of actual lunar regolith and 

lunar simulant is the key to the difference in heating (Allan et al., 2013). On the other hand, 

Lim and Anand (Lim and Anand, 2019) studied the microwave heating of mare and highland 

lunar regolith in COMSOL simulation software at different input powers showing the strong 

effect of mineral composition on the microwave heating behaviour. 

As the availability of lunar soil is fairly restricted, most studies have performed experiments 

on lunar simulants JSC-1A, which was widely available from commercial sources. 

Allan et al. (Allan et al., 2013) studied the microwave processing of JSC-1AC at 2.45 GHz. 

40 g JSC-1AC samples filled in an alumina crucible was heated at a low power of 720 W for 

up to 40 mins, which confirmed that JSC-1A is a weak absorber below 200 ˚C, and a strong 

absorber over it. The study went on to carry out high power microwave heating at 3 kW in 

an inert argon atmosphere leading to rapid heating and melting of JSC-1AC (Allan et al., 

2013). The samples exhibited a molten, glassy core with large voids, surrounded by sintered 

material. This happens due to an inverse thermal gradient in which the core of a microwave 

heating material is experiencing higher temperatures while the surface continuously loses 

heat. It is also observed in other materials under microwave heating, such as ceramics 

(Bouvard et al., 2010, Zhao et al., 2011, Thostenson and Chou, 1999). In another study of 

microwave heating of MLS-1 (Minnesota Lunar Simulant) high titanium crystalline basalt 

approximating Apollo 11 mare soil was heated at 2.45 GHz, 600 W power (Allen et al., 

1994). The MLS-1 was observed to be slowly heated below temperatures of 400 ˚C and 
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become rapid above that. This rapid increase in the temperature is termed as ‘thermal 

runaway’ condition. Computational modelling of direct microwave heating of JSC-1A was 

attempted by the same team of Allan et al. (Allan et al., 2012) using the software GiD. It was 

simulated to be heated under 2.45 GHz operating at 1 and 2 kW of applied power. Modelling 

indicated that 1kW power level is insufficient to reach melting temperatures in 90 minutes 

for a several-centimetre-wide section of JSC-1A but it reached over 1100 ˚C, with melting 

point predicted around 1,146 ̊ C, with 2kW microwave power. Barmatz et al. (Barmatz et al., 

2014) also heated another lunar mare simulant JSC-2A at 2.45 GHz, 200 W power, yielding 

a similar kind of molten interior with the sintered outer surface. The authors carried out the 

heating in nitrogen and Earth’s atmosphere, essentially showing the same heating profile in 

both settings.  

To address the challenges of thermal runaway condition and weak absorption of microwave 

energy at low temperatures observed in JSC-1AC and MLS-1, researchers proposed to adapt 

a hybrid heating method where the simulant can be heated at lower temperatures using a 

microwave absorbing material (a susceptor) (Allan et al., 2012, Allan et al., 2013, Allen et 

al., 1994) or pre-heated using infrared radiators (Häfner, 2016). Then, the susceptor can be 

removed at higher temperatures, and microwave heating can effectively take over. In some 

cases, keeping the susceptor even at higher temperatures is proposed to promote greater 

temperature uniformity (Allan et al., 2013). Silicon carbide (SiC) has been used as a 

susceptor to study the effect of susceptor-assisted microwave heating tests in most studies 

(Allan et al., 2012, Allan et al., 2013, Allen et al., 1994, Kim et al., 2021b). These studies 

indicate that temperature control is better with the help of a susceptor in microwave heating 

which results in uniform sintering of the samples.  

The MLS-1 was well sintered with susceptor assisted heating at 600 W power for 85 minutes 

including maintaining the temperature at 980 C for 35 minutes (Allen et al., 1994). Allan et 

al. also performed microwave heating of JSC-1AC with SiC as susceptor with microwave 

power level gradually decreasing from ≈ 300 W to 800 W (Allan et al., 2013). Compared to 

the direct microwave heating, the experiments with susceptor-assisted microwave heating 

resulted in more uniformly consolidated samples in less time. These samples were sintered 

uniformly. The susceptors provided radiant heating to improve the simulant’s thermal 

uniformity, which prevented the ‘thermal runaway’ condition. Computational modelling of 

silicon carbide assisted microwave heating of JSC-1A also shows similar results as in 

experiments by the same authors (Allan et al., 2013). Very recently, Kim et al. (Kim et al., 

2021b) have presented results of susceptor (SiC) assisted microwave sintering of KLS-1 

(Korea Lunar Simulant-Type 1) at 2.45 GHz, 950 W at three different temperatures of 1,080, 
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1,100 and 1,120 C. The samples were heated for 10 min at the respective temperatures to 

obtain the final product. The melting point of KLS-1 is given to be 1,229 C. With the 

increase in the sintering temperature, linear shrinkage rate and compressive strength 

increased, and a denser structure was obtained. The measured true density ranged from 3.03 

to 3.07  0.01 g/cm3 (Kim et al., 2021a). However, the disadvantage of using susceptors for 

assisting microwave heating is the inevitability of contamination of the sample by the 

susceptor and the difficulty in establishing contributions of microwave heating and 

conventional heat transfer (Vanetsev et al., 2010). 

In another feasibility study (Fateri et al., 2019), microwave sintering is proposed as a post 

treatment procedure for a conventionally pre-sintered JSC-2A to influence porosity, 

microstructure, crystal formation, mechanical properties, and macrocrack formation. The 

microwave post processed sample demonstrated lower porosity and a more compacted and 

homogeneous microstructure. 

In the scope of ISRU, the microwave processing of lunar soil has also been studied for 

extracting volatiles e.g., water (Ethridge and Kaukler, 2011b, 2011a). 

 

2.6 Concluding Remarks 

This literature review sets the path for following the aim and objectives of this research 

mentioned in Chapter 1. The dielectric properties of two different regions on the Moon: mare 

and highland indicate mare samples to be a better absorber of microwave radiation at 2.45 

GHz. However, a comparative experimental study on direct microwave heating of mare and 

highland simulants is necessary to assess its applicability for lunar construction. The 

potential of microwave heating of highland samples is further essential as the most 

interesting site on the Moon for a permanent human base is in the permanently shadowed 

craters primarily in the highland region.  
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Chapter 3 

Temperature dependent dielectric properties of 

JSC-1A and NU-LHT-3M 

The dielectric properties of a material dictate the absorption of microwave energy by that 

material. The dielectric properties of JSC-1A and JSC-1AC vary with frequency and 

temperature. This chapter investigates the temperature-dependent dielectric properties of 

JSC-1A and NU-LHT-3M using a cavity perturbation instrument at the Department of 

Chemical and Environmental Engineering, Faculty of Engineering, University of 

Nottingham (UoN), U.K.  

 

3.1 Fundamentals of microwave heating 

Microwave heating of food products has been practised since the 1940s (Krishnamoorthy, 

2011). Microwave heating has also been extensively applied in many industrial and scientific 

applications to process various materials such as ceramics, metals, and composites, offering 

several advantages over conventional heating methods (Agrawal, 2006, Borrell et al., 2014, 

Oghbaei and Mirzaee, 2010). In the electromagnetic spectrum, microwave radiation has a 

frequency range between 300 MHz to 300 GHz corresponding to wavelengths from 1 m to 

1 mm (CSI, 2017). A few basic terms of microwave heating are defined in Table 3-1 below. 

 

Table 3-1: Definitions of basic terms of microwave heating 

Basic Terms Definitions 

Polarisation Alignment of charges in response to the applied electromagnetic field 

Dielectric constant A measure of the ability of the material to become polarised 

Dielectric loss The measure of dissipation of energy through the movement of charges in an 
alternating electromagnetic field when polarisation switches direction 

 

A dielectric material can be heated by applying energy to it in electromagnetic waves. In 

response to an applied electric field, the charges in a dielectric material polarise. This ability 

of the material to polarise is measured by the dielectric constant. However, with the 

alternating electric field, the dielectric polarisation is also reversed (Jacob et al., 1995). At 

high frequencies of electromagnetic radiation, the inability of this polarisation to follow the 
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rapid reversals of the electric field produces the heating effect in the material. This heating 

effect is measured by the dielectric loss. Thus, in a given frequency band, the polarisation 

lagging the applied electric field results in heat dissipation within the insulating material.  

A dielectric material gets polarised in various ways. The various polarisation mechanisms 

which occur in dielectrics are (i) electronic, (ii) ionic/atomic/molecular, (iii) 

orientational/dipolar and (iv) interfacial/space charge/Maxwell-Wagner polarization 

(Metaxas and Meredith, 1983, Jacob et al., 1995, Romulo et al., Spring 2011). In the first 

two types of polarisation mechanisms, the charged particles in the material are displaced 

from their equilibrium positions and align themselves in response to the applied electric field 

giving rise to induced poles (Metaxas and Meredith, 1983). In electronic polarisation, such 

induced polarisation arises mainly due to the movement of electrons around the nuclei. In 

atomic polarisation, it is due to the displacement of atomic nuclei because of the unequal 

charge distribution in the molecule formation. Dipolar or orientation polarisation is caused 

due to the presence of permanent dipoles (e.g. in water) in the material. These are called 

polar dielectrics and have asymmetric charge distribution in the molecule, which tend to re-

orientate in response to the applied alternating electric field giving rise to orientation 

polarisation. Finally, another source of polarisation is in heterogeneous materials with 

conducting particles suspended in the non-conducting medium due to the charge build-up at 

the interfaces between components known as the interfacial or Maxwell-Wagner polarisation 

(Metaxas and Meredith, 1983, Jacob et al., 1995). Along with these polarisation effects, a 

dielectric can also be heated through direct conduction effects (also known as the ohmic 

effects). This is mostly in heterogeneous materials where the redistribution of charged 

particles causes them to form conducting paths.  

 

Figure 3-1: Dielectric constant and loss as a function of the frequency; η is the refractive 

index at optical frequencies, ε∞ is the dielectric constant at very high frequencies, and εs is 

the dielectric constant at d.c. (Metaxas and Meredith, 1983) 
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The total polarisation in a material, αt (Metaxas and Meredith, 1983) is the sum of individual 

components. Thus, 

 𝛼𝑡 = 𝛼𝑒 + 𝛼𝑎 + 𝛼𝑑 + 𝛼𝑀𝑊     …………………………...Equation 3-1 

where, the subscripts refer to t - total, e - electronic, a - atomic, d - dipolar and MW - 

Maxwell-Wagner polarisations.  

The dielectric constant attains a complex form in a real dielectric, given by 

 ε* = ε’ – jε”                  ..…………...…………………Equation 3-2 

where, ε* is the complex dielectric constant or the complex permittivity, ε’ is the dielectric 

constant (also known as real permittivity), and ε” is the dielectric loss (also known as loss 

factor or imaginary permittivity) (Thostenson and Chou, 1999, Agrawal, 2006, Oghbaei and 

Mirzaee, 2010). In most dielectric measuring techniques, all losses are grouped as it is 

difficult to separate the losses due to conduction and polarisation. Thus an effective loss 

factor (Metaxas and Meredith, 1983) is given by 

 ε”eff (ω) = ε”e (ω) + ε”a (ω) + ε”d (ω) + ε”MW (ω) + σ/ ε0ω  

   = ε” (ω) + σ/ ε0ω        ……………………..Equation 3-3 

where ω (=2πf, where f is the frequency) is the angular frequency of the electromagnetic 

wave, σ is the electrical conductivity of the medium and ε0 is the permittivity of free space. 

For clarity in this thesis, ε’ is referred to as the dielectric constant and ε” is referred to as the 

total effective dielectric loss. 

The dielectric losses are frequency-dependent, and the analysis can be simplified somewhat 

because one or two loss mechanisms dominate over others in a certain frequency range. 

Electronic and atomic polarisation and depolarisation occur faster than the electric field 

reversal of a microwave (Jacob et al., 1995). Thus, these two polarisations, collectively 

called distortion polarisations generate losses only at frequencies in the infra-red and visible 

part of the electromagnetic spectrum and do not contribute to the dielectric heating. In 

contrast, the timescales of dipolar and Maxwell-Wagner polarisations are comparable to the 

microwave frequency range, generating losses and contributing to the dielectric heating in 

this range, as shown in Figure 3-1.  

For mixtures containing a very high number of conductive phases dispersed in a non-

conducting medium, there is a point where the interaction between individual conducting 

areas become important. Thus, the loss due to the conductivity is added to the total effective 

loss in the material due to the Maxwell-Wagner effect. Thus, in the processing of industrial 
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materials, within the frequency range of 10 MHz to 3 GHz, primarily dipolar and Maxwell-

Wagner are the two leading absorption mechanisms.  

The ratio of the effective loss factor to the dielectric constant is  

 tan δeff = ε”eff / ε’                           …………………………….Equation 3-4 

called the effective loss tangent, including the effects of conductivity. For simplicity, tan δeff 

will be referred to as tan δ. The dielectric constant, ε’ is the ability of the material to polarise 

and dielectric loss, ε” is the ability to transfer the microwave energy into heat in the material. 

Thus, loss tangent represents the ability of the material to be polarised and heated (Oghbaei 

and Mirzaee, 2010). Loss tangent is the commonly used term to express the dielectric 

response. It shows a relation between the dielectric loss and dielectric constant and is thus 

an important indicator of its dielectric behaviour (Thostenson and Chou, 1999).  

The dielectric properties of a material are dependent on the frequency of the electromagnetic 

wave, composition of the material, particle size of the material, moisture content in the 

material and temperature of the material (Metaxas and Meredith, 1983, Thostenson and 

Chou, 1999). 

The dielectric interaction of materials with microwave energy can be described by three 

important parameters: the power density, power penetration depth and the heating rate. The 

conversion of the electromagnetic energy of the microwave radiation into power dissipation 

in a material exhibiting dielectric losses is calculated by (Metaxas and Meredith, 1983, 

Thostenson and Chou, 1999, Agrawal, 2006, Taylor and Meek, 2005, Oghbaei and Mirzaee, 

2010), 

 P = 2πfε0ε” E2  or P = 2πfε0ε’tan δ E2                ……………….Equation 3-5 

where, P is the power density, power per unit volume in W/m3, f is the frequency of the 

incident microwave radiation in Hz, ε0 is the permittivity of free space = 8.854 × 10-12 F/m 

and E is the electric field intensity within the dielectric material in V/m. 

The power penetration depth is defined as the depth into the dielectric material at which the 

power has fallen to 1/e (≈ 0.368) of its value at the surface. For low loss dielectrics (ε” /ε’ « 

1), the power penetration depth is given by (Metaxas and Meredith, 1983, Thostenson and 

Chou, 1999), 

  𝐷p =
𝜆0 휀’

1/2

2𝜋 휀”
   or   𝐷p =

𝜆0 

2𝜋 tan 𝛿휀’
1/2         …………………….Equation 3-6 

where Dp is the power penetration depth in m and λ0 is the wavelength of the incident 

microwave radiation in m. 
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The rate of rise in temperature in the dielectric is given by (Metaxas and Meredith, 1983, 

Taylor and Meek, 2005, Oghbaei and Mirzaee, 2010), 

 ΔT = 
2𝜋𝑓휀0 ”𝐸2 

𝜌𝐶p
 or ΔT = 

2𝜋𝑓휀0 tan 𝛿 ’𝐸2 

𝜌𝐶p
     ……………….Equation 3-7 

where ΔT is the rate of temperature rise in K/s, ρ is the bulk density of the material in kg/m3, 

and Cp is the specific heat in J/kg K. It should be noted that this equation does not attempt 

to deal with the geometry of the object, and a homogeneous temperature distribution is 

assumed. 

Loss tangent is directly proportional to dielectric loss. As shown in the three equations 

(Equation 3-5, 3-6 and 3-7)) above, dielectric loss, ε” or the loss tangent, tan δ, play a direct 

role. Power density and heating rate are directly proportional to the dielectric loss or loss 

tangent, whereas the power penetration depth is inversely proportional. Thus, the increase in 

dielectric loss will enhance microwave absorption in the material (Hartlieb et al., 2016). 

However, it is important to realise that values of dielectric loss are related to the values of 

the dielectric constant. Usually, materials with a high dielectric constant will have a high 

dielectric loss (DoITPoMS, 2019). Thus, loss tangent, a ratio of dielectric loss to dielectric 

constant, becomes important.  

 

3.2 Experimental set-up, working principle and limitations of cavity perturbation 

technique 

In the last several decades, various methods have been established to measure the dielectric 

properties (dielectric constant and dielectric loss) of materials (Sucher et al., 1963). The most 

appropriate way to choose a method is dependent on the type of material to be measured for 

its dielectric properties. Materials are classified as low or high loss materials dependent on 

their value of loss tangent, tan δ (= ε’’/ε’). Materials exhibiting tan δ « 1 are termed low loss, 

and tan δ » 1 are considered high loss materials (Metaxas and Meredith, 1983, Zoughi, 2000). 

In the literature, the loss tangent of JSC-1A is given as 0.0581 at 2.5 GHz (Calla and Rathore, 

2012) and 0.0198 at 2.45 GHz (Ethridge and Kaukler, 2011b), as shown in Table 2-7 at room 

temperature. The loss tangent of NU-LHT-3M is not present in the literature. However, the 

dielectric property data for NU-LHT highland simulant is given by Ethridge et al., and the 

expected loss tangent of NU-LHT-3M could be estimated from it. The loss tangent of NU-

LHT highland simulant is calculated to be 0.0063 from the given values of dielectric constant 

and loss at 2.45 GHz (Ethridge and Kaukler, 2011b). Thus, both JSC-1A and NU-LHT-3M 
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fall into low lossy material, which was the selection criterion to measure the dielectric 

properties of both the simulants. 

A cavity perturbation technique is a technique to carry out dielectric measurements of low 

loss materials and powdered samples (Katrib et al., 2015, Baker-Jarvis et al., 1998). It also 

requires a minimal quantity of material (Baker-Jarvis et al., 1998, Meng et al., 1995, Katrib 

et al., 2015, Parkash et al., 1979). It is one of the most commonly used techniques (Pickles 

et al., 2005, Baker-Jarvis et al., 1998, Meng et al., 1995, Katrib et al., 2015) due to its relative 

simplicity (Klein et al., 1993, Birnbaum and Franeau, 1949). Both simulants are low loss 

material, in powdered form and rare as they are no longer produced. Thus, cavity 

perturbation is the most suitable technique for measuring their dielectric properties. 

Figure 3-2 shows the flow diagram of the cavity system used in the UoN for the dielectric 

property measurements of JSC-1A and NU-LHT-3M. The measurement was carried out in 

ambient conditions from around 20 °C to 950 °C with the periodic measurement at an 

interval of 50 °C. Dielectric properties of both simulants were measured at five frequencies, 

0.91, 1.43, 1.95, 2.47 and 2.99 GHz consecutively in the same run. 

 

     

 Figure 3-2: Schematic diagram of the cavity system in the UoN 

 

3.2.1 Sample preparation of JSC-1A and NU-LHT-3M 

Quartz tubes of ≈ 4 mm diameter were selected for the experiments. Some silica/glass fibre 

was put inside the tube to hold the powder sample when putting inside the tube. Small 

quantities of powder sample (≈ 550 mg for JSC-1A and ≈ 500 mg for NU-LHT-3M) were 

put inside and visually checked to see if any air gaps were entrapped in the sample inside 

the tube. If required, a thin iron wire was used to get rid of air gaps by compaction of the 

material. The height and mass of the sample inside the tube were measured to calculate the 

Cavity 
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bulk density. The tests were carried out three times for each sample. The bulk density for 

JSC-1A was in the range of 2.03 ± 0.04 g/cm3, and that of NU-LHT-3M was in the range of 

1.90 ± 0.002 g/cm3. 

 

3.2.2 Experimental procedure 

The empty quartz tube was placed in the cavity. While in the cavity, the height of the tube 

in the system was calibrated for a higher obtainable Q factor by observing the curve peak 

displayed on the signal analyser. This was achieved by moving the tube up and down; hence, 

the curve peak reaches its farthest point to the left. Five measurements were performed 

without the sample, and the one with the highest Q factor at the aimed frequency of 2.47 

GHz was taken as the reference. Then the sample was filled in the tube, as explained in § 

3.2.1. Another calibration was performed to detect the highest Q factor measurement point, 

and five measurements were performed at room temperature. Then, the high-temperature 

measurement program was used to measure the dielectric properties every 50 °C up to 950 °C.  

The Q factor measured here is given as 2 times the ratio of the stored energy to the energy 

dissipated per oscillation cycle (Paschotta, Giangrandi, 2014).  

 

3.2.3 Challenges in inferring the effect of frequency for JSC-1A and NU-LHT-3M 

The high-temperature program starts running once the room temperature dielectric 

properties are measured. Figure 3-2 shows that the furnace sits on top of the cavity. The 

quartz tube goes up inside the furnace to be heated at the specified temperature, and once it 

is heated, it drops back inside the cavity to measure the dielectric properties. When it drops 

back to the cavity for measurement, the dielectric properties are measured at the five 

frequencies one by one. Since the tube moves from the furnace to the cavity, the sample 

temperature starts dropping and thus, the dielectric properties at each given frequency were 

measured at different temperatures and not the furnace temperature at which the sample was 

heated to.  

This experiment aimed to understand the trend of the dielectric properties with temperature, 

which was achieved at five different frequencies up to the maximum temperature of 950 °C 

in air. However, it concluded that the effect of frequency could not be studied with this result. 

Although this is an important result indicating the trend of change of dielectric properties 

with the temperature at five frequencies, each measuring temperature will be different for 

each frequency. Thus, each frequency should be measured separately to study a direct 

comparison for different frequencies. 
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3.3 The dielectric properties of JSC-1A  

JSC-1A was tested for its moisture content which could significantly affect the dielectric 

property measurements. Water is an excellent absorber of microwave energy at specified 

frequencies (Chaplin, 2014). A total of 0.13 wt% of the sample mass was lost when nearly 

100 g of JSC-1A sample mass was heated for 22 hrs at 200 °C. As moisture content appears 

to be negligible, it is understood to play an insignificant role in the dielectric properties 

obtained for JSC-1A. This is also confirmed by the results below, as the dielectric properties 

do not show any remarkable change in the lower temperature range. 

The results shown in Figure 3-3 are an average of three dielectric property tests carried out 

for JSC-1A at a bulk density of 2.03 ± 0.04 g/cm3 from a temperature range of 20 °C to 

950 °C where the properties are measured at every 50 °C. These are measured at five 

frequencies, 0.91, 1.429, 1.949, 2.47 and 2.989 GHz consecutively in the same run. 

 

 

Figure 3-3: Dielectric properties of JSC-1A obtained at the UoN using cavity perturbation 

technique for five frequencies 

 

The average and standard deviation plots were also plotted for each frequency’s dielectric 

constant and dielectric loss. For the dielectric constant of all frequencies, standard deviation 

varies from the average in the range of 0.027 % to 5.46 %. For the dielectric loss for all 
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frequencies, the standard deviation varies from the average in the range of 0.272 % to 

7.510 %. The most significant outcome of these results is that the dielectric properties of 

JSC-1A increase with increasing temperature for all five measured frequencies. This 

increase with temperature indicates that the microwave absorption behaviour of JSC-1A is 

changed with temperature.  

 

3.3.1 Dielectric constant 

The dielectric constant of JSC-1A increases with increasing temperature at all five 

frequencies. For example, the plot in Figure 3-4 indicates a shallow increasing slope up to 

600 °C, then a steeper increasing slope changing up to 750 °C and a further shallower 

increasing slope change up to 950 °C for all the frequencies.  

 

 

Figure 3-4: Dielectric constant of JSC-1A obtained at the UoN using cavity perturbation 

technique for five frequencies 

 

3.3.2 Dielectric Loss 

The dielectric loss of JSC-1A increases with increasing temperature at all five frequencies. 

The plot in Figure 3-5 indicates that the dielectric loss values increase but are very low up 

to the temperature of 400 °C. Beyond 400 °C, there is a slope change; it goes steeper up to 

750 °C, and then a slight slope change increases the values up to 950 °C. This increase in 
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dielectric loss can be directly interpreted as enhanced microwave absorption with increasing 

temperature for JSC-1A.  

Such changes with temperature for dielectric constant and loss can be attributed to the 

microstructure level activity occurring in JSC-1A. The internal changes in the material at 

around 600 °C and beyond 750 °C are causing changes in the dielectric properties. The 

changes in both dielectric constant and loss values occur nearly at the same temperatures. 

 

 

Figure 3-5: Dielectric loss of JSC-1A obtained at the UoN using cavity perturbation 

technique for five frequencies 

 

Figure 3-3 indicates the trend of the dielectric properties with temperature for the five 

measured frequencies. As discussed in § 3.2.3 no result can be concluded about the nature 

of these properties with changing frequencies as these are not the absolute values at the given 

temperature. However, an attempt was made to bring the dielectric property values closer to 

the right temperature for each frequency. Such an attempt aimed to figure out whether a 

trend of the dielectric properties with temperature can be established with the given 

frequency band. An experimental test was performed to record after heating the samples in 

a glass tube at a specific temperature and measure the temperature drop once the furnace is 

switched off. 
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3.3.3 Test set-up to find the temperature drop 

A Pyrex (Borosilicate) glass tube (inner diameter – 3.97 mm and length – 100 mm) was used 

for this experiment (see Figure 3-6). This glass tube was similar to the one used for testing 

the dielectric properties. JSC-1A of mass 0.5344 g was filled in the tube to a height of 2.395 

cm (0.02395 m) and placed sitting over silica/glass fibre as described in § 3.2.1. As the 

dielectric properties increase with temperatures, the maximum temperature that can be tested 

in the glass tube was selected to measure the temperature drop. The temperature drop found 

from this experiment is given below in Table 3-2. 

 

Figure 3-6: Glass tube filled with JSC-1A in a furnace 

 

 

The Pyrex borosilicate glassware softens at 821 °C (CORNING, 2019); thus, it was heated 

up to 800 °C to record the temperature drop. However, the tube was still bent (see Figure 

3-7). 

 

 

Figure 3-7: Glass tube filled with JSC-1A bent after heating it at a temperature of 800 °C 

in the furnace 
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Table 3-2: Temperature drop of JSC-1A inside the glass tube from an initial temperature 

800 °C 

Time lapsed 
(s) 

Final Temperature 
(°C) 

Rate of Temperature Drop 
(°C/s) 

20 642.1 7.895  

40 450.2 8.745  

60 322.5 7.9583 
 

Table 3-2 shows the experimental temperature drop of JSC-1A from an initial temperature 

of 800 °C. It is observed that there is a huge drop in temperature in the given time.  

Although it is difficult to estimate the exact time taken to measure the dielectric properties 

at each frequency, it takes around 4 sec to measure the properties at each frequency. With 

this calculation, the last frequency of 2.989 GHz is measured at 22 sec. Based on this 

information and the temperature drop experiment, Newton’s law of cooling was applied to 

JSC-1A inside the glass tube subjected to all the temperature intervals at which dielectric 

properties were recorded in the cavity perturbation instrument.  

Newton’s law of cooling explains the decrease in temperature over time of a body, which is 

at initial temperature To in surrounding at temperature, Ts. The body will undergo a drop in 

temperature, which is given by (Open University, 2018),  

T(t) = Ts + (To – Ts) 𝑒−𝑡/𝑡0                ………………………………..Equation 3-8 

where,  

 t = time, 

T(t) = temperature of the body at time t,      

  Ts = ambient temperature of the surrounding,  

  To = Initial temperature of the body, and 

 t0 = time constant 

Table 3-2 indicates the rate of temperature drop at every 20 sec for 1 minute in the 

experiment. The rate slightly varies for each interval of 20 sec. However, as the last 

frequency is measured at 22 sec in the cavity perturbation instrument, the rate of temperature 

drop was considered for the first 20 sec, as this is the closest to 22 sec. Therefore, the final 

temperature of 642.1 °C at 20 sec when the initial temperature was 800 °C, was used in 

Equation 3-8 to calculate the time constant, 𝑡0 in the equation.  

 T(t) = 642.1 °C,  

t = 20 sec,  
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Ts = 20 °C, surrounding temperature 

To = 800 °C 

𝑡0= 
𝑡

ln [(𝑇o – 𝑇s)/(𝑇(𝑡) – 𝑇s)]
  = 88.42 

It is to be noted that this value of 𝑡0 = 88.42 used in Newton’s law of cooling is determined 

from the experimental temperature values from Table 3-2. Thus, this evaluation is not based 

on theoretical model of convective cooling but based on the experimentally determined 

coefficient (time constant, t0) which includes all losses (radiative, convective, and conductive) 

occurring to JSC-1A in a real scenario in the glass tube. 

The value of 𝑡0 was used to calculate the temperature decay at each temperature interval for 

22 sec. Considering every temperature step/interval, starting from 50 °C to 950 °C, this value 

of 𝑡0 will dictate the temperature drop. Hence, the updated plots for dielectric properties with 

the corrected temperatures are given in Figure 3-8  and Figure 3-9 below. The trend of the 

values remains the same for both dielectric constant and dielectric loss. However, the 

corrected temperatures are lower than the furnace temperature at which the values were 

previously plotted. Thus, it is important to run one frequency at a time in the cavity 

perturbation instrument to know the absolute values of the dielectric properties at a given 

temperature and frequency. Consequently, the available data cannot discuss the correlation 

between dielectric properties and frequency. However, the trend of these values is indicated 

in the given frequency band of 0.91 GHz to 2.989 GHz in § 3.5.1. 

 

 

Figure 3-8: Dielectric constant of JSC-1A obtained at the UoN with temperature-corrected 

values for five frequencies  
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Figure 3-9: Dielectric loss of JSC-1A obtained at the UoN with temperature-corrected 

values for five frequencies 

 

3.3.3.1 Effect of radiative loss on temperature drop 

The above section shows the experimental temperature drop of JSC-1A inside the glass tube 

from an initial temperature of 800 °C after 20 sec to 642.1 °C.  

The temperature drop of JSC-1A in the glass tube can also be calculated theoretically using 

Stefan Boltzmann’s law for power which estimates the effect of radiative loss which will be 

higher because it scales with T4. The Stefan–Boltzmann law for power gives the power 

radiated from a body P, which is at a temperature, To in a surrounding environment at 

temperature, Ts. It is given by (Open University, 2018),  

 P = S (To
4 – Ts

4)                ………………………………..Equation 3-9 

where,  

 hb = height of JSC-1A in the tube = 0.02395 m,  

rb = radius of the tube = 0.001985 m, 

S = surface area = 2πrbhb + πrb
2 = 0.000311086 m2 (it excludes the bottom 

circular surface area because the JSC-1A is sitting on a silica/glass fibre inside the 

glass tube and would not contribute majorly to transmitting the heat via radiation) 

 = emissivity of the JSC-1A = 0.9 (Gaier et al., 2012) 

 = Stefan–Boltzmann constant = 5.6704 × 10−8Wm−2K−4,     
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The temperature drop, T, at t = 20 sec due to radiative loss, is given by,  

  T= 
𝑃𝑡

𝑚𝐶𝑝
 

  T = 
𝑆 (𝑇𝑜

4 – 𝑇𝑠
4)𝑡

𝑚𝐶𝑝
  

 where, 

  m = mass of the sample = 0.5344 g 

 Cp = specific heat capacity of JSC-1A at 800 °C = 1.0482 J/gK (extrapolated 

from Figure 5-4) 

Thus, theoretically, as per the Stefan–Boltzmann law, JSC-1A in the tube at an initial 

temperature of 800 °C will drop to a value of 464.5 °C after 20 s due to radiative losses alone. 

This is lower than the experimentally observed temperature drop of 642.1 °C from 800 °C 

in JSC-1A. The reason for this difference could be the value of emissivity of JSC-1A (=0.9) 

which is taken as a static number in theory but in real scenario, will reduce as the body 

temperature of JSC-1A drops due to losses. Also, the temperature calculated here due to 

radiative loss is representing the surface temperature but in a real scenario, the overall body 

temperature of the sample will be a little higher as the interior of the sample will not lose 

heat at the same rate as that of the exterior surface, although it is a very small sample volume. 

Thus, the practical temperature after the heat losses (642.1 °C) being higher than the 

theoretical value due to radiative loss (464.5 °C) seems plausible.  

This calculation was carried out to imply the importance of radiative loss on the temperature 

drop. It helps to understand that the drop of temperature from 800 °C to 642.1 °C in 

experiments is largely due to radiative loss than any other losses. 

As Equation 3-8 includes the value of the time constant, t0 = 88.42 which is based on the 

experimental value, it is used to calculate the corrected temperature for all the temperatures 

starting from 50 °C to 950 °C and dielectric properties are plotted with these corrected 

temperatures as given in Figure 3-8 and Figure 3-9. 

 

3.3.4 The dielectric properties at 2.47 GHz 

Figure 3-10 and Figure 3-11 below shows the dielectric properties plotted against the furnace 

temperature and the temperature-corrected values for one frequency of 2.47 GHz for 

comparison. The dielectric constant increased significantly at lower values of temperature 

calculated theoretically than that with the corresponding furnace temperature. Although 
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these results of dielectric properties do indicate the trend of change of these properties with 

temperatures, they do not give the absolute values of these properties at different frequencies 

at varying temperatures. 

 

 

Figure 3-10: Dielectric constant of JSC-1A, when measured for five frequencies, varying 

(a) with furnace temperature at 2.47 GHz (blue curve), and (b) with the temperature- 

corrected at 2.47 GHz (pink curve). 
 

 

Figure 3-11: Dielectric loss of JSC-1A, when measured for five frequencies, varying (a) 

with furnace temperature at 2.47 GHz (blue curve), and (b) with the temperature-corrected 

at 2.47 GHz (pink curve) 
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The absolute values of dielectric properties at 2.47 GHz are further studied and achieved 

using the cavity perturbation instrument for JSC-1A and NU-LHT-3M. The cavity 

perturbation instrument was used to measure the dielectric properties of JSC-1A at a single 

frequency of 2.47 GHz. 550 mg of JSC-1A with a bulk density of 2.07 g/cm3 was tested in 

ambient conditions as all other earlier runs. The result of this run at a single frequency of 

2.47 GHz is superimposed on the other two results at 2.47 GHz (Figure 3-10 and Figure 3-11) 

to generate Figure 3-12 and Figure 3-13 below for comparison. 

