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ABSTRACT 

The completed study investigated Martian regolith simulant composites’ material 

properties when there was variation in the type of used Martian regolith simulant. Four types of 

Martian regolith simulant were mixed at varying weight percent loadings with polypropylene using 

twin screw extrusion. Test parts were made via injection molding with all the polymeric 

composites, and additive manufacturing with select polymeric composites. ASTM standard based 

tests and ANOVA tests were completed to investigate material characteristics. Depending on the 

creation process, the results suggested that Martian regolith simulant type impacted several 

material characteristics. During material processing, a foaming behavior was observed with all the 

materials, especially material that used MGS-1S. Additive manufactured parts were found to be 

impacted by the foaming behavior. A literature based thermal breakdown study suggested that 

thermal releases from the Martian regolith simulants were the likely candidates for the foaming 

behavior.  
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CHAPTER 1. INTRODUCTION 

The current progress in space exploration is at a point where long-term space missions on 

extraterrestrial bodies is being considered [1], [2]. A major component of making such missions 

possible is the ability for parts, tools, and/or structural elements to be created on the extraterrestrial 

body. Given the material and time expense of transporting materials from Earth, the potential of 

part, tool, and/or structural element construction using in-situ resources is being researched for 

such long-term space missions [3]. One such material available on-site of some extraterrestrial 

bodies is regolith. Regolith can be generally defined as loose, unconsolidated rock/dust material 

that overlays solid rock (bedrock) on a planetary-like body. This includes bodies such as the Earth, 

Moon, and Mars [4], [5]. 

To investigate the potential for the creation of regolith-based polymeric materials and in-

situ additive manufacturing, this review studied the material properties of polymer matrix 

composites created using various Martian regolith simulants and a thermoplastic polymer. This 

included the characterization of polymer/regolith simulant composite material properties created 

using Earth based injection molding vs. on-site additive manufacturing, and the performance of 

the polymer/regolith simulant composite materials compared to neat polymer. The potential short-

term benefit of this information was the creation of a Martian regolith simulant material property 

database, as created with the considerations of in-situ manufacturing, for use in future studies 

involving the study of material creation utilizing regolith simulant. The potential long-term benefit 

of this information was to outline a way in which the in-situ additive manufacturing of mission 

critical parts on extraterrestrial bodies might be achieved for future space missions.  
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1.1. Space Material Challenges 

Understanding why the construction of space-based materials using in-situ manufacturing 

is needed for future long-term space missions provided context and reason to perform this research. 

For this paper, the extraterrestrial body that was focused on was Mars.  

1.1.1. Radiation 

The primary item to discuss when planning for a long-term mission on the surface of an 

extraterrestrial body is a way to shield against radiation. Outside the Earth’s influence, the main 

types of radiation that pose a large threat to astronaut health on the extraterrestrial body’s surfaces 

within the solar system of interest for surface missions are galactic cosmic radiation and solar flare 

radiation [6]. Any consideration of landing a crew of astronauts on the surface of one of these 

extraterrestrial bodies must provide an appropriate method of shielding the astronauts from these 

types of radiation due to long term, and in some cases short term, exposure to this radiation having 

adverse effects on the crew’s health. 

Galactic cosmic and solar flare radiation are both present on the surface of Mars [6], [7]. 

Thus, shielding against both types of radiation on the surface of this extraterrestrial body would 

be vital to the successes of a planned crewed surface mission. A practical solution to this would 

be to have walls constructed that can protect against the radiation. One method of accomplishing 

this is to use an extraterrestrial body’s regolith to create the outer walls of a surface habitat via 

additive manufacturing [3], [8]. Both wall thickness and material type play a role in how effective 

the created walls would be against the radiation. This would depend on the specific extraterrestrial 

body which the mission is designed for (in this case Mars). The use of in-situ materials is preferable 

to the use of Earth based materials as using Earth based materials to create the walls would require 

a large amount of materials to be transported to the extraterrestrial body.  
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1.1.2. Materials 

A major component to any space mission is the utilization of physical resources. Physical 

resources from Earth, such as a potential replacement part for a habitat, are a challenge to get to 

extraterrestrial bodies as transporting them into space requires vehicles capable of reaching orbit 

and traveling to the desired body. Such equipment has a baseline cost that is expensive on its own. 

SpaceX currently lists the cost of transporting a payload of 16,800 kg to Mars using their Falcon 

Heavy rocket at approximately $90 Million [9]. This expense is increased with every gram of 

added mass to the initial payload of the vehicle regardless of the destination.  

In the case of Mars, the substantial amount of materials that would be required for a “basic” 

Martian habitat are expected to be have a high expense associated with them (both in a monetary 

value, and physical resource context) [8]. Some estimates, as displayed in Table 1, project a three-

person module, with appropriate crew support items, designed for long term Martian mission being 

approximately 22,000 kg just for the necessary equipment to get onto the surface of Mars [10]. 

Table 1. Theoretical Mars Habitat Decent Payload Total, Reproduced from Reference [10] 

Mass Estimates for the Descent Payload 

System Mass (kg) 

MAV stage 1 4483 

MAV stage 2 (including 2675 kg for capsule) 7089 

ISRU and surface power systems 6000 

Consumables for the crew 4500 

Total payload mass 22,072 

 

These numbers suggest that the equivalent of two Falcon Heavy launches would be 

required to transport the required mass of materials for a pre-constructed three person Martian 

habitat to the surface of Mars. It is important to point out that this mass value only considers the 

necessary mass for habitat, crew, and other mission critical items to make it to the surface of Mars. 

The number does not include the mass consideration for the additional equipment and fuel required 
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to transport the crew from and to Earth. It is possible that such considerations would add additional 

mass to the original 22,000 kg payload. The conclusion of this is that more rocket launches would 

be required to send all the necessary materials to Mars for a fully crewed mission beyond the initial 

number required to just bring the habitat itself. 

1.1.3. Time 

In the previous section, the large amount of material resources required to bring Earth made 

materials into space was discussed. The cost of this process is also that of time. Creating the 

necessary components to launch a single, small-scale item into space takes time. Larger payloads 

only increase the amount of time required to launch into space given, at the very least, that it may 

require multiple launches to accomplish.  

This also brings up the fact that fuel efficient rockets destined for different extraterrestrial 

bodies cannot be launched at any time of the year. There are certain windows of time in which 

rockets should launch to reach a particular celestial body. In the case of getting an object to Mars, 

the ideal launch window for a rocket occurs approximately every 26 months. At this point, Earth 

and Mars are at the ideal positions for a rocket to travel from one body to the other with the least 

amount of time and fuel costs [11]. This makes the time cost of launching items into space even 

more of a factor when considering long term space missions, especially how much time it would 

take just to launch the multiple payloads of necessary habit construction materials into orbit around 

the Earth before sending them to any extraterrestrial body.  

Time is also a large consideration when it is factored in that any long-term surface habitats 

would need to be constructed before any humans arrived for a long-term space mission. This is so 

the astronauts have a safe, secure location to live while on a celestial body’s surface. The 

construction of the habitat would add even more time requirements to any long-term space 
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missions in addition to the time requirements of transporting astronauts to an extraterrestrial body. 

Thus, the cost of building a habitat on the body’s surface is one that cannot be overlooked in 

planning future space missions.   

In addition, any new/replacement parts that an astronaut crew may require while on planet 

would also have a time cost associated with them. Given that certain aspects of a mission (such as 

a new case for a sensor) may not be possible due to a part failure, any time delays from waiting 

for a part shipped from Earth would impact the mission’s overall progression. If the delay was 

long enough, the mission’s goals may not be able to be completed at all as by the time the new 

part arrives the crew may have had to begin their return trip to Earth. This gives even more reason 

to develop ways in which to utilize resources on an extraterrestrial body to create new/replacement 

parts necessary for a mission.    

1.1.4. Martian Atmosphere/Environment 

It is important to note details about the atmosphere and environment of Mars as its makeup 

may impact any material creation done in situ. A record of this would also be beneficial to any 

future standards created for material creation on the extraterrestrial body. In general, the Martian 

atmosphere is composed of three primary elements; Carbon Dioxide (~95%), Nitrogen (~2.5%), 

and Argon (~1.9%). The rest of the atmosphere is made up of small amounts of other various 

elements. These include oxygen, carbon monoxide, water, nitrogen oxide, neon, hydrogen-

deuterium-oxygen, krypton, and xenon [12]–[15]. The atmospheric pressure on the surface of Mars 

is approximately 6.36 mb (or about 636 pascals) at the planet’s mean radius. This number is 

variable based on the location on the planet, and the season [15]. The average temperature on the 

Martian surface is about 210 K (-63°C) with extreme values of approximately 184 K to 242 K (-

89°C to -31°C) [15].  
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It is theorized that the temperature range present on Mars may affect any parts being created 

via additive manufacturing. This is due to Earth based additive manufacturing methods being 

shown to be influenced by the printing environment’s temperatures. There is difficulty in general 

when choosing the correct machine temperature parameters for polymers in additive 

manufacturing even when the printing environment is relatively uniform and stable. An example 

of this is setting the material extrusion temperature, with respect to its melting temperature, in 

order that the desired heat dissipation, and consequent material layer height occurs with the printed 

part [16]. Having a manufacturing environment that experiences large temperature variation is thus 

expected to cause issues with the creation of additive manufacturing parts such as improper 

material print layer height, or other manufacturing processes [16], [17]. This is an element to in 

situ part creation research that must be kept in mind when creating test parts and performing 

material property analysis. 

1.2. Using Regolith for In-Situ Manufacturing 

1.2.1. Regolith Utilization for Material Creation 

A way to address these challenges associated with the materials required for extraterrestrial 

habitats/mission parts is with in-situ part manufacturing with regolith. In-situ manufacturing using 

Martian regolith takes away much of the need to send large amounts of material from Earth to a 

body in space as it makes use of the material already on planet [3], [8]. As such, this saves the time 

and material cost that would be associated with the transport of Earth based materials.  

A manufacturing method potentially capable of creating regolith-based materials on site is 

additive manufacturing. Additive manufacturing allows for the direct creation of a part or structure 

without the need for molds. This saves material costs given that molds do not need to be sent to 

the planet, and time costs as the additive manufacturing can be completed with automation, or 
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remote control. The benefit of not needing a direct human presence for the main manufacturing of 

the habitats/mission critical parts is that it saves more time, and material when planning missions 

to extraterrestrial bodies. The construction of the celestial body surface habitats/parts with long 

creation time costs can take place well in advance of any astronauts arriving on planet with robotic 

rovers that do not need as much shielding from the environment on that extraterrestrial body. It is 

theorized that regolith created structures would also be able to shield against the environment of 

bodies like Mars [6], [18]. This includes both the atmosphere and the radiation conditions that can 

be expected to be experienced on the planet. Once again, the benefit of this is the reduction of 

necessary Earth based materials for the creation of a properly constructed long term surface 

mission habitats.  

Additive manufacturing can also be utilized when the astronauts arrive on the 

extraterrestrial body’s surface. Certain new/replacement parts would be able to be created via in-

situ additive manufacturing given that, again, molds are not necessary for part creation. This would 

allow for flexibility of part design if the mission parameters were altered and save time if a used 

part were to require a replacement.   

1.2.2. Regolith Simulant Utilization for In-Situ Material Creation Previous Studies 

1.2.2.1. General Material Creation from Regolith/Regolith Simulant 

In order to increase in-situ building material radiation blocking potential, and/or decrease 

the mass of Earth-based material required to make usable in-situ building material, the general 

concept of material creation using Martian or Lunar regolith is one that has been explored in the 

past. In previous work, it has been demonstrated that it is indeed possible to utilize at least regolith 

simulant, or synthetic planetary regolith aimed at replicating one or more features of some 

reference sample from said planetary body [19], for material creation purposes. Past studies have 
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created material samples using methods such as polymerization, geopolimerization, and even the 

synthesis of an additive manufacturable regolith simulant “ink” used in 3D printing [20]–[22]. 

Each of these processes produced materials with regolith simulant that had varying mechanical 

properties for different, unique applications. While most of these material making methods 

appeared to not be suitable for in-situ manufacturing on the surface of Mars at this time, they 

exhibited the potential for the variety of different material applications that could be possible with 

regolith simulant, and potentially regolith.  

1.2.2.2. Mixing Regolith Simulant with Polymers 

The idea of utilizing a regolith with a polymer binding agent for the purpose of material 

creation has also been previously explored. The concept was usually driven by the goal to create a 

material that could serve as a passive galactic cosmic radiation shield around a theoretical surface 

habitat, though the reduction of Earth based material required for successful building material was 

also recognized as a benefit. In addition to acting as a binder, the addition of a polymer used in 

these studies was shown to increase regolith simulant’s ability to shield against sources of radiation 

[23], [24]. This exhibited that the use of a polymer in in-situ manufacturing with regolith may have 

additional benefits beyond structural considerations by addressing one of the earlier mentioned 

challenges with long term surface space missions on extraterrestrial bodies; radiation. This 

illustrated the potential for use polymers along with regolith in the future development of in-situ 

manufacturing for space exploration. This also brought up the additional consideration of how to 

provide a supply of polymer on-site at an extraterrestrial body. 
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1.2.2.3. Extraterrestrial Body In-Situ Polymer Creation 

A few papers have conceptualized ideas for in-situ polymer creation. While their findings 

may not be directly comparable to the mechanical characteristics that are later shown in this study, 

they did provide information related to the choice of polymer in this paper.  

The researched methods of in-situ polymer creation attempted to perform a creation 

process using primarily on-site resources, again reducing the required amount of material to be 

shipped from Earth to make usable material at the mission site. The general consensus was that 

the importation of hydrogen, or water, may be necessary to create the necessary volumes of 

polymer on a planetary body for material utilization [23], [25], [26]. A few of the sources did cite 

that it may be possible to extract the necessary hydrogen, or water, from the available regolith on-

site [26], [27]. The amount of hydrogen required for the creation of a theorized in-situ polymer 

would depend on the proposed creation process and polymer type being made. 

One starting point for in-situ Martian polymer creation proposed by multiple sources was 

what is known as the Sabatier process [23], [25], [27]. The process was an outlined pathway and 

chemical reaction of converting carbon dioxide (CO2) and hydrogen (H2) into methane as 

discovered by a chemist named Sabatier as shown in Figure 1. 