 

 

Figure 3-12: Dielectric constant of JSC-1A varying (a) with furnace temperature at 2.47 

GHz when five frequencies are measured (blue curve), (b) with temperature-corrected 

temperature at 2.47 GHz when five frequencies are measured (pink curve), and (c) with 

furnace temperature when it was measured at a single frequency of 2.47 GHz (orange 

curve) 

 

As seen in Figure 3-12, the single run at 2.47 GHz yields different and higher absolute values 

of the dielectric constant of JSC-1A at respective temperatures compared to the earlier run 

at 2.47 GHz with other frequencies. The change in the values is pronounced at temperatures 

> 300 °C. However, it does follow a similar trend in the increase in dielectric constant with 

temperature. This single run at 2.47 GHz does match quite well with the plot at temperature-

corrected values up to around 500 °C, but beyond, it deviates.  
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Figure 3-13: Dielectric loss of JSC-1A varying (a) with furnace temperature at 2.47 GHz 

when five frequencies are measured (blue curve), (b) with temperature-corrected 

temperature at 2.47 GHz when five frequencies are measured (pink curve), and (c) with 

furnace temperature when it was measured at a single frequency of 2.47 GHz (green 

curve) 

 

Figure 3-13 above shows that the dielectric loss is higher in value at a single run at 2.47 GHz 

than with all other frequencies. It is also higher in value than the temperature-corrected plot 

up to 450 °C. It closely matches temperatures between 500 °C and 650 °C but follows a 

different curve after that. Thus, it is important to run the sample at one frequency at a time 

in the cavity perturbation instrument for any further comparison at different frequencies. 

From this experiment, we have measured the dielectric properties of JSC-1A from room 

temperature to 950 °C at every 50 °C intervals at 2.47 GHz, shown in Figure 3-14 separately. 

2.47 GHz is the closest to 2.45 GHz. Therefore, further experiments in this research are 

carried out at ≈ 2.45 GHz, which has less than a 1% difference between these frequencies. 

In Figure 3-14, the dielectric constant plot has almost a flat curve up to 350 °C, (gradient = 

0.00005), a shallower increasing slope up to 600 °C (gradient = 0.002) and then another 

increasing slope up to 950 °C (gradient = 0.005). The dielectric loss also indicates an almost 

flat curve until 350 °C (gradient = 0.0001), a shallow increasing slope up to 600 °C (gradient 

= 0.0008) and then a steep slope increasing up to 750 °C (gradient = 0.002) and further on, 
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a steeper slope increasing up to 950 °C (gradient = 0.005). This trend of dielectric properties 

of JSC-1A increasing with temperature matches well with the existing literature data 

available on dielectric properties of JSC-1A as presented in Figure 3-15 and Figure 3-16. 

 

 

Figure 3-14: Dielectric properties of JSC-1A with temperature measured at 2.47 GHz (in 

ambient condition) 

 

The data from Calla and Rathore (Calla and Rathore, 2012) indicates the complex dielectric 

constant of JSC-1A having bulk density 1.8 g/cm3 at 2.5 GHz for temperatures ranging from 

-190 ⁰C to 200 ⁰C in Earth’s atmospheric condition (Figure 3-15), while the data from Allan 

et al. (Allan et al., 2013) shows dielectric properties of JSC-1AC at a bulk density of 2.09 ± 

0.15 g/cm3 at 2.45 GHz as a function of temperature from room temperature to 1,100 ⁰C in 

argon environment (Figure 3-16). These properties were measured at every 50 ⁰C on heating 

up and at every 200 ⁰C on cooling. They used a high-temperature cavity perturbation 

technique.  
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Figure 3-15: Dielectric constant and loss factor of JSC-1A varying with the temperature at 

2.5 GHz measured in ambient condition (Calla and Rathore, 2012) 

 

 

Figure 3-16: Dielectric constant and loss factor of JSC-1AC as a function of temperature 

at 2.45 GHz measured in ultrahigh purity argon environment; dielectric loss curve shows 

data measured on heating and cooling. (Allan et al., 2013) 
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The trend of dielectric properties increase with temperature in Figure 3-14 is the same as the 

plots shown by Calla and Rathore (Calla and Rathore, 2012) (Figure 3-15) and Alan et al. 

(Allan et al., 2013) (Figure 3-16). However, there are some differences. Calla and Rathore 

(Calla and Rathore, 2012) tested the dielectric properties only up to 200 ⁰C, where the 

properties appear to be very close to the values found in this study.  

 

 

Figure 3-17: Loss tangent JSC-1A with the temperature at 2.47 GHz (in ambient 

condition) derived from data from Figure 3-14 

 

Figure 3-17 indicates the variation of loss tangent with the temperature of JSC-1A derived 

from the dielectric properties obtained at 2.47 GHz presented in Figure 3-14. Loss tangent, 

tan δ (= ε’’/ε’), is the ratio of dielectric loss to dielectric constant. Loss tangent is a direct 

indicator of the microwave absorption behaviour of the material and is used to compare the 

microwave absorption behaviour of different materials. Figure 3-17 indicates loss tangent 

increasing with temperature indicating enhanced microwave absorption in JSC-1A. 

Table 2-7 shows the existing literature data of loss tangent of JSC-1A from three references, 

updated with the loss tangent value of JSC-1A found in this study and is presented here in 

Table 3-3. 
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      Table 3-3: Loss tangent of JSC-1A in comparison to literature values at room temperature 

Samples Frequenc

y (GHz) 

Temperature Loss tangent 

JSC-1A (Calla and Rathore, 2012) 2.50 30 ⁰C 0.0581 

JSC-1AC (Allan et al., 2013) 2.45 25 ⁰C 0.0229 

JSC-1A (Ethridge and Kaukler, 2011b) 2.45 Room  

(actual value unspecified) 

0.0198 

JSC-1A (Figure 3-17) 2.47 20 ⁰C 0.0197  

 

Figure 2-12 is also now updated with the dielectric loss value of JSC-1A found in this study 

at 2.47 GHz and is shown below in Figure 3-18. 

 

 

Figure 3-18: Comparison of room temperature dielectric loss values of Barmatz lunar 

regolith (Barmatz et al., 2011), Olhoeft lunar regolith (Olhoeft and Strangway, 1975) with 

Calla and Rathore JSC-1A (Calla and Rathore, 2012), Allan et al JSC-1AC (Allan et al., 

2013), Ethridge and Kaukler JSC-1A (Ethridge and Kaukler, 2011b) and JSC-1A (Figure 

3-14) from this study 

 

The dielectric loss of JSC-1A from this study at 2.47 GHz is closer to the value measured 

by Ethridge and Kaukler (Ethridge and Kaukler, 2011b) for JSC-1A at 2.45 GHz. It is the 

closest in dielectric loss value to the lunar mare regolith values measured by Barmatz et al. 

(Barmatz et al., 2011) at 2.45 GHz in comparison to measurements by Calla and Rathore 

(Calla and Rathore, 2012) and Allan et al. (Allan et al., 2013). It indicates that the JSC-1A 
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lunar soil simulant chosen for this research resembles the lunar mare regolith in terms of its 

dielectric properties. Thus, the results of microwave heating behaviour of JSC-1A would 

more likely be representative of the behaviour of lunar mare regolith. 

 

3.4 The dielectric properties of NU-LHT-3M 

NU-LHT-3M was tested for its moisture content similarly to JSC-1A and for similar reasons 

as this could significantly affect the dielectric property measurements. 0.3 wt% of the sample 

was lost when nearly 1 g of NU-LHT-3M sample mass was heated for 22 hrs at 200 °C. The 

amount of NU-LHT-3M available for this project is only a few tens of grams; thus, it had to 

be used carefully. As moisture content appears to be less in NU-LHT-3M, it is also assumed 

to play an insignificant role in the dielectric properties obtained. The dielectric properties of 

NU-LHT-3M also do not show any remarkable change in the lower temperature range. 

The results shown below in Figure 3-19 are an average of three dielectric property tests 

carried out for NU-LHT-3M at a bulk density of 1.90 ± 0.002 g/cm3 from a temperature 

range of 20 °C to 950 °C where the properties are measured at every 50 °C. These are 

measured at five frequencies, 0.91, 1.429, 1.949, 2.47 and 2.989 GHz, one by one in the 

same run. 

 

Figure 3-19: Dielectric properties of NU-LHT-3M obtained at the UoN using cavity 

perturbation technique for five frequencies 
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The average and standard deviation plots were also plotted for each frequency’s dielectric 

constant and dielectric loss. For the dielectric constant for all frequencies, the standard 

deviation varies from the average in the range of 1.07 % to 4.98 %. For the dielectric loss 

for all frequencies, standard deviation varies from the average in the range of 0.51% to 

14.91 %. The dielectric properties of NU-LHT-3M increase with increasing temperature, 

which indicates the increased microwave absorption at higher temperatures for all five 

measured frequencies, as is the case of JSC-1A.  

 

3.4.1 Dielectric constant 

The dielectric constant of NU-LHT-3M increases with increasing temperature at all five 

frequencies, as indicated in Figure 3-20. This plot indicates a shallow increasing slope up to 

400 °C, then another shallower increasing slope changing up to 950 °C for all frequencies 

except for the one at 0.91 GHz. For example, the curve of 0.91 GHz, exhibits an increasing 

slope up to 400 °C, then a change of slope up to 750 °C followed by increasing slope change 

up to 950 °C.  

 

 

Figure 3-20: Dielectric constant of NU-LHT-3M obtained at the UoN using cavity 

perturbation technique for five frequencies 
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3.4.2 Dielectric loss 

The dielectric loss of NU-LHT-3M increases with increasing temperature at all five 

frequencies, as shown in Figure 3-21. The plot indicates that the dielectric loss values 

increase but are very low up to the temperature of 400 °C. Beyond 400 °C, there is a change 

of slope increasing in value up to 600 °C and steeply increase to 950 °C. 

However, it is well witnessed and presented in the results of JSC-1A that the data of five 

frequencies ran altogether in the cavity perturbation instrument presents the trend with a lack 

of absolute values at respective frequencies. Thus, NU-LHT-3M was run one more time in 

the cavity perturbation instrument in ambient conditions at a single frequency of 2.47 GHz. 

500 mg of NU-LHT-3M with a bulk density of 1.92 g/cm3 was tested. The result of this run 

is plotted in Figure 3-22. 

 

 

Figure 3-21: Dielectric loss of NU-LHT-3M obtained at the UoN using cavity perturbation 

technique for five frequencies 
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temperature to 200 ⁰C suggests this might be due to some adsorbed water on the NU-LHT-

3M particle surfaces, as also observed by Allan et al. (Allan et al., 2013). This data very well 

presents that, although the dielectric properties of NU-LHT-3M increase with temperature 

same as that of JSC-1A, these values are much lower than that of JSC-1A, indicating JSC-

1A to be a better absorber of microwave energy. 

 

 

Figure 3-22: Dielectric properties of NU-LHT-3M with temperature measured at 2.47 GHz 

(in ambient condition) 

 

Figure 3-23 indicates the variation of loss tangent with the temperature of NU-LHT-3M 

derived from the dielectric properties obtained at 2.47 GHz presented in Figure 3-22. It 

shows loss tangent increasing with temperature indicating enhanced microwave absorption 

in NU-LHT-3M as the temperature increases. 

 

0.0

0.1

0.2

0.3

0.4

0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 200 400 600 800 1000

D
ie

le
ct

ri
c 

Lo
ss

, ε
''

D
ie

le
ct

ri
c 

C
o

n
st

an
t,

 ε
'

Temperature (°C)

Dielectric Constant

Dielectric Loss

Dielectric Constant
(y-axis on the left)

Dielectric Loss
(y-axis on the right)



 66 

 

Figure 3-23: Loss tangent NU-LHT-3M with temperature at 2.47 GHz (in ambient 

condition) derived from data from Figure 3-22 

 

Table 3-4 shows the existing literature data of loss tangent of NU-LHT from Ethridge et al. 

mentioned in § 2.4.3.3 and is updated with the loss tangent value found in this study for NU-

LHT-3M. 

 

Table 3-4: Loss tangent of NU-LHT-3M in comparison to literature values at room 

temperature 

Samples Frequency (GHz) Temperature Loss tangent 

NU-LHT (Ethridge and Kaukler, 
2011b) 

2.45 Room 
(actual value 
unspecified) 

0.0063 

NU-LHT-3M (Figure 3-23) 2.45 20 ⁰C 0.0053 

 

Figure 2-13 is also now updated with the dielectric loss value of NU-LHT-3M found in this 

study at 2.47 GHz and is shown below in Figure 3-24. 
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Figure 3-24: Comparison of dielectric loss values of Barmatz lunar highland regolith 

(Barmatz et al., 2011), Ethridge et al NU-LHT (Ethridge and Kaukler, 2011b) with NU-

LHT-3M (Figure 3-22) from this study 

 

Similar to JSC-1A, the dielectric loss of NU-LHT-3M from this study at 2.47 GHz is closer 

to the value measured by Ethridge and Kaukler (Ethridge and Kaukler, 2011b) for NU-LHT 

at 2.45 GHz. In addition, it is close to the dielectric loss value of the lunar highland regolith 

values measured by Barmatz et al. (Barmatz et al., 2011) at 2.45 GHz. It indicates that the 

NU-LHT-3M lunar soil simulant chosen for this research resembles the lunar highland 

regolith in terms of its dielectric properties. Thus, the results of microwave heating behaviour 

of NU-LHT-3M would more likely represent the behaviour of lunar highland regolith. 

 

3.5 Analysis of the results 

 

3.5.1 Effect of temperature on JSC-1A and NU-LHT-3M 

The behaviour of dielectric properties that increase with temperature is typical of materials 

where their electrical conductivity increases with temperature, such as ceramics (Allan et al., 

2013). Alumina also shows a similar temperature dependence of dielectric properties as JSC-

1A and NU-LHT-3M, as shown in Figure 2-7. Goethite, a major mineralogical component 

of some ores (Pickles et al., 2005) and is a common weathering product derived from 
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numerous iron-bearing minerals in oxygenated environments, exhibits increasing dielectric 

properties with temperature (Pickles et al., 2005). According to Metaxas and Meredith 

(Metaxas and Meredith, 1983), for heterogeneous industrial materials having conducting 

phases dispersed in a non-conducting medium, between the frequency range of 10 MHz to 

3 GHz, primarily dipolar and Maxwell-Wagner are the two leading absorption mechanisms 

taking place. Conductivity losses due to the Maxwell-Wagner effect dominate over dipolar 

losses in the frequency range below 1 GHz. Thus, for frequencies below 1 GHz (0.91 GHz 

in this case), as the temperature increases, with the increase in conductivity losses, 

heterogeneous materials will have increased dielectric properties. For frequencies greater 

than 1 GHz (1.429 GHz, 1.949 GHz, 2.47 GHz and 2.989 GHz in this case), dipolar losses 

are more effective. However, their effect is reduced with temperature, and conductivity 

losses take over. Practically this should balance, and the dielectric losses should become 

constant with temperature as observed in many foodstuffs, containing an appreciable amount 

of water, for a temperature range between -20 °C to 60 °C (Metaxas and Meredith, 1983). 

However, in the case of JSC-1A and NU-LHT-3M, at 2.47 GHz (i.e. > 1 GHz), an increase 

in the dielectric properties with temperature indicates that the conductivity losses are 

significant at higher levels of temperatures.  

The above discussion indicates the probability of both dipolar and conductivity losses being 

active in both the lunar soil simulants underlining dipoles’ presence and conductive phases. 

At 2.47 GHz, at lower temperatures, dipolar losses appear to be responsible, and with an 

increase in temperature, the increasing effects of conductivity losses appear to be the reason 

for the rise in the dielectric properties.  

Figure 2-8 and  Figure 2-9 have now been updated with the dielectric properties of JSC-1A 

and NU-LHT-3M shown in Figure 3-25 and Figure 3-26. 

Figure 3-25 shows basalt having the highest dielectric constant values, followed by granite, 

JSC-1A and NU-LHT-3M. However, in between 700 – 750 °C, the values of JSC-1A takes 

over and becomes higher than granite. A similar trend is observed in the dielectric loss values 

(Figure 3-26), wherein, basalt initially has higher values than the other three. However, in 

between 700 – 750 °C, JSC-1A takes over and increases in its dielectric loss values. Granite 

and NU-LHT-3M follow after that, respectively. This comparative data analysis indicates 

JSC-1A and basalt to be better absorbers, followed by granite and NU-LHT-3M, respectively. 

However, it is valid to re-specify (already mentioned in § 2.4.3.1 for basalt and granite) that 

the densities of these four samples are different to each other. The densities of basalt and 

granite are true densities because the samples assessed here are rocks and that of JSC-1A 

and NU-LHT-3M are bulk densities as these are powder samples. It is also observed in 
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Figure 3-26 that both basalt and granite rock samples have a hump: at 100 C and 600 C 

for basalt and at 700 C for granite. Hartlieb et al. reported that thermogravimetry (TG) 

analysis of basalt demonstrates a significant loss of mass at around 100 C, most likely due 

to loss of water at this temperature (Hartlieb et al., 2016). A further significant mass loss was 

evident between temperatures of 500 and 800 C. This loss of mass of around 2.5 % of its 

initial mass is attributed to the liberation of pore water or water-bearing mineral-phases due 

to heating (Hartlieb et al., 2016). Thus, the changes in the dielectric loss of basalt at the 

respective temperatures are due to the presence of water and water-bearing minerals in it. 

However, no such mass change was observed in granite. However, the author assumes 

changes in dielectric loss at temperatures around 700-800 C in granite is probably due to 

the changes occurring in the feldspar mineral at those temperatures present in it (Philipp 

Hartlieb 2022, personal communication, 27 July). A study conducted by Qin et al. also 

supports such changes at high temperature in granite rocks. It reports that the microscopic 

minerals of granite rock undergo oxidation of dark minerals (consisting of Fe2+) and 

recrystallisation of feldspar minerals at high temperatures (Qin et al., 2020). However, it 

needs further investigation to relate whether these changes in granite affect its dielectric 

properties. 

The dielectric properties data changing with temperature up to 1000 C of basalt and granite 

rock samples are the closest data found on dielectric properties of terrestrial samples which 

can be compared with data of lunar soil simulants which are also terrestrial in nature. The 

prime reason to consider terrestrial rock samples to compare with lunar soil simulant powder 

samples (also terrestrial in nature) was to highlight the similarities or differences in their 

dielectric properties changing with temperature. However, in the future work, dielectric 

properties changing with temperature of powdered basalt and granite samples should be 

studied to draw out differences or similarities.  
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Figure 3-25: Dielectric constant of JSC- 1A and NU-HT-3M at 2.47 GHz (in ambient 

condition) compared with that of basalt and granite at 2.45 GHZ (Hartlieb et al., 2016)  

with temperature (in ambient condition)  

 

 

Figure 3-26: Dielectric loss of JSC- 1A and NU-HT-3M at 2.47 GHz (in ambient 

condition) compared with that of basalt and granite at 2.45 GHZ (Hartlieb et al., 2016) 

with temperature (in ambient condition) 
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The next step is to understand the thermal transformations undergoing in the lunar soil 

simulants that might cause an increase in conductivity losses with temperature. It will be 

relevant to study the high-temperature changes occurring at the microstructure level of JSC-

1A to deduce the possible reasons for the increase of dielectric properties with temperature. 

Chapter 4 looks into this in detail. 

 

3.5.1.1 Thermal Runaway Effect 

As a result of a positive slope of the dielectric loss vs temperature, microwave heating 

applications experience the ‘thermal runaway effect’ (Metaxas and Meredith, 1983). At a 

given temperature, a material has a dielectric loss value, which causes it to absorb the 

microwave energy bringing a rise in the temperature of the material. This temperature rise 

causes the dielectric loss to increase, resulting in a further temperature rise, and so on.  The 

result is an uncontrolled rise in temperature, the ‘thermal runaway effect’ (Kenkre et al., 

1991), which causes an uneven temperature distribution within the material. Both lunar soil 

simulants show the positive slope of dielectric loss with a temperature above 600 °C, 

indicating a thermal runaway effect. A recent simulation of the microwave heating behaviour 

of lunar regolith also showed that the temperature between 600 and 700 °C was a threshold 

of thermal runaway effect (Lim and Anand, 2019). Nylon 66 is also a good example of the 

thermal runaway effect as its dielectric properties increase with temperature at 3 GHz 

(Metaxas and Meredith, 1983).  

 

3.5.2 Effect of Mineral Composition 

JSC-1A appears to be a better absorber of microwave energy than NU-LHT-3M. The 

dielectric property values of both the simulants are summarised in Table 3-5, indicating the 

differences in their values. 

 

Table 3-5: Dielectric property values of JSC-1A and NU-LHT-3M at 2.47 GHz 

Lunar Soil Simulants Dielectric Constant, ε’ Dielectric Loss, ε’’ Loss Tangent,  
tan δ 

At 20 °C At 950 °C At 20 °C At 950 °C At 20 °C At 950 °C 

JSC-1A 4.30 6.56 0.085 1.390 0.0197 0.2123 

NU-LHT-3M 3.80 4.43 0.020 0.170 0.0053 0.0382 

 

Table 3-5 shows that JSC-1A has a loss tangent 11 times greater at 950 °C than at 20 °C. 

NU-LHT-3M has a loss tangent 7 times greater at 950 °C than at 20 °C. In comparison, JSC-

1A has a loss tangent 4 times greater than NU-LHT-3M at 20 °C.  
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As previously mentioned in § 2.4.3.2, changes in the mineral composition can significantly 

influence the dielectric properties of the material. JSC-1A is a lunar soil simulant 

representing low-titanium mare region and NU-LHT-3M represents the highland region. The 

melting temperature of JSC-1A  is 1,100-1,125 °C (Orbital Technologies Corporation, 2005)  

and that of NU-LHT-3M is 1,200–1,300 °C (Zybek Advanced Products, 2013). Table 3-6 

shows major and minor mineral phases in JSC-1A and NU-LHT-3M. The phases in 

percentage for JSC-1A are mentioned in Table 3-6, but such data is not available for NU-

LHT-3M. The chemical composition of each major mineral phase in both the simulants is 

presented in Table 3-7. Thus, the comparison was conducted based on the mineral phases 

present in both the simulants (Table 3-6) and the chemical composition (Table 3-7). From 

the available chemical composition of both the simulants (Table 3-7), the elemental 

composition can indicate the influence of certain elements on their microwave absorption.  

All the mineral phases in both lunar soil simulants will not vary distinctly from one another 

as they are essentially crushed terrestrial rocks sharing similar features (Taylor, 2010, 

Stoeser et al., 2011). However, although materials can compromise a similar group of 

minerals, they can vary in their composition. The major mineral phases, such as glass, 

plagioclase feldspar, olivine, and pyroxene are present in both the simulants but can vary in 

their compositions. For example, glass in JSC-1A has a good amount of iron represented as 

12.1% of FeO (total Fe is Fe2+) (Hill et al., 2007), but the glass in NU-LHT-3M may have a 

different composition which can alter their microwave absorption behaviour. Thus, it 

becomes necessary to know the chemical composition of each mineral phase in JSC-1A and 

NU-LHT-3M to compare them directly. 

The mineral composition data for JSC-1A is listed from two separate references in Table 3-6. 

Cesaretti et al. (Cesaretti et al., 2014) identified pyroxene, olivine and plagioclase as major 

crystalline phases in JSC-1A, whereas Hill et al. (Hill et al., 2007) mentioned plagioclase 

and olivine only to be the major crystalline phases. Thus, JSC-1A presents plagioclase 

feldspar (aluminosilicates of Ca and Na, NaAlSi3O8 or CaAl2Si2O8), olivine (silicates of Fe 

and Mg, Mg2SiO4 - Forsterite or Fe2SiO4 - Fayalite) and pyroxene (silicates containing Ca, 

Fe and Mg, (CaMgFe)2Si2O6 or (MgFe)2Si2O6 as major phases, compared to calcium-rich 

plagioclase (aluminosilicates of Ca, CaAl2Si2O8), orthopyroxene (ranging from Mg2Si2O6 to 

Fe2Si2O6) and clinopyroxene (Ca1(Mg+Fe)1Si2O6 in NU-LHT-3M. Ṭhe -2Ṁ version of the 

ṆŪ-L̥ḤṬ series is 65%  crystalline, 30%  agglutinates and 5%  ‘good’ glass (Stoeser et al., 

2011, Cannon, 2021c). Ṭhe -3Ṁ version has the same composition as the -2Ṁ version except 

the agglutinates (Cannon, 2021c) 
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Minerals such as feldspar and quartz are known to be weak absorbers of microwave at 2.45 

GHz (McGill et al., 1995, Hartlieb et al., 2016) in contrast to minerals such as magnetite 

(McGill et al., 1995) and pyroxene (Hartlieb et al., 2016) which are known to be strong 

absorbers of microwave at 2.45 GHz. Magnetite (Fe3O4), especially, is considered a very 

strong absorber at 2.45 GHz, heating very rapidly in a short time at power levels of 500 W 

to 3 kW (McGill et al., 1995). JSC-1A has a trace amount of Ti-magnetite, which might be 

helping in absorbing the microwave well. Feldspar in major and quartz in a trace amount is 

present in both JSC-1A and NU-LHT-3M, which probably do not contribute to microwave 

heating. However, it will be beneficial to gain the vol% of all these phases in both the 

simulants for analysing each mineral phase’s effect on microwave absorption. Nevertheless, 

Table 3-6 is representative of JSC-1A containing more iron-bearing minerals than NU-LHT-

3M. The elemental/chemical composition also indicates higher Fe in JSC-1A and higher Al 

in NU-LHT-3M in Table 3-7. 

 

Table 3-6: Mineral composition of JSC-1A and NU-LHT-3M 

JSC-1A NU-LHT-3M 

(Zybek Advanced Products, 
2013) 

(Hill et al., 2007) (Cesaretti et al., 2014) 

Major Mineral Phases 

Glass (49.3 vol%) Glass Glass 

Plagioclase Feldspar (38.8 
vol%) 

Plagioclase Feldspar Calcium Plagioclase 

Olivine (9 vol%)  Olivine (Forsterite) - 

- Pyroxene (Diopside) Orthopyroxene 

  Clinopyroxene 

Minor/Trace Mineral Phases 

Ti-Magnetite Calcite Ilmenite 

Cr-spinel Micas β-Tricalcium Phosphate 

Quartz Serpentine talc Quartz 

Clinopyroxene Clay minerals Pyrite 

Apatite - Fluor-apatite 
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Table 3-7: Chemical composition of JSC-1A and NU-LHT-3M 

Major Element Composition Percentage by weight (wt%) 

JSC-1A (Orbital Technologies 
Corporation, 2005) 

NU-LHT-3M (Zybek 
Advanced Products, 2013) 

Silicon dioxide (SiO2) 46-49 46.7 

Titanium dioxide (TiO2) 1-2 0.41 

Aluminium oxide (Al2O3) 14.5 – 15.5 24.4 

Ferric oxide (Fe2O3) 3-4 4.16 

Iron oxide (FeO) 7 – 7.5  

Magnesium oxide (MgO) 8.5 – 9.5  7.9 

Calcium oxide (CaO) 10 – 11  13.6 

Sodium oxide (Na2O)   2.5 – 3 1.26 

Potassium oxide (K2O) 0.75 – 0.85  0.08 

Manganese oxide (MnO) 0.15 – 0.20  0.07 

Diphosphorus pentoxide (P2O5)  0.6 – 0.7  0.15 

Chromium III Oxide (Cr2O3) 0.02 – 0.06 ------ 

 

Some of the chemical compounds exhibit better microwave absorption at high power levels. 

For example, at 2.45 GHz, TiO2 is a very weak absorber of microwave radiation up to 1 kW 

power, but at 2.5 kW and 3 kW, it exhibits excellent microwave absorption (McGill et al., 

1995). Similarly, Al2O3, which is not a good absorber at power levels up to 1 kW, starts 

exhibiting excellent microwave absorption behaviour at 2.5 and 3 kW (McGill et al., 1995). 

Fe2O3 is also a poor absorber of microwave at power levels between 500 W to 2.5 kW, but 

at 3 kW, it exhibits an exponential increase in absorption (McGill et al., 1995). Thus, this 

information infers that JSC-1A and NU-LHT-3M containing TiO2, Al2O3 and Fe2O3 will 

exhibit better absorption of 2.45 GHz microwave radiation at power levels higher than 1 kW 

(up to 3 kW). However, the chemical compounds in Table 3-7 represent the chemistry and 

do not represent the actual minerals or phases. Thus, the microwave absorption behaviour of 

minerals in these simulants will help accurately predict their behaviour at 2.45 GHz. 

 

3.6 Summary 

Dielectric properties of JSC-1A and NU-LHT-3M are temperature-dependent and increase 

with increasing temperature. The data collected in this chapter presents the variation of 

dielectric properties with temperature for both simulants (Figure 3-14 and Figure 3-22) at 

2.47 GHz frequency, ranging from ambient temperature to 950 °C at intervals of 50 °C. The 
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measurements are taken in ambient conditions using a cavity perturbation technique. The 

similarity of dielectric properties of both the simulant with respective lunar soil at room 

temperature makes these two simulants an excellent candidate to represent the microwave 

heating behaviour of lunar regolith.  

The increasing dielectric properties with temperature for both simulants are also observed at 

four other frequencies, 0.91 GHz, 1.429 GHz, 1.949 GHz and 2.989 GHz. However, separate 

measurements at each frequency are required to analyse the effect of frequency on dielectric 

properties. For both the simulants, at 2.45 GHz, dipolar and Maxwell-Wagner are the two 

leading absorption mechanisms taking place. With the increase in temperature, a significant 

increase in conductivity losses due to the Maxwell-Wagner are held responsible for 

increasing dielectric properties. 

Furthermore, the effect of the mineral composition is deduced by analysing the chemical 

composition of JSC-1A and NU-LHT-3M. The analysis dictates that JSC-1A having a higher 

quantity of Fe, presents higher microwave absorptive properties, whereas NU-LHT-3M 

containing higher Al demonstrates lower microwave absorptive properties at given 

frequencies. Also, it is estimated that at higher power levels, both the lunar soil simulants 

will tend to absorb better and heat faster by direct microwave heating at 2.45 GHz, based on 

their chemical composition.  

The following chapter studies and discusses the changes occurring at the microstructure level 

in JSC-1A with increasing temperature to understand the possible reasons for increased 

dielectric properties at high temperatures. 
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Chapter 4 

Studies on high-temperature processing of JSC-1A 

In Chapter 3, the dielectric properties of LSS (lunar soil simulants) show an exponential 

increase with the temperature, indicating that the changes in the material due to the rising 

temperature are of high importance. The changes at the microstructure level in the LSS may 

suggest the reasons behind the changes in its dielectric properties with temperature. Thus, 

this chapter studies the microstructural changes occurring in JSC-1A and NU-LHT-3M 

under high-temperature conditions with the help of thermal analysis, X-ray diffraction 

(XRD), and scanning electron microscopy (SEM) including energy-dispersive X-ray 

spectroscopy (EDS). While JSC-1A was studied extensively, NU-LHT-3M was tested using 

fewer analytical methods as it was only available in a very small quantity.  

 

4.1 Simultaneous Thermal Analyzer (STA) analysis of LSS 

4.1.1 Method 

In separate measurements, Simultaneous Thermal Analyzer (STA) analysis of JSC-1A 

involved heating 51 mg of JSC-1A powder and 47 mg of NU-LHT-3M powder in the 

Rheometric Scientific STA1500 instrument stationed at The Open University. STA 

simultaneously performs the thermogravimetric analysis (TGA) and the differential 

scanning calorimetry (DSC). TGA measures changes in the mass of the sample with 

temperature, and DSC examines heat flow in the sample as a function of temperature. The 

following results for JSC-1A were obtained in an inert nitrogen environment, maintained by 

a constant flow of nitrogen gas (50 mL/min).  The tests were carried out in platinum crucibles. 

Two platinum crucibles, one filled with the sample and an empty reference crucible, were 

simultaneously heated to 1,200 °C at a rate of 10 °C/min, followed by then being cooled 

down at a rate of 10 °C/min. Though the upper operating temperature of the instrument is 

1,500 °C, the maximum working temperature (for this old instrument) is 1,200 °C. The STA 

measurements for both LSS were carried out three times to ensure the repeatability of the 

result. 
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4.1.2 Differential Scanning Calorimetry (DSC) results  

4.1.2.1 JSC-1A 

JSC-1A is a semi-crystalline material that contains amorphous and crystalline phases 

(Meurisse et al., 2017, Ray et al., 2010, Hill et al., 2007). As a function of temperature, the 

heat flow within a sample indicates the thermal transitions occurring in it. Figure 4-1 shows 

the heat flow (measured in mW) vs temperature curves for JSC-1A for a heating and cooling 

cycle. The ‘Exo up’ in the y-axis title indicates that the curve rising in the plot denotes an 

exothermic reaction and going down denotes an endothermic reaction. The glass transition 

(Tg), crystallisation while heating (Tc) and melting point (Tm) of JSC-1A obtained in this 

technique is shown and compared with the data from two papers in Table 4-1.  

 

 

Figure 4-1: Heat flow plot for heating and cooling of JSC-1A 

 

An endothermic reaction (heat absorbing reaction) known as the glass transition occurs at 

Tg: 615 °C. Above Tg, the sample’s glass (amorphous phase) transitions from a brittle state 

into softer and more mobile state. The change in heat flow that occurs at the glass transition 

takes place over a temperature range; that is why usually, the middle of the inclining slope 

is taken as the glass transition temperature, Tg (USM, 2021). Crystallisation, an exothermic 

reaction, occurs at Tc: 837 °C (heat-releasing reaction) when the mobility of molecules in 
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the sample is sufficient to allow rearrangement into ordered (crystalline) phases while 

heating beyond the glass transition. With the further addition of heat, the sample reaches its 

melting point. The melting of the sample is an endothermic reaction that occurs at around 

1,183 °C, though the onset of melting is around 1,100 °C. The shape of the heat flow curve 

around the melting point (melting curve) can determine the type of material. The melting 

curve in Figure 4-2c resembles the melting curve of JSC-1A in Figure 4-1. It supports the 

evidence that the sample is a semi-crystalline material (USERCOM11, 2000) which is also 

indicated by the presence of Tg, Tc, and Tm in the heat flow curve. While cooling the sample 

back from 1,200 °C to room temperature, an exothermic peak is observed at around 1,070 °C. 

This peak appears to be a crystallisation event occurring ‘while cooling’ the melted sample 

referred to as 𝑇𝑐
´. Though the peak area of this exothermic event is not the same as melting, 

but it (peak at 1,070 °C) is observed within the difference of 20 °C of start of the melting 

(1,050 °C) for JSC-1A. This observation confirms this peak to be the crystallisation peak 𝑇𝑐
´ 

(USERCOM11, 2000).  