 
Figure 1. Sabatier Chemical Reaction Pathway Outline, Reproduced from Reference [23] 

The basic idea behind this reaction was to heat CO2 from the Martian atmosphere and 4H2 

to form water (2H2O), use electrolysis to turn the water into 2H2 and oxygen (O2), and then convert 

CO2 and the 2H2 into O2 with the byproduct of methane (CH4). From this methane, it has been 

theorized that polyimide can be produced. The theory was that the methane could be converted 
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into benzene, and then dianhydride and diamine monomers using in-situ, and limited Earth 

imported processing resources. The final products would then able to be theoretically used to 

synthesize polyimide for the primary purpose of regolith polymer radiation shielding material [23]. 

Another proposed in-situ polymer whose creation was theorized to be possible with the 

Sabatier process was polyethylene [27]. This method again began with methane created via the 

Sabatier process, and then a conversion of it into polyethylene. One source achieved experimental 

success with this method of in-situ polymer creation and proposed the source of hydrogen as in 

this case being produced from water extracted from Martian regolith. In the study, polyethylene 

was experimentally produced from theoretical available resources on the surface of an 

extraterrestrial body, Mars. The source outlined the creation of polyethylene as being done by 

converting methane (CH4) into ethylene (C2H2) via a catalytic oxidation at 800-900°C, and then 

producing polyethylene from the C2H2 using catalytic linking of the C2H2 monomers as performed 

in a slurry reactor with Ziegler-Natta catalysts [27]. According to this source, 100g of polyethylene 

was created using the outlined process in a laboratory setting from materials and elements 

theoretically available on Mars. Again, the primary purpose for creating the material was driven 

by an investigation for its use as radiation shielding material as mixed with regolith simulant [27]. 

The study demonstrated that in-situ polymer creation was theoretically possible and provided 

encouragement that research into additional in-situ polymer synthesis had potential for feasibility.  

An additional process proposed for a Martian in-situ polymer was using what is known as 

the Fischer-Tropsch process [26]. This process, followed by catalyzed polymerization, was cited 

as being able to create polypropylene from primarily, or even entirely, in-situ resources of raw 

hydrogen (H2) and carbon dioxide (CO2). The outlined process from this study listed its source of 

hydrogen as coming from either importation, or extraction from Martian regolith. The eventual 
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hypothetically created polypropylene was recommended by the source, as compared to other 

potential in-situ polymers including polyethylene, to be used as a general building material in the 

creation of a long-term Martian habitat given its general material properties, and manufacturability 

in-situ [26]. This suggested another potential in-situ polymer creation method that had a chance at 

near complete in-situ creation capability for the specific use as a general building material.   

1.2.2.4. Additive Manufacturing of Regolith Simulant Mixed with Polymer 

In addressing additive manufacturing, regolith polymer material part production via 

additive manufacturing has also been investigated in the past. At a university in Singapore, the 

basic principles of such part creation were demonstrated using additive manufacturing equipment, 

and materials that were theorized to be available on and around an established surface Martian 

habitat [28].The specific materials it used were regolith simulant and a polymer created using 

chitosan derived from an arthropod cuticle (dried shrimp). While not completely in-situ for an 

initial long term mission on the planet, the source’s resulting “biolith” parts demonstrated flexural 

strengths ranging from approximately 0.75 MPa to 1.5 MPa (following ASTM D790 Standard Test 

Method for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating 

Materials), and compressive strengths from approximately 2.5 MPa to 3.5 MPa (no standard 

available/listed) [28]. Research such as this demonstrated the concept of a regolith polymer 

material being able to be potentially utilized via additive manufacturing with supporting numerical 

data.  

An additional source experimented with the idea of additive manufacturing a potential 

regolith polymer mix utilized Martian regolith simulant, a polymeric binder, and water to create a 

slurry that could be molded and shaped in a similar manner to clay or concrete ceramics. The 

research study was able to successfully create ceramic parts with slip casting and other 
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conventional ceramic creation techniques as well as powder bed and layer wise slurry deposition 

via 3D printing [29]. This unique approach from the traditional concepts of additive manufactured 

proposed in previous studies demonstrated that additional manufacturing techniques and material 

elements beyond the conventional could be potential avenues of interest for this topic.  

Another source that focused on a more traditional concept of regolith polymer material part 

production via additive manufacturing was completed in July of 2020. In investigating the ability 

to recycle polymers used in part creation on the surface of the Moon for resource conservation, 

this source successfully created 3D printed parts using polylactide (PLA) and lunar regolith 

simulant (CLRS-1) [30]. The resulting parts underwent tensile and bending tests according to ISO 

527:2:2012 (Plastics–Determination of Tensile Properties–Part 2: Test Conditions of Molding and 

Extrusion Plastics) and ISO 178:2010 (Plastics–Determination of Flexural Properties). The 

mechanical property data values collected from these tests are shown in Figure 2 and Figure 3 

along with Table 2 and Table 3. 

 
Figure 2. Source Example of Tensile Stress-Strain Curves of 3D Printed Parts Created from 

PLA/CLRS-1 (Lunar Regolith Simulant) and Neat PLA, Reproduced from Reference [30] 
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Figure 3. Source Example of Bending Stress-Strain Curves of 3D Printed Parts Created from 

PLA/CLRS-1 (Lunar Regolith Simulant) and Neat PLA, Reproduced from Reference [30] 

 

Table 2. Tensile Numerical Results of 3D Printed Parts Created from PLA/CLRS-1 (Lunar 

Regolith Simulant) and Neat PLA, Reproduced from Reference [30] 

Samples σmax (MPa) 

Percent 

Relative 

Difference 

 εb (%) 

Percent 

Relative 

Difference 

Neat PLA 64.3 ± 3.3 - 7.49 - 

5 wt% 

CLRS-1 
55.2 ± 2.8 -14.2 6.11 -18.4 

10 wt% 

CLRS-1 
53.0 ± 2.8 -17.6 4.27 -43.0 

 

Table 3. Flexural Numerical Results of 3D Printed Parts Created from PLA/CLRS-1 (Lunar 

Regolith Simulant) and Neat PLA, Reproduced from Reference [30] 

Samples  σmax (MPa) 

Percent 

Relative 

Difference 

E (GPa) 

Percent 

Relative 

Difference 

 εb (%)  

Percent 

Relative 

Difference 

Neat PLA 88.0 ± 3.0 - 2.84 ± 0.22 - - - 

5 wt% 

CLRS-1 
86.6 ± 7.0 -1.55 2.96 ± 0.14 4.23 4.87 ± 0.55 - 

10 wt% 

CLRS-1 
82.7 ± 3.3 -5.98 3.05 ± 0.15 7.39 4.05 ± 0.46 - 
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Another recent study completed in September of 2021 experimented with the creation of 

Martian regolith simulant composite parts. This source investigated varying the weight loading 

percentages of a single Martian regolith simulant in the base polymer to see the impacts it had on 

various material properties such as radiation blocking potential and tensile properties. The source 

also investigated the viability of some of the created Martian regolith simulant composite materials 

to be utilized in filament fed additive manufacturing [31]. The tensile data from these specific tests 

and an image of the tensile parts are shown in Figure 4 and Figure 5 respectively. 

 

Figure 4. Source Example of Tensile Strength of Molded and 3D Printed PE, PE/RG 5 wt% and 

PE/RG 10 wt% Specimens (DIN EN ISO 527-2-5A), Reproduced from Reference [31] 

 

The results shown in Figure 2 through Figure 5 and Table 2 through Table 3 provided 

numerical data to begin to describe the potential mechanical characteristics of parts created in-situ 

on the Moon and Mars via additive manufacturing. They also illustrated a difference in material 

performance of created parts based on the amount of regolith simulant used compared to the 

amount of polymer used. 
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Figure 5. Source Example of (a) Top and (b) Lateral View of Tensile Specimen (DIN EN ISO 

527-2-5A) of PE/RG 5 wt% Composite Fabricated by 3D Printing, Reproduced from Reference 

[31] 

 

In general, the data shown in Figure 2 through Figure 5 and Table 2 through Table 3 

suggested that increasing the weight loading percentage of regolith simulant in the used polymer 

decreases the material strength characteristics of the created parts. Such information was an 

important inclusion in the constantly growing material database associated with the future of space 

exploration on extraterrestrial bodies. Understanding what kinds of material properties that can be 

expected from any theoretically created in-situ material provides engineers and scientists data that 

can help in long-term mission design. It also raises the question of what other material 

characteristics are possible based on the ratio of regolith (or regolith simulant) to polymer. 

1.2.2.5. Specific Regolith Simulant Validity Concern Highlight 

An important note in studies related to space based in-situ material creation is the validity 

of the raw materials. Specifically, the accuracy of any collected data depends heavily on the 

accuracy of any used regolith simulant. Some regolith in-situ part creation studies have utilized a 
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singular or different type of regolith simulant than that to be used in this study. In addition, a 

certain regolith simulant used by a number of these sources had properties that have since been 

questioned in terms of their validity in representing regolith [20]–[22], [24], [27], [32]. In 

particular, the use of JSC-1A regolith simulant in past studies caused concern as to the 

compatibility and validity of a study’s results due to its known high, and unrealistic amount of 

water content [33]. This must be kept in mind when utilizing data from these sources for the 

purposes of the supporting of, or comparison to findings/conclusions of this paper’s research.  

1.2.2.6. Closing Literature Comments 

In general, the previously completed research related to the subject of utilizing regolith for 

material creation from these sources provided items of background information, and specific 

pieces of material data that were helpful in approaching this research. The previous studies 

demonstrated the potential for regolith simulant to be used to create building material for a 

theoretical surface missions to extraterrestrial bodies such as the Moon and Mars, polymers to be 

used as binding and increased radiation blocking agents in regolith simulant composite parts, 

certain polymers to be created in-situ on the surface of Mars using the raw materials that have been 

detected on the surface of the planet, and the possibility of single type regolith simulant based 

polymeric composite materials to be additive manufactured into load bearing test parts using 

varying amounts of regolith simulant filler to reduce the amount of polymer required for the 

creation of mechanical parts. This data from the previous research gave a greater context to the 

data collected, and conclusions made from this study. 

An aspect of this general topic that did not appear to have received much research by 

previous studies was if the type of regolith simulant on a single extraterrestrial body had an 
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impact on any created materials’ mechanical properties, especially when parts were created using 

additive manufacturing techniques. It was this aspect that this research focused on. 
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CHAPTER 2. OBJECTIVES 

2.1. Goals of Research 

The primary short-term goal of the research was to document the material property data of 

regolith simulant-based polymeric composite parts using varying types of Martian regolith 

simulants, or source locations, and manufacturing techniques. This involved creating parts with 

Earth based injection molding, and fused granulate fabrication (FGF) additive manufacturing to 

simulate in-situ part creation for the categorization of the created polymeric composite materials.  

Achieving the short-term goal of this research was the first step in realizing the primary 

long-term use goal of the research, which was providing data that would help in the eventual 

designing of a rover/machine that could be sent to an extraterrestrial body to collect regolith, 

process regolith (extract polymer base components/create polymer/mix regolith with polymer) and 

create building materials from regolith for the purpose of human habitat construction, and later 

mission required part production. 

The data collected for the secondary long-term goal of the research was to serve as a 

baseline material database for future projects and research involving material creation with regolith 

simulants. Such a database, while limited by the accuracy of the regolith simulants, would provide 

material property values that could be compared to when creating different materials 

from/incorporating regolith simulant. In the far future, the database of values could be used in a 

comparison to parts created utilizing actual regolith in-situ.  

2.2. Objectives of Research 

In-situ resource utilization on extraterrestrial bodies will be required to provide the most 

economical, and time efficient missions to the planet. This technology, and the technology of the 

infrastructure to stay on the surface of Mars for any significant amount of time, will also require 
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additional research and development before the transportation of astronauts for long term surface 

missions can take place [9], [10], [34].  

Based on the available data, regolith has the potential to be an in-situ resource that could 

be used for multiple applications. This includes habitat building, water extraction, and fuel creation 

[10], [35]. As stated before, the technology for how to accomplish this on Mars is still in 

development. This research focused on the material applications of regolith. Specifically, the study 

looked at creating, and testing composite materials from thermoplastic polymers and a variety of 

Martian regolith simulant (MRS) fillers. It also investigated the ability to create sample parts from 

these Martian regolith simulant composites (MSCs) using injection molding (IM) and FGF 

additive manufacturing (AM). 

The resulting material properties and processes involved in this process were anticipated 

to depend on the type of regolith simulant selected (simulating regolith taken from different 

locations on the extraterrestrial body), and the amount of MRS loaded into the neat polymer. The 

benefit of such research was anticipated to be the documentation of a metric for the material 

potentials of regolith sources to be eventually used for the creation of material processing/creation 

rovers utilizing regolith, and extraterrestrial in-situ additive manufacturing standards.  

2.2.1. Experimental Goals 

• Create part samples from neat polymer and regolith simulant filled polymer composites 

using Earth based manufacturing techniques 

• Create part samples from neat polymer and select regolith simulant filled composites using 

additive manufacturing techniques 

• Characterize material properties of the neat polymer and composite materials utilizing 

ASTM standards 
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2.2.2. Analytical Goals 

• Determine effect of MRS loading on material properties 

• Determine effect of MRS source location on material properties 

2.2.3. Intended Outcomes 

• Data collected from usable part samples indicates which MSC has suggested best strength 

material characteristics at largest wt. % loading of MRS over part samples created with 

other types of regolith simulant 

• Data collected from usable part samples indicates which MSC has suggested most 

consistent material characteristics (lowest standard deviation) at largest wt. % loading of 

MRS over part samples created with other types of regolith simulant 

• Additive manufacturing techniques used in study are shown to be able to consistently 

produce usable neat PP, and MSC parts 

• Data collected from additive manufactured parts provides insight to the compatibility of 

data collected from parts made using Earth based manufacturing techniques 
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CHAPTER 3. MATERIALS AND PROCESSING 

3.1. Materials 

The raw materials used in this research were selected based on what each element of the 

study required. These raw materials underwent a series of initial tests to check that their properties 

qualified for the study. 

3.1.1. Neat Polymer 

The polymer used in this research was polypropylene. It was selected based on its potential 

for in-situ extraterrestrial application as compared to other types of polymers. The specific benefits 

that this type of polymer offered were its general material properties, availability for testing, and 

potential for in-situ creation [26]. This polymer was used in the creation of the part samples made 

from the polymer and MRS for the purposes of testing the regolith simulant material 

characteristics. The specific type of polypropylene used was COPYLENE® CH014 homopolymer 

polypropylene from Bamberger Polymers and Phillips 66. This particular polypropylene was 

chosen as it was a neat homopolymer and had a listed mass flow index of 1.3 g/10 minutes which 

was anticipated to beneficial for extrusion/compounding and additive manufacturing. 

Polymer that was already created using Earth based manufacturing techniques was used in 

this research instead of lab created polymer from the theoretical base elements that could be 

extracted from regolith/regolith simulant and other available in-situ resources available on Mars.  

This was done as it was anticipated that any amount of successfully extracted polymer from the 

regolith simulant and other in-situ resources available on Mars completed in a laboratory setting 

would be small in comparison to the amount necessary to use in the creation of regolith simulant 

based polymeric composite test parts.  
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3.1.2. Martian Regolith Simulants 

As of the time of this research, no sample of Martian regolith has been brought to Earth for 

study/research. The study made use of MRS as a substitute for Martian regolith. The simulants 

used were developed by the CLASS Exolith Lab of the University of Central Florida [36], [37]. 

Table 4 through Table 15 detail the particle size information, minerology, and bulk chemistry of 

the simulants.  

Table 4. MGS-1 Particle Size Information, Reproduced from Reference [37] 

MGS-1 Particle Size Information 

Particle Size Range [mm] 0-1 

Mean Particle Size [µm] (by Volume) 105 

Bulk Density [g/cm3] 

(Depending on Compaction Level) ~1.29  

 

Table 5. MGS-1 Minerology (weight percent, as mixed), Reproduced from Reference [37] 

Mineral  Wt. % 

Plagioclase 27.1 

Basaltic glass 22.9 

Pyroxene 20.3 

Olivine 13.7 

Mg-sulfate  4.0 

Ferrihydrite 3.5 

Hydrated silica  3.0 

Magnetite 1.9 

Anhydrite 1.7 

Fe-carbonate 1.4 

Hematite 0.5 

 

Each MRS was designed to simulate a particular type of Martian regolith as varied by 

physical location on the surface of the planet. MGS-1 was designed to simulate Rocknest 

windblown soil, MGS-1C simulated MGS-1 enriched with smectite, MGS-1S was created to 

simulate MGS-1 enriched with polyhydrated sulfate gypsum, and JEZ-1 simulated the anticipated 

materials in the Jezero Crater deltas in advance of the 2020 NASA Mars rover [37]. 
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Table 6. MGS-1 Bulk Chemistry (weight percent, as measured by XRF), Reproduced from 

Reference [37] 

Oxide Wt.% 

SiO2 45.57 

TiO2 0.30 

Al2O3 9.43 

Cr2O3 0.12 

FeOT 16.85 

MgO 16.50 

CaO 4.03 

Na2O 3.66 

K2O 0.43 

P2O5 0.37 

SO3 2.63 

MnO 0.1 

 

Table 7. MGS-1S Particle Size Information, Reproduced from Reference [37] 

MGS-1S Particle Size Information 

Particle Size Range [mm] 0-1 

Mean Particle Size [µm] (by Volume) 119 

Bulk Density [g/cm3] 

(Depending on Compaction Level) N/A 

 

Table 8. MGS-1S Minerology (weight percent, as mixed), Reproduced from Reference [37] 

Mineral  Wt. % 

Gypsum 40.0 

Plagioclase 16.4 

Basaltic glass 13.7 

Pyroxene 12.2 

Olivine 8.2 

Mg-sulfate  2.4 

Ferrihydrite 2.1 

Hydrated silica  1.8 

Magnetite 1.1 

Anhydrite 1.0 

Fe-carbonate 0.8 

Hematite 0.3 
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Table 9. MGS-1S Bulk Chemistry (weight percent, as measured by XRF), Reproduced from 

Reference [37] 

Oxide Wt.% 

SiO2 29.3 

TiO2 0.30 

Al2O3 6.4 

Cr2O3 0.1 

FeOT 11.3 

MgO 16.2 

CaO 14.8 

Na2O 2.1 

K2O 0.5 

P2O5 0.3 

SO3 18.7 

MnO 0.1 

 

Table 10. MGS-1C Particle Size Information, Reproduced from Reference [37] 

MGS-1C Particle Size Information 

Particle Size Range [mm] 0-1 

Mean Particle Size [µm] (by Volume) N/A 

Bulk Density [g/cm3] 

(Depending on Compaction Level) N/A 

 

Table 11. MGS-1C Minerology (weight percent, as mixed), Reproduced from Reference [37] 

Mineral  Wt. % 

Smectite 40.0 

Plagioclase 16.4 

Basaltic glass 13.7 

Pyroxene 12.2 

Olivine 8.2 

Mg-sulfate  2.4 

Ferrihydrite 2.1 

Hydrated silica  1.8 

Magnetite 1.1 

Anhydrite 1.0 

Fe-carbonate 0.8 

Hematite 0.3 
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Table 12. MGS-1C Bulk Chemistry (weight percent, as measured by XRF), Reproduced from 

Reference [37] 

Oxide Wt.% 

SiO2 56.1 

TiO2 0.2 

Al2O3 16.9 

Cr2O3 0.0 

FeOT 8.2 

MgO 12.6 

CaO 2.0 

Na2O 1.9 

K2O 0.5 

P2O5 0.4 

SO3 1.2 

MnO 0.0 

 

Table 13. JEZ-1 Particle Size Information, Reproduced from Reference [37] 

JEZ-1 Particle Size Information 

Particle Size Range [mm] 0-1 

Mean Particle Size [µm] (by Volume) 38 

Bulk Density [g/cm3] 

(Depending on Compaction Level) 1.54 

 

Table 14. JEZ-1 Minerology (weight percent, as mixed), Reproduced from Reference [37] 

Mineral  Wt. % 

Olivine 32.0 

Plagioclase 16.0 

Basaltic glass 13.5 

Pyroxene 12.0 

Mg-carbonate 11.0 

Smectite clay 6.0 

Mg-sulfate  2.4 

Ferrihydrite 2.1 

Hydrated silica  1.8 

Magnetite 1.1 

Anhydrite 1.0 

Fe-carbonate 0.8 

Hematite 0.3 
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Table 15. JEZ-1 Bulk Chemistry (weight percent, as measured by XRF), Reproduced from 

Reference [37] 

Oxide Wt.% 

SiO2 44.2 

TiO2 0.2 

Al2O3 11.3 

Cr2O3 0.3 

FeOT 9.5 

MgO 25.9 

CaO 3.5 

Na2O 1.9 

K2O 0.3 

P2O5 0.6 

SO3 2.1 

MnO 0.1 

 

 The specific makeup of each of the used MRSs was based off data collected from previous 

information gathering missions to Mars including the MSL Curiosity rover [37]. An image that 

provided a general visual representation of some the variation detected in Martian regolith 

composition on the Martian surface is shown in Figure 6.  

 
Figure 6. Mineral Detection Compilation for Mars Image from NASA Associated Mars Water 

In-Situ Resource Utilization (ISRU) Planning (M-WIP) Study as Cited by Exolith Lab, 

Reproduced from Reference [38] 
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3.1.3. Pre-Sample Regolith Simulant Material Analysis 

The MRSs used in material test part creation were analyzed in advance of sample creation. 

This was done to provide data that would aid in determining the correct experimental settings for 

the machines to be used to create the material samples and indicate any potential areas of issue 

regarding the MRSs’ ability to go through manufacturing processes.  

3.1.3.1. Preliminary Thermogravimetric Analysis of Martian Regolith Simulant 

The general MRS, MGS-1, that was the basis for all the MRSs utilized in this research was 

subjected to a Thermogravimetric Analysis (TGA). This involved loading small samples (50-100 

mg) of the general extraterrestrial body’s simulant (MGS-1) into a TA Instruments Q500 TGA and 

heating it from room temperature (~22°C) to a temperature of 500°C at a rate of 10°C per minute. 

The testing environment for each type of simulant was varied for certain tests from being a 

completely inert gas (Nitrogen) to 40% Nitrogen, and 60% room air.    

The goal with each of these tests was to gain data that directly characterized each type of 

simulant’s response to an increase in heat. This was anticipated to provide information as to if 

there would be any material degradation during any thermal based manufacturing processes. The 

tests would also provide data useful in determining if the additive manufacturing material creation 

process could potentially be used by astronauts inside as well as outside of an extraterrestrial 

habitat.   

Figure 7 and Figure 8 display the results of the tests performed on the MRS MGS-1 in an 

environment of 100% Nitrogen, and an environment with a mixture of 40% Nitrogen and 60% 

room air. 
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Figure 7. TGA Test Results Overlay MGS-1 in 100% Nitrogen Environment 

 
Figure 8. TGA Test Results Overlay MGS-1 in 40% Nitrogen, 60% Room Air Environment 
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Figure 7 and Figure 8 suggested that the MGS-1 simulant appeared to experience 

approximately 5% weight percent mass loss from being heated up to 500°C as tested in both 

atmospheres. This result indicated that this MRS, and its constituents, would be able to be used in 

material creation methods involving thermal processing with little concern for impact on created 

parts’ material properties from constituent degradation due to heat.  

An initial, brief thermal decomposition study of the MRS individual constituents was 

completed to offer an explain of what mass loss was seen in Figure 7 and Figure 8. The initial mass 

loss at about 100°C was theorized to be due to some moisture present in the samples at the time of 

testing evaporating from that temperature as all MRS TGA samples received no drying prior to 

being tested after being removed from the sealed storage/shipping bag. This was supported by the 

boiling point of water being approximately 100°C, as well as by previous work done in material 

and mineral thermal decomposition studies [39]–[41]. It was also possible that MRS constituent 

hydrated silica saw some thermal decomposition into water and silica at this temperature [40]–

[42].  Another one of the present constituents was olivine which was suggested to be capable of 

experiencing a release of oxygen at temperatures around 200°C when elements of carbon or 

hydrogen are present (both of which were present in one or more of the other constituents) [43]–

[45]. This was theorized to be the possible reason for the gradual mass loss seen in Figure 7 and 

Figure 8 from 150°C to 350°C. Of the other present minerals in MGS-1, ferrihydrite and Fe-

carbonate were found to have sources that suggest they were both capable of experiencing thermal 

decomposition in the temperature range (approximately 350°C to 500°C) in which the second drop 

in mass took place [46]–[50]. At these temperatures, Ferrihydrite can decompose into hematite 

[46], and Fe-carbonate can decompose into magnetite [48], [50]. The releases of these 

decompositions include water (H2O) [46] and carbon dioxide/other oxides [50] respectively. In 



30 

 

addition to the information found on the raw constituents, the overall MGS-1 was noted in its 

technical and safety data sheets as being capable of releasing a number of volatiles as a response 

to heat, specifically when combusted. These volatile releases were cited as carbon monoxide, 

carbon dioxide, sulfur monoxide, sulfur dioxide and methane [37]. All of these items were 

theorized to provide likely candidates for the mass loss seen in the tested samples of MGS-1 as a 

response to heat. 

The presented sources in the initial thermal decomposition investigation provided evidence 

to suggest what most likely took place during the second drop in mass during the 

thermogravimetric study of MGS-1. In order to determine which minerals experienced more/less 

thermal decomposition and released how much of a particular thermal decomposition byproduct 

or volatile release was created during this second major drop in mass, additional experimentation 

specifically dedicated to this topic would be required. It was predicted that the low amount of 

overall mass loss would translate to a negligible amount thermal decomposition of constituents in 

terms of their overall impact on the quality of any created materials, and release of any potentially 

hazardous volatile releases for safe operating procedures when working with the created material 

constituents.   

To verify that the weight percent loss of the material did not continue to increase by a 

significant amount at temperatures higher than 500°C, an additional TGA test was performed on 

a sample of MGS-1. The test performed took place over a temperature range of approximately 

22°C to 1000°C with a heating rate of 10°C per minute in an environment of 100% Nitrogen.  

Figure 9 displays the results from this test. 
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Figure 9. TGA Large Temperature Range Test Results MGS-1 in 100% Nitrogen Environment 

 

Figure 9 indicated that the total MGS-1 weight percent mass loss was approximately 7% 

as experienced over a temperature range of 22°C to 1000°C. This weight percent mass loss seen 

in the regolith simulant suggested that even when the maximum temperature seen by this regolith 

simulant is increased to 1000°C from 500°C, the resulting material degradation would not affect 

created parts’ material properties made by material creation methods involving thermal processing 

operating near this temperature. This provided further support to the idea that the MRSs could be 

relied upon when incorporated into the neat polymer to provide consistent sample parts when 

processing the material with thermal based manufacturing techniques.  



32 

 

3.1.3.2. Thermogravimetric Analysis Material Breakdown Study Special Note 

An original purpose for performing a thermogravimetric analysis on the regolith simulant 

was to investigate the mass loss seen in the material. The goal was to find a temperature at which 

a large amount of percent mass loss was experienced in a material sample which would indicate 

the need for pre-processing of the regolith simulant to remove any volatility in the material’s 

overall structure. Any severe material breakdown was predicted to be detrimental to any parts 

made of the created MSC material via additive manufacturing.   

The idea for the mass loss investigation came from a source that presented data that showed 

more than 20% mass loss seen in an MRS after a similar thermal test [3]. Figure 7 through Figure 

9 above show that the same level of percent mass loss seen in this source was not achieved with 

this regolith simulant. Figure 7 through Figure 9 also suggested that the amount of percent mass 

loss seen in the samples was not significant enough to suggest volatile behavior of the material, or 

constituent material breakdown, that would cause improper part creation via the proposed additive 

manufacturing process and its manufacturing temperatures.   

An investigation of the cited source revealed a MRS with known high concentrations of 

water was used for its study. The high amount of water present in this MRS was cited as being a 

potential source of error in replicating the characteristics of true Martian regolith [33]. This 

suggested that the results of the original source were not enough to serve as a basis for its own 

study.  

The information gathered from this investigation was still useful for the purposes of adding 

context to this research. The thermogravimetric analysis results provided data that was helpful in 

characterizing/documenting the raw regolith simulant to be used in material creation. The results 

also gave direct evidence that suggested the creation of parts using regolith should be relatively 
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unchanged when comparing the results from an inert gas environment, and an environment in 

which oxygen was present (as would be seen in an extraterrestrial astronaut habitat).   

3.1.3.3. Regolith Simulant Mohs Hardness Analysis  

The highest value of Mohs hardness of the used regolith simulants was analyzed before 

material processing. The purpose was to verify that the MRS material did not contain constituents 

with hardness values that would require specialized processing equipment. The investigation 

started with finding the Mohs hardness value of each constituent that made up the MRS along with 

its weight percentage in the MRS. The constituent(s) with the highest Mohs hardness value along 

with its hardness value and weight percentage were then recorded in a table. Following this 

process, all of the regolith simulants used were found to contain the values shown in Table 16. 