 

 

Figure 4-2: Melting processes. a: a nonpolymeric pure substance; b: a sample with a 

eutectic impurity; c: a partially crystalline polymer; d and e: melting with decomposition; 

f: a liquid crystal (USERCOM11, 2000) 
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The Tg, Tc and Tm of JSC-1A from this research match closely with the literature data of JSC-

1A (Table 4-1). The melting point of JSC-1A given by its manufacturer’s material safety 

data sheet (MSDS) is 1,100 – 1,125 °C (Orbital Technologies Corporation, 2005). However, 

by the in-house STA, Tm for JSC-1A is slightly higher (1,183 °C) than the value given in the 

literature, as shown in Table 4-1. One plausible explanation for the difference in Tm could 

be the variation in the composition of different batches or samples of JSC-1A (highlighted 

in Figure 4-10), which can affect the melting point. 

As the lunar soil simulants used in this research are multi-mineral materials with differently 

sized particles, it has been a practice to stir/mix the main feedstock of the simulant to collect 

samples for each analysis and experiment carried out here. The microwave heating is 

susceptible to the mineral composition as each mineral can have varying degree of 

absorption and thus their quantity in a sample can vary the microwave heating behaviour of 

the total sample. Thus, it has been attempted to keep all the samples as homogeneous and 

representative of the main reservoir as possible. 

 

4.1.2.2 NU-LHT-3M 

The heat flow with temperature curve for NU-LHT-3M is shown in Figure 4-3. This test was 

also run up to 1,200 °C as this is the working temperature till where the STA is calibrated. 

However, the melting point of NU-LHT-3M as per its MSDS is 1,200 – 1,300 °C (Zybek 

Advanced Products, 2013). Thus, although the sample appears to dip at 1,180 °C and then 

rise in Figure 4-3, it is necessary to go beyond 1,200 °C to see the complete melting profile 

of NU-LHT-3M for better estimation of its melting point. 

The DSC result determines Tg at 700 °C for NU-LHT-3M, as seen in Figure 4-3. The heat 

flow slope is certainly very gentle, between 650 to 750 °C. However, it is considered to be 

occurring due to glass transition because of the supporting argument of the presence of glass 

composition in NU-LHT-3M (Stoeser et al., 2011, Cannon, 2021c, Zybek Advanced 

Products, 2013). Thus, NU-LHT-3M, similar to JSC-1A, is a semi-crystalline material with 

Tg at 700 °C, Tc at 914 °C and Tm  1,180 °C. However, the percentage of glass components 

in NU-LHT-3M (Stoeser et al., 2011, Cannon, 2021c) is lesser than that in JSC-1A (Hill et 

al., 2007, Cannon, 2021b). This result is in good match with the literature apart from a group 

of researchers (Engelschiøn et al., 2020) who analysed NU-LHT-3M using DSC 

measurements and found it to be a fully crystallised material with a Tm between 1,217 – 

1,250 °C (Table 4-1). According to Figure 4-2c, the shape of the melting curve of NU-LHT-
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3M also shows it to be a semi-crystalline material having both amorphous and crystalline 

phases (USERCOM11, 2000).  

However, the striking difference from JSC-1A is the absence of an exothermic peak on the 

cooling curve for NU-LHT-3M. It indicates that the sample does not crystallise upon cooling 

and merely quenches into glass. However, as the melting appears not complete for NU-LHT-

3M in the given plot, the melting point and the cooling curve remain inconclusive for NU-

LHT-3M. Table 4-1 shows NU-LHT-3M data in comparison to JSC-1A. 

 

Figure 4-3: Heat flow plot for heating and cooling of NU-LHT-3M 

 

Table 4-1: DSC data of JSC-1A and NU-LHT-3M in comparison to literature data 

Sample Name Tg Tc Tm 

JSC-1A (Ray et al., 2010) 670 °C 880 °C 1120 °C 

JSC-1A (Meurisse et al., 2017) 620 °C 800 °C 1120 °C 

JSC-1A (Orbital Technologies Corporation, 2005) - - 1100 – 1125 °C 

JSC-1A (this research) 615 °C 837 °C 1183 °C 

NU-LHT-3M (Engelschiøn et al., 2020) - - 1217 – 1250 °C 

NU-LHT-3M (Zybek Advanced Products, 2013) - - 1200 – 1300 °C 

NU-LHT-3M (this research) 700 °C 914 °C  1180 °C 
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4.1.3 Thermogravimetric (TG) results  

4.1.3.1 JSC-1A 

The thermogravimetric analysis of JSC-1A did not indicate any considerable loss of mass 

upon heating, suggesting the absence of any volatile content in it (Figure 4-4). However, it 

did show the mass of JSC-1A increasing after 600 °C. The total increase in mass is around 

0.5 %. Ray et al. and Goulas et al. describe a similar observation. JSC-1A gains a net mass 

of about 1.0 % (Ray et al., 2010) and 0.8% (Goulas et al., 2016) in their TG analysis. Both 

the authors explain the reason for mass gain to be the oxidation reaction of iron oxide 

compounds (Goulas et al., 2016, Ray et al., 2010). Fe3+ ions exist in an oxygen-rich 

environment (that is why lunar soil has only Fe2+ ions). In the presence of oxygen, Fe2+ ions 

would attempt to move to the higher oxidation state of Fe3+. Thus, Ray et al. concluded that 

JSC-1A does not contain any volatiles and does not undergo any phase transformation, 

which can cause the change of mass with temperature (Ray et al., 2010).  

 

 

Figure 4-4: TG analysis of JSC-1A 

 

However, the analysis is conducted in dry nitrogen gas (Ray et al., 2010) and argon inert gas 

(Goulas et al., 2016)environment; thus, the oxygen in the system is not applicable and is not 

explained by the authors. 
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The TG tests for this research were also carried out in a nitrogen gas environment in the STA 

instrument. The results show a 0.5 % increase in the mass upon heating. To identify a trace 

of oxygen in the system, calcium oxalate monohydrate, CaC2O4.H2O (PubChem, 2021), was 

run as a test sample. The calcium oxalate decomposes at around 450oC, generating carbon 

monoxide, which subsequently combusts. An exotherm at this temperature thus indicates the 

presence of oxygen in the system. In the test runs, a small exotherm was visible, suggesting 

the presence of trace of oxygen, and this supports the hypothesis that the 0.5 % increase in 

the mass in JSC-1A is due to the oxygen in the system. This was further re-affirmed by the 

TG analysis of NU-LHT-3M shown below. A definite way of avoiding oxygen leakage into 

the system was not achieved in the given time frame. 

 

4.1.3.2 NU-LHT-3M 

Unlike JSC-1A, NU-LHT-3M does not show any mass increase or considerable decrease 

with temperature, as seen in Figure 4-5. As per the MSDS of NU-LHT-3M, it contains only 

Fe3+ ions in the form of Fe2O3. Thus, there are no Fe2+ ions present to oxidise; thus, even if 

the oxygen is present in the system, hence there is no mass gain in the sample. This confirms 

that the presence of oxygen could be the main reason for the mass increase in JSC-1A. 

 

Figure 4-5: TG analysis of NU-LHT-3M 
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It is evident from Table 4-1 that there are differences in the thermal transition characteristics 

between JSC-1A and NU-LHT-3M due to their compositional differences, which leads to a 

difference in their dielectric properties. 

 

4.2 X-ray diffraction (XRD) analysis of JSC-1A at The Open University 

 

4.2.1 Method 

4.2.1.1 X-ray diffraction (XRD) set-up 

XRD analysis of non-heated (pre-treated) NU-LHT-3M powder, pre-treated JSC-1A powder 

and JSC-1A heated from 200 (Test a) to 1,100 °C (Test h) were carried out in Siemens D5000 

instrument with a Long Fine Focus (LFF) copper X-ray tube (Cu Kα radiation, λ = 1.54506 

Å) energised at 40 kV and 40 mA. The amount of sample used for each run is around 1~1.5 

g. The range of the 2theta angle is 5 to 120 degrees, and the step increment is 0.02 with the 

scan speed of 3 s and the sample holder at a rotation of 15 degrees. This technique helped 

identify the different mineral phases present in JSC-1A and how that signature changes with 

temperature, which could potentially answer the increase in the microwave absorption 

behaviour of JSC-1A with temperature. XRD irradiates the sample material with incident X-

rays and measures the intensities and scattering angles of the X-rays that leave the sample.  

Using the diffractogram, it is also possible to identify the crystal phases. There are two 

methods used in this research for identifying the crystal phases in JSC-1A. 

1. A database taken from the ‘D8 Advance’ XRD instrument at DLR was used to 

manually identify the peaks of abundant mineral phases in the diffractogram.  

2. Secondly, Crystal Impact MATCH software was used to identify the crystal phases 

in all the JSC-1A samples. MATCH has a database comprising various minerals. It 

does not have the same minerals present in JSC-1A; however, it lists the mineral 

group; thus, it essentially enables approximate identification of the newly formed 

crystal phases at higher temperatures after the crystallisation point in JSC-1A.  

 

4.2.1.2 Experimental set-up of conventional furnace to heat JSC-1A 

To study the high-temperature processing of JSC-1A, a convection oven was used to heat 20 

g of JSC-1A at different temperatures: 200 °C (Test a), 400 °C (Test b), 600 °C (Test c), 

800 °C (Test d), 950 °C (Test e), 1,000 °C (Test f), 1,050 °C (Test g), 1,100 °C (Test h) and 
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1,150 °C (Test i). The maximum temperature limit for the oven was 1,200 °C. Thus 1,150 °C 

was the last temperature used. The dielectric properties of JSC-1A were increased noticeably 

after 600 °C and after around 800 °C (Figure 3-14). The STA data supports this and shows 

two important temperatures (Tg and Tc) occurring between 600 to 700 °C and 800 to 900 °C. 

Due to these observations, temperatures selected for heating JSC-1A were taken at a 

difference of 200 °C up to 800 °C. The dielectric properties were measured only to 950 °C, 

which saw a steep increase near this temperature. Thus, the temperatures beyond 950 °C 

were chosen to be at a difference of 50 °C to be closely monitored up to 1150 °C.  

20 g of JSC-1A powder was put in a porcelain crucible. A thermocouple was attached to the 

crucible bottom in the oven to measure the crucible temperature accurately. The crucible 

with the powder in it was put in the oven. The oven was then heated up to the maximum 

temperature, stayed at that temperature for two hours, and then switched off to cool down 

back to room temperature before taking out the crucible (with the sample in it).   

All the heated samples came out as powders except the one at 1,150 °C, a hard block, as seen 

in Figure 4-6. Visually, it did not appear as a glassy melt; however, the powder was solidified 

evenly in the shape of the crucible (Figure 4-6b). The white powdery material stuck on the 

top surface of the sample has fallen from the ceramic lining inside the convection oven due 

to the relatively small cavity.  

 

 

Figure 4-6: JSC-1A heat-treated (a) at 1,150 °C in porcelain crucible, (b) taken out of the 

crucible, and (c) its cross-section 

 

After heating at different temperatures, all samples were tested using X-ray diffraction 

(XRD), as explained below. The same samples were then tested for Scanning Electron 

Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) as explained in § 4.4.1. 
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4.2.2 XRD results 

4.2.2.1 Pre-treated JSC-1A and NU-LHT-3M 

The diffractogram of pre-treated JSC-1A and NU-LHT-3M showed both the LSS to have 

amorphous and crystalline phases, as shown in Figure 4-8 and Figure 4-9. As per a paper on 

AMORPH (Rowe and Brewer, 2018), the wide component (the broad hump) indicated in 

Figure 4-7 in the X-ray diffractogram for basalt indicates the amorphous content in it.  

 

 

Figure 4-7: Powder X-ray diffraction results for a basalt standard with 70% amorphous 

material. Annotation corresponds to the model components: background, amorphous 

(wide) component, and crystalline component (narrow peaks) (Rowe and Brewer, 2018) 

 

Thus, the broad hump in the lower 2θ angles (between 20 – 40) in JSC-1A and NU-LHT-

3M also indicate the presence of an amorphous phase, as shown in Figures 4-8 and 4-9. It is 

noticeably more pronounced in JSC-1A than NU-LHT-3M because one of the peaks of NU-

LHT-3M is very high in intensity, making the hump less apparent. This is represented by 

inserting an inset in Figures 4-8 and 4-9, which closely shows the low 2θ humps. This result 

is as expected, given that the MSDS of both the LSS indicates glass as a major component 

along with major mineral phases (Orbital Technologies Corporation, 2005, Zybek Advanced 
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Products, 2013). This result is also in line with the STA results indicating both simulants to 

be semi-crystalline materials.  

 

 

Figure 4-8: X-ray diffractogram of pre-treated JSC-1A 
 

 

Figure 4-9: X-ray diffractogram of pre-treated NU-LHT-3M 
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Three separate diffractograms were recorded for the pre-treated JSC-1A and NU-LHT-3M 

samples. As shown in Figure 4-10, it was observed that all three XRD patterns of a given 

powder sample had peaks at the same 2θ angles, but the intensity varied, indicating the 

inhomogeneity in the LSS suggested by Table 4-1.  

 

 

Figure 4-10: XRD patterns of three repeat tests of (a) JSC-1A and (b) NU-LHT-3M 
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4.2.2.2 JSC-1A heat-treated from 200 to 1150 °C 

Due to the limited availability of NU-LHT-3M, it was not heated in the furnace at different 

temperatures to be analysed using XRD. It is only JSC-1A that is analysed at high 

temperatures. 

All JSC-1A samples heated at different temperatures from 200 to 1,100 °C came out as a 

powder, indicating no melting until 1,100 °C in JSC-1A. However, the sample at 1,150 °C 

became a solid compact material, as shown in Figure 4-6, although it was understood that 

the sample was not totally melted or even partially melted based on the below observations:  

(a) the sample does not appear to have any black glassy shiny looking areas, which 

indicates glass formation after sudden cooling from the melt, when seen in its cross-

section (Figure 4-6c). However, this could be verified by making a thin section and 

visualizing it in a petrologic microscope in the future work, and  

(b) the sample volume has not been changed after heating. Due to gravity, the melt 

should have settled downwards, making the bottom heavier and resulting in a 

noticeable volume change; however, such a formation is also not visible.  

Based on the above observations, it appears the sample was not totally or partially melted 

but has instead sintered. Sintering can occur in two ways, in the absence (solid-state sintering) 

and the presence of a liquid phase (Moya et al., 2003, Powder Metallurgy Review). Solid-

state sintering happens when the material is subjected to a temperature below the melting 

point of any constituent phases present in it (Moya et al., 2003). In the case of liquid-phase 

melting, one of the constituent melts at the sintering temperature, and it helps to bind with 

the other constituents with higher melting temperatures. As per the literature data, the 

primary constituent phases of JSC-1A have higher melting temperatures than that of JSC-

1A (1,183 °C). It has basaltic volcanic glass, plagioclase feldspar (rich in Ca), olivine and 

pyroxene as significant phases, which have a melting point up to 1,200 °C (Juan Antonio, 

2018), 1,500 °C (Brooklyn College, 2021), 1,800 °C (Brooklyn College, 2021) and 1,400 °C 

(Brooklyn College, 2021), respectively. Based on this, the sample heated at 1150 °C appears 

to have undergone solid-state sintering. However, the melting points listed for the major 

phases in JSC-1A are for the mineral group, and it might be slightly different for the actual 

phase in JSC-1A. Thus, the sample having undergone solid-state sintering is based on the 

available information, but only a detailed analysis of the individual phases can confirm this.  
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4.2.3 Phase identification in the XRD diffractogram 

4.2.3.1 Phase identification using a database  

Figure 4-11 shows the acquired diffractogram in this research for pre-treated JSC-1A powder 

and those heated from 200 to 1,100 °C using the company’s XRD instrument ‘D8 Advance’ 

database Bruker AXS, Karlsruhe, Germany stationed at DLR. It identifies plagioclase, 

pyroxene, and olivine as significant phases in the pre-treated JSC-1A sample, which is also 

observed by Ray et al. in the XRD pattern of JSC-1A (Ray et al., 2010). 

This database has identified new phases appearing from 800 °C onwards. For some peaks, 

the differentiation between two mineral phases was difficult as they had very close 2theta 

angles; thus, such peaks have been designated with both of those phases. The new phases 

that could be identified were pyroxene, haematite and magnetite, as shown in Figure 4-11. 

A few new phases were also identified as olivine peaks. 

 

 

Figure 4-11: X-ray diffractogram of JSC-1A heated from 200 to 1,100 °C with phase 

identification manually using the database from the XRD instrument ‘D8 Advance’ by 

company Bruker AXS, Karlsruhe, Germany 
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4.2.3.2 Phase identification by MATCH software 

The MATCH software identified phases including plagioclase, pyroxene, and olivine in the 

different samples of JSC-1A (Table 4-2). Titanomagnetite is also present in all except the 

one heated at 1,100 °C. The new phases that appear are identified as haematite-proto from 

800 °C and above and magnetite in 1,000 °C and 1,100 °C.  

 

Table 4-2: Phase (wt%) percentages identified by MATCH software in pre-treated JSC-1A and 

those heated from 200 to 1,100 °C 

Minerals Pre-
treated 

200 400 600 800 950 1000 1050 1100 

Plagioclase 
(Labradorite) 

45.4 47.2 56.0 51.4 46.9 37.7 41.9 42.9 34.2 

Pyroxene 
(Augite/Diopside) 

32.1 26.5 20.9 25.5 30.1 34.5 13.1 16.9 38.0 

Olivine (Forsterite) 19.6 21.6 20.7 15.4 12.0 5.8 16.0 13.9 9.1 

Titanomagnetite 2.9 4.7 2.4 7.7 8.8 6.3 7.1 9.8 0 

Haematite - proto         2.1 15.7 19.4 16.5 17.4 

Magnetite             2.6   1.3 

 

4.3 XRD analysis and phase identification of JSC-1A at Bruker AXS 

4.3.1 Method 

Another set of phase identification data was obtained from Bruker AXS, Karlsruhe, 

Germany themselves, where they used the ‘D8 Advance’ XRD instrument to simultaneously 

measure the X-ray diffraction for JSC-1A while ramping temperature from room 

temperature to 1,200 °C and back down to room temperature. This data set was collected at 

the company’s facility to acquire research funding to obtain a ‘D8 Advance’ for The Open 

University, and the result was shared.  

JSC-1A was measured starting at a little above room temperature (29 °C) and then at every 

25 °C starting from 500 °C.  

 

4.3.2 XRD results from Bruker AXS 

The Bruker analysis of pre-treated JSC-1A (at 29 °C) shows the presence of three crystalline 

mineral phases: plagioclase (anorthite), olivine (forsterite) and pyroxene (diopside). A broad 

hump in the low 2θ region also indicates the presence of amorphous content. Figure 4-12 
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shows diffractograms of JSC-1A heated from 29 °C to 1,200 °C and back to 21 °C in a 

waterfall display. Using this presentation, the appearance and disappearance of peaks during 

the heating and cooling of the sample are apparent. It indicates the appearance of new peaks 

from around 800 - 825 °C up to melting, suggesting new crystalline phases forming as JSC-

1A heats up. 

 

 

Figure 4-12: High-temperature XRD analysis of JSC-1A by Bruker AXS from room 

temperature to 1200 °C and cooled back down to room temperature 

 

The diffractogram measured at 21 °C is measured after completely cooling the JSC-1A 

heated at 1,200 °C, which is post-heat treated. The two diffractograms depicting JSC-1A 

pre-treated and post-heat treatment are shown in Figure 4-13. Bruker analyses the new phase 

in post-treated JSC-1A as magnetite/maghemite (Mx), and Mx is indicated in Figure 4-13 

by orange arrows. 

The analysis carried out at The Open University, and Bruker AXS in Germany confirms the 

presence of amorphous and crystalline phases in JSC-1A. Both sets of results indicate the 

appearance of iron oxides as new phases after the sample has cooled back down to room 

temperature. 
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Figure 4-13: X-ray diffractograms of pre-treated JSC-1A and post-heat treated JSC-1A. 

Orange arrows indicate the new phase magnetite/maghemite 

 

Bruker results highlight the appearance of new crystalline phases starting from 800 – 825 °C 

but are not identified in the analysis. However, a study conducted on ‘solar 3d printing of 

lunar regolith’ as part of a PhD thesis published in 2018 has run XRD parallel to heating 

JSC-1A starting from room temperature until melting (1200 °C) both in the air as well as 

under vacuum (Meurisse, 2018). It identifies the appearance of haematite in both 

environments, more prominent in the air than under a vacuum above 700 °C. Thus, iron 

oxides tend to appear as a new phase in JSC-1A as it heats up beyond 700 – 800 °C up to 

their melting point.  

These results however are indicative of what happens to the lunar soil simulants in an oxygen 

rich environment. On the Moon, in an oxygen deficient atmosphere, heating the lunar 

regolith rich in np-Fe0, up to its melting point, might have different behaviour than 

mentioned above. Presence of np-Fe0 enriches the microwave absorptivity of lunar regolith. 

However, formation of new phases of iron oxides at high temperatures in an oxygen deficient 

environment in the lunar regolith may not occur. It needs further investigation. Moreover, as 

np-Fe0 is native state of iron, it may not to react with any other elements. Thus, with 

increasing temperature, it is extremely important to study its behaviour to further comment 

upon. Changes in the mineral phases with increasing temperature in the lunar regolith are of 
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high importance as it will directly influence the variation in the dielectric properties affecting 

the microwave absorption behaviour of lunar regolith. This remains to be explored in the 

future work. 

 

4.4 Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) 

analysis of JSC-1A 

 

4.4.1 Method 

A Zeiss SUPRA 55VP Scanning Electron Microscope (SEM) is utilised for imaging and 

microstructural analysis of the lunar soil simulants. The SEM is equipped with an Energy 

Dispersive Spectroscopy (EDS) XMax-50 detector from Oxford Instruments. The detector 

analyses the X-rays emitted by the target material when bombarded with an electron beam 

and is, therefore, a micro-analytical tool to measure element concentrations.  

All samples analysed with SEM were mounted in epoxy resin, polished flat and then coated 

with approximately 25 nm of carbon to make them electrically conductive. 

 

4.4.2 SEM/EDS Results 

Figure 4-14 shows representative two particles of pre-treated JSC-1A observed under the 

microscope. It detected the presence of glass, plagioclase, olivine, and pyroxene as 

significant phases, which matches well with the observation carried out by other researchers 

(Cesaretti et al., 2014, Ray et al., 2010). Ti-magnetite and Cr-Spinel were also spotted in a 

few images. More detailed observations are discussed below.  

 

 

Figure 4-14: SEM secondary electron images of particles of pre-treated JSC-1A (a) and 

(b) with multiple minerals embedded in it. Pl is plagioclase in yellow, Ol is olivine in 

green, and Py is pyroxene in red. 
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All JSC-1A samples starting from pre-treated to 1,100 °C have indicated the presence of 

glass, plagioclase, and olivine. Pyroxene and Ti-magnetite were observed in all except the 

one heated at 200 °C. However, the composition of the individual minerals in heated JSC-

1As varied from those in the pre-treated JSC-1A as the temperatures rose.  

 

1. Figure 4-15 shows the pre-treated JSC-1Aand the one heated at 1,000 °C under the 

microscope at a magnification of 300X. Particles in Figure 4-15a appeared to be quite 

sharply edged, whereas, for Figure 4-15b heated at 1,000 °C, the particles primarily 

appeared to be smoothly edged. This was also analysed using the 2D software ImageJ. 

The software measures circularity and roundness to capture the shape of the particles. 

Circularity is similar to sphericity which is a measure of the degree to which a particle 

approximates the shape of a sphere, and is independent of its size, except that it is for 

a 2D evaluation. Circularity is calculated as 4π*area/perimeter^2 - a value of 1.0 

indicates a perfect circle and a value approaching 0.0, indicates an increasingly 

elongated shape (ImageJ). The measure of the sharpness of a particle's edges and 

corners is roundness (Cruz-Matías et al., 2019) and is calculated as 

4*area/(π*major_axis^2) (ImageJ). They measure two different morphological 

properties: circularity is dependent on elongation, whereas roundness is extensively 

dependent on the sharpness of angular protrusions (convexities) and indentations 

(concavities) from the object (Cruz-Matías et al., 2019). They both are ratios and, 

therefore, dimensionless numbers. The mean value of circularity and roundness for 

particles of pre-treated JSC-1A (Figure 4-15a) is 0.887 and 0.749 and that of JSC-

1A heated at 1,000 °C (Figure 4-15b) is 0.912 and 0.764. The values are quite close 

but JSC-1A heated at 1,000 °C has more slightly circular and round shaped particles 

than the pre-treated JSC-1A. 

 

  

Figure 4-15: SEM secondary electron images of JSC-1A (a) pre-treated, (b) heated at 

1000 °C 

(b) (a) 
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2. Samples heated at 950 °C and above, shown in Figure 4-16, indicate the appearance 

of tiny bright spots in the glassy matrix and also aligning with the boundaries of the 

mineral particles. Despite the difficulty in identifying the accurate composition due 

to its tiny size, it appeared to have an abundance of Fe, thus referred to as Fe-rich 

particles. A magnified view of JSC-1A heated at 1,000 °C representing the Fe-rich 

white particles scattered in the glassy matrix and also aligning the boundary of the 

plagioclase grain is shown in Figure 4-16c. The presence of Fe-rich particles in JSC-

1A samples heated at 1,050 °C and above is also witnessed by Hintze and Quintana 

(Hintze and Quintana, 2012). 
 

 

 

 

Figure 4-16: SEM secondary electron images of JSC-1A heated (a) at 950 °C, (b) at 

1,000 °C, (c) magnified view of JSC-1A at 1,000 °C, where the Fe-rich particles are visible 

as scattered white particles in the melt and also aligned along the boundary of Plagioclase 

grain giving a cloudy appearance along the boundary, (d) at 1,050 °C and (e) at 1,100 °C.  
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3. Olivine grains appeared homogenous and smooth in their texture up to 800 °C, as 

shown in Figure 4-17a. However, from 950 °C and above, olivine grains appeared to 

be textured with full of grey stripes (Figure 4-17b, c, d and e).  

 

 

 

 

Figure 4-17: SEM secondary electron images of JSC-1A heated (a) at 800 °C, (b) at 

950 °C, (c) at 1,000 °C, (d) magnified view of the textured (grey stripes) olivine in JSC-1A 

heated at 1,000 °C and (e) at 1,050 °C 

 

Olivine 

(a) 
Olivine 

(b) 

Olivine (e) 
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4.5 Summary 

STA, XRD and SEM/EDS analysis of JSC-1A presents the thermal transitions occurring in 

JSC-1A. JSC-1A and NU-LHT-3M both contain crystalline and amorphous phases as 

identified by STA and XRD results. 615 °C and 700 °C is measured as the glass transition 

temperature and 837 °C and 914 °C as the crystallisation temperature for JSC-1A and NU-

LHT-3M, respectively. 1,183 °C is determined as the melting temperature of JSC-1A.  

The pre-treated JSC-1A powder appears to have glass, plagioclase, pyroxene, and olivine as 

major phases confirmed by XRD and SEM/EDS results. 

JSC-1A, analysed further using XRD, shows the appearance of new crystalline phases at 

temperatures beyond 800 – 825 °C. Analysis of JSC-1A samples heated at elevated 

temperatures and cooled back down indicated the formation of new phases such as pyroxene, 

haematite, proto-haematite and magnetite/maghemite by various sources. SEM images of 

the same witnessed the textural change in olivine grain. 

This study on high-temperature processing of JSC-1A results in finding the probable cause 

of the increase in dielectric properties of JSC-1A with temperature (Figure 3-14) to be the 

thermal transitioning occurring at 615 °C and 837 °C. Further on, the appearance of new 

crystalline phases beyond 700 – 800 °C, such as iron oxides, can be attributed to the sharp 

increase in dielectric properties at temperatures beyond 800 °C in JSC-1A.  

After gaining insight into why dielectric properties increase with temperature, the next 

chapter will attempt to theoretically evaluate as well as simulate microwave heating of lunar 

soil simulants using COMSOL Multiphysics software. 
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Chapter 5 

Theoretical analysis of microwave heating of JSC-

1A and NU-LHT-3M at 2.47 GHz 

In Chapter 3, the dielectric properties of JSC-1A and NU-LHT-3M at a microwave 

frequency of 2.47 GHz were obtained using the cavity perturbation technique at the 

University of Nottingham (UoN). Using those properties, this chapter carries out a 

theoretical evaluation of the microwave heating of these two simulants, in which the critical 

parameters associated with the material being heated are (i) power density (PD), (ii) power 

penetration depth (PPD), and (iii) heating rate (HR). The evaluation is done for basalt and 

granite as well to compare with the lunar soil simulants. This chapter also showcases the 

simulation analysis of microwave heating behaviour of the two lunar soil simulants, basalt 

and granite using COMSOL Multiphysics simulation software. 

 

5.1 Equations and assumptions 

The three equations of PD, PPD and HR previously presented in § 3.1 are:  

The conversion of electromagnetic energy of the microwave radiation into heat dissipated in 

a material which exhibits dielectric losses is calculated by (Metaxas and Meredith, 1983, 

Thostenson and Chou, 1999, Agrawal, 2006, Taylor and Meek, 2005, Oghbaei and Mirzaee, 

2010), 

 𝑃 = 2𝜋𝑓휀0 휀
"𝐸2             ……..……………………Equation 3-5 

where P is the power density (PD), power per unit volume in W/m3, f is the frequency of the 

incident microwave radiation in Hz, 휀0 is the permittivity of free space = 8.854 x 10-12 F/m 

and E is the electric field intensity within the material in V/m. 휀"is a temperature-dependent 

property as shown in Chapter 3. 

E depends on the amplitude of the electric field signal of the microwave radiation. E within 

the material reduces as the incident microwave energy is absorbed by the material (Hassani 

et al., 2011). It depends on the dielectric properties of the material. As the dielectric 

properties of the material change with temperature, in turn, E will also change with 

temperature and indirectly becomes a temperature-dependent property. P being dependent 

on both 휀"  and E is therefore also temperature-dependent. However, for the purpose of 
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making comparisons between simulants, E is assumed to be a constant value for the 

calculations in this chapter as data for E vs T is not readily available in the literature for the 

lunar soil simulants.  

PPD is defined as the depth into the dielectric material at which the power has fallen to 1/e 

(≈ 0.368) of its value at the surface. For low loss dielectrics (휀" 휀′⁄ ) « 1, the power penetration 

depth (PPD) is given by (Metaxas and Meredith, 1983, Thostenson and Chou, 1999), 

 𝐷p =
𝜆0 ′0.5

2𝜋 "               …………………………….Equation 3-6  

where Dp is the power penetration depth (PPD) in m and λ0 is the wavelength of the incident 

microwave radiation in m. It should be noted that 𝐷p  and 휀′  are temperature-dependent 

properties.   

HR is the rate of increase in temperature, ΔT, in the material while electromagnetic radiation 

is being absorbed is given by (Metaxas and Meredith, 1983, Taylor and Meek, 2005, 

Oghbaei and Mirzaee, 2010), 

 ΔT = 
2𝜋𝑓 0 ”𝐸2 

𝜌b𝐶p
               ……..………………………….Equation 3-7 

where ΔT is the rate of temperature rise in K/s, 𝑟b is the bulk density of the material in kg/m3 

and 𝐶p is the specific heat in J/kg K.  

A basic understanding of an object’s density is that it increases with temperature as more 

kinetic energy increases, faster is the movement of particles (Kennan, 2020). However, 

Wilson et al. (Wilson et al., 2011) attempted to study the effect of drying temperatures (up 

to 105 °C) on bulk density in terrestrial soils. It seems to have no significant effect although 

nothing is mentioned about temperatures beyond 105 °C. Thus, for the present calculations 

in this chapter, 𝑟b of JSC-1A and NU-LHT-3M are assumed to be a constant.  

It should be noted that 𝐶p  is a temperature-dependent property. 𝐶p  is the specific heat 

capacity in J/(kgK). 𝐶p  of both the simulants is calculated using Differential Scanning 

Calorimetry (DSC) machine at The Open University. DSC machine Mettler Toledo 

DSC822e measured the specific heat capacity (𝐶p) ranging from 0 ⁰C to 595 ⁰C. Specific 

heat capacity (𝐶p) is a measure of the amount of energy required to raise the temperature of 

1 g of a substance by 1 ⁰C (Bailey, 1997). For testing JSC-1A, 41.0 mg of sample and 44.7 

mg of sapphire (with known specific heat capacity with temperature) as reference were used. 

Similarly, for NU-LHT-3M, 40.7 mg of sample and 43.0 mg of sapphire were used. The 
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specific heat capacity of both JSC-1A and NU-LHT-3M was calculated using the following 

equation: 

 𝐶ps = 
𝐻

ℎ
 
𝑚r

𝑚s
 𝐶pr                                        …………………….Equation 5-1  

where  𝐶ps = Cp of sample 

𝐶pr = Cp of reference (sapphire) 

 ms = mass of the sample 

 mr = mass of reference 

 H = difference in the heat flow of sample and empty pan 

 h = difference in the heat flow of reference and empty pan  

The result plots of 𝐶p vs temperature for both JSC-1A and NU-LHT-3M are shown and 

discussed in their respective sections (§ 5.4.1 and § 5.4.2 respectively) while calculating the 

heating rate. 

Equation 3-5 to 3-7 does not attempt to deal with the geometry or porosity of the object: the 

temperature distribution and the electric field intensity within the material are assumed to be 

homogeneous. The dielectric properties are measured in ambient condition, so it is close to 

calculating in ambient condition. It should also be noted that the heating rate (Equation 3-7) 

is only concerned with the mechanism by which the energy of the material increases; no 

account for heat losses due to conduction, convection or radiation within the material or its 

environment are considered at this stage. However, later in § 5.5, the radiative losses are 

included in the COMSOL simulation for assessing the microwave heating behaviour of all 

four samples. 

Based on the properties of basalt and granite listed in Chapter 2, PD, PPD, HR and the total 

time was taken of basalt and granite are calculated and compared with the two simulants.  