Table 16. Martian Regolith Simulant Constituent Highest Mohs Hardness Values and Weight 

Percentages 

Regolith Simulant  

Type 

Highest Hardness  

Value Mineral 

Hardness  

(Mohs) 

Weight  

Percentage (%) 

MGS-1 
Olivine 7 13.7 

Hydrated Silica 7 3.0 

MGS-1C 
Olivine 7 8.2 

Hydrated Silica 7 1.8 

MGS-1S 
Olivine 7 8.2 

Hydrated Silica 7 1.8 

JEZ-1 
Olivine 7 32.0 

Hydrated Silica 7 1.8 

 

The highest Mohs hardness value for all of MRSs as compared to the rest of the hardness 

values found for all of each simulant’s other constituents was 7.0 [37], [51], [52]. In comparison, 

fiber glass has a Mohs hardness value of approximately 5 to 7 [53] and can be processed on 

standard plastic processing equipment. Given that the highest Mohs hardness values of the MRSs 

were comparable to fiber glass, the raw constituents of the MRSs for this study were considered 

safe for use in the available material processing equipment.   
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3.2. Processing 

 The test specimens made from MSCs were created using conventional and additive 

manufacturing techniques. This allowed the test polymeric composite materials to be made 

according to ASTM standards for material testing and comparison. The processing procedures 

used are outlined in the following section. 

3.2.1. Twin Screw Extrusion  

The MRSs and polymer were compounded in a Leistritz Micro-18/GL-40D, co-rotating 

twin-screw extruder to produce MSC pellets. The MRS weight percentage (wt.%) loading values 

used in the polymeric composite materials were 10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.% for each 

simulant type/source location. The process in producing the simulant composites involved mixing 

the predetermined mass amounts of polymer and MRS in sealed plastic bags by hand in batches 

of approximately 1 kg. The mixed raw materials were then compounded using the extruder and an 

auxiliary pelletizer to create pelletized MSCs. The general extruder temperature profile used was 

210, 216, 221, 227, 232, 232, 232, 232, 227°C from the feeder section to the die. The screws 

rotated at 200 revolutions per minute (RPM) during all MSC production. The pelletized simulant 

composite was dried in a convection oven for approximately 12 hours at a temperature of 80°C 

after extrusion/pelletizing was completed to remove as much surface moisture from the pellets as 

possible before used for any sort of part creation process or material analysis.  

For additive manufacturing, a similar process to what was described in the previous 

paragraph was used to create MSCs. The differences in the process were the creation of MSCs 

being only done with select MRSs, and an increase of the batch sizes from 1 kg to approximately 

2.5 kg. 
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3.2.2. Injection Molding 

Injection molded test samples made from simulant composite pellets were created using a 

FCA FA-100 SV servo hydraulic 100-ton injection molding machine. The injection molder utilized 

a single screw with a series of heating zones and an injection nozzle. The temperature settings of 

the heating zones from the feeder to the injection nozzle were 221, 227, 232, 232, 227°C. In 

addition, a mold temperature of approximately 38°C was maintained using an auxiliary oil-based 

mold heater attached to the injection molder. The machine settings, specifically the cushion value, 

saw minor alterations as needed for certain MRS loading values. The shapes of the injection 

molded samples were tensile dog bones and rectangular flexural bars with thicknesses of 

approximately 3.2 mm according to ASTM standards.  

The reason for the use of an Earth based injection molding process to produce sample parts 

for this research was to efficiently obtain material data about the various simulant composites from 

which general comparisons could be made. The anticipated result of these comparisons was the 

indication of simulant source locations and wt. % loading levels that would produce usable test 

parts, and the most promising material characteristics for part creation when mixed with a 

polypropylene.  

3.2.3. Additive Manufacturing 

A re:3D, Terabot X additive manufacturing printer (TBX) was utilized for the creation of 

MSC samples. The TBX used was classified as a fused granulate fabrication printer (FGF), 

meaning that it used pelletized material for its feedstock in the creation of additive manufactured 

parts. The use of an additive manufacturing printer in this study was critical to experimenting the 

feasibility the project’s results. According to one source, “The most important technological 

development that must be made for the creation of an in-situ Martian habitat is an autonomous 3D 
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assembler” [26]. This is due to a lack of conventional infrastructure for the creation of materials 

in-situ on Mars. The equipment necessary to perform conventional material creation on any 

extraterrestrial body is, at the time of writing this study, prohibitively expensive from a monetary 

and resource standpoint. Thus, additive manufacturing would be the recommended approach to 

material/habitat creation on extraterrestrial bodies as it would allow for a relatively small mass of 

equipment to be sent to said body and still allow for high variability in terms of creatable part 

types. This encourages that any MSC part created for material experimentation and categorization 

be made at some point using an additive manufacturing machine.  

A general cutaway image of a FGF additive manufacturing machine is shown in Figure 10. 

The image from Figure 10 contains multiple numbered elements that each highlight an aspect of 

the FGF machine. At element one, a gravity fed hopper is used to input raw polymer pellets into 

the machine. The pellets are moved by gravity until reaching the extrusion screw, element two, 

which moves, shears, and mixes the polymer pellets through the extrusion barrel. Element three 

points to the extrusion barrel with heating elements through which the polymer pellets move 

through to be melted and mixed prior to reaching the print nozzle. At the print nozzle, element 

four, the melted and mixed polymer is extruded out onto either the print bed, element five, or 

previously deposited polymer. In cases where parts being created require support for their overall 

structure, the creation of support or infill material highlighted by element six is occasionally 

present as a part of an additive manufactured part [54]. The TBX used for this research utilized the 

same general procedure outlined in Figure 10 for its FGF. 
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Figure 10. General FGF AM Machine Diagram with Numbered Elements, Reproduced from 

Reference [54] 

Using the data collected from the injection molded parts, a select number of MRS source 

locations and wt. % loading levels were chosen to be used in the creation of additive manufactured 

sample parts. It was anticipated this process would provide results more accurate in their 

representation of part manufacturing in-situ on an extraterrestrial body and allow for created part 

material characteristic comparisons with MSC parts created via Earth-based injection molding. 

The reasons for not producing MSC parts via additive manufacturing for all the different MRS wt. 

% loading levels and source locations were the anticipated time requirements of the additive 

manufacturing process being beyond those available for this research and the possibility of certain 

MSC materials showing indications of not being able to be used for part creation via additive 

manufacturing. The selected MSC materials for additive manufacturing were those that contained 

40 wt. % of MGS-1 and MGS-1C. The lower wt. %s of MRS were not selected for AM as they 
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did not offer the highest potential for mass savings during Martian surface missions. The sulfate 

based MRS was eliminated due to material behavior that was anticipated to be challenging for 

successfully creating AM parts. The Jezero based MRS was eliminated due to its material 

properties being similar or less than the other candidate materials, and time constraints on the 

research. A later section went into more detail regarding the selection process for AM materials.  

The specific settings used with the Terabot X printer were recorded in Table 17 through Table 19. 

Table 17. TBX Machine Settings Used for Neat PP Part Creation 

  Izod Type A Flexural Tensile 

Nozzle Size (mm) 0.8 0.8 0.8 

Heat Zone 1 (°C) 267 (±2) 267 (±2) 267 (±2) 

Heat Zone 2 (°C) 200 200 200 

Heat Zone 3 (°C) 165 165 165 

Bed Temperature (°C) 105 105 105 

Bed Adhesive Magigoo PP Magigoo PP Magigoo PP 

Feedstock  

Print Rate (mm/min.)  
1300 1300  1000  

Script E# Calibration E60 E60 E60 

Print Environment 

Enclosed Print Area  

with Openings to  

~22°C Atmospheric  

Earth Air 

Enclosed Print Area  

with Openings to  

~22°C Atmospheric  

Earth Air 

Enclosed Print Area  

with Openings to  

~22°C Atmospheric  

Earth Air 

Infill Percentage 100 100 100 

Minimum Number  

of Specimens  
6 5 5 

 

The creation of sample parts was considered successful if the parts were consistent in size, and 

shape according to ASTM standards. It should be noted that these parameters were only considered 

valid for parts created in an environment of standard Earth atmosphere with a temperature of 

~22°C. This followed the process of recording the specified information as recommended for any 

future incorporation of this data in a standard.  

The additive manufactured parts created were tested according to the same/similar respective 

ASTM standards as with the MSC injection molded sample parts. This was done to collect data on 
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the candidate additive manufactured sample parts that could allow for some comparison to the data 

collected from the injection molded sample parts of the same MRS wt. % loading and source 

location. 

Table 18. TBX Machine Settings Used for MSC-40G Part Creation 

  Izod Type A Flexural Tensile 

Nozzle Size (mm) 2.85 2.85 2.85 

Heat Zone 1 (°C) 267 (±2) 267 (±2) 267 (±2) 

Heat Zone 2 (°C) 200 200 200 

Heat Zone 3 (°C) 165 165 165 

Bed Temperature (°C) 105 105 105 

Bed Adhesive Magigoo PP Magigoo PP Magigoo PP 

Feedstock  
Print Rate (mm/min.)  

200 200 200 

Script E# Calibration E46-47 E45 E43 

Print Environment 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Infill Percentage 100 100 100 

Minimum Number  
of Specimens  

6 5 5 

 

Table 19. TBX Machine Settings Used for MSC-40C Part Creation 

  Izod Type A Flexural Tensile 

Nozzle Size (mm) 2.85 2.85 2.85 

Heat Zone 1 (°C) 267 (±2) 267 (±2) 267 (±2) 

Heat Zone 2 (°C) 200 200 200 

Heat Zone 3 (°C) 165 165 165 

Bed Temperature (°C) 105 105 105 

Bed Adhesive Magigoo PP Magigoo PP Magigoo PP 

Feedstock  
Print Rate (mm/min.)  

200 200 200 

Script E# Calibration E45 E43-44 E41 

Print Environment 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Enclosed Print Area  
with Openings to  
~22°C Atmospheric  
Earth Air 

Infill Percentage 100 100 100 

Minimum Number  
of Specimens  

6 5 5 
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3.2.3.1. Martian Regolith Simulant Particle Size Distribution Through Nozzle Analysis 

A major component of creating polymeric particulate composite test parts via additive 

manufacturing was taking into account the particle size distribution of the used MRS. 

Understanding this was important in selecting an appropriate nozzle size to use when creating 3D 

printed parts. The MGS-1 SDS sheet from Exolith Labs listed that the simulant had a mean particle 

size of 90 µm, median particle size of 60 µm, and a particle size range from >0.04 µm to 600 µm 

[37]. 

In theory, the particle size distribution of MGS-1 contained enough large particles to be 

concerning for proper material flow during 3D printing through small nozzle sizes. It was 

anticipated that large and small particle consolidation at the nozzle tip could result in a reduced, 

or completely halted composite material flow for the smaller printer nozzles available for TBX 

(specifically 0.8 mm and 1.75 mm diameter nozzles). The chance of this occurrence was predicted 

to become greater with high weight loading percentages of MRS in the PP such as in the case of 

40 wt. % loadings of MRS. 

In practice, the initial MSC material with 40 wt. % MRS extrusion through the TBX using 

a 0.8 mm diameter nozzle resulted in a clogged nozzle that stopped polymeric composite material 

flow and lead to motor skipping on the machine. Given general particle size distribution and high 

weight loading percentage of the MRS in the PP, it was anticipated a similar occurrence was also 

possible with a 1.75 mm diameter nozzle. The 1.75 mm diameter nozzle was also not available at 

the time of collecting research data. As such, a 2.85 mm diameter nozzle was installed for printing 

the MSCs with 40 wt. % of MRS. This nozzle allowed for proper polymeric composite material 

extrusion with the TBX as utilized for 3D printing test parts.  
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3.2.3.2. Neat Polymer Part Creation Nozzle Size Analysis 

The creation of the additive manufactured parts with neat PP required the use of a smaller 

nozzle size, 0.8 mm, from that used for polymeric composite material printing. The reason for this 

was that printing neat polymer parts with the 2.85 mm nozzle was found to be impossible for this 

particular PP. Parts created via additive manufacturing with the neat PP used in this research were 

found to generally experience horizontal and vertical warping behavior that made created test parts 

unusable if not properly accounted for during printing. The warp preventing print addition used to 

make usable test parts with neat polymer was a brim attached to the first and second layer of the 

part. The addition of a brim both kept the part from warping off the print bed and warping in 

directions horizontal to the bed.  

Neat PP parts created with the 2.85 mm diameter nozzle were unable to be created with a 

brim as the brim was unable to be cleanly removed from the part edges after printing unlike in the 

case of composite materials printed via the 2.85 mm diameter nozzle. Printing neat PP parts via 

the 2.85 mm diameter nozzle without the addition of a brim resulted in unusable test parts due to 

extreme warping of the parts off the print bed, and in the direction horizontal to the print bed. Thus, 

the additive manufactured test parts created with neat PP were created using the 0.8 mm diameter 

nozzle instead of the 2.85 mm diameter nozzle. 
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CHAPTER 4. EXPERIMENTAL PROCEDURES 

4.1. Injection Molded Regolith Simulant Composite Creation Test Matrix 

A test matrix was utilized in investigating and producing the material characteristics of 

polymer mixed with regolith simulant. It compared the simulant theoretical source location and 

wt. % loading in a polymer part. The test matrix is shown in Figure 11. 

  Simulant Source Location 

  MGS-1 MGS-1S MGS-1C JEZ-1 

Simulant 

 Wt. % 

Loading  

10%         

20%         

30%         

40%         

Figure 11. Martian Regolith Simulant Material Test Matrix 

The resulting table called for a total of 17 materials (16 MSCs and one neat polymer) to be 

created and utilized for test part production with each material. Figure 11’s displayed matrix 

provided the general framework with which collected material data (tensile strength, elastic 

modulus, flexural strength, flexural modulus, impact toughness, melt flow index, immersion 

density, heat deflection temperature, glass transition temperature, and coefficient of thermal 

expansion) was organized and compared. The collected data formatted with this general 

framework was anticipated to display potential trends produced by the MRS wt. % loading, and if 

a particular MRS source location had better material characteristics than other MRS source 

locations when used to create MSC parts.   

4.2. Regolith Simulant Composite Test Matrix Sample Part Production Pathway 

The production of sample parts outlined in the test matrix was done according to a general 

pathway. The raw materials (neat PP and MRS) were mass measured and mixed by hand utilizing 

an electronic scale and gallon plastic bags. The raw PP and MRS mixtures were then extruded and 
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pelletized in to MSC pellets. The created MSC pellets were then used to create sample parts either 

through injection molding or additive manufacturing according to ASTM standards. A visual 

representation of this general process is shown in Figure 12. 

 

Figure 12. Test Matrix Sample Part Production Pathway Visual Representation 
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4.3. Regolith Simulant Composite Raw Material Characterization 

 The created MSC material pellets went through raw material characterization tests that 

were anticipated to be independent from the part manufacturing processes used after material 

extrusion for part creation. The two tests completed for this were melt flow index testing, and 

density testing.  

4.3.1. Melt Flow Index Procedure  

 Melt flow index testing was completed using an MP600 Titan Olsen Extrusion Plastometer 

(melt flow index) tester. The tests with the machine were done according to the ASTM standard 

D1238 for neat polypropylene. The used mass on the piston rod was 3.7 kg in response to the low 

melt flow index listed for the neat polypropylene used in the study. The main purpose of the results 

was to allow for comparison of the MFI values for all the polymeric composites.  

 The raw material pellets used in each test run were dried in an oven for at least 12 hours 

prior to testing. The material pellets were given a melt time in the tester of 420 seconds. The 

capture distance used in each test was 0.25 in (~0.64 cm) with a start of test occurring with an arm 

position of 1.811 in (~4.60 cm). The raw data collected from each test was the mass of material 

extruded during the capture distance, as measured with an Ohaus Adventurer mass balance, and 

the amount of time, in seconds, it took for the measuring arm to move the capture distance. The 

desired data from the test was the melt flow index in units of grams per 10 minutes.  

The values desired from the MFI tests were the melt flow indices of the polymeric 

composite pellets. This value was found by taking the measured mass value (in grams) of material 

extruded during the specified capture distance, dividing it by the amount of time (in seconds) it 

took for the capture distance to be traveled by the measuring arm, and multiplying the resulting 

value by 600 seconds to obtain the units of grams per 10 minutes. 
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4.3.2. Immersion Density Test Procedure  

 The densities of MSC injection molded and additive manufactured parts were found using 

a Mettler Toledo density determination kit. The parts used for testing were broken half pieces from 

Notched Izod impact testing. Test samples were conditioned for a least 24 hours before testing in 

the test room.  

 At least six test specimens were tested per sample. The “dry mass” of each specimen was 

measured using an Ohaus Adventurer mass balance. The kit and mass balance were then 

configured to find the density of solids according to the 33360 listed procedure provided by the 

kit. The liquid used for testing was 91% isopropyl alcohol based on the listed specific gravity of 

the neat Copylene CH014 of 0.902 specific gravity. The “wet mass” of each specimen was then 

measured by the mass balance in the previously mentioned 33360 configuration. The 

measurements taken for this “wet mass” were the displayed mass value on the mass balance and 

the temperature of the used liquid (91% isopropyl alcohol) as measured with the kit provided liquid 

thermometer.  

The immersion density test raw results of specimen dry mass, wet mass, and liquid 

temperature recorded during testing were used to calculate the density of each test specimen. The 

primary equation utilized was the Mettler Toledo kit provided density equation, Eq. 1, for solid 

mass density determination. 

𝜌𝑠𝑜𝑙𝑖𝑑 =
𝐴

𝐴−𝐵
∗ 𝜌𝑙𝑖𝑞𝑢𝑖𝑑                   Eq. 1 

 The density of the used test liquid (91% isopropyl alcohol) was determined based on the 

measured temperature of the test liquid at the time of testing and concentration of the IPA as read 

in a density vs. temperature calculation chart for IPA [55]. The appropriate density for the recorded 

test temperature was used along with Eq. 1 to calculate each test specimen’s density.  
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4.4. Characterization of Injection Molded (IM) Regolith Simulant Composites 

 Parts created using conventional injection molding manufacturing techniques underwent a 

series of material tests to characterize the material properties of each part’s respective material. 

4.4.1. IM Tensile Strength and Elastic Modulus Procedure 

At least five tensile samples of each polymeric composite were subjected to a tensile test 

according to ASTM standard D638-14, the Standard Test Method for Tensile Properties of 

Plastics. The material properties to be found with this test were the tensile strength and elastic 

modulus. The test utilized an Instron 5567 load frame and 30kN load cell. A 1-inch MTS 

extensometer model number 632.11B-20 was also used for strain recording during the beginning 

of the test. The extensometer was removed from the sample being tested after reaching an 

elongation of 1.5%. The samples were each tested with a crosshead rate of 5 mm/min until the 

specimen no longer carried load or rupture occurred in the gage length region. The desired tensile 

material property values for each injection molded material were found with computer calculated 

values using the raw data from the test, and the Bluehill load frame program. Microsoft Excel was 

used to convert each specimens’ dimensions, machine applied force, and extensometer raw data 

into a stress-strain curve. For each specimen, the slope of the linear portion of the stress-strain 

curve data was then taken as the tensile modulus value. The calculated tensile modulus values of 

all of the tested IM specimens were used to calculate an average tensile modulus value for the 

samples of each polymeric composite material. The program took material sample specimen’s 

dimensions and maximum stress values to calculate an average maximum tensile strength value. 

4.4.2. IM Flexural Strength and Modulus Procedure 

At least five flexural samples of each polymeric composite were subjected to a three-point 

bend flexural test according to ASTM standard D790-17, the Standard Test Methods for Flexural 
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Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials. The 

material properties to be found with the test were the flexural strength and modulus. The test 

utilized an Instron 5567 load frame and 2kN load cell. The samples were each tested with 3.2 mm 

diameter support and loading pins. The samples were all subjected to an increasing flexural load 

until part failure, or a strain of 5% was reached. If part failure did not occur before a 5% strain was 

reached, the flexural strength was taken as the stress achieved at 5% strain on the sample part. The 

desired flexural material property values for each injection molded material were calculated using 

the Bluehill load frame program. The program took the sample specimens’ dimensions, calculated 

crosshead rate, and raw extension data to produce an average flexural modulus (automatic) value. 

The program also took the sample specimen’s dimensions and maximum stress values at 5% strain 

to calculate an average maximum flexural strength value. 

4.4.3. IM Izod Impact Toughness Procedure 

At least six rectangular sample parts of each polymeric composite were subjected to a 

notched Izod impact resistance test in accordance with the ASTM standard D256-10, the Standard 

Test Methods for Determining the Izod Pendulum Impact Resistance of Plastics. The impact 

toughness of each material was investigated with this test. The test used an Izod pendulum impact 

apparatus following the ASTM procedure “A” with a pendulum impact energy of 2.75 Nm (force 

of approximately 4.52 N from a drop height of 0.61 m). Each specimen was notched according to 

the D256-10 ASTM standard before being impacted. If a sample did not see crack propagation 

from the pendulum impact greater than 90%, it was considered a non-failure. The impact toughness 

for each specimen of injection molded material was calculated using the recorded impact energy 

and cross-sectional area at the created notch on the specimen. 
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4.4.4. IM Glass Transition Temperature Dual Cantilever DMA Procedure 

The glass transition temperature of the polymeric composites was found through dynamic 

mechanical analysis (DMA) completed using a Q800 TA Instruments DMA tester. The clamp used 

was the dual cantilever clamp with a minimum of three specimens created from injection molded 

flexural bars trimmed according to D7028 ASTM standard. Specimens were cooled to a 

temperature of -60°C then heated at a rate of 5°C/min. to 100°C. The specimens underwent a 

cyclical strain of 0.05% (within the viscoelastic region of the material) at a frequency of 1 Hz 

throughout the heating process. The desired data sources were the storage modulus (MPa), the loss 

modulus (MPa), and the tangent delta with respect to temperature. The glass transition temperature 

(Tg) was taken as the temperature value that corresponded to the inflection point of the storage 

modulus data nearest to a tangent delta peak. Figure 13 shows an example of a plot with data 

formatted to determine Tg. In Figure 13, the Tg of the tested specimen would be recorded as 

24.11°C. 

 
Figure 13. Example Plot Using Neat PP Specimen 1 for Determining Tg  
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4.4.5. IM Heat Deflection Temperature Test Procedure 

Heat deflection temperature (HDT) testing on the polymeric composites was completed 

using a Q800 TA Instruments DMA tester. The clamp used was the 3-point bending clamp with a 

minimum of three specimens created from injection molded flexural bars trimmed according to a 

TA approved modified version of the ASTM D648 standard. A constant force was applied to the 

specimens in an amount according to the equations provided by the modified ASTM D648 

standard. While the static force was applied, the specimen was equilibrated at 30°C, then heated 

at a ramp rate of 2°C/min until the desired deflection (≈10 mm) was seen by the sample while the 

static force was applied. The exact value of the desired deflection was calculated from the 

equations provided in the modified ASTM D648 standard. The data gathered from the HDT test 

was the deflection of the specimen with respect to the temperature. When the desired deflection 

was achieved during the test, the corresponding temperature was taken as the HDT. 

4.4.6. IM Coefficient of Linear Thermal Expansion Test Procedure 

Coefficient of linear thermal expansion (CLTE) testing on the polymeric composites was 

completed using a Q800 TA Instruments DMA tester. The clamp used was a thin film clamp 

provided with the tester. A minimum of three test specimens were created from injection molded 

tensile bars trimmed according to the E831 ASTM standard. The specimens placed in the clamp 

and equilibrated to a temperature of 30°C with a static force of 0.0000 N. The specimens were 

then heated at a rate of 5°C /min. to 150°C. The CLTE tests completed on the MSCs measured the 

change in deflection of the specimen with respect to temperature. The slope of the linear portion 

of the data’s resulting curve was taken as the value for CLTE. The particular temperature regions 

of linear portion for each specimen tested was selected using a visual inspection of the plot created 
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from change in deflection of the specimen with respect to temperature. The units of the collected 

CLTE values were mm/mm/°C. 

4.5. Additive Manufactured Regolith Simulant Composites 

 Additive manufactured test specimens were created from the MSC pellets in order to 

simulate a manufacturing technique that would likely be used in-situ on the surface of Mars. The 

creation of such specimens also allowed for a comparison of the material characteristics seen in 

specimens made using injection molding with the same materials.  

4.5.1. Additive Manufactured (AM) Regolith Simulant Composite Candidates  

Select MRS types and wt. % loadings were chosen to use for additive manufacturing tests 

based on the data collected from the injection molded parts. The specific items looked for in a 

candidate MSC was the used MRS constituent makeup as compared to the other used MRSs, the 

amount of decrease seen (if any) in mechanical properties due to wt. % loading of the regolith 

simulant in the polymer, the amount of decrease seen (if any) in mechanical properties due to the 

regolith simulant type in the polymer, the melt flow index results for each of the regolith simulant 

composites as compared to the other created MSC materials, and general material processing notes 

made about particular wt. % loadings or used MRSs during part creation of the regolith simulant 

composite parts.  

4.5.2. Additive Manufactured Regolith Simulant Composite Characterization 

 The candidate MSCs and neat polymer were used to create test specimens via additive 

manufacturing techniques. The test specimens were tested according to comparative ASTM 

standards to injection molded materials to provide general, and comparative data on the additive 

manufactured parts. The print direction used in creating each part was done lengthwise, or in the 

direction of the longest measurement of the part shape ends conventionally known as a zero-degree 
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part print orientation. This was done as a previous research study suggested that print pattern 

direction has an impact on part strength characteristics, and a zero-degree orientated printing 

pattern provides the highest average values for tensile strength as compared to other print pattern 

orientations [56]. 

4.5.2.1. AM Tensile Strength and Elastic Modulus Procedure 

At least five tensile samples created from the select additive manufactured polymeric 

composites and neat polymer were subjected to a plastics tensile test based on ASTM standard 

D3039, the Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. 

The D3039 standard allowed for the machine specific testing desired data, settings, and procedures 

to be the same as completed with the IM tensile specimens outlined in section 4.4.1.  

4.5.2.2. AM Flexural Strength and Modulus Procedure 

At least five flexural samples created from the select additive manufactured polymeric 

composites and neat polymer were subjected to a three-point plastics flexural test based on ASTM 

standard D790-17, the Standard Test Methods for Flexural Properties of Unreinforced and 

Reinforced Plastics and Electrical Insulating Materials. The completed tests’ procedure followed 

the same steps as in section 4.4.2. 

4.5.2.3. AM Izod Impact Toughness Procedure 

At least six rectangular sample parts created from the select additive manufactured 

polymeric composites and neat polymer were subjected to a notched Izod impact resistance test 

for plastics based on the ASTM standard D256-10, the Standard Test Methods for Determining 

the Izod Pendulum Impact Resistance of Plastics. The procedure outlined in section 4.4.3 was 

followed in the notched Izod impact resistance tests for the AM parts. 
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4.6. Regolith Simulant Composite Material Statistical Analysis 

4.6.1. Analysis of Variance (ANOVA) Test 

 A two factor Analysis of Variance (ANOVA) test using a 95% confidence interval was 

completed with each of the averaged material characterization results collected from the injection 

molded characterization tests. The null hypothesis tested was that there was no relation between a 

particular material property and one of the varied parameters of the MSC (source location and 

weight loading percentage). The goal was to provide numerical support to suggest the impact of 

varying either the MRS source location or wt. % loading on the material results. This was done to 

provide additional insight into any visually presented results in plots. 

 A one factor ANOVA test using a 95% confidence interval was completed with the raw, 

individual specimen material characterization results of each created material collected from the 

additive manufactured material characterization tests. The use of the raw, individual specimen 

material characterization results was done as there were not enough varied parameters and data 

points to complete the one factor ANOVA test with averaged values from additive manufactured 

parts. The null hypothesis tested was that there was no relation between a particular material 

property and the varied parameter of the MSC’s MRS source location. The goal was to provide 

numerical support to suggest the impact of varying the MRS source location on the material results. 

This was done to provide additional insight into any visually presented results in plots. 

4.7. MSC Material Result and Surface Finish Variation Investigation Procedure 

An investigation was conducted on the used MRSs in response to certain material behaviors 

seen in the MSC material/created parts during injection molding and additive manufacturing. Its 

primary focus was to obtain information on the thermal response of each MRS and provide 
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evidence-based suggestions as to the likely candidates for weight percent mass loss of the MRSs 

due to heat. 