 

5.2 Power density at 1 kW 

The dielectric properties of JSC-1A and NU-LHT-3M at 2.47 GHz obtained using the cavity 

perturbation technique (discussed in Chapter 3) represent the data up to 950 °C. As indicated 

in Chapter 4, JSC-1A and NU-LHT-3M undergo phase transformations at temperatures 

above 837 °C and 914 °C, respectively. Thus, it will be inaccurate to extrapolate the 

dielectric properties data beyond 950 °C. Therefore, although the melting point of JSC-1A 

is around 1200 °C (1100 – 1125 °C) (Orbital Technologies Corporation, 2005)) and that of 

NU-LHT-3M is between 1200 – 1300 °C (Zybek Advanced Products, 2013), the dielectric 

properties data will be used to theoretically estimate the heating behaviour of both the lunar 
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soil simulants using the equations mentioned above up to 950 °C at 1 kW. The dielectric 

properties of basalt and granite plotted up to 1000 °C are presented in Chapter 2 (Figure 2-8 

and Figure 2-9) and compared with the lunar soil simulants in Chapter 3 (Figure 3-25 and 

Figure 3-26). These will be used to predict the behaviour of basalt and granite. In the 

following calculations of power densities of JSC-1A, NU-LHT-3M, basalt and granite, f, ε0 

and E are given by: 

f = 2.47 × 109 Hz,  

휀0 = 8.854 × 10-12 F/m, and  

E = 2 × 104 V/m. This value of E is found sufficient for rapid heating in the lunar 

regolith, as mentioned by Meek et al. (Meek et al., 1986). 

 

5.2.1 Power density within JSC-1A  

Using Equation 3-5, 

𝑃 = 2𝜋𝑓휀0 εj
"𝐸2 

where, 휀j" is dielectric loss of JSC-1A and is taken as a function of temperature, T, from 

Figure 3-14. The dependence of 휀j" on temperature is defined by the given Equation 5-2. It 

represents a 4th order polynomial trendline fitted to the curve in Figure 3-14. The value of 

the coefficients in the equation is given in Table 5-1, where T is in Kelvin. 

휀j" = Aj (T)4 + Bj (T)3 + Cj (T)2 + Dj (T) + Ej      ……………….Equation 5-2 

 

                      Table 5-1: Values of coefficients used in Equation 5-2 

Coefficient Value 

Aj -8.05191 x 10-13 

Bj 5.75914 x 10-9 

Cj -7.40846 x 10-6 

Dj 3.43871 x 10-3 

Ej -4.26333 x 10-1 

 

5.2.2 Power density within NU-LHT-3M 

Using Equation 3-5,   

𝑃 = 2𝜋𝑓휀0 εn
" 𝐸2  

where, 휀n
"  is dielectric loss of NU-LHT-3M and is taken as a function of temperature from 

Figure 3-22. The dependence of 휀n
"  on temperature is defined by the given Equation 5-3. It 
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represents a 4th order polynomial trendline fitted to the curve in Figure 3-22. The values of 

the coefficients in the equation are given in Table 5-2, where T is in Kelvin. 

휀n
" = An (T)4 + Bn (T)3 + Cn (T)2 + Dn (T) + En         …………….Equation 5-3 

 

                       Table 5-2: Values of coefficients used in Equation 5-3 

Coefficient Value 

An 4.59952 x 10-13 

Bn -1.18165 x 10-9 

Cn 1.17488 x 10-6 

Dn -5.11295 x 10-4 

En 9.40372 x 10-2 

 

5.2.3 Power density within basalt  

Using Equation 3-5,   

𝑃 = 2𝜋𝑓휀0 εb
" 𝐸2 

where, 휀b" is dielectric loss of basalt and is taken as a function of temperature, T, from Figure 

2-9. The dependence of 휀b" on temperature is defined by Equation 5-4. It represents a 6th 

order polynomial trendline fitted to the curve in Figure 2-9. The value of the coefficients in 

the equation is given in Table 5-3, where T is in Kelvin. 

휀b" = Ab (T)6 + Bb (T)5 + Cb (T)4 + Db (T)3 + Eb (T)2 + Fb (T) + Gb  …...Equation 5-4 

 

                       Table 5-3: Values of coefficients used in Equation 5-4 

Coefficient Value 

Ab -1.21352 x 10-16 

Bb 6.19783 x 10-13 

Cb -1.26225 x 10-9 

Db 1.30362 x 10-6 

Eb -7.13117 x 10-4 

Fb 1.94105 x 10-1 

Gb -2.01537 x 10 

 

5.2.4 Power density within granite  

Using Equation 3-5,  

𝑃 = 2𝜋𝑓휀0 εg
" 𝐸2 
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where, 휀g" is dielectric loss of granite and is taken as a function of temperature, T, from 

Figure 2-9. The dependence of 휀g" on temperature is defined by Equation 5-5. It represents 

a 6th order polynomial trendline fitted to the curve in Figure 2-9. The value of the coefficients 

in the equation is given in Table 5-1, where T is in Kelvin. 

휀g" = Ag (T)6 + Bg (T)5 + Cg (T)4 + Dg (T)3 + Eg (T)2 + Fg (T) + Gg   ….Equation 5-5 

 

                       Table 5-4: Values of coefficients used in Equation 5-5 

Coefficient Value 

Ag 6.48583 x 10-17 

Bg -2.85757 x 10-13 

Cg 5.0127 x 10-10 

Dg -4.46508 x 10-7 

Eg 2.12722 x 10-4 

Fg -5.13169 x 10-2 

Gg 4.92729 

 

5.2.5 Comparison of power densities 

Figure 5-1 shows the calculation of power density varying with temperature for all four 

samples. It essentially indicates the rate at which energy is absorbed per unit volume with 

increasing temperature in both the simulants and both the rock samples. The sample is 

homogenous in composition, and thus the temperature changes of the specimen are 

considered uniform throughout its volume.   

 

Figure 5-1: Power density varying with the temperature of JSC-1A, NU-LHT-3M, basalt, and 

granite 
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The power density increases with increasing temperature, resulting from the dielectric loss 

increasing with increasing temperature. This happens in JSC-1A, NU-LHT-3M, basalt, and 

granite. The calculated power density of the lunar regolith also shows a similar increasing 

trend with temperature (Taylor and Meek, 2005). 

However, comparing the two simulants, the power density of NU-LHT-3M is very low than 

JSC-1A. The difference in the results of these two simulants is shown in Table 5-5 below. 

The power density, which represents the ability of a material to absorb the microwave energy, 

of JSC-1A is nearly 5 times of NU-LHT-3M at 20 ⁰C and almost 15 times at 950 ⁰C. This 

indicates that JSC-1A can be heated much better than NU-LHT-3M under the same 

circumstance, which has been proven through the experiments described in § 7.4. The power 

density values of basalt are very close to JSC-1A and of granite are closer to NU-LHT-3M 

owing to their respective compositional similarities (§ 2.4.3.1). 

 

                      Table 5-5: Power density of JSC-1A vs NU-LHT-3M 

Lunar soil simulants P at 20 ⁰C 

(× 105) (W/m3) 

P at 950 ⁰C    

(× 105) (W/m3) 

JSC-1A 47 765 

NU-LHT-3M 10 50 

 

5.3 Power penetration depth 

The power penetration depth (PPD) is defined as the depth at which 63.2 % of the total power 

is dissipated into the material. In the following calculations of PPD of JSC-1A and NU-LHT-

3M, λ0 is given by, 

λ0 = 12.15 cm (wavelength of 2.47 GHz microwave) 

 

5.3.1 Power penetration depth within JSC-1A 

Using Equation 3-6, 

𝐷p =
𝜆0 ’j

1/2

2𝜋 εj
"   

where, 휀j
′ is the dielectric constant of JSC-1A and is taken as a function of temperature, T, 

from Figure 3-14. The dependence of εj
′  on temperature is defined by Equation 5-6. It 
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represents a 3rd order polynomial trendline fitted to the curve in Figure 3-14. The values of 

the coefficients in the equation is given in Table 5-6, where T is in Kelvin. 

휀j
′ = Fj (T)3 + Gj (T)2 + Hj (T) + Ij                …………………….Equation 5-6 

 

                     Table 5-6: Values of coefficients used in Equation 5-6 

Coefficient Value 

Fj 5.52895 x 10-10 

Gj 2.80378 x 10-6 

Hj - 2.83249 x 10-3 

Ij 4.89315 

 

휀j
" is given Equation 5-2 and Table 5-1 in § 5.2.1. 

 

5.3.2 Power penetration depth within NU-LHT-3M 

Using Equation 3-6, 

𝐷p =
𝜆0 ’n

1/2

2𝜋 ”n
   

where, 휀n
′  is the dielectric constant of NU-LHT-3M and is taken as a function of temperature 

from Figure 3-22. The dependence of 휀n
′  on temperature is defined by Equation 5-7. It 

represents a 3rd order polynomial trendline fitted to the curve in Figure 3-22. The values of 

the coefficients in the equation are given in Table 5-7, where T is in Kelvin. 

휀n
′ = Fn (T)3 + Gn (T)2 + Hn (T) + In          ……………………….Equation 5-7 

 

                      Table 5-7: Values of coefficients used in Equation 5-7 

Coefficient Value 

Fn -1.11032 x 10-10 

Gn 3.89409 x 10-7 

Hn 1.57922 x 10-4 

In 3.46988 

 

εn
"  is given by Equation 5-3 and Table 5-2 in § 5.2.2. 
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5.3.3 Power penetration depth within basalt 

Using Equation 3-6, 

𝐷p =
𝜆0 ’b

1/2

2𝜋 εb
"   

where, 휀b
′  is the dielectric constant of basalt and is taken as a function of temperature, from 

Figure 2-8. The dependence of 휀b
′  on temperature is defined by Equation 5-8. It represents a 

5th order polynomial trendline fitted to the curve in Figure 2-8. The values of the coefficients 

in the equation are given in Table 5-8, where T is in Kelvin. 

휀b
′  = Hb (T)5 + Ib (T)4 + Jb (T)3 + Kb (T)2 + Lb (T) + Mb     …….Equation 5-8 

 

                  Table 5-8: Value of the coefficients used in Equation 5-8 

Coefficient Value 

Hb 1.24808 x 10-13 

Ib -4.80281 x 10-10 

Jb 7.01829 x 10-7 

Kb -4.80966 x 10-4 

Lb 1.53131 x 10-1 

Mb -1.02989 x 10 

 

휀b
"  is given by Equation 5-4 and Table 5-3 in § 5.2.3. 

 

5.3.4 Power penetration depth within granite 

Using Equation 3-6, 

𝐷p =
𝜆0 ’g

1/2

2𝜋 εg
"   

where, 휀g
′  is the dielectric constant of granite and is taken as a function of temperature, from 

Figure 2-6. The dependence of εg
′  on temperature is defined by Equation 5-9. It represents a 

6th order polynomial trendline fitted to the curve in Figure 2-6. The values of the coefficients 

in the equation are given in Table 5-9, where T is in Kelvin. 

휀g
′  = Hg (T)6 + Ig (T)5 + Jg (T)4 + Kg (T)3 + Lg (T)2 + Mg (T) + Ng     ….Equation 5-9 

 



 107 

                      Table 5-9: Values of coefficients used in Equation 5-9 

Coefficient Value 

Hg 1.11784 x 10-16 

Ig -4.94333 x 10-13 

Jg 8.71641 x 10-10 

Kg -7.82606 x 10-7 

Lg 3.76403 x 10-4 

Mg -9.16972 x 10-2 

Ng 1.42671 x 10 

 

휀g
"  is given by Equation 5-5 and Table 5-4 in § 5.2.4.  

 

5.3.5 Comparison of power penetration depths  

The power penetration depth decreases with temperature for both simulants and control 

materials, as shown in Figure 5-2. This decrease is due to the increase in dielectric loss with 

increasing temperature. However, the Dp for NU-LHT-3M is deeper than JSC-1A, with a 

much lower power density.  

Table 5-10 5-10 shows that the power penetration depth of JSC-1A is nearly 4 times shorter 

than NU-LHT-3M at 20 ⁰C and almost 10 times shorter at 950 ⁰C. This means that JSC-1A 

is heated at a much higher power density in a shorter depth than NU-LHT-3M. 

 

Figure 5-2: Power penetration depth varying with the temperature of JSC-1A, NU-LHT-

3M, granite, and basalt 
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                              Table 5-10: Dp of JSC-1A vs NU-LHT-3M 

Lunar soil simulant Dp at 20 ⁰C 

(cm) 

Dp at 950 ⁰C (cm) 

JSC-1A 47 4 

NU-LHT-3M 193 42 

 

Dp for JSC-1A is around 4 cm at 950 ⁰C (Figure 5-2). This is the depth at which 63.2% of 

the total power is dissipated into the material at 950 ⁰C, and the remaining power will be 

dissipated at depths greater than 4 cm. As the trend shows in Figure 5-2, the power 

penetration depth will further reduce when the temperature of JSC-1A and NU-LHT-3M 

reaches their respective melting points of 1125 ⁰C and 1300 ⁰C. 

 

5.3.6 Comparison with published data 

There are two ways to define a power dissipation within a material. It can be defined either 

as (i) the depth at which (1/e) 63.2 % of the total heat is dissipated in the material as 

calculated and shown above in this research, or (ii) the depth at which 50% of the total heat 

is dissipated into the material known as the half-power depth. The calculated half-power 

depth of penetration in lunar regolith also decreases with temperature (Taylor and Meek, 

2005).  Allan et al. (Allan et al., 2013) showed the half-power depth of JSC-1AC at 2.45 

GHz and the loss tangent data. This is presented here in Figure 5-3. It shows the decreasing 

trend of half-power penetration depth with temperature corresponding to the increasing 

dielectric loss trend. The measured power penetration depth (Figure 5-2) at which JSC-1A 

absorbs 63.2% of the total heat varies from 47.3 cm (at 20 ⁰C) to 3.6 cm (at 950 ⁰C), whereas 

the half-power depth (Figure 5-3) of JSC-1AC indicated by Allan et al. varies from 25 cm 

(at 25 ⁰C) to 1.3 cm at 1,100 ⁰C. It is to be noted that the loss tangent data of JSC-1AC from 

Allan et al. is 0.0229, which is close to the loss tangent of this research for JSC-1A (0.0197) 

(Table 3-3). However, the dielectric constant and dielectric loss of JSC-1AC calculated by 

Allan et al. is higher, and thus, the half-power depth is lower. The major difference is that 

this research has examined JSC-1A (particle size ≤ 1 mm), and Allan et al. has examined 

JSC-1AC (particle size ≤  5 mm) (Orbital Technologies Corporation, 2005). This research 

describes the power penetration depth (depth at which 63.2% of the total heat is absorbed), 

whereas Allan et al. present the half-power depth (depth at which 50 % of the total heat is 

absorbed). 
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Figure 5-3: Half-power penetration depth and loss tangent in JSC-1AC varying with 

temperature (Allan et al., 2013) 

 

The concept of power penetration depth establishes how the temperature within the material 

would change due to the very nature of the electromagnetic wave. As discussed in Chapter 

2, microwave heating is volumetric heating (Agrawal, 2006), i.e. the microwave energy 

induces heat to the entire volume simultaneously. However, the power penetration depth 

indicates that the volume is heated simultaneously but not at the same rate. Thus, the heating 

induced within the material due to microwave energy can be non-uniform depending upon 

the thickness (depth) of the sample.  

 

5.4 Heating rate at 1 kW  

As is clear from Equation 3-7, the heating rate will vary with the temperature as the dielectric 

loss, ε” increases with temperature for both the simulants. In the following calculations of 

heating rates of JSC-1A, NU-LHT-3M, basalt and granite, f, ε0 and E are given by: 

f = 2.47 × 109 Hz, 

ε0 = 8.854 × 10-12 F/m, and 

E = 2 × 104 V/m 
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5.4.1 JSC-1A 

Using Equation 3-7, 

ΔT = 
2𝜋𝑓 0 j"𝐸2 

𝜌bj𝐶pj
 

where,  𝑟bj= 2.07 g/cm3 = 2.07 x 103 kg/m3 (this is bulk density of JSC-1A at which dielectric 

properties have been obtained at 2.47 GHz using cavity perturbation technique) 

휀j” is given by Equation 5-2 and Table 5-1 in § 5.2.1. 

Based on the method listed in § 5.1, Cpj (J/kg⁰C), the specific heat capacity for JSC-1A is 

calculated and shown in Figure 5-4 (orange curve), varying with temperature in ⁰C. For 

calculation purposes, extrapolation of this data up to 950 ⁰C is important. A power trendline 

given by: 

Cpj = 475.98 (T) 0.1181                          ……………………….Equation 5-10 

is fitted to this curve to extrapolate the data beyond 595 ⁰C. Cp of SiO2 (the major element 

in composition in JSC-1A) has a smooth variation of Cp with temperature (Linstrom and 

Mallard). The extrapolated values beyond 595 ⁰C using the power trendline curve shows a 

similar realistic (also matching with the sapphire sample used (Ditmars et al., 1982)) 

variation with temperature in this range in Figure 5-4 (green curve). However, as shown in 

Chapter 4 and by some researchers (Meurisse et al., 2017, Ray et al., 2010), JSC-1A 

experiences glass transition at a temperature above 600 ⁰C, starting near 500 ⁰C. Glass 

transition in the material increases its heat capacity. Thus, it is natural for JSC-1A to 

experience a sharp increase in its specific heat capacity at some point beyond 600 ⁰C, which 

is not very evident in the smoothly rising plot extrapolated based on the power trendline. 

However, this is the closest data achieved, clearly highlighting its limitations.  
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Figure 5-4: Specific heat capacity (Cp) of JSC-1A from DSC measurement up to 595 ⁰C (orange 

curve) and extrapolated up to 950 ⁰C based on the power trendline (green curve). The kink 

appearing around 500 C represents onset of glass transition in JSC-1A 

 

The following plots are obtained after inserting the values of εj
” and Cpj in the heating rate 

equation as a variant of temperature. Figure 5-5 shows the variation of heating rate, ΔT with 

temperature and Figure 5-6 shows the total time taken to reach the temperature of 950 ⁰C. 

 

Figure 5-5: Heating rate (ΔT) of JSC-1A (bulk density 2.07 g/cm3) varying with temperature at 

2.47 GHz 
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Figure 5-6: Total time for JSC-1A (bulk density 2.07 g/cm3) to reach the temperature of 950 ⁰C at 

2.47 GHz without any heat losses 

 

 Figure 5-5 shows that the heating rate increases with increasing temperature for JSC-1A. 

The increase in Cp with temperature reduces the heating rate, but the increase in dielectric 

loss with temperature is of greater influence and thus, the heating rate increases with 

temperature. The heating rate is approximately constant between 20-400 ⁰C and then 

increases between 400-950 ⁰C. This trend has also been observed regarding the change in 

dielectric loss with temperature (Figure 3-14).  

Figure 5-6 is derived from the heating rate vs temperature plot in Figure 5-5. It takes around 

2.6 min to reach 600 ⁰C but only 0.4 more min to reach 950 ⁰C. Figure 5-6 shows thermal 

runaway occurring somewhere right after 600 ⁰C, considering how steeply the curve rises. 

In theory, it is to be noted that this is the temperature of the complete sample with the given 

ρ and E in Equation 3-7. However, it does not account for any heat loss occurring from the 

surface of the material JSC-1A in the ambient condition. When heating takes place in the 

ambient condition, heat will be readily lost by radiation and convection, indicating certainly 

different values than shown in Figure 5-6. The other parameter affecting the heating rate is 

the density of the material. With higher densities, the heating rate will be lower, i.e., it will 

take longer to heat the material to a specific temperature than at lower densities.  
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5.4.2 NU-LHT-3M 

Using Equation 3-7, 

ΔT = 
2𝜋𝑓 0𝑒n

" 𝐸2 

𝑟bn 𝐶pn
 

where, 𝑟bn= 1.90 g/cm3 = 1.90 x 103 kg/m3 (this is the bulk density of NU-LHT-3M at which 

dielectric properties have been obtained at 2.47 GHz using cavity perturbation technique) 

𝑒n
"  is given by Equation 5-3 and Table 5-2 in § 5.2.2. 

Cpn (J/kg⁰C) is the specific heat capacity for NU-LHT-3M. It is calculated based on 

the method listed in § 5.1 and shown in Figure 5-7. It shows the values obtained for Cp for 

NU-LHT-3M varying with temperature in ⁰C. For calculation purposes, extrapolation of this 

data up to 950 ⁰C is essential. Based on the previous experience with JSC-1A, a power 

trendline given by: 

Cpn = 573.59 (T) 0.0882                            ………………………Equation 5-11 

is fitted to this curve because SiO2 is also the major element in composition in NU-LHT-3M 

(Zybek Advanced Products, 2013), similar to JSC-1A.  

 

 

 

Figure 5-7: Specific heat capacity of NU-LHT-3M (Cpn) from DSC measurement up to 593 ⁰C 

presented in green colour and extrapolated up to 950 ⁰C based on the power trendline presented in 

red colour. The kink appearing near 500 appearing around 500 C and then the increasing plot 

represents onset of phase transformations in NU-LHT-3M 
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Figure 5-8 shows the variation of heating rate, ΔT with temperature, and Figure 5-9 shows 

the total time taken to reach the temperature of 950 ⁰C is obtained after inserting the values 

of ε” and Cp in the heating rate equation as a variant of temperature.  

 

 Figure 5-8: Heating rate (ΔT) of NU-LHT-3M (bulk density 1.90 g/cm3) varying with temperature 

at 2.47 GHz 

 

 

Figure 5-9: Total time taken for NU-LHT-3M (bulk density 1.90 g/cm3) to reach the 

temperature of 950 ⁰C at 2.47 GHz without any heat losses 
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Figure 5-8 presents the heating rate increasing with temperature for NU-LHT-3M at its bulk 

density of 1.9 g/cm3. The heating rate changes gradually up to 600 ⁰C and then starts 

climbing exponentially to 950 ⁰C. A similar observation has been made regarding the change 

of dielectric loss with temperature (Figure 3-22).  

Figure 5-9 indicates that it takes around 20 min to reach 600 ⁰C but only another 4.7 min to 

reach 950 ⁰C, clearly indicating thermal runaway occurring after 600 ⁰C. The total time to 

reach the temperature of 950 ⁰C is 24.7 min (around 25 min). This total time represents the 

time taken to heat the sample to the given temperature of 950 ⁰C. As for JSC-1A, no heat 

losses are accounted for in determining the total time to reach 950 ⁰C. Table 5-11 below 

shows the difference in the time taken by JSC-1A and NU-LHT-3M. As indicated, JSC-1A 

takes approximately 22 minutes lesser than NU-LHT-3M to reach 950 ⁰C. 

 

             Table 5-11: Total time to reach 950 ⁰C by JSC-1A vs NU-LHT-3M 

Lunar soil simulant Total time to reach 950 ⁰C 

JSC-1A 3 min 

NU-LHT-3M 25 min 

 

These remarkable differences in the power density and the total time to reach high 

temperatures between JSC-1A and NU-LHT-3M are directly related to the variation of 

dielectric loss with temperature, indicating once again that JSC-1A is a better absorber of 

microwave energy. However, significantly, though NU-LHT-3M takes longer to reach high 

temperatures, it also experiences thermal runaway occurring above 600 ⁰C. Thus, the 

theoretical study gives an understanding that NU-LHT-3M absorbs the microwave energy 

at 2.47 GHz less effectively than JSC-1A but given a longer duration, it will absorb the 

microwave energy sufficiently to reach its melting point of around 1200 - 1300 ⁰C. 

  

5.4.3 Basalt 

Using Equation 3-7, 

ΔT = 
2𝜋𝑓 0 b

" 𝐸2 

𝜌bb𝐶pb
 

where, 𝑟bb= 2.70 g/cm3 = 2.70 x 103 kg/m3 (this is true density of basalt at which dielectric 

properties have been measured at 2.45 GHz (Hartlieb et al., 2016)) 

휀b
"  is given by Equation 5-4 and Table 5-3 in § 5.2.3.  
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Cpb (J/kg⁰C), the specific heat capacity for basalt is shown in Figure 5-10, varying with 

temperature in ⁰C  (Hartlieb et al., 2016). A power trendline given by: 

Cpb = 466.63 (T) 0.1302                           ……………………….Equation 5-12 

 

 

Figure 5-10: Specific heat capacity of basalt (Cpb) from Hartlieb et al. up to 1000 ⁰C 

presented in blue colour, power trendline curve is represented in orange colour with the 

trendline equation 

 

5.4.4 Granite 

Using Equation 3-7, 

ΔT = 
2𝜋𝑓 0 g

" 𝐸2 

𝜌bg𝐶pg
 

where, 𝑟bg = 2.6 g/cm3 = 2.6 x 103 kg/m3 (this is the true density of granite at which dielectric 

properties have been measured at 2.45 GHz (Hartlieb et al., 2016)) 

휀g
"  is given by Equation 5-5 and Table 5-4 in § 5.2.4. 

Cpg (J/kg⁰C), the specific heat capacity of granite is shown in varying with temperature in ⁰C 

(Hartlieb et al., 2016) in Figure 5-11. This is a gaussian equation fitted to the measured data: 
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s
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 where,  is the standard deviation, µ is the peak centre, Ig, Jg, Kg and Lg are the 

constants. The value of these variables is given in Table 5-12. 

 

                      Table 5-12:Values of variables used in Equation 5-13 

Variables Value 

Ig 5500 

 5.0 

µ 575 

Jg 520 

Kg 0.125 

Lg -50 

 

 

Figure 5-11: Specific heat capacity of granite (Cpg) from Hartlieb et al. up to 1000 ⁰C 

presented in blue colour. The curve was drawn using the gaussian equation represented in 

orange colour 

 

5.4.5 Comparison of heating rate 
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The heating rate is the highest for JSC-1A. Basalt, granite and NU-LHT-3M follows it. 

Basalt shows a higher heating rate between 500 and 700 °C than JSC-1A but goes lower 

beyond that. 

 

 

Figure 5-12: Heating rate (ΔT) of JSC-1A, NU-LHT-3M, basalt and granite varying with the 

temperature 

 

 

 

Figure 5-13: Total time taken for JSC-1A, NU-LHT-3M, basalt, and granite to reach the 

temperature of 1000 ⁰C without any heat losses 
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Figure 5-13 indicates the total time derived from the heating rate to reach the temperature of 

1000 °C for all four samples. Though JSC-1A has higher heating rates at high temperatures, 

basalt seems to be the fastest (around 2 min) in reaching 1000 °C, followed by JSC-1A (3 

min), granite (12 min) and NU-LHT-3M (25 min). 

 

5.5 Computational analysis of microwave heating behaviour of JSC-1A and NU-LHT-

3M at 2.47 GHz 

Computational analysis of a scientific/technical scenario helps predict its performance 

before experimenting in actual conditions. Thus, the microwave heating behaviour of two 

lunar soil simulants (LSS), JSC-1A and NU-LHT-3M and two control materials (CM), basalt 

and granite, have been simulated prior to the lab-based experiment. The software used in 

this research for simulating a domestic microwave (DM) set-up operating at 1 kW and 2.47 

GHz is COMSOL Multiphysics simulation software, version 5.4. The Radio Frequency (RF) 

module has been used to simulate the current setup. The simulation was set up with ambient 

conditions, accounting for the radiative heat transfer loss only, to understand its role well. 

Due to the absence of air on the lunar surface, heat loss from the sample will majorly happen 

by radiation.   

A few researchers have previously used the COMSOL simulation software to model and 

understand the microwave heating behaviour of JSC-1A (Allan et al., 2012, Ethridge and 

Kaukler, 2011a, Ethridge and Kaulker, 2012, Ethridge and Kaukler, 2011b) and lunar 

regolith (Lim and Anand, 2019), which indicates that it is an effective simulation tool for 

simulating microwave heating behaviour of LSS. This chapter attempts to understand the 

temperature distribution across five cylindrical samples with the same volume but different 

aspect ratios (diameter-to-height ratio) for JSC-1A, NU-LHT-3M, basalt, and granite under 

microwave heating. The purpose of simulating five cylinders is to study the effect of the 

aspect ratio of a given cylinder on microwave heating in a DM oven. Thus, the simulation is 

conducted, including radiative heat loss, until any one point in each sample reaches the 

melting temperature of the respective sample.  

 

5.5.1 Simulation setup 

5.5.1.1 Geometrical setup 

The simulation set-up for all four samples is similar. Five cylinders of different aspect ratios 

for four respective samples are placed in the centre of a DM oven. It is operated at 1 kW 
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power and 2.47 GHz frequency for all four samples. Though the frequency of microwave 

used in the DM in the household is 2.45 GHz, 2.47 GHz was chosen as this is the frequency 

at which the dielectric properties of the LSS are measured, as discussed in Chapter 3. Figure 

5-14 shows the setup of the DM oven with the sample cylinder sitting in the centre of it. The 

dimensions of the DM are chosen to be the same as the Panasonic inverter type microwave, 

which is later used for the experimental purpose for the research (Chapter 6). The dimensions 

are given in Table 5-13 below. 

 

 

Figure 5-14: COMSOL case set-up for JSC-1A, NU-LHT-3M, basalt, and granite in a DM oven 

 

           Table 5-13: Value of the dimensions of the DM used for simulation 

Description Value (m) 

Oven width 0.355 

Oven depth 0.365 

Oven height 0.251 

 

Five different aspect ratios for a solid cylindrical sample of fixed volume, of 17.00 cm3 are 

selected for COMSOL analysis for microwave heating in a DM oven. This volume is taken 

as a reference volume for all four samples for uniformity, obtained from calculating for 35 

g of JSC-1A at a bulk density of 2.07 g/cm3. This optimum mass in the Panasonic DM was 

first tested for experimental purposes mentioned in Chapter 6. The density of the lunar soil 

simulants, basalt and granite, is the one at the time of measuring their respective dielectric 
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properties. The height of the sample is the first alternating variable that changed the required 

radius to keep the volume constant. However, the surface area of five cylinders changes due 

to the change in its radius and height. The relation of surface area and radiative loss is also 

studied from the COMSOL results. The five different cylinders with respective dimensions 

are presented in Table 5-14. 

  

Table 5-14: Dimensions of the five cylinders for all four samples of 17.00 cm3 volume 

 

5.5.1.2 Material properties of JSC-1A, NU-LHT-3M, basalt, and granite 

Figure 5-14 shows that the cylinder block was assigned JSC-1A as its material. The volume 

of the oven cavity and the waveguide were assigned as ‘air’ selected from the in-built library 

of materials. The body of Panasonic inverter type DM ovens is either made up of stainless 

steel or epoxy-coated steel (Panasonic Appliances Microwave Oven (Shanghai) Co., 2016). 

However, it is not available in the library of the software. As the COMSOL tutorial suggests 

‘copper’, which have inadequate microwave absorption characteristics, the boundaries of the 

oven and the waveguide are assigned as copper, selected from the in-built library of materials. 

The properties of ‘air and ‘copper’ are well defined by the software’s material library. 

However, as JSC-1A, NU-LHT-3M, basalt and granite are defined as new materials, the 

following material properties given in Table 5-15 are defined as an input for them. The 

properties of JSC-1A and NU-LHT-3M are for powdered form, whereas the properties 

defined here for basalt and granite are for their rock form. 

 

 

 

Cylinders Dimensions Aspect ratio 

(diameter/height) 

Volume 

(cm3) 

Surface 

area 

(cm2) 

Height 

(cm) 

Radius 

(cm) 

C1 2.00 1.64 1.6 16.90 37.5 

C2 1.00 2.32 4.6 16.91 48.4 

C3 0.75 2.69 7.2 17.05 58.1 

C4 0.50 3.30 13.2 17.11 78.8 

C5 0.25 4.67 37.4 17.13 144.4 
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Table 5-15: JSC-1A, NU-LHT-3M, basalt, and granite material properties for COMSOL. 

All the properties in the table are for powdered JSC-1A and NU-LHT-3M, and solid basalt 

and granite. 

Property Value Unit 

JSC-1A NU-LHT-3M Basalt Granite 

Electrical conductivity 10-12  10-12 10-4 10-5 S/m 

Thermal conductivity  0.35 0.35 1.58 2.16 W/(mK) 

Density 2070* 1902.5* 2700† 2600† kg/m3 

Heat capacity at constant 

pressure 

Cpj(T) Cpn(T) Cpb(T) 706.2 J/(kgK) 

Relative permittivity (real 

part) i.e. dielectric 

constant 

RealJ(T) RealN(T) RealB(T) RealG(T) - 

Relative permittivity 

(imaginary part) i.e. 

dielectric loss 

ImaginaryJ(T) ImaginaryN(T) ImaginaryB(T) ImaginaryG(T) - 

* bulk density, † true density  

 

Due to the unavailability of electrical conductivity of JSC-1A and NU-LHT-3M in the 

literature, it is considered to be 10-12 S/m measured in the vacuum, which is the value for 

lunar regolith sample shown in Figure 5 by Olhoeft et al. at room temperature (Olhoeft et al., 

1973). The electrical conductivity of basalt and granite is taken as 10-4 and 10-5  S/m, 

respectively, at standard Earth surface temperature and pressure (Glover, 2015, Shanov et 

al., 2000). Considering the fact that JSC-1A and NU-LHT-3M are also essentially terrestrial 

crushed rock samples, it is expected that the electrical conductivity of lunar soil simulants 

should match with basalt and granite samples. However, the value considered for lunar soil 

simulants is 10-12 S/m (of lunar regolith) which is lesser than that considered for basalt and 

granite (10-4 and 10-5 S/m, respectively). It is possible to assume that the compositional 

differences between the lunar regolith (containing np-Fe0) and terrestrial samples could be 

the reason but the most plausible reason speculated based on the literature is the effect of 

pressure conditions of the environment in which the electrical conductivity is measured 

(Olhoeft et al., 1973). The value of lunar regolith is measured under vacuum whereas, that 

of basalt and granite is under Earth’s atmospheric pressure. The other reason for this 

difference in the electrical conductivity values could be due to the fact that the lunar regolith 

measured here is a particulate material (lunar regolith) whereas the value of basalt and 
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granite is for solid rock samples. Thus, this study considers the value of lunar regolith for 

lunar soil simulants for simulation due to the fact that both are particulate (powder) materials. 

The thermal conductivity of a particulate material is well known for its dependence on 

particle size and atmospheric pressure (Presley and Christensen, 1997). It is also dependent 

and changes with the temperature and bulk density of a given particulate material. Fountain 

et al. determined the thermal conductivity of particulate basalt sample (37 to 62 µ diameter) 

changing with temperature as a function of bulk density in a simulated lunar temperature 

and pressure (Fountain and West, 1970). It is compared with that of a lunar sample. The 

value of thermal conductivity of the particulate basalt of particle size 37 to 62 µ diameter at 

a bulk density of 1.50 g/cm3 at lunar pressure of 1 X 10-8 torr is 0.0026 W/mK at 298 K 

(Fountain and West, 1970). The effect of particle size, bulk density and pressure 

environment on the thermal conductivity is very prominently evident here. The thermal 

conductivity of JSC-1A (i.e. a granular material) in the literature is given under vacuum 

conditions (Sakatani et al., 2018). However, as the current simulation is in ambient (Earth’s 

pressure) conditions and looking at the effect of pressure environment from the study by 

Fountain et al. the thermal conductivity for JSC-1A was assumed to be similar to that of dry 

sand at room temperature (Ethridge and Kaukler, 2011a). This is due to the cohesive 

similarity between the dry sand and the lunar soil (He, 2010). The lunar soil particles have 

extremely irregular surfaces, due to which the particles mechanically very well interlock 

with each other presenting cohesion. Like the lunar soil, the dry sand also presents a cohesive 

behaviour due to the irregular shape of the particles. Basalt and granite rocks’ thermal 

conductivity are 1.58 and 2.16 W/mK, respectively, at room temperature (Hartlieb et al., 

2016).  

The bulk density of JSC-1A and NU-LHT-3M was the same as that at which the dielectric 

properties were measured at the UoN (§ 3.3.2 and 3.4 – Chapter 3). The true  density of 

basalt and granite is mentioned as 2.70 and 2.60 g/m3, respectively (Hartlieb et al., 2016). 

The software defines the heat capacity at constant pressure as a function of temperature 

represented by Cp(T), as mentioned in Table 5-15. The Cpg(T), i.e., the specific heat capacity 

of granite (solid, not granular), is given by a Gaussian Equation 5-13, which could not be 

implemented in the COMSOL. Thus the value of 706.2 J/(kgK) at 20 C (room temperature) 

(Hartlieb et al., 2016) has been considered for the simulation analysis.  

Real(T) is dielectric constant, and Imaginary(T) is dielectric loss, as a function of 

temperature in Table 5-15.  The equations defining them for all four samples are mentioned 
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in Table 5-16. The equations for Cp in COMSOL are written for temperature in Kelvin thus, 

the equations in K are presented in Table 5-16. 

 

Table 5-16: Equations defining Cp(T), Real(T) and Imaginary(T) for JSC-1A, NU-LHT-3M, basalt, 

and granite 

Sample Property Equations 

JSC-1A Cpj (J/kgK) 143.45 (T) 0.2919 

RealJ(T) Equation 5-6 

ImaginaryJ(T) Equation 5-2 

NU-LHT-3M Cpn (J/kgK) 275.80 (T) 0.1928 

RealN(T) Equation 5-7 

ImaginaryN(T) Equation 5-3 

Basalt Cpb (J/kgK) 240.84 (T) 0.2198 

RealB(T) Equation 5-8 

ImaginaryB(T) Equation 5-4 

Granite RealG(T) Equation 5-9 

ImaginaryG(T) Equation 5-5 

 

Apart from the basic material properties, the parameters of phase change were also included 

in the simulation shown in Table 5-17. The melting point was referred from the Material 

Safety Data Sheet (MSDS) for both JSC-1A (Orbital Technologies Corporation, 2005) and 

NU-LHT-3M (Zybek Advanced Products, 2013). The transition interval temperature and 

latent heat of melting of JSC-1A and NU-LHT-3M were taken from the STA results 

generated at The Open University shown in Figures 4-1 and 4-3.  

Chen et al. show that basalts of varying chemical composition can have different melting 

temperatures (Chen et al., 2017), as reported by several other authors. Some are ranging from 

1175 – 1350 ⁰C (Dzhigiris et al., 1983), some above 1450 ⁰C (Makhova et al., 1989) and 

some up to 1332 ⁰C (Fan et al., 2013). However, as the composition of the basalt rock sample 

used in this study is unknown, the melting point of a general basaltic rock sample is 

considered. The same is the case for Granite. Thus, the highest melting temperature of both 

basalt and granite rocks taken in this study by Larsen et al. are 1260 ⁰C (Larsen, 1929). The 

temperature interval of melting of basalt is from 984 ⁰C to 1260 ⁰C, and that of granite is 

from 1215 ⁰C to 1260 ⁰C (Larsen, 1929). The latent heat of melting for both basalt and granite 

is 418.4 kJ/kg (Grove, 2005). The thermal conductivity of JSC-1A and NU-LHT-3M after 

phase change, i.e. after being melted, right at the melting point, is considered twice the phase 

before melting (Schreiner et al., 2016) as observed for lunar regolith. Thus, it is considered 

to be 0.70 W/mK. For basalt and granite (both solid, not granular), the value of thermal 
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conductivity of phase after melting as 2.84 and 2.56 W/mK (Table 5-17) is considered in a 

similar manner. This data for the thermal conductivity of the molten phase of basalt and 

granite is not directly available but is deduced from the literature. The thermal conductivity 

of basalt and granite reduces with increasing temperature and is plotted only up to 1000 ⁰C 

(Hartlieb et al., 2016), although the melting point is 1260 ⁰C. Therefore, similar to JSC-1A 

and NU-LHT-3M, the thermal conductivity value at 1000 ⁰C is doubled to be considered for 

the phase after melting for both basalt and granite. For the inclusion of radiative losses, the 

emissivity (a dimensionless parameter) of JSC-1A and NU-LHT-3M is considered to be 0.9 

and 0.88 (Gaier et al., 2012). For basalt, the emissivity is 0.72, and granite is 0.45 

(Engineering Toolbox, 2003). Values of emissivity for all four samples are given in Table 

5-18. 

Table 5-17: Phase change parameters 

Phase change Parameters Value Unit 

JSC-1A NU-LHT-3M Basalt Granite 

Melting Point 1125 1300 1260 1260 ⁰C 

Transition Interval Temperature 150 170 276 45 ⁰C 

Latent heat of melting 250 169 418.4 418.4 kJ/kg 

Thermal conductivity of phase after 

melting 

0.7 0.7 2.84 2.56 W/(mK) 

 

Table 5-18: Value of emissivity 

Property Value Unit 

JSC-1A NU-LHT-3M Basalt Granite 

Emissivity 0.9 0.88 0.72 0.45 - 

 

5.5.2 Results of microwave heating of JSC-1A 

Table 5-19 lists the COMSOL simulation results for all five cylindrical samples of JSC-1A 

shown in Figure 5-15. These cylindrical samples have been marked with 15 grid points to 

present the temperature vs time plot at these points in Figure 5-17. These are numbered in 

C2 and have the same assignment and ‘locations’ for all the cylindrical samples. Note that 

1, 4 and 7 are arranged vertically at the sample centre.  

S is the surface area and tr is the total run time. Tmax, Tmin and Tavg are the maximum, minimum 

and average temperatures, respectively. For each case, the terminating time (‘tr’ in Table 5-

19) is planned to be when the maximum temperature, Tmax, reaches around 1200 °C (well 
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beyond its melting point) at any one point in the sample. However, except C1 and C2, none 

of the cylinder experience Tmax reaching its melting point. The tr presented in Table 5-19 for 

C3 to C5 is the time beyond which the temperature in the sample became constant. This 

happens because the generated heat and the heat loss via radiation reach their equilibrium 

resulting in no further change in the temperature. 

 

 

 

 

                Figure 5-15: Five cylinders with their 15 marked grid points 

 

The temperature distribution on the centre plane of all five cylinders after their respective tr 

are shown in Figure 5-16. C1 and C2 reach melting temperatures, while the others do not. 

C1 C2 

C3 C4 

C5 
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C1 and C2 show different locations in their respective centre planes where the maximum 

temperatures are witnessed by the sample, highlighting hotspots formation. In C1, the 

hotspot is slightly on the left side of the centre, different than in C2 to C5, where it is on the 

right side of the centre. However, it is observed that this is the hotspot location in C1 at 178 

s when the Tmax reaches around 1200 °C (near the melting point of JSC-1A), but as the run 

progresses and when the temperature stabilises for C1 at 500 s, the hotspot has already 

moved and rests at the right side of the centre like it does for C2 to C5.  

For cylinders with an increasing aspect ratio (decreasing height) from C1 to C5, the intensity 

of the hotspot reduces, as seen in Figure 5-16. Thus, the maximum temperature reduces from 

C1 to C5. The surface area increases from C1 to C5, which is expected to increase the heat 

loss via radiation. This must further reduce the maximum temperature from C1 to C5. 

Although, C1 and C2 reached  1200 °C, but C1 reaches tr faster in around 3 minutes, than 

C2 in around 9 minutes. C3, C4, and C5 cylinders reached 560, 380 and 252 °C in 20, 17 

and 13 minutes. To make it easier, a term, HRs is introduced which represents the ‘heating 

rate in simulation’. It is given by: 

 HRs = Tmax/tr     ……………..………… Equation 5-14 

HRs in Table 5-19 shows the performance of the JSC-1A cylinders as the aspect ratio 

increases. Thus, C1 and C2 are the most productive cylinders as they reach the melting point 

of JSC-1A, but C1 is favourable with the highest value of HRs. It appears to have the most 

efficient dimension to reach the melting point in minimum time in the given oven cavity size 

and given properties of JSC-1A. 

This result hints towards the requirement of a specific height of a cylindrical sample of JSC-

1A in the given oven cavity to generate a hotspot high enough to reach the melting point of 

JSC-1A. 

Table 5-19: Simulation results of all five cylinders of JSC-1A 

 

Cylinders Aspect 

ratio 

S  

(cm2) 

tr  

(s) 

tr  

(min) 

Tmax  

(°C) 

Tmin 

(°C) 

Tavg 

(°C) 

HRs 

(°C/s) 

C1 1.6 37.5 178  3 1209 285 612 6.79 

C2 4.6 48.4 510  9 1209 278 558 2.37 

C3 7.2 58.1 1200 20 560 231 388 0.47 

C4 13.2 78.8 1000 17 380 164 270 0.38 

C5 37.4 144.4 800  13 252 107 169 0.32 
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As visibly demonstrated through the simulation, a given sample of JSC-1A experiences 

different temperatures in its volume. It helps visualise the non-uniformity in the microwave 

heating phenomena. Here, it is preferentially due to the dynamics of the hotspots that are 

irregularly formed in the cavity with the addition of a sample of a given size and shape. 

Further on, the non-uniform heating is contributed by the rapidly increasing dielectric 

properties with temperature. 

 

 

 

 

Figure 5-16: Temperature (°C) at the centre plane in all five cylinders of JSC-1A after 

their respective total run time 

 

Figure 5-17 presents the temperature vs time profile for all the 15 grid points on each of the 

five cylinders displayed in Figure 5-15. As seen, Figure 5-17 reconfirms the non-uniformity 

in heating due to the dynamics of the hotspot, as indicated by Figure 5-16. All the 15 grid 

points in all five cylinders experience very different temperatures as the heating progresses.  

C3, C4 and C5 seem to have a prolonged and steady increase in temperature with time. In 

all three cases, as the maximum temperature does not reach near 600 °C, a sudden 

temperature rise indicating thermal runaway is not seen in these. C1 and C2 show a sudden 

C1 C2 

C3 C4 

C5 
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temperature rise, indicating thermal runaway. However, the rest of the points remain low in 

temperature.  

Thermal runaway observed between 600 – 700 ⁰C in Figure 5-17 is also indicated by the 

trend of dielectric properties increase with temperature, mentioned in § 3.5.1.1 and the 

theoretical calculation of heating rate shown above § 5.4. A similar observation has been 

made in lunar regolith samples (Lim and Anand, 2019).  

 

 

 

C1 

C2 

C3 
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Figure 5-17: Temperature vs time profile at 15 grid points for all five cylinders shown in 

Figure 5-15 

 

5.5.3 Results of microwave heating of NU-LHT-3M 

On the similar lines of JSC-1A, the result of five cylinders of NU-LHT-3M is formulated. 

Table 5-20 lists the tr and temperature values, and none of the five cylinders reached the 

melting point of 1300 °C. The tr presented in Table 5-20 for C1 to C5 is the time beyond, 

which the sample temperature became constant for the same reason as for JSC-1A (§ 5.5.2). 

Thus, five cylinders of NU-LHT-3M behave similarly to JSC-1A because although the 

maximum temperature did not reach the melting point, it reduced from C1 to C5.  

The temperature distribution on the centre plane is shown in Figure 5-18, which 

demonstrates that a given sample of NU-LHT-3M experiences the non-uniformity in the 

microwave heating phenomena same as in JSC-1A. Similar to JSC-1A, the hotspot remains 

at the exact location (right side of the centre) in all five cylinders of NU-LHT-3M.  

For cylinders with an increasing aspect ratio, the intensity of the hotspot seems to be reduced, 

as seen in Figure 5-18. Thus, the maximum temperature was reduced from C1 to C5, 

reflected by the HRs. This signifies the primary reason for NU-LHT-3M’s poor heating 

performance to be its lower dielectric properties than JSC-1A. Thus, COMSOL simulation 

C4 

C5 
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indicates that NU-LHT-3M cannot be melted in the given microwave cavity using any 

configuration represented by the five cylinder geometries. 

 

             Table 5-20: Simulation results of all five cylinders of NU-LHT-3M 

Cylinders 
Aspect 

ratio 

S  

(cm2) 

tr        

(s) 

tr   

(min) 

Tmax 

(°C) 

Tmin 

(°C) 

Tavg 

(°C) 

HRs 

(°C/s) 

C1 1.6 37.5 2000  724 268 495 0.36 

C2 4.6 48.4 1400 » 23 479 164 312 0.34 

C3 7.2 58.1 1400  412 131 256 0.29 

C4 13.2 78.8 1200 20 336 98 197 0.28 

C5 37.4 144.4 800 » 13 234 63 136 0.29 

 

   

  

  

Figure 5-18: Temperature (°C) at the centre plane in all five cylinders of NU-LHT-3M 

after their respective total run time 

 

C1 C2 

C3 C4 

C5 
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5.5.4 Results of microwave heating of basalt 

Table 5-21 presents the result of all five cylinders of basalt. It follows the same trend 

observed in JSC-1A and NU-LHT-3M for all five cylinders. C1 and C2 reach nearly the 

melting point of basalt (1260 °C), similar to JSC-1A. However, C1 with highest HRs shows 

better performance and reaches faster than C2 in just around 4 min. However, the other five 

cylinders do not reach very high temperatures, and it drops from C3 to C5, indicating that 

the intensity of the hotspot decreases from C1 to C5. The hotspot formation is also at the 

exact location observed in JSC-1A and NU-LHT-3M. 

Table 5-21: Simulation results of all five cylinders of basalt 

Cylinders Aspect 

ratio 

S  

(cm2) 

tr  

(s) 

tr  

(min) 

Tmax  

(°C) 

Tmin  

(°C) 

Tavg 

(°C) 

HRs 

(°C/s) 

C1 1.6 37.5 220 » 4 1242 442 894 5.65 

C2 4.6 48.4 780 13 1241 589 976 1.59 

C3 7.2 58.1 800 » 13 308 244 279 0.39 

C4 13.2 78.8 800 » 13 238 175 215 0.30 

C5 37.4 144.4 900 15 169 78 139 0.19 

 

5.5.4 Results of microwave heating of granite 

Table 5-22 presents the result of all five cylinders of granite. It follows the same trend 

observed in JSC-1A, NU-LHT-3M and basalt for all five cylinders. None of the cylinders 

reaches the melting point of granite (1260 °C). However, the maximum temperature dropped 

from C1 to C5, with C1 having the highest HRs. It reached Tmax of 896 °C in nearly 27 

minutes. The location of the hotspot formation remains the same as in JSC-1A, NU-LHT-

3M and basalt, along with the intensity of the hotspot decreasing from C1 to C5. 

 

Table 5-22: Simulation results of all five cylinders of granite 

Cylinders Aspect 

ratio 

S 

(cm2) 

tr  

(s) 

tr  

(min) 

Tmax  

(°C) 

Tmin  

(°C) 

Tavg 

(°C) 

HRs 

(°C/s) 

C1 1.6 37.5 1600 » 27 896 634 798 0.56 

C2 4.6 48.4 2800 » 47 314 286 303 0.11 

C3 7.2 58.1 4000 » 67 248 229 239 0.06 

C4 13.2 78.8 4000 » 67 114 102 111 0.03 

C5 37.4 144.4 3000 50 55 42 51 0.02 
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5.6 Summary 

The theoretical calculation of power density and heating rate indicate that at a given E and f, 

these are higher for JSC-1A than NU-LHT-3M, indicating that JSC-1A is a better absorber 

of the microwave radiation. However, the power penetration depth of NU-LHT-3M is deeper 

than JSC-1A, so that the radiation can penetrate deeper in NU-LHT-3M but with a lower 

absorbing capacity (lower power density). The theoretical assessment indicates thermal 

runaway occurring for JSC-1A and NU-LHT-3M above 600 °C. The values of basalt stay 

closer to JSC-1A and of granite stay closer to that of NU-LHT-3M due to their respective 

compositional similarities. 

Although NU-LHT-3M appears to be less absorbing than JSC-1A, the theoretical assessment 

validates that given a longer duration, at the same input power (in terms of E in the equation) 

as that given to JSC-1A, NU-LHT-3M will also reach its melting point of around 1300 °C. 

However, as the theoretical assessment does not account for any heat loss, it is a hypothetical 

assumption.  

The COMSOL simulation clearly stressed that the combination of the cavity design and a 

cylinder of a particular dimension is essential in capturing the correct hotspot for the sample 

to be heated. Five cylinders of equal volume but with different radius to height ratios 

experience different intensities of the hotspot, which alters the microwave heating of the five 

cylindrical samples.  

As per the simulation with radiative loss, the value of HRs indicated cylinder C1 (lowest 

aspect ratio) to be the best for all four samples. The heating rate, HRs values of C1 cylinders 

of all four samples are shown in Table 5-23. 

 

Table 5-23: Heating rate of C1 cylinder of JSC-1A, basalt, granite, and NU-LHT-3M 

Samples HRs of C1 

JSC-1A 6.79 °C/s 

Basalt 5.65 °C/s 

Granite 0.56 °C/s 

NU-LHT-3M 0.36 °C/s 

 

Thus, the simulation shows that in the current setting of a DM oven with radiative heat loss 

in action, JSC-1A and basalt can be melted, but NU-LHT-3M and granite cannot be melted 

and takes longer than JSC-1A and basalt to heat up.  
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In theoretical assessment, the time taken for basalt to reach 1000 °C is around 2 minutes, 

followed by JSC-1A (3 min), granite (12 min) and NU-LHT-3M (25 min). In comparison to 

that, in COMSOL, for cylinder C1 (which showed the best performance in all four samples), 

the time taken for basalt to reach 1242 °C is  4 min, for JSC-1A to reach 1209 °C is  3 

min, for granite to reach 896 °C is  27 min and that for NU-LHT-3M to reach 724 °C is  

33 min. It follows the same trend of theoretical assessment re-confirming that dielectric loss 

plays a significant role in the microwave heating of a given sample.  

The difference in the time calculated in theoretical analysis and the COMSOL simulation is 

the effect of radiative loss on heating. The present results of the simulation indicate that the 

addition of further losses, which will be the actual scenario in ambient conditions, will delay 

the heating time further on. 

However, several factors will come into play when the actual scenario is set. The lunar soil 

simulants are very complex in their composition, with 3 or 4 dominating minerals and a few 

others in the minority. The behaviour of thermal conductivity, electrical conductivity, 

density, emissivity will change with temperature. Such time-dependent changes for such a 

complex mixture and the exchange of heat (heat transfer) within the particles of these 

different minerals (powder form) is all complicated to decipher theoretically or in simulation 

without accurate data.  

Nevertheless, this chapter gives a fair idea of comparative microwave heating of JSC-1A 

and NU-LHT-3M, the non-uniformity caused by penetration depth for thicker samples and 

the sole domination of radiative loss on the heating mechanism. It sets the base and forms 

the foundation for the experimental analysis of microwave heating of JSC-1A and NU-LHT-

3M in a domestic and a bespoke microwave of industrial standards carried out in the 

following chapters.  
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Chapter 6 

Experimental studies of microwave heating of 

lunar soil simulants at 1 kW, 2.45 GHz in a 

domestic microwave 

In Chapter 5, the theoretical analysis carried out in the absence of heat losses and simulation 

outcomes supported with radiative loss, of microwave heating behaviour of both the 

simulants has given adequate understanding to prepare the platform for experimental 

research. This chapter will explore the experimental results of microwave heating of lunar 

soil simulants performed in a commercially available domestic microwave (DM) oven 

operating at 1 kW, 2.45 GHz. This experimental approach will be in an ambient condition 

which necessitates consideration of the heat transfer processes, conduction, convection, and 

radiation losses.  

This experimental study is the first batch of experiments conducted in a DM oven, a 

ubiquitous, appliance in every household. Four different sets of experiments are designed to 

study the effect of mass, particle size, density, and mineral composition on the microwave 

heating of lunar soil simulants. This work was completed as part of the fieldwork at the 

German Aerospace Center (DLR), Cologne.  

 

6.1 Experimental set-up of domestic microwave  

6.1.1 Domestic microwave (DM) oven 

 

 

           (a)      (b) 

Figure 6-1: Power output for (a) a regular DM oven and (b) an inverter-based DM oven 

(Dasky, 2019) 
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A Panasonic inverter type DM NN-SD452W with 1000 W output power operating at 2.45 

GHz  50 MHz (Mehdizadeh, 2015) is used to conduct the first set of microwave heating 

experiments. The inverter technology introduced in microwave ovens makes them operate 

differently than the regular ones without it. For standard DM ovens, the magnetron 

continuously operates at the maximum power even if the ability is set to low but is turned 

on and off intermittently. The mean power equals the power setpoint (Queen, 2020). Hence, 

the material absorbing the microwaves experiences cyclical heating and cooling. Conversely, 

the inverter-based DM ovens maintain a steady power output even at ‘low’ power conditions, 

making the heating constant (Queen, 2020, Dasky, 2019). Figure 6-1 gives a visual 

impression of how the power output differs in the two types of DM ovens discussed. 

However, as this experiment worked with 1 kW output solely, the choice of DM oven does 

not affect the experiments. 

The body of Panasonic inverter type DM ovens is either made up of stainless steel or epoxy-

coated steel (Panasonic Appliances Microwave Oven (Shanghai) Co., 2016). This 

microwave oven has vents provided at three different locations in the cavity, one on the left, 

the other on the right and the third one on the top. The vents are provided to dissipate the hot 

air away from the cavity. The outer metal sheet covering the microwave oven as a unit was 

drilled with a hole of 2 cm diameter just above the top vent inside the cavity (Figure 6-2). 

This hole was not drilled through the cavity inside. This modification in the microwave oven 

was expected to let out the hot air from the cavity to the outside environment than directed 

to the magnetron and the other parts. This was intended to keep the heat from overheating 

the magnetron and thus damaging the microwave oven. 

 

 

Figure 6-2: Panasonic microwave drilled with a 2 cm hole on the top, used for microwave 

heating experiments 

2 cm 
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The DM oven, like the one used here for the research, is called multimode applicator. In 

multimode ovens, microwaves bounce around, causing multiple hot and cold spots. A further 

detailed explanation is given in § 7.2.1. 

 

6.1.2 Temperature monitoring 

An Optris PI 1M infra-red (IR) camera (Optris Infrared Measurements) was used to monitor 

and record the temperature changes in the sample placed inside the cavity via an in-built 

software. The camera was placed right outside the microwave door aiming towards the top 

surface of lunar soil simulant inside the cavity, as shown in Figure 6-3. However, the camera 

is pointing at the surface of the crucible filled with the simulant. The operating range of the 

camera is in the short-wavelength, near infra-red range of 0.92 – 1.1 µm (Process Parameters 

Ltd., 2019). The microwave door consists of a metallic mesh and a glass pane, which causes 

some degree of intervention for the Optris camera. As mentioned by the suppliers of this 

camera, the transmission of near infra-red radiation via glass is approximately 95% 

(Telephonic conversation with Optris camera manufacturer). Thus, the radiation can pass 

through the glass pane of the door (Barrante, 2013). However, some of this IR radiation 

might be reflected from the metallic mesh door due to the excellent reflectivity of stainless 

steel (Optris GmBH). Therefore, inaccuracies in temperature measurement from the Optris 

camera are well anticipated. However, it certainly indicates the rate of temperature rise in 

the sample for a given period, and thus, it is informative. 

 

 

                                   Figure 6-3: Set-up during Test 1_DM 

 

Optris PI 1M IR Camera 
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6.1.3 Crucibles 

Two different crucible materials of various shapes are used: quartz and alumina. Quartz 

crucible is a cylindrical crucible used (shown in Figure 6-4) to test the first set of experiments 

of different masses of JSC-1A. Quartz being microwave transparent (Microwaves101, 2021, 

Shang et al., 2016, Zhai et al., 2019) is appropriate for the experiments, but it withstands up 

to 1050 ⁰C only (VWR International, 2020). Therefore, some parts of the bottom of the 

crucible got melted in most experiments under the first test set. Thus, alumina crucibles were 

used for the rest of the experiments.  

 

                       Figure 6-4: Quartz cylindrical crucible, 50 ml volume 

 

Alumina crucibles in Figure 6-5 turned out to be a decent choice. They are of classic tapered 

shape and are a high purity alumina (Al2O3 content > 99%) ceramic crucible (Almath 

Crucibles Ltd.). It can withstand very high temperatures, the maximum temperature being 

1750 ⁰C and offers impressive thermal shock resistance (Almath Crucibles Ltd.). They do 

get hot but do not melt along with the simulant and thus are better consumables for 

microwave experiments. Alumina with high purity has very low dielectric loss and therefore, 

it is transparent to microwave radiation, fitting very well for the experiments (Almath 

Crucibles Ltd.). 

 

                 Figure 6-5: Alumina classic tapered crucible, 30 ml volume 
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6.2 Experimental Procedure 

6.2.1 Hotspot in the DM oven 

Identifying hotspots are crucial to carry out the experiments in a multimode oven. As 

multimode ovens have hotspots and cold spots, a sample needs to sit on a hotspot location 

as heating happens when the sample falls into a hotspot. The turntable, which comes with 

the kitchen microwave, was removed, and tests were performed to find the right location to 

place the crucible with the sample. A piece of cardboard ( 2 mm thick) was cut to the size 

of the base of the microwave cavity and wrapped with thermal printing paper. This was 

sprayed with water as the microwaves at 2.45 GHz interact more readily with water. This 

cardboard piece was placed in the microwave and ran for 30 seconds. The hotspot locations 

appear on the cardboard as dark spots in Figure 6-6(a). The hotspot locations 1 and 2 appear 

bigger in size/area than the rest. However, it is difficult to predict the power gone into each. 

Tortilla wraps ( 1.5 mm thick) were used to verify which of these might be the quickest to 

capture the microwaves. Tortilla wraps rapidly, heat up in DM ovens and get overheated and 

burnt in no time if it is kept for a little longer. Hotspot location 2 was confirmed as the 

quickest and most prominent, with the tortilla wraps run for 15 seconds in the microwave, 

as shown in Figure 6-6(b). Thus, this was chosen to place the sample for all the experiments. 

 

                  

        (a)              (b) 

Figure 6-6: Hotspot locations (a) 1 and 2 on cardboard wrapped with thermal printing 

paper, ‘Front’ and ‘Back’ on the base of the microwave is indicated (b) hotspot location 2 

on a tortilla wrap 

 

6.2.2 Test Procedure 

The respective lunar soil simulant sample for each test was put in the crucible and placed in 

the DM oven under the pre-determined hotspot no. 2 (Figure 6-6). Every test in this DM 
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oven was performed at its maximum power output of 1000 W; however, the power going 

into the hotspot location 2 is difficult to estimate. As mentioned earlier, all the tests are 

conducted in the air. Table 6-1 lists the four sets of experiments designed to study with the 

DM oven and discussed in this chapter. 

 

Table 6-1: Test numbers and names conducted in DM oven 

Test Test Name 

1_DM to 3_DM Different masses of JSC-1A 

4_DM to 5_DM Different particle sizes of JSC-1A 

6_DM to 7_DM Different bulk densities of JSC-1A 

8_DM to 10_DM Different lunar soil simulants – NU-LHT-3M and FJS-1 

 

In each of the tests, when the melting starts, a clear ‘glow’ is spotted (at different times for 

different tests) on the surface of the sample, indicating the melting of that spot. In most cases, 

the spot keeps on growing in its surface area until the run continues. The Optris camera is 

set to record the temperature changes occurring in the microwave heating process. The total 

run time is when the DM oven is manually stopped in all the tests. This is approximately 

after 1-2 minutes of visible glow on the surface of the sample, which is for safety reasons. 

The melting point of JSC-1A is estimated to be between 1,100 -1,200 ⁰C as per the material 

safety data sheet of JSC-1A (Orbital Technologies Corporation, 2005) and the DSC results 

calculated in § 4.1.1.1. Thus, via convection, the high-temperature air emanating from the 

melting JSC-1A can damage the interiors of the DM oven as it is not designed to withstand 

such high temperatures. This has been observed in a few trial runs conducted on previous 

DM ovens. The doors of the previous DM ovens burnt a small part of them (further 

discussions are in § 7.1.2). Therefore, no tests were performed in the Panasonic DM to 

examine what could happen if the samples were left to be further heated under the 

microwave. 

The temperature recording using the Optris camera gave some insight into the high 

temperatures experienced by the sample. The lowest temperature that the IR camera records 

accurately is 450 ⁰C. Thus, the Optris software starts recording once the target area reaches 

this minimum temperature (Figure 6-32 to 6-34). The target area is manually set to capture 

the complete crucible holding the sample inside the microwave oven. The highest 

temperature recorded with the IR camera in these experiments is around 1147 ⁰C during Test 

8_DM. Although most of the tests recorded a maximum temperature of 800-1,000 ⁰C, all 

samples exhibited some melting. Recalling that the melting point of JSC-1A is between 1100 
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– 1200 ⁰C, it is certainly indicative that the Optris IR camera was unable to record the 

accurate data. As mentioned in § 6.1.2, it specifies that possibly due to the glass and metallic 

mesh on the microwave door, the temperature recording is not accurate. In the future, the 

temperature measured by the camera can be calibrated using heating of known materials, 

such as, boiling water. Figure 6-7 shows a screenshot from the video recorded by the Optris 

software while the sample was melting in the crucible. 991.4 ⁰C is the temperature measured 

for Area 1, which is the area capturing the crucible holding the sample. The upward arrow 

indicates that the temperature rises in the measured Area 1. The resulting time-temperature 

plots are discussed in § 6.8.4. 

 

Figure 6-7: Highest temperature recorded for Test 1_DM in Optris software 

 

The resulting product of samples in the tests, which were heated enough to cause some 

melting, appeared to be a combination of sintered-melted mass. This sintered-melted mass 

is referred to as ‘yield specimen’ in the analysis. 

 

6.3 Different masses of JSC-1A 

The rationale of studying the effect on different masses is to conclude if there is a linear 

relationship between the mass and microwave heating or if there is an optimum mass based 

on the cavity design, the microwave power and shape of the crucible design, etc. This study 

is carried out in a quartz crucible. JSC-1A sample mass covering the height of 1.1 cm, 2.0 

cm and 3.0 cm in the quartz crucible are tested. The corresponding mass sizes are 35 g, 70 g 

and 107 g.  
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Figure 6-8: Glowing molten sample in Test 1_DM right after the run was complete  

 

Figure 6-3 shows the glow in the crucible due to the melting inside the DM oven while 

running during Test 1_DM. Figure 6-8 shows the Test 1_DM sample in the crucible after 

the test is complete. Table 6-2 shows the test results. 

 

Table 6-2: Different masses of JSC-1A in quartz crucible heated in the DM oven 

Test Repeat 

No. 

Mass in the 

crucible 

(g) 

Height in 

the crucible 

(cm) 

Total run time 

(min) 

Yield 

(g) 

Average 

Yield % 

 

1_DM i. 35.00 1.1 7.5 6.57 17  1.8  

 ii. 35.00 1.1 8.0 5.30 

2_DM i. 70.09 2.0 6.0 11.59 17 

3_DM i. 107.01 3.0 17.0 19.02 18 

 

The average yield % of all three tests are relatively similar. Total run time is a manually set 

limit and is almost 1 – 2 min after the glow is witnessed on the surface, as discussed in § 

6.2.2. However, it indicates that the 100 g sample takes longer than 35 g and 70 g.  

In Test 1_DM, where the height is 1.1 cm, the yield is also 1.1 cm in height and has a melted 

dent on the top going down to the bottom, appearing like a hole in the centre surrounded by 

sintered layer all around. It is shown in Figure 6-9. The base of these yields is fused with the 

quartz crucible surface. However, there is a lot of loose powder surrounding the yield 

specimen.  
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   i.      ii. 

Figure 6-9: Yield of Test 1_DM (i. and ii.) 

 

In other tests, 2_DM (Figure 6-11) and 3_DM (Figure 6-12), where the sample height is 2.0 

and 3.0 cm respectively, the yield is 1.6 cm and 2.2 cm, respectively. The yield specimen is 

sitting on top of the left-over loose simulant powder. It has a melted base inside the yield 

specimen and a sintered top layer with a void in between. Also, there is a small, melted dent 

on the top layer and an outer sintered layer around the whole sample. This observation 

indicates that the estimated location of the maximum intensity hotspot lies in the centre axis, 

below 2.0 cm from the base of the crucible and that is why the 1 cm sample (Test 1_DM) 

witnesses a good amount of melting on the top going down up to the bottom as it is under 

the hotspot zone. The other two samples, 2.0 cm (Test 2_DM) and 3.0 cm (3_DM) in height 

get their interior melted, along with melting occurring along the centre axis till a small area 

on the top and the rest of the top remains sintered with a void in between. A section diagram 

is drawn to explain the yield specimen of test 2_DM (Figure 6-11) and 3_DM (Figure 6-12) 

in Figure 6-10. Allan et al. witnessed a similar type of formation of yield specimen after 

microwave heating of JSC-1AC (Allan et al., 2013). 

 

 

     Figure 6-10: Section diagram of yield specimen of tests 2_DM and 3_DM 

Sintered top and 

surrounding layer 

Melted  

Melted 

bottom 

Void 
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Figure 6-11: Yield specimen of Test 2_DM 

 

    

Figure 6-12: Yield specimen of Test 3_DM 

 

In Figure 6-10, the small area at the centre on the top layer gets melted, possibly due to the 

hotspot in that vertical axis. The amount of sample melted at the base of the yield specimen 

will also have the contribution from the conductivity of heat generated in the hotspot zone. 

The sintering of the top and surrounding layer is also expected to be due to the conductivity 

of heat to those areas which are not directly under the hotspot zone. These areas could only 

get sufficient heat to remain sintered. 

There are two reasons speculated for the majority of the top layer to remain sintered: 

1. As this heating takes place in ambient condition, the static hot air or released volatiles 

from the molten interior settles in the void created and forms a barrier between the interior 

and the top layer, causing it to be at the same temperature as the static hot air itself. This 

causes the top layer to only sinter and not reach melting temperatures.  