4.7.1. Regolith Simulant TGA Simulant Source Location Investigation Procedure 

TGA tests were run on samples of MGS-1C, MGS-1S, and JEZ-1 in addition to the initial 

TGA tests performed on samples of MGS-1. These tests were completed by loading 50-100 mg 

samples of each simulant into a TA Instruments Q550 TGA. The undried samples were subjected 

to a temperature ramp from room temperature (~22°C) to a temperature of 500°C at a rate of 10°C 

per minute in an environment of 40% Nitrogen and 60% room air. 

4.7.2. Regolith Simulant Temperature Cycling Investigation Procedure 

A TGA test was completed to investigate the response of MGS-1, the MRS used as the 

basis for all the other types of MRS, to cyclical heating. Specifically, the test was set up to capture 

data from temperature ramps and holds that would generally be experienced by the MRS during 

MSC part production. The test was completed on a TA Instruments Q550 TGA with an 

approximately 116 mg sample of MGS-1. The test had multiple stages. Stage one was a 

temperature ramp from room temperature (~22°C) to a temperature of 250°C at a rate of 10°C per 

minute immediately followed by a temperature hold at 250°C for two minutes. The sample was 

then allowed to cool down to room temperature (~22°C). Stage two was a temperature ramp from 

room temperature (~22°C) to a temperature of 500°C at a rate of 10°C per minute. The test 

environment for all stages was 40% Nitrogen and 60% room air with the exception of the sample 

cooling back down to room temperature which was done in open air. 

4.7.3. Created Part Microscopy Procedure 

Microscopy was used to investigate the internal structure of MSC parts made of 40 wt. % 

MGS-1 when injection molded and additive manufactured. The use of sample parts of MSC made 
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of 40 wt. % MGS-1 was done as MGS-1’s constituents were used as the basis for all of the other 

used MRSs, and the presence of 40 wt. % MRS in the MSC parts was predicted to increase 

likelihood of displaying images that could be utilized in offering explanations to certain seen 

material behaviors by the MSCs when loaded with increasing amounts of MRS.   

The used samples were originally half of tested parts from notched Izod impact testing. 

The samples were cut in half then cleaned with isopropyl alcohol (91% IPA) and left to dry. 

Isopropyl alcohol (91%) was also used to clean two-part, 1.5 in diameter mounting cups. The 

cleaned mounting cups were sprayed with mold release and left to dry. The sample pieces were 

placed inside the assembled mounting cups and oriented such that the sample pieces were normal 

to the bottom surface of the mounting cups. Sample piece orientation was maintained using zip 

ties lightly secured around each sample piece and raised above the bottom surface of the mounting 

cup. A two-part epoxy resin kit was selected for sample mounting. The epoxy was mixed with the 

kit included disposable mixing equipment and a laboratory scale. The mixed epoxy was then 

poured over the oriented sample pieces of MSC and placed in a vacuum pump chamber for 

approximately three minutes set at approximately 25 inHg. The samples were then removed from 

the vacuum chamber, lightly covered, and left to cure at room temperature and pressure for a 

minimum of six hours. After curing was complete, the mounts were removed from the mounting 

cups.  

The epoxy mounted samples were polished using an Allied High Tech Products’ Metprep 

3, PH-3 Grinding/Polishing System. A series of polishing materials and machine settings were 

used to polish the sample to a degree in which viewed images of the MSC samples were free of 

visible scratches. The polishing materials and machine settings are outlined in Table 20. The stage 
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cycles present in Table 20 were repeated as needed depending on the remaining visible scratches 

left from the previous stage’s polishing procedure. 

The polished epoxy mounted samples were observed with a Carl Zeiss Axiovert 40 MAT 

inverted digital microscope fitted with a Carl Zeiss ZEN Core microscope to computer imaging 

device and software. The desired image quality was an image that displayed no visible scratches 

on its surface at the used magnification. The captured images were utilized to make observations 

on the internal structure of the MSC samples and the interface between the used constituents.     

Table 20. MSC Epoxy Mounted Sample Microscopy Polishing Materials and Machine Settings   

Polishing Stage Pre-Polish 1 2 3 4 

Polishing 

Material 
600 grit 800 grit 1200 grit  

1 µm poly  

diamond 

abrasive  

0.04 µm 

colloidal silica 

abrasive  

Paper / Carrier 

Type 
Silicon Carbide Silicon Carbide Silicon Carbide 

Polishing 

Cloth P 

Polishing 

Cloth A 

Suspension N/A N/A N/A Glycol Suspension 

Lubricant Water Water Water Green Lube Wetting Water 

Platen Speed  

(RPM) 
300 300 300 150 100 

Platen Direction 
Same as  

sample holder 

Same as  

sample holder 

Same as  

sample holder 

Same as  

sample holder 

Same as  

sample holder 

Sample Holder 

Speed (RPM) 
150 150 150 150 150 

Force Setting (N) 26 26 26 22 18 

Stage Cycle Time 

(min) 

Until sample  

surface reached 
1 1 3 2 
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CHAPTER 5. RESULTS AND DISCUSSION 

5.1. Regolith Simulant Composite Raw Material Analysis 

The created MSC materials underwent tests that did not require test part manufacturing or 

were anticipated to be independent of the used part manufacturing process. The results from these 

tests, melt flow index and density testing, are shown in the following section. 

5.1.1. Melt Flow Index 

 Figure 14 shows the MFI values for each material type created as varied by MRS source 

location and weight loading percent.  

 
Figure 14. Melt Flow Index Properties of Neat PP and MSCs Varying by Source Location and 

Weight Percent Loading 

The MFI values in Figure 14 did not show any definitive trends in the bar graph in terms 

of when the MRS source location and MRS wt. % loading parameters were varied. This suggested 

that both elements to the MSC creation had an impact on the resulting MFI value. The ANOVA 

test on the MFI values supported this conclusion by showing there was enough statistical evidence 

to suggest that MRS source location and wt. % loading influenced the MFI values of the MSC 
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materials with F-values of 5.02 and 4.78 respectively. The collected F-values were close enough 

to the critical F-value of 3.86 to imply that the degree of influence of both parameters was low.  

A previous study suggested that a higher MFI value of a material is a favorable material 

flow behavior for additive manufacturing. The source also stressed that a high MFI value alone is 

not enough to definitively indicate high print quality of a given material [57]. This suggested that 

the created MSCs with higher MFI values, such as MSC with 10 wt. % MGS-1 and MSC with 20 

wt. % MGS-1S, had favorable material flow behavior for additive manufacturing. However, this 

information did not definitively prove if such materials would work for part creation via additive 

manufacturing as it did not take into consideration the materials’ other characteristics. It was 

therefore decided that the results from the MFI tests would be used alongside/after the 

consideration of other material factors when selecting candidate materials for additive 

manufacturing. 

The desired wt. % loading of MRS to be used in MSC part creation was 40 wt. % as it 

provided the highest amount of theoretical mass reduction for polymer Earth shipment or Mars in-

situ creation. Thus, the MFI results for MSCs at 40 wt. % MRS were considered for direct value 

comparison. The 40 wt. % MRS loaded MSC material with the highest measured MFI was that 

which used MGS-1S at a value of 3.42 g/10 min. The next highest MFI value was that from MSC 

material loaded with 40 wt. % JEZ-1 at 3.15 g/10 min. The MSC loaded with 40 wt. % MRS with 

the smallest standard deviation in MFI values was that which used MGS-1 at 0.029 g/10 min. 

5.1.2. Immersion Density Test 

5.1.2.1. Injection Molded Parts’ Density 

MSC injection molded test parts were subjected to immersion density testing. The averaged 

values from these tests were recorded and displayed in Figure 15. 
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Figure 15. Immersion Density Values of Injection Molded Neat PP and MSC Parts Varying by 

Source Location and Weight Percent Loading  

Figure 15 showed that the density data collected from the injection molded specimens had 

a few notable features. The density of the MSC parts seemed to increase as the wt. % loading of 

MRS increased from neat PP parts. This general trend also seemed to occur for all of the MSC 

parts regardless of the source location of used MRS. This result was expected as the MRSs were 

anticipated to have a higher density than the neat PP which would translate to higher density values 

as the amount of MRS used in the neat PP was increased for the created MSCs. There was one 

MRS type that showed a slight difference in its resulting MSC parts’ overall increase in density 

values compared to the other created MSCs. Figure 15’s displayed density values for MSCs with 

MGS-1S were generally lower than the other MSCs at similar wt. % loadings of MRS, especially 

at higher wt. % MRS loadings. This observation of the bar chart data provided potential evidence 

of the type of MRS used in the MSCs having an impact on MSC density values. 

The ANOVA tests, with a critical F-value of 3.86, provided further insight into the visual 

observations made from Figure 15. With an F-value of 4.92, there was enough statistical evidence 

to suggest that there was interaction between the MRS source location used in the MSCs and the 
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MSCs’ density values. There was also enough statistical evidence to support that the wt. % loading 

of MRS in an MSC part influenced its value of density as the calculated F-value was 42.01. 

Between the two varied parameters, the higher F-value seen for the wt. % loading of MRS 

compared to the F-value seen for MRS source location suggested that the parameter with the higher 

degree of influence in this case was wt. % loading of MRS in the MSC parts. 

As usable MSC test parts were able to be made from all wt. % loading of MRSs, and for 

the largest theoretical polymer mass savings, the MSCs made with 40 wt. % of MRS were 

considered for density value comparison. The highest value seen in an MSC material made with 

40 wt. % of MRS was that which utilized JEZ-1 at 1.23 g/cm3. The MSC loaded with 40 wt. % 

MRS with the lowest standard deviation was that which contained MGS-1 at 0.0055 g/cm3. 

5.1.2.2. Additive Manufactured Parts’ Density 

A series of immersion density tests were performed on additive manufactured candidate 

MSC materials. Figure 16 shows the collected values from these tests.  

 
Figure 16. Immersion Density Values of Additive Manufactured Neat PP and MSC Parts 

Varying by Source Location 
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An increase in recorded density was observed for candidate MSC materials from neat PP 

parts in Figure 16. This followed the general trends of increasing density values with increasing 

MRS wt. % loading seen with the injection molded MSC parts’ densities from Figure 15. The bar 

graph plotted data in Figure 16 did not seem to strongly indicate if the type of MRS used in the 

MSC parts was influential on the density values. The ANOVA test performed on the data, with a 

critical F-value of 4.75, provided further insight into this. The additive manufactured MSC density 

data had a corresponding F-value of 12.93 which indicated there was enough statistical evidence 

to suggest that there was interaction between the MRS source location and MSC density. This also 

lined up with the conclusions drawn from the data present in Figure 16 for injection molded MSCs. 

A loading of 40 wt. % MRS in MSC parts provided the highest potential mass savings for 

MSC parts made during a Martian surface mission. In addition, usable test parts were able to be 

created from MSCs loaded with 40 wt. % MRS. Thus, AM MSCs loaded with 40 wt. % MRS were 

considered for density value comparison. The AM MSC material with the highest value for density 

and lowest value for standard deviation appeared to be MSC containing 40 wt. % MGS-1 with 

values of 1.16 g/cm3 and 0.0108 g/cm3 respectively. 

5.2. Analysis of Injection Molded Regolith Simulant Composites 

 The material property results of the regolith simulant composites created from conventional 

injection molding manufacturing were recorded and processed to show comparison between the 

different material creation conditions as outlined in the test matrix. 

5.2.1. IM Tensile Strength and Elastic Modulus 

The averaged tensile strength values shown in Figure 17 through Figure 20 for the used 

MSC materials seemed to be impacted more by the MRS wt. % loading compared to the MRS 

source location. A general decrease in tensile strength value was seen in the MSC materials as the 
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wt. % loading of MRS increased from 10%. This seemed logical as the presence of MRS in the PP 

was thought to take the place of potentially load bearing polymer chains in the sample parts. 

 
Figure 17. Tensile Properties of Injection Molded Neat PP and 10% MRS Weight Percent 

Loaded PP 

 
Figure 18. Tensile Properties of Injection Molded Neat PP and 20% MRS Weight Percent 

Loaded PP 

Figure 17 showed an exception to this with a slight increase in tensile strength when wt. % 

loading of MRS went from 0% in the neat PP to 10% of each MRS type. This slight increase was 
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thought to be potentially due to the MRS particles causing early disentanglement, and thus early 

unidirectional alignment, of some of the polypropylene molecular chains during the test. Such 

unidirectional alignment would be expected to eventually occur within all of the PP based test 

sample parts during tensile testing. The presence of the MRS particles was thought to in this case 

provide points at which the polymer chains could become caught on particles and become aligned 

in the direction of applied load at a smaller axial extension than that seen in neat PP test sample 

parts [58]. The effect was predicted to become less influential once more MRS was mixed into the 

PP taking the place of the load bearing polymer chains. 

 

 
Figure 19. Tensile Properties of Injection Molded Neat PP and 30% MRS Weight Percent 

Loaded PP 

The two factor ANOVA results provided support to the conclusion based on the 

observation of the data trends of the wt. % loading of MRS in each MSC having more of an impact 

on tensile strength values than the MRS source location. The critical F-value for the tensile 

ANOVA tests was 3.86. With an F-value of 0.12 for a 95% confidence interval, there was not 

enough statistical evidence found to suggest that the MRS source location had interaction with the 
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tensile strength of MSC parts. In contrast, there was enough statistical evidence to suggest that the 

MRS wt. % loading had interaction with the tensile strength of MSC parts with an F-value of 78.36 

for a 95% confidence interval.  

 
Figure 20. Tensile Properties of Injection Molded Neat PP and 40% MRS Weight Percent 

Loaded PP 

The average tensile modulus values of the created MSC parts shown in Figure 17 through 

Figure 20 were observed to likely be impacted by both the wt. % loading of MRS in each MSC 

and the source location of the used MRS. While there was a general increase in tensile modulus 

values as the wt. % loading of MRS increased, the particular amount of increase was slightly 

different between each MRS source location used in the MSC parts. Another noteworthy element 

seen in Figure 17 was the initial decrease in tensile modulus from neat PP parts to MSC parts 

loaded with 10 wt. % of each MRS. This was once again theorized to be caused by the previously 

mentioned early unidirectional alignment of some of the polypropylene molecular chains during 

the tensile tests.  

The predictions of interaction of tensile modulus with each varied parameter based on the 

data trends shown in Figure 17 through Figure 20 received support from the completed two factor 
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ANOVA tests. MRS source location, with a F-value of 4.98 for a 95% confidence interval, had 

enough statistical evidence to suggest that this parameter impacted the value of tensile modulus in 

MSC parts with the F-value’s relatively low amount of difference from the critical F-value 

suggesting this impact was to a low degree. A F-value of 62.21 for a 95% confidence interval 

provided statistical support to the idea of the MSC parts’ tensile modulus values being influenced 

by the amount of wt. % loading of MRS. 

 As all wt. % loadings of MRS in neat PP created usable MSC test parts, the MSCs with the 

highest wt. % loadings of MRS were focused on for comparing the tensile properties. The tensile 

property that had evidence to suggest interaction between MRS source location and the property 

was tensile modulus. The MSC material that had the highest value for tensile modulus was MSC 

that used Jezero MRS with a value of 0.740 GPa. The MSC material that had the lowest standard 

deviation for tensile modulus values was MSC that used Sulfate MRS with a value of 0.0120 GPa. 

The MSC material with the second lowest standard deviation in for tensile modulus was the MSC 

that used Global MRS with a value of 0.0157 GPa.  

5.2.2. IM Flexural Strength and Modulus 

The flexural modulus data displayed in Figure 21 through Figure 24 seemed to make 

general sense given the tested materials. It was predicted that the MSCs would see at least 

increased flexural modulus values as the MRS wt. % loading was increased as the presence of the 

MRS particles in the PP were anticipated to inhibit polymer chain movement, and thus result in 

stiffer material behavior. Figure 21 through Figure 24 appeared to have data to support this. It is 

worth noting that all the tested MSC parts did not fracture after being subjected to the maximum 

flexural strain of 5%. This was thought to be due to the used PP’s inherent material resilience to 

flexural loads. The lack of fracture also provided merit to the results of increased flexural strength 
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values of MSC parts with increasing amounts of MRS wt. % loading. Since there was no part 

fracture, the MSC parts would be expected to have higher values for flexural strength by the time 

of reaching the maximum strain value of 5% as with each increase in MRS wt. % loading, there 

was an increased modulus value as well. 

The flexural results for the created MSCs reported in Figure 21 through Figure 24 appeared 

to follow relatively steady trends of increasing values for both flexural strength and flexural 

modulus as the wt. % loading of the MRS in PP increased for all the MSC materials used. This 

supported the idea that the MRS wt. % loading in the MSC parts had influence over the parts’ 

flexural strength and flexural modulus values. By contrast, the level of impact of the used MRS 

source location on flexural strength and flexural modulus appeared to be low to non-existent based 

on the trends in the bar graphs. That being said, Figure 21 through Figure 24 displayed a higher 

increase in  flexural strength of MSCs made with MGS-1C than the other MSC materials. This 

gave potential evidence of some interaction between a MSC’s used MRS source location and 

flexural strength.  

 
Figure 21. Flexural Properties of Injection Molded Neat PP and 10% MRS Weight Percent 

Loaded PP 
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Figure 22. Flexural Properties of Injection Molded Neat PP and 20% MRS Weight Percent 

Loaded PP 

 
Figure 23. Flexural Properties of Injection Molded Neat PP and 30% MRS Weight Percent 

Loaded PP 
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Figure 24. Flexural Properties of Injection Molded Neat PP and 40% MRS Weight Percent 

Loaded PP 

 With a critical F-value of 3.86, the ANOVA results for flexural strength and flexural 

modulus provided enough statistical evidence to suggest that MRS wt. % loading was influential 

in impacting both material characteristic values with a F-value of 9.82 for flexural strength and a 

F-value of 83.51 for flexural modulus. These results matched the bar chart observation based 

conclusions made from Figure 21 through Figure 24. The ANOVA results for these material 

characteristic values did not have enough statistical evidence to show interaction between flexural 

modulus and MRS source location with a F-value of 1.41. However, the results did have enough 

evidence to reject the null hypothesis of no interaction between flexural strength and MRS source 

location with a F-value of 5.27, which lead to the same bar chart observation based conclusion 

made from the higher increase in flexural strength of MSC made with MGS-1C than the other 

MSC materials seen in Figure 21 through Figure 24. The ANOVA results regarding MRS source 

location influence on flexural strength also provided evidence to support the idea that the degree 

of influence by this varied parameter on flexural strength was to a relative low degree given that 

its calculated F-value was relatively close to the F-critical value.   
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 All of the created flexural parts, regardless of MSC MRS wt. % loading and source 

location, were able to be tested with standardized testing techniques. Between the two flexural 

material properties investigated, the flexural strength values of MSC parts were found to be 

impacted by the MRS source location used in the MSC material. Based on this, the MSC at 40 wt. 

% loading of MRS that had the highest value of flexural strength at 43.2 MPa and the smallest 

value in flexural strength standard deviation at 2.09 MPA was that which used MGS-1C.  

5.2.3. IM Izod Impact Toughness 

Figure 25 presented impact toughness data for the created MSCs which appeared to 

decrease in value from neat PP as the wt. % loading of MRS in each MSC increased. This general 

trend was observed to occur for all of the MSCs created regardless of MRS source location. A 

decrease in impact toughness value due to the inclusion of a particulate in a neat polymer seemed 

a reasonable result as the inclusion of the particulate took the place of the impact resisting neat 

polymer for the same relative cross-sectional area seen between parts. The MSCs made of MGS-

1C and MGS-1S did show slight variation from the general decrease in impact toughness values 

as MRS wt. % loading increased in the form of larger drops between particular MRS wt. % 

loadings compared to the other created MSCs. These larger drops can be seen in Figure 25 between 

20 and 30 wt. % clay MRS, 10 and 20 wt. % sulfate MRS, and 20 and 30 wt. % sulfate MRS. This 

observed variation suggested the potential for the type of MRS used in the MSCs to be influential 

of created part impact toughness.  

The completed ANOVA results for impact toughness provided enough statistical evidence, 

with an F-value of 26.23 compared to the critical F-value of 3.86, to support that the wt. % loading 

of MRS in each MSC impacted part impact toughness. The ANOVA test run to investigate if 

impact toughness was influenced MRS source location produced an F-value of 2.70 which did not 
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provide enough statistical evidence to suggest interaction between the two factors. This dismissed 

the original idea based on the observations of the trends in the bar graph’s data that MRS source 

location influenced MSC impact toughness values. 

 
Figure 25. Notched Izod Impact Toughness of Injection Molded Neat PP and MSC Parts Varying 

by Source Location and Weight Percent Loading 

 The MSCs with 40 wt. % MRS were considered for impact toughness value comparisons 

as usable test parts were able to be created from the material. Based on the ANOVA results, the 

impact toughness values of the MSCs were not able to be compared with respect to the type of 

MRS used as not enough statistical evidence was found to show that MRS type influenced the 

impact toughness values. The average impact toughness value for these parts at 40 wt. % MRS 

was approximately 4.9 kJ/m2. In terms of the consistency of results, MSC parts made with MGS-

1S were found to have the lowest value of standard deviation at 0.17 kJ/m2 for all 40 wt. % MRS 

loaded MSCs. MSC parts made with MGS-1C had the second lowest value of standard deviation 

at 0.39 kJ/m2. 
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5.2.4. IM Glass Transition Temperature Dual Cantilever DMA 

The results from the process followed for obtaining the glass transition temperatures of the 

tested IM polymeric composite materials are shown in the Figure 26. The observed data trends 

shown in Figure 26 suggested that there was little change in the value of Tg as both the type of 

MRS and MRS loading wt. % was varied in the MSC materials. The little amount of change in Tg 

that occurred in the MSC materials compared to the neat PP material was positive and negative in 

direction. The nature of the overall amount and direction of what change in Tg values was present 

compared to MRS wt. % loading appeared to depend upon the MRS source location used in the 

MSCs. For example, the MSC made with MGS-1C MRS appeared to have smaller average values 

of Tg as compared to MSC made with MGS-1S MRS. This suggested that MSC Tg was in some 

capacity influenced by MRS source location. That being said, it is worth stressing that overall 

change observed in the Tg of MSC materials from the neat PP was low with presented standard 

deviation bars of the averaged values almost completely overlapping each other. This suggested 

that said influence of MRS source location on polymeric composite Tg was to a low degree if 

present at all. 

The collected ANOVA results for MSC Tg provided enough statistical evidence to imply 

that the MRS source location had an impact to some degree on the value of MSC Tg with a F-value 

of 7.06 compared to the critical F-value of 3.86. This aligned with the previous suggestion of MSC 

Tg being influenced in some capacity by MRS source location as based on the observations of the 

data trends seen in Figure 26.  The results did not show enough evidence to show interaction 

between MSC Tg and MRS wt. % loading with a collected F-value of 1.41.   
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Figure 26. Dual Cantilever DMA Glass Transition Temperature of Injection Molded Neat PP and 

MSC Parts Varying by Source Location and Weight Percent Loading 

The original expectation for the value of Tg for polymer test parts when filled with 

increasing amounts of a particulate filler was for it to decrease from that measured with neat 

polymer test parts. This expectation came from the idea of the increasing amounts of MRS in the 

MSC parts taking the place of neat PP within a test part which would make the part have a 

decreased amount of polymer chains capable of bearing load and thus resisting any applied 

bending stresses. While the instances in which the value of Tg increased from that measured from 

neat PP test parts challenged this expectation, as seen in Figure 26, their occurrence was not 

without precedence. A past study found values of Tg for polymer matrix particulate composite 

parts that increased as the concentration of a filler material (glass beads and Attapulgite clay) was 

increased in the parts. The source suggested that this was likely due to the particles’ interaction 

with the polymer reducing the “molecular mobility and flexibility of the polymer chains in the 

vicinity of the interfaces” [59]. A similar phenomenon to that seen in this source was thought to 

be possible with the created MSC test parts in this research. The presence of the MRS particles 

could have reduced polymer chain mobility of the used PP, raising the parts’ values of Tg, while 
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also taking the place of bending stress resistant PP polymer chains in the created test parts, 

lowering the parts’ values of Tg. The end result of these two proposed competing effects from the 

used MRS particles in the matrix PP material would in theory be a near net zero change in the 

value of Tg of an MSC test part as compared to a neat PP test part. Based on this idea, the near net 

zero change in values of Tg in MSC test parts would also be expected to continue as the wt. % 

loading of MRS increased in the MSC material since the two proposed competing effects from the 

used MRS particles in the matrix PP material would in theory both continue to counter each other’s 

impact on any test part’s value of Tg. This provides a possible reason as to the observation of a 

relatively low changes in Tg values between the created material test parts in Figure 26 as both the 

MRS source location and wt. % loading was varied between materials. What small changes in Tg 

values were present could have been due to one of the proposed impacts of the MRS particulates 

in the matrix PP material having slightly more influence compared to the other proposed impact 

of the MRS particulates in the matrix PP for those particular test parts. 

 The Tg values for the MSC materials were found to not have enough statistical evidence to 

suggest influence by wt. % loadings of MRS which lined up with the observed data trends in Figure 

26, and the previously theorized impact of the two proposed competing effects from the used MRS 

particles in the matrix PP material in causing a near net zero change in the value of Tg of an MSC 

test part as compared to a neat PP test part. This, as well as the ability for usable test parts to be 

created from MSCs of all wt. % loadings of MRS, provided support to focus on MSCs loaded with 

40 wt. % of MRS when comparing Tg values. The 40 wt. % MRS loaded MSC with the highest Tg 

value at 24.6°C was that which used MGS-1S. The 40 wt. % MRS loaded MSC with the second 

highest Tg value at 23.5°C was that which used MGS-1. A standard deviation of 0.54°C made the 

MSC that used MGS-1 the material loaded with 40 wt. % with the lowest standard deviation. 
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5.2.5. IM Heat Deflection Temperature Test 

The HDT results shown in Figure 27 were found to increase in value from neat PP as the 

wt. % loading of MRS increased in value, suggesting that this varied parameter had influence over 

the value of HDT. The general, steady increasing trend of HDT seen in the MSC parts appeared to 

occur regardless of the used MRS source location in the MSC parts. This indicated that MRS 

source location did not impact the value of HDT in MSC parts. 

 
Figure 27. Heat Deflection Temperature Values of Injection Molded Neat PP and MSC Parts 

Varying by Source Location and Weight Percent Loading 

A F-value of 0.63 from an ANOVA test on the MSC HDT results suggested there was not 

enough statistical evidence to show interaction between the used MRS source location and MSC 

HDT. In contrast, the ANOVA results did provide enough statistical evidence to suggest that MRS 

wt. % loading was impactful to MSC HDT with a F-value of 82.18. The ANOVA results for both 

varied parameters, both with a critical F-value of 3.86, provided additional support to the 

conclusions drawn from the observations of the data trends seen in Figure 27. As there was not 

enough evidence present to suggest difference of HDT values based on the MRS source location 
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used in the MSC parts, there was not a material type family that had more consistent or maximum 

values of HDT. 

These findings seemed logical given that the inclusion of increasing amounts of 

particulates in a neat polymer would generally be expected to increase any created material test 

part’s resistance of flexibility to a static load requiring additional thermal energy to cause 

significant deflection of the part.  

HDT test parts were able to be created from all the MSC materials. For the best potential 

of theoretical mass savings, MSC materials with 40 wt. % of MRS were compared in terms of their 

values for HDT. Statistical evidence did not show enough evidence to suggest interaction between 

the MRS source location used in an MSC and its HDT. The MSC materials at 40 wt. % MRS thus 

had an average value of HDT of 98.7°C. The 40 wt. % MRS loaded MSC with the most consistent 

results was the MSC material made with MGS-1S as it had a standard deviation of approximately 

0.76°C, the lowest standard deviation of all of the like MRS loaded materials. The MSC material 

made with MGS-1 had the second lowest standard deviation for HDT results with a value of 

approximately 3.09°C. 

5.2.6. IM Coefficient of Linear Thermal Expansion Test 

In Figure 28, the values for CLTE are displayed for each IM polymeric composite material. 

The CLTE value for increasing amounts of MRS in the MSC parts decreased from the CLTE value 

of neat PP parts. In Figure 28, this trend appeared with each group of MSC as differentiated by 

MRS source location. The implication of these observations was that MRS source location did not 

impact CLTE in MSC parts while MRS wt. % loading did impact CLTE values. The ANOVA 

results, with a critical F-value of 3.86, supported these conclusions. A F-value of 59.54 for MRS 

wt. % loading in the ANOVA test provided enough statistical evidence to suggest MRS wt. % 
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loading interaction with MSC CLTE.  In contrast, the ANOVA test did not show enough statistical 

evidence to suggest MRS source location interaction with the values of MSC CLTE with a F-value 

of 1.15. 