2. Due to the heating taking place at ambient condition, the radiative and convective loss 

from the surface is too high than the interior, making the surface always remain at a lower 

temperature than the interior. Thus, an outer sintered layer is always seen around the whole 

sample in all tests. This is observed in microwave processed ceramics as well (Thostenson 
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and Chou, 1999). To avoid the heat loss from the surface, it is often insulated (Thostenson 

and Chou, 1999).  

 

6.4 Different particle sizes of JSC-1A 

It is well documented that different particle sizes of lunar soil will impact its dielectric 

properties (Ray et al., 2010, Calla and Rathore, 2012) which will in turn, affect its microwave 

heating behaviour. The following experiments were performed to analyse if the particle size 

of JSC-1A affected its microwave heating behaviour. The alumina crucible was used to test 

microwave heating of two different particle size distributions of JSC-1A. The two tests are: 

4_DM: particle sizes in the range 1 - 280 µm, and 

5_DM: particle sizes in the range 280 - 1000 µm 

A paper filter shown in Figure 6-13 is used to sieve the particles into sizes smaller than and 

larger than 280 µm. According to the literature, Arslan et al. (Arslan et al., 2010) suggest 

that 60 % of particles are smaller than 137 µm, and Zeng et al. (Zeng et al., 2010a) indicate 

that 60 % of particles are smaller than 110 µm. Thus, more than 60 % of particles in JSC-

1A are smaller than 280 µm. 

 

                                     Figure 6-13: Paper filter of 280 μm 

 

Figure 6-14 shows the crucible with the sample inside the microwave immediately after the 

completed run in Test 4_DM and 5_DM. Table 6-3 presents the test results for different 

particle sizes. 
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         (a)            (b) 

Figure 6-14: JSC-1A sample right after the run was complete (a) Test 4_DM and (b) Test 

5_DM 

 

         Table 6-3: Different particle sizes of JSC-1A in an alumina crucible heated in DM oven 

Test Repeat 

No. 

Mass in the 

crucible 

(g) 

Height in 

the crucible 

(cm) 

Total run 

time 

(min) 

Yield 

(g) 

Average 

Yield % 

 

4_DM i. 35.00 2.7 8.00 12.95 39 ± 2.8 

ii. 35.01 2.7 10.00 14.34 

5_DM i. 27.31 2.7 8.42 15.20 52 ± 5.6 

ii. 27.30 2.7 9.00 13.06 

 

As the bulk density of the coarser and finer particle sizes changed due to the size itself, the 

test 4_DM and 5_DM have different masses to keep the same height in the crucible. The 

mass in 4_DM is 35.00 g at 2.7 cm height in the alumina crucible, while the mass in 5_DM 

is around 27.30 g at 2.7 cm height. Table 6-3 shows that with a little variation in total run 

time, the mass of the yield specimen is almost the same for both 4_DM and 5_DM. However, 

for both the tests, neither the mass nor the duration of the run is the same. Thus, it is better 

not to compare the yield % but only to compare how the yield specimen formed for both the 

tests. 

Visually, the yield formation indicates a notable difference. The yield specimen in 4_DM in 

Figure 6-15 appears to be very similar to that of 2_DM and 3_DM, with a sintered top, 

melted bottom and a void in between, sitting on top of the left-over loose powder. 
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i. 

        

ii. 

                     Figure 6-15: Yield specimen of Test 4_DM i. and ii. 

 

The yield specimen in 5_DM shown in Figure 6-16 depict a pretty peculiar appearance, 

different from previous ones. A big lump of melted mass sits at the base with a thin top 

surrounding a sintered sheet of JSC-1A covering it. However, the top layer here is very thin 

and inner side of it has melted JSC-1A (Figure 6-16 i). Only the area in the centre of the top 

layer of the sample seems to be sintered, as observed in Figure 6-14(b), owing to the hotspot 

lying in the central vertical axis (mentioned in § 6.3). The height of the yield specimen of 

5_DM is nearly 2.7 cm (Figure 6-16 i. and ii.), same as that of the sample, so it is melted till 

the base (unlike in 4_DM, where the yield specimen sits on loose regolith powder). However, 

there was loose JSC-1A powder between this melted base and the top sintered layer. The 

loose powder came off when the yield specimen was taken out after heating. Thus, it appears 

hollow.  
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i. 

 

      ii. 

                         Figure 6-16: Yield specimen of Test 5_DM i. and ii. 

 

The height of the sample in 4_DM and 5_DM is 2.7 cm; thus, the heating pattern is expected 

to be the same. However, there is a difference, and that is, that the exact centre area on top 

in 4_DM is melted (also observed in 2_DM and 3_DM), but in 5_DM, it is sintered. 

These observations direct to the following two possible inferences: 

1. Due to the coarser particle size leading to a lower bulk density than the finer particle size 

sample, heat conductivity is poorer. That is why the centre area on the top only remains 

sintered in 5_DM compared to 4_DM, where it is melted. Poor thermal conductivity is also 

the possible reason for the powder between the melted base and sintered top layer does not 

receive enough heat and stay as loose powder after the heating has ended. 

2. The formation of yield specimen of 4_DM is very similar to 2_DM and 3_DM. The JSC-

1A sample in 4_DM is finer particle size < 280 µm and that of 2_DM and 3_DM has JSC-

1A ( 1 mm). It indicates that possibly, in general, JSC-1A has a higher percentage of finer 

particle sizes in it. 
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However, the mass of yield formed in 5_DM and 4_DM are almost the same, so there is no 

difference in the microwave heating in both the tests. But it would be more informative to 

test different masses of different particle sizes in future work to assess the difference in 

microwave heating behaviour due to differences in particle sizes if any. 

 

6.5 Different bulk densities of JSC-1A 

For testing the effect of different bulk densities, compacted JSC-1A cylinders are prepared 

using a hand press shown in Figure 6-17, capable of a maximum applied load of 147 kN. 

The diameter of the die used in this machine is 2.0 cm. Thus, all the compacted samples 

(Test 6_DM and 7_DM) are cylinders of 2.0 cm in diameter, as shown in Figure 6-18(a). 

The height is around 2.0 cm for both the samples mentioned in Table 6-4. The edge of the 

compacted cylindrical sample appears to be slightly distorted, which occurred during the 

removal of the cylinder from the dye. The application of different forces on the die resulted 

in different densities. However, as the applied force is manual, inaccuracies due to human 

error are expected. 

 

 

Figure 6-17: Hand press used for compacting JSC-1A into a cylinder 

 

Inside the DM oven, these JSC-1A cylinders are placed on a flat alumina crucible on the 

hotspot location. The flat crucibles broke each time the samples reached higher temperatures 
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due to a sudden increase in temperatures within the sample, i.e., thermal shock. These flat 

alumina crucibles have good thermal shock resistance, but the rise in temperature within 

JSC-1A is too high for the crucible to handle it. Figure 6-18(b) below shows the microwaved 

sample immediately after the complete run of Test 6_DM.   

 

 

           (a)         (b) 

Figure 6-18: Test 6_DM (a) compacted sample before heating, (b) sample right after the 

heating run was complete 

 

Table 6-4: Different densities of JSC-1A in an alumina crucible heated in DM oven 

Test Bulk Density 

(g/cm3) 

Mass of the 

cylindrical 

sample 

(g) 

Height of the 

cylindrical 

sample 

(cm) 

Total run 

time 

(min) 

Yield 

(g) 

Average 

Yield % 

 

6_DM 2.075 13.691 2.1 4.45 5.01 36 

7_DM 2.123 13.336 2.0 5.39 4.75 37 

 

The heating times for both the samples are between 4 – 6 min, as shown in Table 6-4. The 

average yield of both is around 37 %. The structure of the yield specimens from Test 6_DM 

and 7_DM are shown in Figure 6-19 below. It is visible that the JSC-1A cylinder at a certain 

depth inside the cylinder melts rapidly, and the melted mass flows outward as there is no 

crucible to contain it. A void is created due to the melting. This melted mass is surrounded 

by a cover of sintered powder on it. This suggests that the powder near the top surface of the 

crucible does not achieve a sufficiently high temperature that it melts and flows. A portion 

of left out JSC-1A powder surrounding the yield specimen is seen in Figure 6-18(b), which 

just fell apart from the compacted JSC-1A sample when tapped with a small spatula. This 

yield formation is very similar to the earlier yields of test 2_DM, 3_DM and 4_DM.  

 

2.1 cm 
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(a)     

    

(b) 

Figure 6-19: Yield specimen of (a) Test 6_DM and (b) Test 7_DM 

 

Both the yield specimens are shorter in height than the original cylinder sample as the heat 

did not reach the top of the cylinder. There was compact powder on the top, and when tapped 

off, the yields shown in Figure 6-19 emerged. The time, yield %, and formation of the yield 

specimen appear to be identical for both, samples. These results indicate that microwave 

heating is similar for JSC-1A with bulk densities in the range of 2.075 to 2.123 g/cm3. 

However, as the bulk densities achieved in test 6_DM and 7_DM for testing are very close 

to each other, further investigation, including samples with bigger differences in the bulk 

densities may bring more knowledge on the influence of bulk density on microwave heating. 

 

6.6 Different lunar simulants  

The last set of experiments is testing different simulants of the lunar regolith. JSC-1A, FJS-

1 and NU-LHT-3M simulants were compared for microwave heating in the DM oven. FJS-

1 was very little in the amount at DLR, Cologne, and thus was used only for these 

experiments. The height of all is kept the same in the alumina crucible. The three categories 

in the table are: 
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8_DM: JSC-1A 

9_DM: FJS-1 

10_DM: i. NU-LHT-3M, ii. NU-LHT-3M + 5% Ilmenite, iii. NU-LHT-3M + 10% 

Ilmenite 

Figure 6-20(a) shows the FJS-1 sample in the crucible in Test 10_DM i. after the complete 

run. Figure 6-20(b) shows the sample after it cooled down. Table 6-5 shows the test results. 

 

 

           (a)        (b) 

Figure 6-20: Test 9_DM: FJS-1 sample (a) right after the completed run, (b) after the 

sample has cooled down. 

 

Table 6-5: Different lunar soil simulants in an alumina crucible heated in DM oven  

Test Test Name Mass in the 

crucible 

(g) 

Height in the 

crucible 

(cm) 

Total run 

time 

(min) 

Yield 

(g) 

Average 

Yield % 

 

8_DM  JSC-1A 35.00 2.7 8 14.91 43 

9_DM i. FJS-1 33.77 2.7 13 13.80 42  0.67 

ii. FJS-1 33.77 2.7 13 14.25 

10_DM i. NU-LHT-3M 36.06 2.7 20 No sintering/ 

melting 

-------- 

ii. NU-LHT-3M 

+5% Ilmenite 

36.04 2.7 15 No sintering/ 

melting 

iii. NU-LHT-3M 

+10% Ilmenite 

36.04 2.7 20 No sintering/ 

melting 

 

These experiments (Table 6-5) indicated that the highland simulant NU-LHT-3M did not 

show any sintering or melting of the sample in the DM oven. Even with the addition of 5% 
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and 10% ilmenite, it did not show any sign of melting or sintering in the DM oven. On the 

other hand, the FJS-1 behaved similarly to JSC-1A because both the simulants are basaltic  

(Matsushima et al., 2009, Orbital Technologies Corporation, 2005). FJS-1 took longer than 

JSC-1A but produced the same average yield %. However, the appearance of the yield 

specimen of these two is different from each other. Figure 6-21 shows them. 

 

    

(a) 

   

(b) 

        

(c) 

Figure 6-21: Yield specimen of (a) Test 8_DM, (b) Test 9_DM i. and (c) Test 10_DM ii. 
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The yield specimen of JSC-1A, i.e., Test 8_DM, is formed as a ball with a melted bulged 

top with a void in between. However, the yield specimen of FJS-1 in Test 9_DM are pretty 

similar to Test 5_DM testing coarse particles (> 280 µm) of JSC-1A. The small broken 

pieces in Figure 6-21(b) and (c) are parts of a thin sheet of FJS-1 surrounding the lump of 

melted mass. These tiny pieces are melted on the inner side and sintered on the outer side, 

similar to the yield of Test 5_DM. This similarity specifies the possibility of the particle size 

distribution of FJS-1 coarser than that of JSC-1A which, is confirmed by the literature. The 

maximum particle size distribution of FJS-1 is around 3 mm (Matsushima et al., 2009), 

compared to 1 mm for JSC-1A (Orbital Technologies Corporation, 2005). 

 

6.7 Effect of shape of the crucible holding JSC-1A 

From the above tests, a corollary result is observed. Test 1_DM and Test 8_DM presents 

data on the effect of microwave heating of JSC-1A in a cylindrical crucible vs a classic 

tapered crucible, respectively. The mass in both the tests is 35 g, but JSC-1A in Test 8_DM 

is placed in the alumina crucible, which is a classic tapered shape compared to the cylindrical 

shape of Test 1_DM. Consequently, the height of the JSC-1A sample in the alumina crucible 

(2.7 cm) is more than twice the height of that in the quartz crucible (1.1 cm). 

The JSC-1A microwave heated in alumina crucible yielded 43 % (Test 8_DM) compared to 

17  2.6 % of Test 1_DM in the cylindrical crucible. It highlights that although the mass of 

the sample is the same, different shapes of sample holders (crucibles) have a strong influence 

on the microwave heating process. This is because the hotspot formation in the multimode 

oven gets affected by changing the shape and volume of the crucible. This understanding is 

very similar to that gained from COMSOL simulations (Chapter 5), where the diameter-to-

height aspect ratio of a given cylinder is shown to cause significant differences in the 

microwave heating of the lunar soil simulants under testing in a multimode microwave oven. 

 

6.8 Characterisation of the yield specimen 

The yield specimen of Tests 1_DM to 8_DM are analysed for SEM & EDS, true density and 

nano-indentation/hardness and elastic modulus. SEM is used for microstructure analysis. It 

allows visual observation of an area of interest at extremely high magnifications producing 

images of high resolution and detailed depth of field (NTS, 2021). The EDS technique is 

used for qualitative and sometimes semi-quantitative analysis of the elemental composition 

of the area of interest (NTS, 2021). True density is a physical property measured as the mass 
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of a sample divided by its volume, excluding open and closed pores (Micromeritics, 2001). 

The production of construction materials such as bricks and tiles requires determining true 

density (Micromeritics, 2001). It influences the mechanical properties of materials like 

strength, thermal conductivity, etc. (Luay Khaleel, 2021). Nano-indentation is used for the 

determination of two properties: hardness and elastic modulus. Hardness measures 

material’s resistance to deformation by surface indentation (Instruments, 2021). Elastic 

modulus determines the elasticity of a material.  

The suitable cross-sectional piece is chosen by breaking the melted bottom of each yield 

specimen for SEM and nanoindentation analysis. In the cross-section representing a piece 

from near the edge, uneven heating can be distinguished. The edge appears sintered while 

the inner region is a combination of partially and fully melted (Figure 6-22). The yield 

specimen obtained from the above tests showed the pieces highly porous at the edge. The 

inner melted regions also have pores but far less than the sintered ones, as shown in Figure 

6-22. 

 

 

Figure 6-22: A piece of the yield specimen as prepared for SEM and nano-indentation 

analysis 

 

6.8.1 SEM and EDS Analysis 

6.8.1.1 Sample preparation 

To have a flat surface, these pieces of the yield specimen are hand-ground using a silicon 

carbide (SiC) paper starting from P80, P600, P1200, P2500 to P4000 grit sizes in order. 

 

Inner melted 

region 

Sintered 

edge 
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6.8.1.2 Observation Technique 

These pieces are observed under a variable pressure backscatter mode. The pressure 

maintained in the chamber is 30 Pa. At this pressure, there are just enough nitrogen gas 

molecules to remove excess secondary electrons from the surface of the specimen, thus 

giving a clear image. The EDS analysis provided sufficient elemental data to closely 

approximate specific grains as different minerals and identify the anomalies arising at higher 

temperatures. 

 

6.8.1.3 Results 

The SEM/EDS analysis of the yield specimen from all the tests shows similar features. Some 

of the distinct features visualised and the elemental compositions of the mineral phase 

identified are presented below. The sintered, and fully melted regions are distinctively 

recognised under SEM backscatter electron images as seen in Figures 6-23(a)and (b), 

respectively, of Test 1_DM. In the sintered areas, where the sample has experienced lower 

temperatures, it appears that some of the mineral grains are glued in the matrix, formed due 

to the melting of some other phases. Plagioclase and olivine are distinctively noticed in the 

sintered areas as relict grains. The composition of Figure 6-23(b) which is a fully melted 

region has been identified as glass. The glass here appears to have a mottled texture. It might 

be starting to devitrify which can be confirmed by taking its thin section and observing it 

under an optical microscope in future studies. Figure 6-23(c) and (d) from Test 2_DM and 

(f) from Test 9_DM (FJS-1) are partially melted regions and show dendritic extensions of 

plagioclases indicating chemical reaction with the surrounding glassy matrix. The reaction 

is evident as the elemental composition of these plagioclases has high iron and titanium 

content than the regular ones. Figure 6-23(e) from Test 5_DM is also a partially melted 

region with relict olivine grains embedded in the glassy region. The glassy region in this 

image appears in two shades, one on the left, appearing more darker than the one on the right 

side. An imaginary line is drawn to show a transition zone between the two glassy regions. 

The composition of the glassy region on the left is assessed to have Si (27.6 wt%), Fe (14.1 

wt%), Ca (10.4 wt%), Al (9.7 wt%), Mg (6.4 wt%), Na (2.0 wt%), Ti (1.9 wt%) and K (1.1 

wt%). The rest is oxygen wt%. The composition indicates that it is formed mostly of 

plagioclase, Ti-magnetite and pyroxenes. The reason for this left side glassy region to appear 

darker is expected to be due to lesser iron content in it than the glassy region on the right. 

The shape of the larger olivine grain is sharply edged whereas that of the smaller one is more 

rounded. It indicates that the smaller olivine grain is slightly more Fe-rich (i.e. lower melting 

temperature) compared to the bigger grain. 



 157 

Comparing the sintered, partially melted and fully melted regions of microwaved JSC-1A 

samples with the pre-treated JSC-1A, it can be estimated that, that most of the pyroxenes 

melt first. In the partially melted regions, the dendritic extensions of plagioclase indicated 

them to be melting next. The glassy regions having a good amount of Ca and Al also 

indicated the melting of plagioclase along with Ti-magnetite and pyroxenes. The olivines 

appear to be melting the last as these are present as relict grains in most of the partially 

melted regions.  

 

 

 

Sintered region 

Fully melted region 
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Figure 6-23: SEM backscatter electron images of (a) sintered edge in Test 1_DM, (b) fully 

melted region in Test 1_DM, (c) partially melted region of Test 2_DM, (d) magnified view 

of a partially melted region of Test 2_DM, (e) partially melted region of Test 5_DM – 

yellow line shows the transition zone between two glassy regions (f) partially melted region 

of Test 9_DM. ‘Pl’ is plagioclase in yellow colour and ‘Ol’ is olivine in green colour 

 

6.8.2 True Density Measurement 

The true density of the yield specimen was estimated using Micromeritics AccuPyc II 1340, 

a gas pycnometer device. The true (or real) density is the density of the particle material 

measured by displacement of a fluid that will penetrate the internal pores of the particle 

material (Gray, 1968). This device has two separate chambers designed for testing different 

volumes. One can hold a volume of 1 cm3 and the other 10 cm3. The sample holders must 

be filled to a minimum of 10% of their volume. The broken tiny pieces from the yield 

specimen fit in the 10 cm3 volume holder. The pieces are taken from the melted region of 

the yield specimen. Thus, the true density is measured for the fully melted glassy part. The 

specimens were weighed and put in the sample holder. Helium gas was then purged through 

the sample holder for measuring the volume. One specimen from each category of tests 

discussed above was tested for true density measurement. Table 6-6 shows the results of the 

different categories. These true densities are accurate to +/- 1%. 
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Table 6-6: True density results of the yield specimens of (a) different masses, (b) different 

particle sizes, (c) different densities of JSC-1A, and (d) different lunar simulants 

(a) 

Different masses True density (g/cm³) 

Test 1_DM (35 g) 2.80 

Test 2_DM (70 g) 2.77 

Test 3_DM (107 g) 2.68 

 

(b) 

Different particle sizes True density (g/cm³) 

Test 4_DM (< 280 µm) 2.87 

Test 5_DM (> 280 µm) 2.82 

 

(c) 

Different densities True density (g/cm³) 

Test 6_DM (2.075 g/cm³) 2.77 

Test 7_DM (2.123 g/cm³) 2.79 

 

(d) 

Different simulants True density (g/cm³) 

Test 8_DM (JSC-1A: 35 g) 2.74 

Test 9_DM (FJS-1: 33.77 g) 2.76 

 

The specific gravity of JSC-1A powder as listed by the manufacturer is 2.9 (Orbital 

Technologies Corporation, 2005). The yield specimens tested above showcase true density 

in the range of 2.68 – 2.87 g/cm3. This indicates that it achieves a very dense form after 

melting, quite close to its specific gravity before heating. Measuring the true density of a 

sample to be used as a construction material is of high importance. In applications where 

lightweight design is of prime importance, the aim is to make stiff or strong component at a 

low weight. There, density is often considered alongside elastic modulus or strength. 

Specific modulus/specific stiffness is the ratio of elastic modulus to density and specific 

strength is the ratio of strength to density. A stiff and strong lightweight construction material 

need to have high elastic modulus and high strength at low density. The true density of 

standard concrete, which is a very common construction material on Earth, ranges between 

2.24 – 2.40 g/cm3 (ToolBox, 2008) and that of fused silica is 2.20 g/cm3 (Heraeus, 2021). 

Thus, the JSC-1A and FJS-1 appear to be fair candidates for construction.  
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However, although the lower lunar gravity can enable more flexible construction design, e.g., 

wider span with fewer columns or similar strengths with less density/mass, etc., yet they will 

be at greater risk of micro-meteoritic impacts. Thus, apart from the strength characteristics 

of the structures, their protection from the harsh lunar environment is also crucial. This 

should be looked into the future studies. 

 

6.8.3 Nano-indentation Analysis 

The indentation technique is a simple testing method where an indenter with known 

mechanical properties touches the sample whose mechanical properties are to be determined 

(Fischer-Cripps, 2011). The mechanical properties of interest here are the elastic modulus 

and Hardness, both measured in SI units of Pascal. Nano-indentation is referred to 

penetration depths of up to 1 μm at the time of indentation on the sample material (Fischer-

Cripps, 2011). The Nanoindenter XP (MTS, US) uses a diamond-tipped Berkovich indenter. 

The specimens prepared for SEM analysis, as shown in Figure 6-22, were used for the nano-

indentation as well, but it was only the inner melted region of those tested by the indenter. 

Table 6-7 shows the result of elastic modulus and hardness of the yield specimens from 

different categories. 

Table 6-7: Elastic Modulus and Hardness results of the yield specimens of (a) different 

masses, (b) different particle sizes, (c) different densities of JSC-1A, and (d) different lunar 

simulants 

(a) 

Different masses Elastic Modulus (GPa) Hardness (GPa) 

Test 1_DM (35 g) 51.8 6.7 

Test 2_DM (70 g) 58.0 7.5 

Test 3_DM (107 g) 45.2 6.2 

 

(b) 

Different particle sizes Elastic Modulus (GPa) Hardness (GPa) 

Test 4_DM (< 280 µm) 45.4 6.6 

Test 5_DM (> 280 µm) 66.2 7.5 

 

(c) 

Different densities Elastic Modulus (GPa) Hardness (GPa) 

Test 6_DM (2.075 g/cm³) 71.0 8.1 

Test 7_DM (2.123 g/cm³) 66.5 8.2 
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(d) 

Different simulants Elastic Modulus (GPa) Hardness (GPa) 

Test 8_DM (JSC-1A: 35 g) 41.4 6.3 

Test 9_DM (FJS-1: 33.77 g) 51.5 7.1 

 

The results indicate that all the specimens tested above have an elastic modulus in 41 – 71 

GPa and hardness in the range of 6.0 – 8.5 GPa. The elastic modulus given for concrete is  

14 – 41 GPa (ToolBox, 2008), and that of fused silica measured by this Nanoindenter 

machine is 65 GPa. Thus, the yield of JSC-1A appears to be a strong contender for 

construction purposes. The hardness of fine-grained concrete is given as 0.58 – 0.17 GPa 

(Kholmyansky et al., 1994). The hardness values of JSC-1A can be compared to fused silica, 

which measures around 8.3 GPa on the same Nanoindenter machine and, at some places, 

also measures between 8.6 – 9.8 GPa  (Heraeus, 2021). Fused silica is tough material with 

high thermal shock resistance (Heraeus, 2021, Top Seiko, 2021). JSC-1A can also be 

compared to a natural volcanic glass such as obsidian for its hardness and elastic modulus. 

Obsidian has 72  3 GPa elastic modulus and hardness value of 6.5  0.3 GPa (Meesala, 

2014) very similar and in the range of values for JSC-1A.  

The bulk density of JSC-1A used in Tests 1_DM to 4_DM and 8_DM is measured to be 1.78 

g/cm³. The bulk density of Test 5_DM is 1.40 g/cm³, and that of 9_DM is 1.55 g/cm³. 

However, the elastic modulus and hardness of yield specimens of Test 6_DM and 7_DM are 

the highest amongst all, possibly due to a higher bulk density of these samples (2.075 and 

2.123 g/cm3, respectively). Thus, a denser sample will yield a microwave melted product 

with higher elastic modulus and hardness, i.e., with better mechanical strength. It would be 

beneficial to characterise the fracture toughness of these materials in future studies. 

However, this may not be possible using nanoindentation due to the high loads and loading 

rates that may be required to generate quantifiable cracking. 

 

6.8.4 Time-temperature profiles acquired from Optris camera 

Figure 6-24 indicate the time-temperature plots of the tests carried above in the DM oven.  
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           Figure 6-24: Time-temperature profile of all tests 

As discussed in § 6.2.2, the temperature shown in the plots below indicates lesser values 

than the temperature of the sample inside the oven. Still, the plots indicate the trend of the 

rise of temperature in the given duration of the run. Once the samples rise beyond 450 °C 

(the minimum set point for the camera), it upsurges very quickly to reach the temperature 

enough for localised melting in the sample. A sudden increase in the rate of temperature can 

be witnessed and is attributed to thermal runaway. As discussed earlier, the total time here 

presents the time reached by the area in focus to melting temperatures, not the whole sample.  

 

6.9 Summary 

35 g of JSC-1A (height of 1.0 cm) melted in 8 minutes, 70 g (height of 2.0 cm) in 6 minutes 

and 107 g (height of 3.0 cm) in 17 minutes giving, a 17-18 % yield. Different particles sizes 

and bulk densities in the range of 2.075 to 2.123 g/cm3 of JSC-1A did not show any 

difference in the time taken to melt and the yield rate. Microwave heating of FJS-1 took a 

slightly longer time of 13 minutes to melt but with a nearly very similar yield rate as JSC-

1A. NU-LHT-3M did not show any sign of melting in the DM oven. 

These results from the experiments correlate well with the COMSOL results of JSC-1A and 

NU-LHT-3M (§ 5.5) in the same DM oven setting. COMSOL predicted the C2 cylinder (35 

g mass with 1.0 cm height) of JSC-1A to reach 1209 C in around 9 minutes. In experiments, 

the total run time for 35 g of JSC-1A (height of 1.0 cm) was 8 minutes. This is 1 – 2 minutes 

after witnessing the glow on the surface. It implies that the melting would have taken place 
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much earlier than 8 minutes in the core of the sample. Thus, the experiments appear to be 

faster than the predicted simulation results. The most probable reason for this could be the 

different hotspot locations for experiment and simulation. The hotspot in the DM oven in 

the experiment is likely of a higher intensity than the one in the simulation studies. Also, in 

simulation, the thermal conductivity, electrical conductivity, density, and emissivity is 

considered constant with temperature but in experiments, these properties too will vary with 

temperature giving slightly different result than in simulation. 

For NU-LHT-3M, none of the cylinders reached their melting temperature in COMSOL. 

The yield specimen of all these tests is analysed for SEM and tested for true density, hardness, 

and elastic modulus. The true density is in the range of 2.68 – 2.87 g/cm3, hardness in 6 – 

8.5 GPa and elastic modulus in 41 – 71 GPa.  

These experiments proved that even in the absence of np-Fe0, JSC-1A could be melted under 

2.45 GHz microwave energy in-line with the results from the COMSOL simulation software. 

However, a domestic multimode oven has limitations for microwave heating of lunar soil 

simulants. Therefore, the next set of experiments presented in the next chapter is performed 

in a bespoke microwave (BM) co-designed and manufactured by Industrial Microwave 

Systems Ltd. in Milton Keynes, UK, for The Open University. 
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Chapter 7 

Experimental studies of microwave heating of 

lunar soil simulants at 1 kW, 2.45 GHz in a 

bespoke microwave 

Chapter 6 discusses the results of heating JSC-1A and NU-LHT-3M in a domestic 

microwave (DM) oven. Several limitations identified with that process led to the design and 

manufacturing of a bespoke microwave (BM) system of industrial standards with the support 

of Industrial Microwave Systems Ltd. (Milton Keynes, UK) discussed in this chapter. 

Chapter 7 highlights and discusses the key features of the BM. It then presents the results 

and analysis of tests of heating and melting of (i) different masses of JSC-1A and (ii) JSC-

1A and NU-LHT-3M with and without the addition of water in the BM. 

 

7.1 Learning outcomes  

The research presented so far has led to significant learning outcomes which have been 

discussed below.  

 

7.1.1 Die for making pellets of JSC-1A powder  

The Specac Evacuable Pellet Die capable of a maximum load of 25 tons used for making 

pellets of JSC-1A heated in DM ovens is mentioned in § 6.5. This was used for a concise 

time during the fieldwork in DLR, Germany. At The Open University (OU), the same die 

was used to make pellets of JSC-1A for testing in the BM system. As there was no hand 

press present at the OU, 5-ton and 10-ton mechanical testing (MT) machines were utilised 

for compressing the sample in the die. There were two main problems faced in making pellets 

of JSC-1A in this way: 

1. The pellets were not rigid enough to stay as pellets when taken out and handled for 

transporting from the MT machine to the lab for microwave heating experiments. 

Cotton was put in the cup to avoid shock to the JSC-1A pellet when it falls out of the die in 

the cup to solve this issue. This did seem to help, but it would always break while 

transporting the pellet. Concluding that the pressure was not enough to hold the powder 
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sample as a pellet, the process was shifted from 5-ton to 10-ton. However, the result 

remained the same.  

2. After trying to make 30-35 pellets using both 5-ton and 10-ton MT machines, the 

stainless-steel pellets (shown in Figure 7-1) of the die appeared worn out, probably 

due to the abrasive nature of JSC-1A. 

To attend to this problem, it appeared that stainless steel is too soft for JSC-1A, and thus 

granite was considered to be a better option. A granite stone was procured and drilled through 

to make a hole of 2 cm radius. However, the few trial experiments with this granite die 

witnessed another problem of taking the pellet out of this die after compression. In the 

process of taking the JSC-1A pellet out of the die, the pellets would come out totally broken 

and problem no. 1 was again a hindrance. 

 

 

Figure 7-1: Worn-out stainless-steel pellets of the die 

 

Based on the results presented in this research, future work will include developing a method 

for making lunar soil simulant (LSS) pellets via uniaxial compaction. 

 

7.1.2 Experiments with domestic microwave (DM) ovens 

The one clear outcome of the experiments with (DM) ovens (Chapter 6) is that the LSS JSC-

1A heats up and under some circumstances, does eventually melt under a microwave of 2.45 

GHz fired at 1 kW, as observed by other researchers. However, the DM experiments were 

enough to indicate its inefficiency for melting of JSC-1A. The listed melting point of JSC-

1A is around 1125 °C (Orbital Technologies Corporation, 2005), making the interiors of a 

DM oven very unfavourable to work with. DM oven has limitations to be used for only 

heating food, primarily those containing some amount of water. It is the water molecule that 

gets excited and heated up by the microwave radiation of frequency 2.45 GHz and cooks the 

food. The boiling point of water is 100 °C, so essentially the DM oven is designed to contain 

anything with temperatures near about 100 °C, not more than that. The experiences with four 

DM ovens have made it evident that these are not designed to melt terrestrial or lunar rocks 
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(the melting point of lunar regolith is ≈ 1300 °C). Another major drawback of DM ovens is 

that the input power is distributed in the oven cavity. As the cavity is a multimode type, 

multiple high energy fields of various strengths are formed. Thus, though the input power 

will be set to one value, it is difficult to evaluate how much power goes into each hotspot. 

There were three DMs that were used to heat JSC-1A. However, it caused damage to these 

ovens, and thus no results were obtained. All tests carried out on JSC-1A in these three ovens 

were run for a maximum of 15 min. It was then allowed to cool the oven down, leaving it 

for 30 min before initiating the next run. These experiments were carried out in alumina 

crucibles. The results discussed in (§ 6.1) are from the experiments in the fourth DM oven 

(Panasonic inverter type drilled with a hole of 2 cm diameter on the top). 

The three ovens used for the experiments were from Daewoo (1 kW), Bosch (800 W) and 

Panasonic inverter type (1 kW), respectively. These three ovens operating at 2.45 GHz were 

used without any modification.  

1. Daewoo (1 kW) microwave oven: This was the first microwave oven used for 

experiments. It lasted precisely for a week, when the thin plastic film over the mesh 

on the door of the oven melted and got stuck to the metal mesh. The closer look of 

the metal mesh indicates some deformation in the mesh. Figure 7-2(a) shows the 

damage. 

2. Bosch (800 W) microwave oven: This was the second oven purchased for the 

experiments. It caused the inside of the oven door to deform due to the hot air inside 

after regular experiments with JSC-1A for three days, as shown in Figure 7-2(b).  

3. Panasonic inverter (1 kW) microwave oven: The third and fourth microwave ovens 

were the same model. However, this one was not drilled with a hole to let the hot air 

escape, and thus this lasted only for a day because of the melting of the inside of the 

door as shown in Figure 7-2(c). This location was similar to the area of melting on 

the Bosch door. Also, after just three runs of heating JSC-1A, the bottom surface of 

the oven where the hotspot was identified, and crucibles were placed repeatedly for 

the runs was burnt and appeared damaged, as indicated in Figure 7-2(d). 

These deformations and melting of the parts in the respective DM ovens were due to the 

convective hot air inside the oven generated from the melting of JSC-1A at around 1125 °C. 

The microwave radiation leakage from these damaged ovens was beyond the safe limit of 5 

mW/cm2 at a distance of approximately 2 inches from the oven (FDA, 2017). After testing 

it with a microwave leakage detector, these ovens were deemed ‘not fit’ to use.  
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However, these experiments proved that JSC-1A, a lunar soil simulant can be melted under 

an incident microwave energy of 2.45 GHz. The learning outcomes from this event 

determined the steps outlined ahead in this chapter. 

 

 

Figure 7-2: Broken doors of DM ovens (a) Melted plastic film over the mesh on the Daewoo oven 

door, (b) inside of the oven door deformed in the Bosch model, (c) inside of the oven door deformed 

in the Panasonic oven, (d) the bottom of the Panasonic oven burnt and damaged during the heating 

of JSC-1A 
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7.2 Design and operation of a bespoke microwave (BM) of industrial standards 

The experience with the domestic microwave ovens clearly indicated that a microwave of 

industrial standards for processing LSS should be able to: 

1. withstand high temperatures (at least up to 1300 °C), 

2. have the flexibility of operating at different power levels, 

3. pyrometers to record temperatures up to 1300 °C, 

4. a viewing port to see the experiment in progress, 

5. vacuum chamber to perform the experiments in low-pressure environments, and 

6. port connectivity to plug the machine into a computer and control it through user-

interface software.  

7. work with small-sized samples as some of the LSS (such as NU-LHT-3M) are 

scarcely available 

A company called Industrial Microwave Systems Ltd., situated in Milton Keynes, the UK 

involved in manufacturing custom-made industrial microwaves, was invited to discuss the 

requirements for manufacturing a bespoke microwave (BM), starting from March 2017. 

MDC Vacuum Ltd., a company specialising in vacuum and ceramic seal solutions, was 

contacted to manufacture the vacuum chamber/cavity. After finalising the design 

configuration of the industrial microwave based on the required configuration and 

manufacturing ease, the contract was finalised, and the BM operating at 2.45 GHz and 1.0 

kW was delivered to the OU in November 2018.  

 

7.2.1 Single-mode vs Multimode applicator/cavity 

The BM is a single-mode applicator design, remarkably different than the multimode type 

of a domestic microwave oven. Each mode represents a field configuration that is specific 

to a wave of a given frequency and wavelength. The design of a single-mode applicator is 

such that it excites only one mode with a defined standing wave with a known location of 

maximum and minimum field strengths. The size of such applicators is either in the vicinity 

of the operating wavelength or slightly larger. However, the multimode applicators are very 

large in dimensions compared to their operating wavelength, and thus, more than one mode 

(waves of different field configurations) operates in the cavity. The operating wavelength 

operates in a range of bandwidth as opposed to a single wavelength. The standard domestic 

microwave ovens operating at a frequency of 2.45 GHz typically have a bandwidth of 50 
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MHz and thus can have several modes (Mehdizadeh, 2015). Due to multiple modes, it is 

difficult to assess the locations of maximum and minimum field strengths in a multimode 

oven. Table 7-1 lists the salient features of single-mode and multimode designs, which 

strikingly mark their differences. 

 

Table 7-1: Salient features of single-mode and multimode applicators (Council, 1994, 

Mehdizadeh, 2015) 

Single-mode applicator Multimode applicator 

Small compact cavity Larger cavity 

Single-mode is excited Multiple modes are excited 

Suitability for heating both high loss and low loss 

materials also preferred for dielectric 

measurements 

Suitability for bulk processing also used as a 

laboratory plasma generator 

The Uniform field is predictable Obtaining a predictable uniform field is difficult 

High field intensity which provides more ‘focussed’ 

microwave energy 

Uniform heating may require motion of the product 

or hybrid heating 

High efficiency is possible Moderate to high efficiency 

 

The difference between single mode and multimode designs signifies the difference in their 

application. Although multimode applicators are suitable for bulk processing, single mode 

BM is apt to study the interaction of lunar soil simulants with the microwave radiation of 

2.45 GHz for this research. It has several advantages, as listed in § 7.2 and Table 7-1 over a 

multimode oven for this research.  

 

7.2.2 Experimental set-up of the BM  

The body of the BM is made up of aluminium. Aluminium has a melting point of 660 C. 

The cavity needs to withstand temperatures in excess of around 1300 C for which the cavity 

is water-cooled. There are necessary arrangements put in place to safeguard overheating of 

the magnetron and the cavity. Figure 7-3(a) shows a block diagram of the BM to understand 

its working principle, Figure 7-3(b) shows the BM sitting in the lab where experiments were 

carried out on it, Figure 7-3(c) shows the side view of the same BM to indicate the vacuum 

flange attached to it at the back which is not visible in the front view. The various parts of 

the BM are listed in the caption of Figure 7-3, and their purpose is listed in Table 7-2 below. 
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Figure 7-3: Bespoke Microwave (a) Block diagram of BM representing the parts, (b) BM 

sitting in the lab. The parts located in the figure are 1. Magnetron box, 2. Circulator with 

water as the dummy load, 3. Three stub tuners, 4. Vertical tuner, 5. Sample chamber or 

cavity, 5a. Low-temperature pyrometer, 5b. High-temperature pyrometer, 5c. Viewing port, 

6. Power control and display panel, 7. Mass spectrometer 8. Turbo vacuum pump, 9. 

Vacuum pump flange, (c) side view of the BM to indicate part no. 11 

 

Table 7-2: Application of the parts of the bespoke industrial microwave 

Sl. No. Part of the BM Application 

1. Magnetron Box Generates microwaves of frequency 2450 ± 10 MHz. The box has a fan 

inside to keep it cool. 

2. Circulator It obstructs the reflected power (waves) to hit the magnetron, directs 

it to the dummy load (water), and saves the magnetron from damage. 

The frequency range that this circulator can work with is 2450 MHz ± 

25 MHz. It is also called an isolator. 

3.  Three stub tuners The stub tuners are in the form of a cylindrical piston inside. Turning 

these tuner knobs reciprocates the piston and thus changes the height 

of the rectangular cross-section available to the wave passing through 

it, therefore adjusting its maximum electric field strength (maxima) 

location. 

 

(c) 

5c 

5b 

9 
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Sl. No. Part of the BM Application 

4.  Vertical tuner It is also a piston inside the top cylindrical part which sits over the 

cavity. By adjusting the vertical tuner, the length of the cavity changes 

resulting in a shift in the hotspot location inside the cavity. 

5.  Sample 

chamber/cavity 

This is where the sample is placed, and it gets heated under the 

microwave. It is comprised of: 

a. Pyro 1 - low-temperature pyrometer – measuring from room 

temperature to 1000 °C, 

b. Pyro 2 - high-temperature pyrometer – measuring from 500 to 

1400 °C, 

c. viewing port – this enables the researcher to see the ongoing heating 

inside the cavity and record/take photos using the camera. 

6.  Power control and 

display panel 

The commands keys are placed in this panel. It has 

• two displays to indicate forward input power and reflected 

power.  

• the knob to set the power level increment of 1 W from zero to 

1000 W.  

• temperature displays connected to the two pyrometers 5a 

and 5b. 

• an input display where the duration of the run can be 

programmed in. 

7. Mass spectrometer It detects the volatiles outgassed from the sample heated up in the 

cavity. It was not utilised for this PhD research. 

8. Turbo vacuum 

pump 

The pump creates a low-pressure (capable of up to 10-8 mbar) 

environment inside the cavity. It was not utilised for this PhD research. 

9.  Vacuum pump 

flange 

This enables to attach the cavity with the turbo vacuum pump. 

10. Air & water supply The yellow pipe supplies the air, and the black pipe is for water. 

 

7.2.3 Operating principle of BM 

In addition to the integrated fan in the magnetron box, there is an air supply (no. 10 in Figure 

7-3(b)) which is set to ON position to cool down further and remove any dirt particle in the 

rectangular waveguide and the vertical tuner. The water supply is also set to ON position to 

run through the water-cooling pipes fitted into the walls of the sample cavity to keep it cool 

while the system is on. Water is also supplied as a dummy load next to the circulator to 

absorb the reflected power and protect the magnetron. Then, the power level and the run 

duration are set as input. Once the machine is switched ON with the initial settings completed, 

the magnetron is ready to generate the microwave of 2.45 GHz at the set power level. When 

the magnetron power is on, microwaves pass through the rectangular waveguide and reach 

the circular waveguide via the copper coaxial launch tube. The sample is placed in the cavity 

section of the circular waveguide. The three stub tuners and the vertical tuner are adjusted 

to minimise the reflected power, which would mean that the sample is at the correct position 

and is exposed to the maximum electric field strength of the forward input power. The 
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heating takes place in the sample depending upon its absorptive capability. As the sample 

heats up, the two pyrometers record the temperature of the crucible surface and not of the 

sample due to the fixed angle/position of the pyrometers.  

 

7.2.4 Safety features in BM 

There are good safety features in the BM to ensure the safety of the operator.  

• The cavity door is secured with an interlock mechanism that ensures zero leakage of 

microwaves. It has an additional level of protection from leakage because of a metal 

mesh layer along the rectangular cross-section at the opening.  

• In case the door is not sealed correctly because of loosely gripped interlocks, the 

machine will not be ready to be switched ON.  

• There is a light resistance diode (‘Arc Detector’ in Figure 7-3) at the start of the 

waveguide to detect any arc produced in the waveguide so that the machine can be 

turned off immediately to secure the magnetron. 

 

All the experiments for this research in the BM are carried out in ambient conditions (lab 

temperature of around 20 °C and pressure of 1 atm). These experiments are an extension to 

the experiments in the domestic microwave (DM) (in ambient condition) with a robust 

machine and better control. After understanding the behaviour of LSS in ambient condition, 

future work will include experiments in the vacuum using the turbo vacuum pump indicated 

by no. 8 in Figure 7-3(b) to estimate close to low-pressure lunar environment. There are two 

sets of experiments designed to study the BM and discussed in this chapter:  

1. Different masses of JSC-1A 

2. JSC-1A vs NU-LHT-3M – with and without the addition of 5 g of water 

Water is an active absorber of microwave radiation of 2.45 GHz. It is water present 

in the food which heats up by absorbing the radiation in a domestic microwave oven 

which helps heat and cook the food. So, in a way, water acts as a susceptor in 

increasing the temperature of the food resulting in cooking it. In a similar way, 

presence of water or water-bearing minerals embedded in lunar regolith can act as a 

susceptor and speed up the process of generating heat depending upon at what 

temperature the water molecule is liberated. Thus, presence of water in a sample used 
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for microwave heating is expected to absorb the microwave radiation faster and heat 

up the sample faster than the one without the presence of water in it.  

It is to be noted that water is not a necessary requirement for microwave heating and 

thus, as stated earlier should be left to be used for other ISRU purposes. The heating 

of lunar soil simulants has demonstrated that these can be readily microwave heated 

without any water in it. However, as humans prepare to land on the lunar south pole 

where presence of water in the regolith seems to be inevitable. Thus, it will be 

interesting to enquire the influence of presence of water which might enhance the 

microwave absorption. As water is not a consumable in microwave heating but can 

act as a susceptor to speed up the heating, it can also in-turn be collected as a volatile 

in the process to be used for other purposes.  

Therefore, a study based on water present in JSC-1A and NU-LHT-3M is conducted 

to verify its effect on microwave absorption. 

 

7.2.5 Ceramic fibre paper and crucibles 

This section contains the details of ceramic fibre paper and various ceramic crucibles used 

during the experiment. 

7.2.5.1 Ceramic fibre paper 

Ceramic fibre paper of two different thicknesses was used as insulation during the 

experiments. It can withstand temperatures to 1260 °C and is a lightweight refractory 

material processed from a blend of alumina-silica fibres into a flexible, uniform sheet 

(VITCAS, 2020). It is also transparent to microwaves, so a good contender for the 

experiments. The one with 2 mm thickness was used to line the interior of the crucibles to 

protect the crucible from excessive heat and prevent the melted sample from fusing with the 

crucible. It was pretty easy to take the sample out of the crucible after the heating. The other 

sheet with 5 mm thickness was cut into a circular shape to put it inside the sample 

chamber/cavity of the BM. It is placed at the bottom of the cavity to protect the heat from 

transferring to the bottom of the cavity, which is made of quartz to let the microwave enter 

the cavity via the coaxial launch tube.  

 

7.2.5.2 Classic crucible 

A classic crucible shown in Figure 7-4(a) was used for the first experiments. It is an alumina 

crucible with 99.3 ~ 99.5 % purity. There is no description of its melting point, but it is used 
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as a bowl holder for a tube muffle furnace operating at 1600 °C, thus indicating that its 

melting point is > 1600 °C (ebay, 2020). This was used for the first set of experiments on 

different masses of JSC-1A. Figure 7-4(b) shows the crucible lined with a ceramic fibre 

paper of 2 mm thickness. The maximum total mass that this crucible can hold after being 

lined with ceramic fibre paper is approximately 70 g. Thus, four masses of 10, 20, 30 and 50 

g were chosen to study the effect of different masses.  

 

    

Figure 7-4: Classic tapered crucible (a) dimensions, and (b) lined with 2 mm thick ceramic 

fibre paper 

 

7.2.5.3 Cylindrical crucible 

The cylindrical crucible (Figure 7-5) was used in the second set of experiments where JSC-

1A and NU-LHT-3M were tested under microwave heating with and without the presence 

of water. It is made of recrystallised alumina (99.8 %) with a maximum withstanding 

temperature of 1750 °C (Almath Crucibles Ltd.). As there was a limited supply of NU-LHT-

3M, it was essential to work with small samples of the simulant, and thus a small crucible 

and a small mass of 25 g were chosen for each of the experiments. These crucibles were also 

lined with 2 mm thick ceramic fibre paper. 

 

                                        Figure 7-5: Cylindrical crucible 

5.0 cm 

5.2 cm 

(a) 

Ceramic fibre paper 

(b) 

3.3 cm 

4.5 cm 



 177 

7.2.5.4 Support crucibles 

A set of crucibles was used as support, put one over the other to place the sample so that 

hotspot was witnessed inside the sample. Though alumina is considered transparent to 

microwaves, the placement of crucibles seemed to affect the microwaves. That is why 

multiple trials and errors were carried out with support crucibles and altering the tuners (stub 

and vertical) to get the correct position where the sample will receive the maximum power. 

The maxima position of the electric field lies at around 5.5 cm from the bottom as per the 

design of the circular waveguide in the BM. However, as noted in Mehdizadeh (Mehdizadeh, 

2015), the field configurations change with the addition of load material and thus will affect 

the location of maximum field strength. This was well observed in the practical scenario as 

rapid heating at a point inside the sample occurred at 6.3 cm from the bottom of the cavity. 

This height was achieved by three ceramic fibre paper layers (each 0.5 cm thick), two round 

shallow alumina crucibles (each of height 1.9 cm) and one square alumina plate (1cm height) 

stacked up as shown in Figure 7-6. The ceramic fibre papers were cut precisely to the size 

of the quartz window (Ø 10.2 cm) at the bottom of the cavity and placed on top of it. The 

two round shallow crucibles and one square plate were placed at the centre of the papers, as 

shown in Figure 7-6. The round shallow crucible (Figure 7-7(a)) and square plate (Figure 7-

7(b)) are both made of recrystallised alumina (99.8 %) (Almath Crucibles Ltd., Almath 

Crucibles Ltd.). The sharp edges in the square plate were undesired as they could create a 

concentrated electric field and cause sparking (Zimmerman, 2010). Thus, the edges of the 

square plate were trimmed and filed. The round shallow crucible 1 in Figure 7-6 was 

discoloured due to severe heat from the sample in the crucible. These support crucibles broke 

into two-three pieces after a few runs, as shown in Figure 7-8. This was attributed to the 

thermal shock caused by the thermal runaway effect inside the LSS. Alumina can resist high 

temperatures but has low thermal shock resistance (200 °C) (Almath Crucibles Ltd.), and 

thus it will give way. However, after breaking apart, it was still possible to place these 

crucibles one over the other, and this worked better as the heat had a way to escape to the 

bottom where the three ceramic fibre papers were placed. The three ceramic fibre papers 

provided good insulation. After every run, the top ceramic paper was replaced with a new 

one as it burnt due to the heat. Some of the runs with intense heat and sharp thermal runaway 

will also discolour the second ceramic paper and the top one in the stack leading to changing 

both the papers.  
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Figure 7-6: Support crucibles stacked one over the other to give the height of 6.3 cm to the 

cylindrical crucible lined with ceramic fibre paper and holding 25 g of JSC-1A (Test 

5_BM) inside the sample chamber/cavity (View with cavity door open) 

 

 

       

Figure 7-7: Support crucibles (a) Round shallow, and (b) Square plate 
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Figure 7-8: Broken pieces of two round shallow crucibles and square plate used as support 

crucibles 

 

Apart from the support crucibles breaking, the classic and cylindrical crucible used in the 

two sets of experiments also have broken many times. Sometimes the crucibles broke while 

taking the heated mass out of it after finishing the run. Other times, it cracked while the 

experiment was on in the cavity. However, in such cases, the sample inside the crucible 

remains intact and does not fall off because of the ceramic fibre paper. One such run is shown 

in Figure 7-9. The cylindrical ones almost broke after every run. This was one of the major 

challenges faced in the experiment. The rapid increase of temperature caused by the thermal 

runaway would make the crucibles crack. This also limited the number of experiments 

carried out in the given timeframe.  

 

 

Figure 7-9: View of a test run from the viewing port 5c in Figure 7-3(c). The crucible 

cracked while the heating was going on 
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7.2.6 Experimental Procedure 

The set of support crucibles discussed above in § 7.2.5.4 is placed in the cavity. The JSC-

1A sample is placed inside the classic crucible lined with ceramic paper. The BM starts 

running as per the steps explained in § 7.2.3. Pyro 1 records temperature starting from room 

temperature. Depending upon the sample and sample size in the crucible, at respectively 

different times in the run, a glow is observed on the surface of the sample. Precisely at this 

time, the pyro 2 starts flashing high temperatures beginning around 500 – 600 °C. This glow 

is bright yellowish-white in colour, indicating melting of the surface mass. The colour bright 

yellow to white is associated with temperatures of about 1200 to 1600 °C (Papiewski, 2017) 

which indicates that the surface of the sample where the glow appears would have reached 

the melting temperature of JSC-1A and NU-LHT-3M. The reflected power in all the 

experiments mentioned in Table 7-3 and Table 7-6 has been brought to 0 ~ 28 W at the start 

of every run by adjusting the tuners. Sometimes, the reflective power would fluctuate during 

the heating process and indicate 28 or 57 W, again re-adjusting the tuners used to bring back 

the value to 0. The reflective power would always flash two numbers indicating the actual 

reflective power lies somewhere between those two numbers. Thus, the forward input power 

received by the sample has always been in the range of 972 – 1000 W. 

After the run is complete, either some or whole sample mass is sintered/melted and appears 

like a lump. This final sintered/melted product is defined as a yield specimen, a fraction of 

the sample mass. In those runs, where only a small fraction of sample mass is sintered/melted, 

the rest remains loose regolith powder. 

 

7.3 Different masses of JSC-1A 

As discussed in § 6.3, different masses in the same crucible should be studied to determine 

the relationship between mass and microwave heating performance. The previous runs with 

the DM oven (§ 6.3) indicate that heating starts within 15 minutes for the masses up to 70 g 

(Table 6-2) thus the duration of these runs was fixed to be 15 min. Based on the volume 

available of the classic crucible after lining it with 2 mm thick ceramic fibre paper (Figure 

7-4), four different masses of 10, 20, 30 and 50 g were tested under 1 kW, 2.45 GHz 

microwave radiation for 15 min. Figure 7-10 shows a 30 g sample inside the BM while 

heating up. The bright white glow is visible on the top surface and also at the bottom of the 

crucible. The purple hue is due to the light illuminating the pink colour of the crucible surface. 
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Table 7-3: Different masses of JSC-1A heated in BM 

Test Repeat 

no. 

Mass in 

the 

crucible 

(g) 

Height in 

the 

crucible 

(cm) 

Glow 

time 

(min) 

Yield 

(g) 

Average 

yield (g) 

Average 

yield % 

 

1_BM i.  

10 

 

0.8 3 2 3.0  

30.0  10 

 

ii. 1 3 

iii. 0.5 4 

2_BM i. 20 1.6 3.9 20 19.5 97.5  3.5 

ii. 7.9 19 

3_BM i. 30 2.0 6.5 30  

28.7 

 

95.6  5.1 

ii. 9.7 27 

iii. 8.5 29 

4_BM i. 50 3.0 10.1 42 43.7 87.3  5.8 

ii. 10.1 42 

iii. 8.9 47 

 

 

Figure 7-10: 30 g JSC-1A sample in action inside the BM 

There is an apparent increase in the yield of 10, 20, 30 and 50 g of JSC-1A, respectively as 

seen in Table 7-3. The 10 g sample yielded only 30.0 % of the sample mass whereas 20 and 

30 g yielded more than 95 %, and 50 g yielded 87.3 %. Figure 7-11(a), (b), (c), and (d) show 

the 10, 20, 30 and 50 g samples respectively in the crucible right after microwave heating of 

15 min in the BM. Based on these images, the estimated hotspot size and location is shown 

in a representative picture drawn in Figure 7-11(e). This figure also explains why 10 g yields 

lesser mass than the rest because, in the sample size of 10 g, very little mass experiences the 

hotspot and thus, the heat generated via this little mass is not sufficient to conduct itself to 

melt the rest of the mass.  
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Figure 7-11: Sample in the crucible after microwave heating - (a) 10 g, (b) 20 g, (c) 30 g 

and (d) 50 g, (e) estimated size and location of the hotspot 

 

The estimated hotspot characteristics in Figure 7-11 highlight that the hotspot size is pretty 

small in single-mode cavities, as understood from the above experiments. It is a robust state 

of the art machine to understand the microwave behaviour of samples recording other 

specificity such as the max temperature and the correct power level. However, once 

understood, it is best to use multimode ovens to heat, sinter or melt bigger samples as they 

will have multiple hotspots, and large-sized samples will heat up faster than in a single-mode 

cavity.  

Figure 7-12 shows the yield from the different masses. 10 g and 20 g yield appear to have a 

dent or hole on the surface itself, but 30 g and 50 g yield have a sintered top and melted 

bottom with a void in between, as also observed in the yield of domestic microwave 

experiments (Figure 6-11 and 6-12). This is because the surface of 10 and 20 g is at a height 

that is well under the hotspot height in the crucible, and it quickly gets melted. However, in 

the higher masses of 30 and 50 g, the height is more than the height of the hotspot, and it 
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takes longer to heat and melt the rest of the mass to reach the surface. This further supports 

the fact that the hotspot lies somewhere near the bottom of the crucible, as shown in Figure 

7-11. Figure 7-12(c) and (d) on the left shows the upper surface of the sintered top layer, and 

the right shows the top under surface of the sintered top layer. 

 

           Figure 7-12: Yield specimens of (a) 10 g, (b) 20 g, (c) 30 g and (d) 50 g 

The 20 and 30 g samples appear to be the optimal masses that can heat and produce more 

than 95 % of yield in the given classic crucible and the hotspot setting prepared for this 

experiment. 

 

7.3.1 SEM Results 

A section of the molten bottom part of all the yields has been prepared to be observed under 

Scanning Electron Microscope (SEM) in high vacuum conditions (at a pressure of 10-5 to 

10-6 mbar). The features observed in the SEM images of the yield in each mass closely 

resemble the DM oven yield mentioned in § 6.7.1. There are three distinct regions observed 



 184 

in most yields: a fully melted region that appears like a clean surface with no distinguishable 

unique feature, a partially melted region that clearly demonstrates melting (dendritic 

extensions) of plagioclase grains with a few relict grains of olivine embedded in the 

surrounding glassy matrix and a sintered edge which shows various mineral grains 

embedded in a glassy matrix. The fully melted region mostly covers the central area of the 

yield, with the edges of the yield being partially melted. This distinction denotes the different 

temperatures experienced by different regions of a given cross-section of a yield. The reason 

for edges being partially melted is quite predictable as the edges lose heat more rapidly than 

the centre via convective and radiative losses. 

 

       

       

Figure 7-13: SEM backscatter electron images of sintered, partially melted and fully 

melted regions in (a) 10 g and (b) 20 g, (c) 30 g fully melted region and (d) partially 

melted regions of 50 g. Red arrows represent dendritic extensions of plagioclases 

 

10 g shown in Figure 7-13(a) and 20 g shown in Figure 7-13(b) yield show the regions of 

fully melted, partially melted and sintered edge. However, the 30 g sample only showcased 
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a fully melted region presented in Figure 7-13(c). Figure 7-13(d) demonstrates a partially 

melted region of 50 g yield. The partially melted region of 50 g yield indicates dendritic 

extensions of plagioclases displaying chemical reaction with the surrounding glassy matrix. 

Such dendritic extensions are witnessed in the partially melted areas in yield of 10 and 20 g 

as well, as indicated by red arrows in Figure 7-14(a) and (c). But then they also have various 

other mineral grains surrounded by a glassy matrix with many Fe-rich white particles lining 

the rims of several mineral grains and a lot of these Fe-rich particles randomly scattered in 

the glassy matrix presented in Figure 7-14(b) and (c). 
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Figure 7-14: SEM backscatter electron images of (a) partially melted region of yield of 10 

g, (b) sintered region of yield of 10 g, (c) partially melted region of yield of 20 g, (d) Fe-

rich particles in the yield of 20 g, and (e) and (f) yield of 50 g. Pl is plagioclase in yellow, 

Ol is olivine in green, and Py is pyroxene in red 

 

Figure 7-14 shows various features found in the yield of different masses of JSC-1A. As 

seen before in § 6.7.1, olivine appears to be full of grey stripes in texture and surrounded by 

the Fe-rich particles forming a distinct white coloured line as seen in Figure 7-14(b) and (c). 

The composition of these white particles in Figure 7-14(c) and magnified view in Figure 

7-14(d) has very high Fe content (52 – 56 wt%), along with slight amount of Mg (11 wt%) 

and traces of Al (3 – 5 wt%), Si (1 – 3 wt%) and Ti (1 wt%). The rest is oxygen wt%. 

However, these particles also seem to surround few plagioclase grains in (b) but not in (c). 

The significant minerals with a high percentage of iron in JSC-1A are glass, olivine, and 

pyroxene. Pyroxenes are spotted in Figure 7-14(b). Figure 7-14(e) and (f) show the dendritic 

extension of plagioclase. The olivine found here has a very smooth texture compared to the 

olivine seen in Figure 7-14(c). It also does not have Fe-rich particles. It appears like the 

stripe-like texture of olivine is always accompanied by the Fe-rich particles lining its rim. 

 

7.3.2 True density results 

One yield result from each test mentioned in Table 7-3 has been tested for true density 

analysis using the Helium Pycnometry. The true density results shown in Table 7-4 are 

similar to those in Table 6-6, which are higher than standard concrete. 
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Table 7-4: True density results of the yield of 10, 20, 30 and 50 g sample of JSC-1A  

Different Masses of JSC-1A True Density (g/cm³) with 

±1% accuracy 

Test 1_BM (10 g) 2.75 

Test 2_BM (20 g) 2.73 

Test 3_BM (30 g) 2.76 

Test 4_BM (50 g) 2.76 

  

7.3.3 Nano-indentation Analysis 

The samples prepared for SEM analysis are directly used for the nano-indentation analysis. 

The results are shown in Table 7-5. 

 

Table 7-5: Elastic Modulus and Hardness results of the yields of different masses of JSC-

1A 

Different Masses of JSC-1A Elastic Modulus 

(GPa) 

Hardness 

(GPa) 

Test 1_BM (10 g) 75.6 8.3 

Test 2_BM (20 g) 36.8 4.8 

Test 3_BM (30 g) 54.0 7.0 

Test 4_BM (50 g) 48.0 6.4 

 

The results show the elastic modulus in the range of 48 – 75.6 GPa and hardness in the range 

of 6.4 – 8.3 GPa for Tests 1_BM, 2_BM and 4_BM. These values are comparable to concrete 

and fused silica, as mentioned in § 6.8.3. The Test 2_BM, which is 20 g JSC-1A, has lower 

elastic modulus and hardness values. However, there possibly cannot be any technical reason 

for lower values as compositionally, this is the same JSC-1A as others. Ignoring the 20 g 

sample (Test 2_BM) as an anomaly, the hardness decreases as the sample size gets bigger. 

One possible reason speculated is the cooling rate. Although all of them were subjected to 

the same cooling conditions as the smaller sample has less volume, it may have cooled down 

faster than the bigger samples. Henceforth, the 50 g would have taken longer to cool.  The 

reason behind this could possibly be deduced from the hardness studies carried out on 

basaltic glass ceramics (Lima et al., 2022, Jensen et al., 2009, Yılmaz et al., 2006). JSC-1A 

is also basaltic in nature thus it is expected that the behaviour of the microwaved JSC-1A 

sample will be similar to the basaltic glass ceramics. Thus, the 50 g sample similar to a 

basaltic composition melt cooling down slowly would have caused the glass to more 

devitrify (crystallize), resulting in more crystalline phases. Literature suggests that the 
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hardness of the glass decreases with the increase in the degree of crystallinity (Lima et al., 

2022, Jensen et al., 2009, Yılmaz et al., 2006). Thus, it is appropriate to estimate that the 

lower hardness of 50 g sample might be due to its higher degree of crystallinity (high fraction 

of crystalline phases in the sample) due to slower cooling rate.  

The degree of crystallinity for all the samples (Test 1_BM to Test 4_BM) should be 

evaluated in future studies to correlate its dependence on hardness.  

 

7.3.4 Time vs Temperature plots 

The two pyrometers are designed to ‘look’ at the 5.5 cm central position from the bottom of 

the cavity. But as the hotpot location lies 6.3 cm from the bottom, the Pyro 1 and 2 are 

focused on the crucible’s top right and top left side, respectively, rather than the inside. 

Figure 7-15 indicates an estimated spot on the crucible viewed by Pyro 1 and 2, which means 

that the time-temperature curve plotted in Figure 7-16 is of the top sides of the crucible, not 

of the sample. It also depends upon the location of the hotspot in the sample as that is the 

first place where the heating starts and then conducts to the rest of the sample. Pyro 1 and 

Pyro 2 record temperatures of different locations on the crucible. Pyro 2 always records a bit 

later in the run because, (i) it can only start recording once the temperature reaches 500 °C 

and, (ii) as it is sensing the left top side of the crucible, it will start picking up temperature 

only when the sample mass on the left of the crucible starts getting hot enough to reach 

temperatures beyond 500 °C.  

 

 

Figure 7-15: Pyro 1 and 2 estimated viewing spots on the crucible 
 

Figure 7-16 shows the time-temperature curve recorded from Pyro 1 and 2. For all the tests, 

Pyro 2 starts recording temperatures higher than 500 °C at the time when the glow is 

observed on the surface of the sample. The starting time at which the glow (indicating the 

Pyro 2 

viewing spot 

Pyro 1 

viewing spot 
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melting on the surface) is observed increases as the mass of the JSC-1A sample increase. As 

already discussed, this is because, as the sample mass increase, it takes longer to heat and 

melt the rest of the mass to then reach up to the surface. 

 

 

Figure 7-16: Time-temperature curve for different masses of JSC-1A, the arrows on the 

plot indicate the time of glow observed on the surface of the sample 

 

The 10 g sample took around 6 min to glow and continue to heat up. After that, the glow 

died down, and it got dark with the Pyro 2 dropping back to its minimum value, and Pyro 1 

continued to be constantly around 250 °C till the rest of 9 min. 20, 30, and 50 g continued to 

heat up, and the temperatures continued to rise until the end of 15 minutes. 

As the same set of support crucibles and the same classic crucible were used for all the runs, 

it is expected that the hotspot location would remain the same for each run. However, the 

reason for slight differences in the glow time in the pyrometer recordings and the yield 

obtained for a repeat of each test is as listed: 

1. Addition of mass in different tests can alter the hotspot location, 

2. Although JSC-1A is considered homogenous, there is a possibility of 

inhomogeneous mineral composition, which can induce initial heating at slightly 

different positions in different runs, 
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3. A possibility of slight manual error in placing the crucible every time at the correct 

place over the support crucibles in the cavity, which can affect the hotpot location in 

the crucible. 

 

7.4 JSC-1A and NU-LHT-3M – with and without the addition of water  

The lunar south pole, a complex region of the lunar highlands (Spudis et al., 2008), is a 

potential site for the next series of human landings on the Moon declared by the National 

Aeronautics and Space Administration (NASA) (Landau, 2019, Gawronska et al., 2020). 

One of the main reasons to target it as a potential site is the presence of permanently 

shadowed regions (PSRs) there (Anand et al., 2012). These are places that do not receive 

direct sunlight due to the slight axial tilt of the Moon (Deutsch et al., 2020) and thus have 

been found to have the presence of water ice confirmed through various spacecraft-based 

observations (Deutsch et al., 2020). The Lunar Crater Observation and Sensing Satellite 

(LCROSS) mission helped estimate the concentration of water ice in the regolith at the 

LCROSS impact site in the lunar south pole, to be 4.5  1.4% by mass (Colaprete et al., 

2010). Water ice, along with other volatiles present in PSRs, will be suitable for in situ 

resource utilisation (ISRU).  

As sites on the Moon with water presence appear to be the possible locations for future 

human expeditions, it is more than obvious to test the consequences of the existence of water 

in the lunar soil simulants on microwave heating. Four tests have been conducted in the BM 

(Table 7-6) – (a) 25 g of JSC-1A added with 5 g of distilled water, (b) 25 g of NU-LHT-3M 

added with 5g of distilled water, (c) 25 g of JSC-1A, and (d) 25 g of NU-LHT-3M. These 

were put in the cylindrical alumina crucible shown in Figure 7-5. Adding 5 g of water in 25 

g of lunar soil simulants makes it around 16 % by mass in the sample. It is quite higher than 

the estimated value given above by LCROSS mission. However, the sample size 

experimented in the BM with optimum output for microwave heating is 20 - 30 g. Thus, 25 

g was chosen to be the sample size for this experiment. 5% by mass of water in 25 g, i.e., 

1.25 g of water would have been too less to visualize its effect as a susceptor. Thus, to 

understand the influence of water, 5 g was chosen as an optimum mass of water to be added. 

The duration of these tests was not pre-fixed. It was left to run till Pyro 2 started to stall or 

started falling down, indicating, possibly no more heating happening in the sample. The 

crucible became full when filled with 25 g of LSS or 30 g of LSS added with water.  
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Table 7-6: 25 g of JSC-1A and NU-LHT-3M: with and without water 

Test Test Name Repeat 

no. 

Mass in the 

crucible 

(g) 

Total 

run time 

(min) 

Yield 

(g) 

Average 

yield (g) 

Average 

yield % 

 

5_BM JSC-1A i. 25 15 23 23 92 

ii. 15 23 

6_BM  JSC-1A + distilled 

water 

i. 25 + 5 15 19 21 84 

ii. 15 23 

7_BM  NU-LHT-3M i. 25 42 10 9.5 38 

ii. 42 9 

8_BM   NU-LHT-3M + distilled 

water 

i. 25 + 5 37.5 11 12 48 

ii. 37.5 13 

 

The tests tend to imply two critical results: 

1. 25 g of NU-LHT-3M (7_BM), is a highland simulant with very low values of 

temperature-dependent dielectric properties (Figure 3-22), melts under 2.45 GHz at 

1 kW power in about 40 min. The average yield percentage is 38%. However, JSC-

1A takes less than half of the time of NU-LHT-3M to melt and give 92% (5_BM) as 

the average yield. 

This leads to formulating a parameter - ‘conversion efficiency’, η, which is, average yield 

(%) per energy input (Joule). Energy input (Joule) is equal to input power of microwave 

radiation (W) x total run time (s). For JSC-1A (5_BM), 

Energy input = 1000 × (15 × 60) = 900 kJ, thus 

η = 
92 %

900
 = 0.102 % kJ-1 

Similarly, for NU-LHT-3M (7_BM), 

Energy input = 1000 × (42 × 60) = 2520 kJ, thus 

η = 
38 %

2520
 = 0.015 % kJ-1 

Thus, JSC-1A is 6.8 times better than NU-LHT-3M in yielding a melted product for a 

given energy input, based on the current BM setting. 

The reasons for this difference between JSC-1A and NU-LHT-3M in the microwave 

heating time and yield is directly connected to the difference in their dielectric properties. 

§ 3.5.2 discussed the differences in their mineral and chemical composition being the 

drivers for these differences in their microwave heating behaviours in detail. 
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2. The presence of water in respective LSS (6_BM and 8_BM) does not seem to affect 

the run time and also appears to produce little change in the yield. However, certain 

observations are made while recording the temperatures from Pyro 1 and Pyro 2 as 

discussed below in § 7.4.3. 

 

Figure 7-17 shows the images of JSC-1A (Test 5_BM) and JSC-1A with added water (Test 

6_BM). Figure 7-17(a)(i) and (b)(i) presents the heating inside the BM (almost at the end of 

the run), and Figure 7-17(a)(ii) and (b)(ii) shows the yield specimen obtained from these 

tests. The yield specimen from both the tests appears to be of the similar nature (Chapter 6 

and Figure 7-12) - a molten bottom and sintered top with a void in between (Figure 7-17a(ii) 

and (b)(ii). Similarly, Figure 7-18 shows the images of NU-LHT-3M (Test 7_BM) and NU-

LHT-3M with added water (Test 8_BM). Figure 7-18(a)(i) and (b)(i) presents the heating 

inside the BM (almost at the end of the run), and Figure 7-18(a)(ii) and (b)(ii) shows the 

yield specimen obtained. The yield specimens obtained in Test 7_BM and 8_BM also have 

a molten bottom, sintered top and void in between. Still, the yield is not as high as in JSC-

1A. There was a lot of loose NU-LHT-3M powder on the top when the crucible was taken 

out after the tests. The yield specimens shown in Figure 7-18(ii) have been retrieved from 

within. This can also be understood from Figure 7-18(i), where the glow seems to be 

covering only half of the crucible by the end of the run. This is a visual explanation of such 

low yield in NU-LHT-3M tests. However, the glow visible in Figure 7-17(i) appears to be 

covering the crucible till the top, and thus we get a good percentage of yield from JSC-1A 

(Test 5_BM and 6_BM). 

The procurement of BM proved to be promising as it showed the melting of NU-LHT-3M 

both with and without the addition of water. NU-LHT-3M was not melted in DM ovens due 

to the limitations in the oven. Though the process of heating and the morphological features 

of the yield specimens of NU-LHT-3M tests (7_BM and 8_BM) are similar to that of JSC-

1A, it takes a longer time. It produces lesser yield than JSC-1A as shown above in terms of 

conversion efficiency, η.  
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Figure 7-17: (a) Test 5_BM (25 g JSC-1A) – (i) the sample heating inside the BM near the 

end of the run, (ii) the yield specimen after the heating  (b) Test 6_BM (25 g JSC-1A + 5 g 

water) – (i) sample heating inside the BM near the end of the run, (ii) the yield specimen 

after the heating 

 

      

Figure 7-18: (a) Test 7_BM (25 g NU-LHT-3M) – (i) the sample heating inside the BM 

near the end of the run, (ii) the yield specimen after the heating, (b) Test 8_BM (25 g NU-

LHT-3M + 5 g water) – (i) sample heating inside the BM near the end of the run, (ii) the 

yield specimen after the heating 

 

7.4.1 SEM results 

SEM data of JSC-1A without added water and with water shows no difference. The SEM 

image of JSC-1A of Test 5_BM and that of JSC-1A with added water of Test 6_BM shows 

a largely fully molten region with some artefacts in between and at the corners (Figure 7-
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19), which appear to be plagioclase grains undergoing chemical reaction with the 

surrounding melt and in the process of being engulfed by the melt in Figure 7-19(b). 

 

   

Figure 7-19: SEM backscatter electron images of largely molten regions with few artefacts 

in (a) 25 g JSC-1A and (b) 30 g JSC-1A with added water. Pl is plagioclase in yellow, and 

Ol is olivine in green 

The SEM images of NU-LHT-3M tests (7_BM and 8_BM) also appear to have very similar 

features (Figure 7-20). Both have fully molten and partially molten regions except for one 

remarkable feature. Figure 7-20(a) to (d) show the results of Test 7_BM whereas, Figure 7-

20(e)and (f) show results of Test 8_BM. Test 7_BM witnesses the presence of scarcely 

placed Fe-rich particles in the glassy matrix at one or two locations in Figure 7-20(a) and (b) 

whereas these are absent in test 8_BM. However, the presence of these particles in NU-LHT-

3M is significantly less and only found in a few places compared to JSC-1A, as shown in 

Figure 7-14(b). Figure 7-20(a) shows plagioclase grains, a few of which appear with the 

dendritic extensions. Also, the Fe-rich white coloured particles are scarcely scattered. In 

Figure 7-20b), it is visible near the orthopyroxene grain and also inside it. The particles 

inside the orthopyroxene grain were too small to be analysed elementally, but the ones 

outside of it revealed their composition to be different from those noticed in JSC-1A. These 

Fe-rich particles have a small quantity of Cr, Ni, and Ca in them along with Al, Mg, and Si. 

Also, Al is present in higher amounts than seen in the Fe-rich particles of JSC-1A. However, 

it is difficult to confirm as these elements might be picked up from the glass melt surrounding 

it. Apart from orthopyroxene and plagioclase, Cr-rich spinel in Figure 7-20(c) and quartz in 

Figure 7-20(d) were also detected in the yield specimen. Figure 7-20(e) and (f) show the 

presence of dendritic extensions of plagioclases, quartz, Cr-rich spinel, and pyroxene. 
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Figure 7-20: SEM backscatter electron images of (a) to (d) yield specimen of Test 7_BM, which is 

of 25 g of NU-LHT-3M (Note: (d) is a digitally magnified image) and (e) and (f) yield specimen of 

Test 8_BM which is of 30 g of NU-LHT-3M with added water (Note: (e) is a digitally magnified 

image). Pl is plagioclase in yellow, Ol is olivine in green, and Py is pyroxene in red 
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7.4.2 True density results 

As in § 6.10.2, one yield specimen result from each test mentioned in Table 7-6 has been 

tested for true density analysis using Helium Pycnometry. The specific gravity of NU-LHT-

3M is stated by the supplier as 2.9 (Zybek Advanced Products, 2013), the same as that of 

JSC-1A. The true density results shown in Table 7-7 of NU-LHT-3M with and without water 

are nearly the same for JSC-1A with and without water and are higher than normal concrete 

(§ 6.8.1). 

 

Table 7-7:True density result of the yield specimens of Test 5_BM, 6_BM, 7_BM and 

8_BM 

Different Samples True Density (g/cm³) with 

±1% accuracy 

Test 5_BM (JSC-1A) 2.72 

Test 6_BM (JSC-1A + water) 2.78 

Test 7_BM (NU-LHT-3M) 2.77 

Test 8_BM (NU-LHT-3M + water) 2.72 

 

7.4.3 Nano-indentation Analysis  

The samples prepared for SEM analysis are directly used for the nano-indentation analysis. 

The results are shown in Table 7-8. 

 

Table 7-8: Elastic Modulus and Hardness results of the yield specimens of Test 5_BM, 

6_BM, 7_BM and 8_BM 

Different Samples Elastic 

Modulus 

(GPa) 

Hardness 

(GPa) 

Test 5_BM (JSC-1A) 54.5 6.8 

Test 6_BM (JSC-1A + water) 51.9 6.6 

Test 7_BM (NU-LHT-3M) 50.4 5.8 

Test 8_BM (NU-LHT-3M + water) 41.6 4.4 

 

The results show the elastic modulus in the range of 41.6 – 54.5 GPa and hardness in the 

range of 4.4 – 6.8 GPa. The values for NU-LHT-3M (Test 7_BM) are also close to those of 

JSC-1A (Test 5_BM and 6_BM). However, the values for yield specimen of NU-LHT-3M 

added with water (Test 8_BM) shows slightly lesser value. However, there should not be 



 197 

any effect of the addition of water on the elastic modulus and hardness as the water 

evaporates at a much lower temperature.  

 

7.4.4 Time vs temperature plots 

Figure 7-6 shows an image of the Test 5_BM sample placed inside the BM. For the 

cylindrical crucible as well, the pyrometers measure the crucible temperature. As the 

diameter at the top in the cylindrical crucible is smaller than that of the classic crucible, the 

temperature measurement location is slightly lower on the crucible body for both Pyro 1 and 

2.  Everything else mentioned about Pyro 1 and 2 in § 7.3.4 remains applicable for these 

tests as well. Figure 7-21 displays the time-temperature plots for Test 5 to 8. 

 

Figure 7-21: Time-temperature curve for JSC-1A and NU-LHT-3M with and without the 

addition of water 

 

The time taken by JSC-1A with and without the addition of water is the same. For NU-LHT-

3M, the time taken for Test 7_BM and 8_BM are not precisely the same but very close. 

However, there is a particular observation. ForJSC-1A and NU-LHT-3M with added water, 

Pyro 1 indicated around 60-63 °C continuously for 3 min (Figure 7-21 green curves) and 11 

min (Figure 7-21 yellow curves) respectively. It seemed at this point, the sample inside might 

have reached around 100 °C, and it might have stayed at this temperature till the water was 

evaporated. However, it is difficult to comment further because Pyro 1 can measure only a 

small portion of the crucible surface; it is not representative of the whole sample. Despite 
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Test 6_BM and Test 8_BM staying longer at one temperature, the total time taken by these 

tests to produce almost equivalent yield is the same as that of Test 5_BM and Test 7_BM, 

respectively.  

According to the above results, the addition of water slightly changes the time taken and the 

percentage of yield produced in NU-LHT-3M but not in JSC-1A. In JSC-1A, water does not 

seem to be acting as a susceptor, in which case the sample should have melted quicker than 

the one without water. However, in the case of NU-LHT-3M, Test 8_BM does seem to be 

four and a half minutes quicker than Test 7_BM, which is without added water. Test 8_BM 

also has a slightly higher yield than Test 7_BM. Although, it will be appropriate to repeat 

such tests with bigger sample masses to see the difference more profoundly. Nevertheless, 

this result indicates that the reason for NU-LHT-3M showing subtle changes with water 

could be attributed to the fact that NU-LHT-3M alone is a low loss material. Thus, water as 

a susceptor is helping in the absorption of microwave energy. Water does the same thing to 

foodstuff to be heated in DM ovens. However, as JSC-1A is already a better absorber of 

microwave energy, the presence of water in a small sample size of 25 g may not have shown 

its clear effect.  

 

7.5 Summary  

The SEM and true density results obtained from the experiments in BM are very similar to 

those obtained from the DM ovens. Experiments in the DM ovens gave a preliminary clear 

understanding of melting of JSC-1A under 2.45 GHz radiation. It also presented the very 

nature of microwave heating which produces yield specimens with a melted bottom, sintered 

top and a void in between. However, the experiments run in the BM are done in a robust 

machine in a better controlled manner. Temperature-time plots can also be plotted from BM. 

It also has the possibility of running experiments in vacuum condition, but that has not been 

explored in this research. One significant advantage of BM for this research has been the 

melting of NU-LHT-3M, which did not happen at all in the DM oven. The dielectric 

properties of NU-LHT-3M are lower than that of JSC-1A, as presented and discussed in 

Chapter 3. It emphasised that NU-LHT-3M will take a longer time to heat up under 

microwave radiation of 2.47 GHz. However, DM oven experiments gave the impression that 

NU-LHT-3M cannot be melted under 2.45 GHz, which is not the case, well-proven by the 

BM. 
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BM is a very robust and fine piece of machinery for observing and concluding the absorptive 

behaviour of LSS. It gave a lot of flexibility compared to the DM oven to study the 

microwave heating of LSS with different sample sizes and also with the addition of water.  

20 and 30 g appear to be the optimal masses of JSC-1A which can produce more than 95% 

yield when different masses were tested in the classic crucible. Though marginally, the 

presence of water proved to be a susceptor for NU-LHT-3M. 

This highlights two conclusions for lunar purposes: 

1. The importance of water as a susceptor in heating low loss regolith in the lunar 

regions 

2. While acting as a susceptor, water can also be collected from microwave heating as 

a by-product which can then be utilised for various purposes such as life support and 

propellant production. 

The next chapter brings together the conclusion from this research in one place and examines 

the applicability of the results to lunar soil and lunar environment for building structures on 

the Moon. 
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Chapter 8 

Summary and Conclusion 

 

8.1 Summary 

This research investigates the microwave heating behaviour of two lunar soil simulants: JSC-

1A and NU-LHT-3M at an input power of 1.0 kW and a microwave frequency of 2.45 GHz 

with and without the presence of water. The dielectric properties which govern the 

absorption of microwave energy within a material, are studied for both the simulants. The 

research is implemented by theoretical assessment, simulation results and experimental 

analysis of these two lunar soil simulants. Finally, the product (yield specimen) produced by 

the microwave processing was tested for true density, hardness, and elastic modulus to 

analyse its suitability as a lunar construction material.  

 

8.1.1 Research Findings 

This research revealed the complexity involved in understanding the response of lunar soil 

simulants during microwave heating. The lunar soil simulants, which are a multi-component 

mixtures, are powders with particle sizes   1 mm composed of four or more major mineral 

phases and a few minor phases. Figure 8-1 is a cartoon representation of powder particles of 

a lunar soil simulant. Each of the mineral phases will have its own response to microwave 

radiation (i.e., dielectric properties) which when combined generates the complexity; each 

particle will heat slightly differently to its neighbours. 

 

Figure 8-1:Representation of particles in a lunar soil simulant 
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The theoretical and simulation studies were investigated considering the changes in the 

dielectric properties and specific heat capacity with temperature. However, in experiments, 

electrical conductivity, thermal conductivity, density, and emissivity (contributing to 

radiative loss) will also change with temperature, which adds to the complexity.  

Microwave processing becomes complicated with several factors, including (i) the properties 

of the electromagnetic wave, (ii) chemical composition of the sample (iii) physical and 

microstructural changes during heating, (iv) physical interaction of the microwave with the 

sample, and (v) the size and shape of the sample. 

This research presents the following findings/concluding remarks: 

 

8.1.1.1 Direct microwave heating is efficient for small samples  

Direct microwave heating implies heating only due to the microwave interaction of materials, 

without any assistance from any other form of heating or susceptors.  

A Microwave is an electromagnetic wave with variable electric field strength along its 

wavelength, as depicted in Figure 8-2. Thus, when the wave passes through an absorber 

material, the material experiences uneven heating. 

 

 

Figure 8-2: An electromagnetic wave 

 

The different arrows indicate different electric field strength that passes through the material, 

indicating that the material receives the energy of different strengths. The transfer of heat 

depends on the thermal conductivity, density, and other properties of the material. In the 

meantime, the dielectric properties keep increasing with temperature causing local heating 

by forming of local hotspots. This may not be a problem for heating/melting small-sized 

samples in small, focused cavities (single-mode system like the Bespoke Microwave under 

direct microwave heating, unlike large-sized samples.  

Furthermore, in the case of a relatively large sample (e.g., bigger than the wavelength of the 

incident wave), power penetration depth makes the heating further uneven as the power 
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density decreases with the depth. The volume is heated at the same time but not at the same 

rate, inducing non-uniform heating in larger samples. In addition to this, the convective and 

radiative heat loss from the surface of the sample makes the surface remain at a lower 

temperature than the core of the sample. This requires a proper insulation of the sample 

surface from the unheated cavity.  Hence, the better way to scale up the microwave 

processing for lunar construction would be to test microwave heating with susceptors or 

assisted with other heating techniques, also known as hybrid heating. Susceptors aid in 

heating at the lower temperature range where dielectric properties are low and help in heating 

the sample uniformly as the heating progresses. 

In the Bespoke Microwave (BM), with the single-mode cavity design, a small sample size 

of 20 – 30 g of JSC-1A, with a height of 1.5 – 2.0 cm in the classic crucible shown in Figure 

7.4, was found to be of optimum dimensions for direct microwave heating as the yield was 

> 95 %.  

 

8.1.1.2 Glass transition and the presence of newly formed iron oxides at higher temperatures 

are possible reasons for the increase in dielectric properties with temperature for JSC-1A 

Dielectric properties of JSC-1A and NU-LHT-3M increased with temperature. At 2.45 GHz, 

dipolar and Maxwell-Wagner are the two leading absorption mechanisms.  With the increase 

in temperature, a significant increase in conductivity losses due to the Maxwell-Wagner are 

estimated for increasing dielectric properties. The probable cause of this increase in 

conductivity losses was found to be the glass transition occurring at 615 °C for JSC-1A. The 

crystallisation measured was at 837 °C with the appearance of new crystalline phases of iron 

oxides possibly causing sharp increase in dielectric properties beyond 800 °C. 

 

8.1.1.3 Thermal runaway occurs beyond 600 °C for both JSC-1A and NU-LHT-3M 

Dielectric properties of JSC-1A and NU-LHT-3M increase rapidly after 600 °C which gives 

rise to thermal runaway under the continued absorption of microwave radiation. As the 

theoretical assessment involves the use of the dielectric properties, the heating rate of both 

simulants show a dramatic rise in the temperature curve beyond 600 °C, witnessing a thermal 

runaway effect. In the temperature vs time profiles of a few grid points on the cylindrical 

samples of both simulants in COMSOL results, where the temperatures reached higher, than 

the rest of the points, a sudden rise is observed representing thermal runaway. The glass 
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transition occurring in both simulants above 600 °C is thought to be the main reason the 

dielectric properties increase above 600 °C. 

Thermal runaway thus proves to be an advantage in cases where microwave melting of lunar 

soil is the requirement. This can expedite the melting process. However, in the cases of 

microwave sintering of the lunar soil, thermal runaway can pose a rigorous challenge to 

control and maintain the sintering temperature. 

 

8.1.1.4 JSC-1A could be heated over its melting temperature under direct microwave 

heating at 1 kW of input power with a 2.45 GHz frequency of microwave radiation 

The dielectric loss and dielectric constant of JSC-1A increase with increasing temperature 

from 20 to 950 °C, which is the upper limit of what could be measured during this research. 

At higher temperatures, up to melting, it is expected that the dielectric loss and dielectric 

constant will continue to increase with increasing temperature, indicating JSC-1A to be an 

absorber of the microwave radiation as the temperature increases. Furthermore, the 

theoretical assessment found that the power density and heating rate of JSC-1A increase with 

temperature aligned with dielectric properties’ behaviour with temperature. This indicates 

good absorption.  

COMSOL analysis indicated that cylinders of the same volume with different aspect ratios 

(diameter-to-height ratio) would exhibit different microwave heating behaviour in a 

Domestic Microwave (DM) oven. For example, C1, the cylinder with the lowest aspect ratio 

(tallest) of JSC-1A, took around 3 min to reach the melting point at a given location, 

including the radiative loss. As the aspect ratio increased (decreasing height), the cylinders 

showed decrease in the maximum temperature achieved due to microwave absorption. These 

results indicate the effect of hotspot intensity and radiative loss on the overall performance 

of microwave heating in cylinders with variable aspect ratios.  

With experiments, JSC-1A came out to be an excellent absorber of microwave radiation at 

1 kW of input power with a 2.45 GHz frequency of microwave radiation without the presence 

of np-Fe0. The tested theory, simulation, and experiments in unison prove that JSC-1A 

sample sizes of 20 ~ 50 g in the classic crucible (Figure 7.4) could be efficiently heated over 

its melting temperature under direct microwave heating at 1 kW of input power with a 2.45 

GHz frequency of microwave radiation and produces a yield of > 85 % in 15 minutes.  
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The ceramic fibre paper used for insulation in experiments was not adequate as the yield 

specimens obtained, showed that the surface reached lower temperatures than the core, 

resulting in partial melting at the surface.  

 

8.1.1.5 NU-LHT-3M could be heated over its melting temperature under direct microwave 

heating at 1 kW of input power with a 2.45 GHz frequency of microwave radiation but lower 

heating performance and lower yield than JSC-1A 

The dielectric loss and dielectric constant of NU-LHT-3M increase with temperature from 

20 to 950 °C, indicating NU-LHT-3M to be an absorber of the microwave radiation as the 

temperature increases. However, the values of its dielectric properties are much lower than 

that of JSC-1A, e.g., NU-LHT-3M has 4 times lower loss-tangent value than JSC-1A at 

20 °C. Theoretical assessment evaluates the power density and heating rate of NU-LHT-3M 

to be increasing with temperature aligned with dielectric properties’ behaviour with 

temperature. Although NU-LHT-3M does have a higher penetration depth than JSC-1A, 

which will help heat larger volumes, the temperatures achieved will not be high due to low 

power density.  

The simulation results indicate that NU-LHT-3M does not reach its melting temperature in 

a DM oven. However, experimental tests with the BM prove that NU-LHT-3M does melt 

under 1 kW, 2.45 GHz. Nevertheless, a sample size of 25 g in a cylindrical crucible (Figure 

7.5) yielded 38 % in 42 minutes compared to JSC-1A, yielding 92 % in 15 minutes under 

direct microwave heating. Thus, to improve the yield when using NU-LHT-3M, a higher 

power (> 1 kW) microwave radiation should be used for future experiments.  

 

8.1.1.6 Lunar mare simulants are better absorbers of 2.45 GHz microwave radiation than 

lunar highlands simulants at the same power. 

Studying JSC-1A and NU-LHT-3M has given insight into the expected microwave heating 

behaviour of the lunar mare and highlands regolith at 1 kW of input power. It has clearly 

highlighted the differences in their heating behaviour due to their compositional differences.  

Values of dielectric properties changing with temperature are higher for JSC-1A than NU-

LHT-3M, indicating JSC-1A as a better absorber than NU-LHT-3M. The reason proposed 

is the presence of a higher quantity of iron (Fe) in JSC-1A than NU-LHT-3M, which has 

higher aluminium (Al) content. The higher quantity of iron is directly linked to the greater 

abundances of iron-rich minerals (olivine and pyroxene) in JSC-1A than in NU-LHT-3M. 
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The glass in JSC-1A also contains 12.1 % of FeO (total Fe is Fe2+) (Hill et al., 2007), 

contributing to the total FeO content.  

Apart from this, the lunar regolith contains np-Fe0, which is expected to enhance the 

microwave absorption. 

 

8.1.1.7 Microwaved lunar regolith could be used as a lunar construction material 

The yield specimen of JSC-1A and NU-LHT-3M is tested for true density (physical 

property), elastic modulus and hardness (mechanical properties). The denser JSC-1A pellets 

yielded a microwave melted product with higher elastic modulus and hardness, i.e., better 

mechanical strength. The values of these properties are compared to concrete, as shown in 

Table 8-1.  

Table 8-1: Properties of microwaved JSC-1A, microwaved NU-LHT-3M, concrete and fused silica 

Properties JSC-1A NU-LHT-3M Concrete Fused Silica 

True density (g/cm3) 2.70 – 2.82 2.72 – 2.77 2.24 – 2.40 2.20 

Elastic modulus (GPa) 41.4 – 75.6  41.6 – 50.4 14 – 41  65.0 

Hardness (GPa) 6.3 – 8.3 4.4 – 5.8 0.58 – 0.17# 8.3 

#This value is for fine-grained concrete 

Microwaved NU-LHT-3M has lower elastic modulus and hardness values than that of 

microwaved JSC-1A. The most plausible reason for this difference could be the higher 

quantity of iron-rich minerals present in JSC-1A than in NU-LHT-3M. Glass is also present 

in higher quantity with a rich amount of iron in JSC-1A than in NU-LHT-3M.  

Thus, these properties listed in Table 8-1 representing essential strength characteristics, 

indicate that microwaved lunar regolith well comparable to concrete and fused silica, can be 

conveniently used as a lunar construction material in the lower lunar gravity (1/6th of Earth). 

However, this remains to be tested for lunar environment of extreme temperature ranges, 

micro-meteoritic impacts and bombardment of solar radiation and galactic cosmic rays. 

 

8.1.1.8 Water likely to act as a susceptor 

Water appears to have a profound effect as a susceptor on NU-LHT-3M. The reason could 

be attributed to the fact that NU-LHT-3M alone is actually a low loss material, and thus 

water as a susceptor is helping in the absorption of microwave energy. However, contrary to 

that, water does not significantly affect the microwave heating performance of JSC-1A as it 

is already a better absorber of microwave energy.  
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8.2 Implications for Lunar Regolith 

Lunar regolith from low-Ti mare and highlands exhibit similarity to the lunar soil simulants 

JSC-1A (Table 2-2) and NU-LHT-3M (Table 2-4), respectively at the compositional level. 

The dielectric properties of JSC-1A and NU-LHT-3M at room temperature also match with 

the lunar mare and highland regolith respectively as shown in Figure 3-18 and Figure 3-24. 

Table 8-2 presents other fundamental properties of JSC-1A and NU-LHT-3M compared to 

lunar regolith. The bulk density, thermal conductivity and specific heat capacity are very 

similar to that of lunar regolith. This similarity in dielectric properties, bulk density, thermal 

conductivity, and specific heat capacity makes them a suitable candidate for microwave 

heating. 

Table 8-2: Basic properties of JSC-1A and NU-LHT-3M compared to lunar regolith 

Properties JSC-1A  NU-LHT-3M Lunar Regolith 

Bulk density (g/cm3) 1. 78 1.75  1.3 on the surface; 1.92 at the 

subsurface; 2.9 – 3.8 for solid 

rocks (Carrier III et al., 1991) 

Thermal 

conductivity (W/mK) 

0.0019 to 0.0026 at 

1.69 g/cm3; 0.0022 to 

0.0031 at 1.87 g/cm3 

(Sakatani et al., 2018) 

- 

0.0001 – 0.0300 on the 

surface between 60S to 60 

N (Yu and Fa, 2016) 

Electrical 

conductivity (S/m) 
- - 

10-12 (Olhoeft et al., 1973) 

Specific heat 

capacity (J/kgK) 

675 at 29 C, 795.4 at 

72 C, to 1007 at 595 

C  

692 at 30 C, 825 at 73 

C, to 1034 at 593 C. 

251.21 at -183.15 C to 

837.36 at 76.85 C (Robie et 

al., 1970) 

 

Thus, the results of microwave heating, summarised in § 8.1.1, can be used to predict the 

microwave heating behaviour of lunar regolith in terrestrial ambient conditions. These 

findings and results formulated in the ambient conditions of Earth pave the way for further 

investigation of the microwave heating of lunar regolith in the lunar environment. 
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8.3 Future Work 

This research has prompted a number of suggestions for future work. These are outlined as 

follows. 

 

8.3.1 Dielectric property measurements 

▪ Dielectric properties measurement up to – and beyond – the melting point of the lunar 

soil simulants, performed in an inert environment. 

▪ Dielectric properties measurement of the lunar soil simulants at lower temperatures, 

closer to that found in permanently shadowed craters of the Moon in an inert 

environment. 

▪ Dielectric properties measurement at other ISM frequencies in the microwave region 

of the electromagnetic spectrum, such as 5.8 GHz and 24.125 GHz. Lunar soil 

simulants being a multi-component mixture brings the possibility of different 

minerals heating at different frequencies. Thus, multiple frequencies at the same time 

can be used to expedite the heating process. 

▪ Measurement of dielectric properties at different densities and of different particle 

size of the lunar soil simulants. 

 

8.3.2 COMSOL simulation analysis 

▪ COMSOL simulation of microwave heating of JSC-1A and NU-LHT-3M at 2.45 

GHz, 1 kW in Bespoke Microwave (BM) 

▪ COMSOL simulation of microwave heating of NU-LHT-3M at 2.45 GHz, 2 kW in 

BM 

 

8.3.3 Experiments in the Bespoke Microwave (BM) 

▪ The experiments that can be executed in the BM in ambient as well as vacuum/low 

pressure/lunar environment operating at 1 kW, 2.45 GHz are: 

✓ different particle size and bulk density of JSC-1A and NU-LHT-3M powder 

✓ different crucible shapes holding JSC-1A and NU-LHT-3M powder 

✓ powdered form vs solid block of JSC-1A and NU-LHT-3M  

✓ the effect of localized heating in sharp edged block of JSC-1A and NU-LHT-

3M 

✓ different lunar soil simulants 
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✓ heat the individual minerals found in JSC-1A and NU-LHT-3M to find their 

microwave absorption behaviour 

✓ add different susceptors in the simulants to test the enhanced absorption, such 

as, ilmenite or silicon carbide. 

✓ pre-heating or simultaneous heating of the sample by other conventional 

heating technique before heating it under the microwave radiation 

 

▪ The operation of the BM has been through manual input. The commands given to 

the BM can be written in MATLAB or a similar software to be a computer input. 

Ultimately, the aim is to operate a microwave heating system remotely. 

▪ Incorporate closed-loop feedback control, using temperature as a setpoint variable, 

so that heating and cooling rate can be controlled by varying the microwave power. 

 

8.3.4 Mechanical property testing 

▪ Mechanical strength properties such as compression, tensile, flexural and fatigue 

testing for the melted and hardened end products (yield) of microwave heating. 

▪ Testing of the yield for harsh surface environment (micro meteoritic impact, galactic 

cosmic rays, solar energetic particles, low pressure atmosphere and extreme 

temperature difference) on the Moon. 

 

8.3.5 Application of microwave heating 

▪ Extraction of volatiles, such as oxygen and water, from lunar soil. 

▪ Breaking of big lunar rocks into smaller pieces for further various processing 

techniques.  

 

8.3.6 Miscellaneous 

▪ Developing a method for making pellets of lunar soil simulant for microwave 

processing. 

▪ X-Ray Diffraction (XRD) analysis with phase identification of NU-LHT-3M. 

▪ To better understand the microwave heating susceptibility, measuring the magnetic 

permeability of the lunar soil samples can be investigated. 
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▪ Microwave heating of lunar soil samples returned from the Moon in the BM 

operating at 1kW, 2.45 GHz. 

 

8.4 Conclusion 

NASA plans to return astronauts on the Moon by mid-2020 under the Artemis program and 

set up the Artemis Base Camp near the lunar south pole’s Shackleton Crater (Howell, 2021, 

Wall, 2021a). Further, they aim to establish a long term sustainable human presence on and 

around the Moon by the end of the decade (Wall, 2021b). Moreover, although China and 

Russia have not announced plans for launching crewed lunar surface missions anytime soon 

(Pultarova, 2021), they are gearing up for exploring the lunar surface with various robotic 

missions to the lunar south pole for studying the water ice and the other volatiles such as the 

helium-3 (Jones, 2021a, 2020, Bartels, 2021). Thus, China and Russia have jointly signed 

an agreement to build an International Lunar Research Station (ILRS) at the lunar south pole 

(Wall, 2021b, Pultarova, 2021, Jones, 2021b). This station will comprise of a space station 

in lunar orbit, a surface base on the Moon and a set of rovers and robots (Pultarova, 2021). 

The permanently shadowed craters at the lunar south polar region are the proposed landing 

sites for the majority of the lunar missions planned for near-future human sustenance. These 

sites are attractive for their water ice and the presence of other useful volatiles. This region 

is dominantly rugged, heavily cratered terrain of highlands (Spudis et al., 2008). 

Geographically, the south pole of the Moon lies on the rim of the  21 km diameter 

Shackleton crater, which is at the topographic rim of  2500 km diameter South Pole-Aitken 

(SPA) basin (Gawronska et al., 2020). SPA is the largest and oldest impact basin on the 

Moon, geologically and topographically dominating the south polar region (Gawronska et 

al., 2020, Spudis et al., 2008). The most dominant mineral component across SPA is 

pyroxene (Moriarty Iii and Pieters, 2018). Element wise, there is an abundance of iron (FeO) 

found in the basin. Iron enriched minerals appear to be spread from the centre (10 to 15 wt% 

FeO) to the rim (7 wt% FeO) of the basin. However, the FeO content in the highlands 

surrounding SPA is on average 3-5 wt% (Hurwitz and Kring, 2015).  

Iron-rich compounds are a favourable composition for microwave processing, as found in 

this research. Also, pyroxene is known to be a strong absorber of microwave absorption at 

2.45 GHz (Hartlieb et al., 2016). Therefore, although NU-LHT-3M heats slower than JSC-

1A, the presence of sufficiently higher amounts of iron-rich minerals in highland regoltih 

can be a good enough composition for the melting of the samples from the lunar south polar 

region under microwave radiation of 2.45 GHz. However, a correct compositional analysis 
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is mandatory to predict the accurate behaviour of the target sample for microwave processing 

at 2.45 GHz. 

A lunar base, including habitats and infrastructure, is of utmost importance to sustain a long-

term presence on the Moon. The heating of lunar regolith via ‘microwave energy over its 

melting temperature’ can be utilised in a 3D printer using the lunar regolith as a potential 

resource.  

For constructing something as large as landing/launching pads or roadways on the lunar 

surface, mini rovers carrying microwave generators with a chamber to melt the lunar regolith 

poured in it as a feedstock and then dropping the molten regolith (melted by microwave 

radiation) in a row to pave a road, can be used. For constructing mega structures, building 

blocks/bricks can be made out of lunar regolith using industrial scale static microwave ovens 

which can melt the regolith and then pour them into a brick mould.  

This research takes a step ahead in benefitting the future of human space exploration by 

enabling microwave processing methods to build small and large structures on the surface 

of the Moon.  
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