The results in, and conclusions from, the data in Figure 28 seemed reasonable for predicted 

standard material behavior. Neat polymer parts had the largest amount of material by weight 

capable of experiencing significant expansion in the temperature range of the test. The 

displacement of neat polymer in a created part by stiff filler particles was expected to result in a 

decrease the part’s ability to expand from a change in temperature. The CLTE data collected and 

displayed in Figure 28 seemed to adhere to the anticipated standard material behavior. 

Usable CLTE test parts were able to be made from MSC materials even at the highest wt. 

% loading of MRS at 40 wt. %. Thus, the MSCs loaded with 40 wt. % MRS were considered for 

CLTE comparison. The MRS source location for MSC materials was suggested by the ANOVA 

results to not influence the value of CLTE for the materials. The average value of CLTE for the 

MSCs loaded with 40 wt. % of MRS was approximately 0.0144 mm/mm/°C. A standard deviation 

of 0.00017 mm/mm/°C suggested MSC with 40 wt. % JEZ-1 was the material with the most 

consistent CLTE values compared to similarly loaded MSC materials. 
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Figure 28. Coefficient of Linear Thermal Expansion Values of Injection Molded Neat PP and 

MSC Parts Varying by Source Location and Weight Percent Loading  

5.2.7. IM Part Result Comparison and AM Candidate Selection 

The collected material property data, and general material processing notes were utilized 

to select the candidate MSC materials to be experimented with in additive manufacturing. The data 

that was focused on was the MRS makeup as compared to the other used MRSs, the seen general 

decrease in mechanical strength characteristics as wt. % loading of MRS was increased and type 

of MRS was varied, the values and consistency of the melt flow index values, and material 

processing observations made for each MSC.  

 The MSC material utilizing MGS-1S displayed extreme amounts of expansion during 

injection molding. This observed behavior was different than that seen with the other created MSC 

materials, and often resulted in interference with the creation of usable test parts. The interference 

was in the form of excessive material expansion out of the nozzle, when there was no mechanical 

part movement, preventing a proper injection nozzle to mold fit, and/or the higher potential for 

voids assumed to be from the manufacturing process to be present within the created parts. While 

usable parts were able to be created with the injection molding process, it was anticipated that this 
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unanticipated behavior would make utilizing the MGS-1S based MSC material difficult to utilize 

for additive manufacturing. This disqualified all MSCs made with MGS-1S from being selected 

as candidate materials for additive manufacturing.  

 It was theorized that loadings of 40 wt. % MRS in an MSC material would result in parts 

that would be unable to be used according to standard test techniques. This theory was found to be 

incorrect, and the overall decrease in material strength characteristics was lower for all created 

MSCs than anticipated when loaded with 40 wt. % of MRS. In some cases, such as in the case of 

the flexural data showed in Figure 24, the presence of 40 wt. % of MRS increased the strength 

characteristics of the MSC material as compared to the neat polymer. This suggested that parts 

made with 40 wt. % of MRS could be manufactured into usable parts without seeing too large an 

amount of decrease in overall material strength characteristics. This, in addition to the theoretical 

mass savings for future crewed Martian surface missions, gave reason to consider MSCs with 40 

wt. % of MRS for additive manufacturing experimentation. 

 The MRSs used to create the MSCs each contained specific minerals. While these 

constituents, and their amounts, varied between each MRS, the MGS-1 MRS was used as the basis 

for all the other MRSs. This meant that the MGS-1C, MGS-1S, and JEZ-1 all contained the same 

used minerals as found in MGS-1 with varying percentages for their basic composition of 

constituents.  

 The created MSC materials were shown to have different material values impacted by 

variation of the MRS type for specific material behavior tests. These were tensile modulus, flexural 

strength, glass transition temperature, and melt flow index. Based on the previous candidate 

selection criteria, the MSCs in question for comparing material behavior for candidate selection 

were those that contained MGS-1C and JEZ-1 loaded at 40 wt. % MRS. The MSCs made with 40 
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wt. % MGS-1C had on average higher values for tensile modulus, flexural strength, and glass 

transition temperature than MSCs made with JEZ-1 at 40 wt. % loading. In addition, the melt flow 

index value for MSC made with 40 wt. % of JEZ-1 was found to be similar to the value found for 

MSC made with 40 wt. % of MGS-1 while the MSC made with MGS-1C had a melt flow index 

value that was smaller. This provided support to the idea of not utilizing MSCs with 40 wt. % JEZ-

1 as MSCs using MGS-1 were already being considered for use as additive manufacturing 

candidate materials from a prior selection criterion. From all of the material behavior 

characteristics, MSCs made with MGS-1C were the recommended materials to consider for 

candidate additive manufacturing due to their higher material strength values compared to MSCs 

with JEZ-1 at 40 wt. % loading of MRS, and its difference in melt flow index value to the general 

MSCs with MGS-1.  

Based on all of the data and selection criteria, the candidate MSC materials chosen for 

additive manufacturing were MSC with 40 wt.% MGS-1 and MSC with 40 wt.% MGS-1C. 

5.3. Additive Manufactured Regolith Simulant Composite Analysis 

Test parts from the candidate MSC and neat PP materials were created using FGF additive 

manufacturing. The material properties of these additive manufactured parts were recorded and 

processed to provide comparison between the used MRS source locations in the MSC parts, and 

the respective MSC parts’ results created using injection molding. 

5.3.1. AM Tensile Strength and Elastic Modulus 

The tensile results for the AM polymeric composite materials are presented in Figure 29. 

The tensile strength values of the additive manufacture parts decreased with the inclusion of 40 

wt. % MRS in MSCs as compared to the neat PP parts. As seen in Figure 29, the value of tensile 

strength for the MSCs made with MGS-1 and MGS-1C appeared approximately equal suggesting 
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that the type of MRS used in an MSC did not impact the polymeric composite’s tensile strength. 

ANOVA results for tensile strength provided support to this suggestion with a F-value of 2.70 

versus the critical F-value of 4.96 not providing enough statistical evidence to show interaction 

between AM part tensile strength and MSC used MRS source location. 

 
Figure 29. Tensile Properties of Additive Manufactured Neat PP and 40% MRS Weight Percent 

Loaded PP (* Different Nozzle Size Used During AM)   

 The tensile strength values for AM MSC parts were suggested to not be influenced by MRS 

source location based on ANOVA results. Thus, the average value of the AM MSC parts for tensile 

strength was approximately 14.7 MPa. The tensile strength values that had the lowest standard 

deviation of 0.23 MPa for AM MSC parts were those from the MSC made with MGS-1C. Figure 

29 showed the additive manufactured parts’ tensile modulus values increased with the inclusion 

of 40 wt. % MRS in MSCs as compared to neat PP parts.  

The increase of tensile modulus was not similar between the parts made with polymeric 

composite material utilizing MGS-1 and MGS-1C MRS. This led to the theory that the type of 

MRS used in MSC production impacted the tensile modulus of created test parts. The ANOVA 

test for tensile modulus produced a F-value of 124.74 versus the critical F-value of 4.96, providing 
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enough statistical evidence to suggest interaction between tensile modulus and MRS source 

location. In this case, the MSC made with MGS-1C had the highest tensile modulus value of the 

additive manufactured material at 2.11 GPa. It also had the lowest value for standard deviation of 

the additive manufactured MSC materials at 0.047 GPa. 

5.3.2. AM Flexural Strength and Modulus 

The flexural data shown in Figure 30 displayed flexural strength values for the MSC 

materials that were lower than those collected for neat PP parts. In addition, the MGS-1 based 

MSC material flexural strength value was smaller than the MGS-1C based MSC material flexural 

strength value. This led to the idea that the flexural strength of MSC parts was influenced by the 

MRS source location used in the MSC materials. The ANOVA test performed on the data, with a 

critical F-value of 5.32, supported this idea with a F-value of 19.08, showing statistical evidence 

to suggest interaction between flexural strength and MSC MRS source location. The MSC material 

that had the highest flexural strength value was MGS-1C based MSC at 28.7 MPa. 

 
Figure 30. Flexural Properties of Additive Manufactured Neat PP and 40% MRS Weight Percent 

Loaded PP (* Different Nozzle Size Used During AM) 
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 Flexural modulus values of the additive manufactured materials were found to be larger in 

MSC material-based parts compared to neat PP material-based parts. ANOVA results for flexural 

modulus provided enough statistical evidence with a F-value of 17.12 versus the critical F-value 

of 5.32 to suggest that MRS source location for MSC parts impacted the resulting flexural modulus 

of the material. This suggestion was supported by Figure 30 as the figure presented increased 

values for flexural modulus for MGS-1 based MSC and MGS-1C based MSC from neat PP with 

MGS-1C based MSC having the largest value for flexural modulus at 1.66 GPa. Figure 30 also 

displayed the standard deviations of each of the averaged flexural modulus values for each 

material. The MSC material with the smallest standard deviation for flexural strength and modulus 

was MGS-1 based MSC with values of 1.39 MPa and 0.075 GPa respectively. 

5.3.3. AM Izod Impact Toughness 

The impact toughness results for the AM polymeric composite samples are presented in 

Figure 31. Figure 31 showed a minimum decrease of approximately 10 kJ/m2 in impact toughness 

for the PP parts when 40 wt. % of MRS was loaded into the material. Between the two additive 

manufactured materials, MSC global had the larger value of impact toughness at 4.66 kJ/m2 along 

with a smaller value for standard deviation at 0.37 kJ/m2. Since the exact decrease seen for each 

MSC material tested appeared different based on what MRS source location was in the MSC, it 

was theorized that this varied parameter had influence on part impact toughness. The results from 

the ANOVA test run for impact toughness, a F-value of 7.04 compared to the critical F-value of 

4.41, revealed that there was statistical evidence to suggest interaction between the used MRS 

source location and impact toughness value for an MSC material. This supported the original 

observation of the data present in Figure 31. 
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Figure 31. Notched Izod Impact Toughness of Additive Manufactured Neat PP and 40% MRS 

Weight Percent Loaded PP (* Different Nozzle Size Used During AM)  

An important note to be made about the results of the AM MGS-1C based MSC parts was 

that the standard deviation, 0.76 kJ/m2, was not within 10% of sample value mean, 3.78 kJ/m2, as 

achieved with the other material tests in this study despite a large sample size of 14 specimens. 

This was the resulting value of standard deviation even after outlying data points were removed 

from the sample. The spread of the values of impact toughness in the parts’ sample suggested that 

additional test data points would not be able to impact the value of standard deviation to a degree 

high enough to warrant a reasonable size of additional specimen tests. Thus, the achieved standard 

deviation from the AM MGS-1C based MSC sample was used as was found from the used 

specimens for this study. 

5.3.4. AM Part Results Comparison to IM Part 

A general comparison of the MSC parts made by additive manufacturing and injection 

molding was done in order to note any significant differences between the parts made from the 

two manufacturing processes. This was possible as a number of material tests completed on the 
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MSC parts were either the same, or relatively similar to allow for at least a general comparison of 

material behavior between parts created using both manufacturing processes. 

5.3.4.1. AM Versus IM Part Density Results Comparison 

 The average densities of the neat PP parts made using additive manufacturing and injection 

molding were found to be similar in value. This result was expected as the used manufacturing 

processes were predicted to not change the neat PP material’s value of density as their only 

differences were mechanical, and not chemical in nature. There was also no additives input into 

the neat PP in the creation of test parts providing more support for little to no change to have been 

seen in density values between the test parts made with different manufacturing processes.    

The density values of approximately 1.16 g/cm3 and 1.14 g/cm3 for AM MSC parts made 

with 40 wt. % MGS-1 and 40 wt. % MGS-1C respectively were found to be slightly smaller than 

the average densities of the corresponding IM MSC parts made with 40 wt. % MGS-1 (1.22 g/cm3) 

and 40 wt. % MGS-1C (1.21 g/cm3). Both types of parts were made from MSC material that had 

been compounded/extruded with the same machine parameters and raw constituents. While the 

difference was relatively small, the decrease in density for parts made via additive manufacturing 

from parts made via injection molding suggested that the differences seen in the additive 

manufacturing process from injection molding allowed for the MSC material to behave in a way 

that resulted in parts with less density. This also provided reason for additional research to be 

completed to investigate the cause of this observed material behavior between manufacturing 

techniques.   

5.3.4.2. AM Versus IM Part Tensile Results Comparison 

 The neat PP AM tensile parts were found to have a slightly higher value for tensile strength 

than those created using the IM process. The tensile strength values for neat PP parts were still 
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relatively similar regardless of the used manufacturing process, especially when considering the 

standard deviations for each of the values and the relatively small level of difference between the 

two values. In contrast, the average tensile modulus value measured from AM neat PP parts was 

almost double that of the average tensile modulus value measured from IM neat PP parts. This was 

theorized to be due to the individual strands of material being laid down for each layer of an AM 

part preventing the opportunity for large amounts of horizontal polymer chain entanglement as 

compared to parts made with the IM process. If this was the case, then the higher number of mostly 

vertically (applied force direction) aligned polymer chains could have caused increased stiffness 

behavior in a test part made from neat PP. 

  The MSC test parts created with both MRS source locations using the AM process had 

lower average values for tensile strength compared to test parts made with the IM process and with 

the same materials. In addition, the MSCs’ tensile modulus values were found to be higher for AM 

test parts as compared to IM test parts. This result was not expected and led to the theory that an 

unanticipated behavior of the used MSC materials had occurred from the change in material part 

manufacturing technique. It was thought that additional research into the MSC constituents may 

provide insight into the change in tensile property values from IM to AM processing.  

5.3.4.3. AM Versus IM Part Flexural Results Comparison 

 Neat PP parts made using the AM process were found to have higher flexural strength and 

modulus values as compared to those made using the IM process. The reason for this was theorized 

to be similar to what was thought to cause the increased stiffness in the neat PP tensile specimens. 

That being that the laying down of individual strands of polymer in each layer of an AM part in 

the zero-degree orientation resulted in a higher number of mostly aligned polymer chains could 

have caused increased stiffness behavior in a test part made from neat PP. This theory fit with the 



85 

 

observed increase in flexural strength and modulus as both can be influenced by the overall 

stiffness of a material. 

 The flexural test parts additive manufactured from the MSC made with 40 wt.% MGS-1 

and MGS-1C had decreased values for flexural strength and modulus as compared to injection 

molded flexural test parts made from the same materials. It was unknown why this occurred with 

the MSC materials. This led to the idea that more information was required on the MSC 

constituents to investigate what could have caused the difference in flexural data collected from 

each manufacturing process with the MSCs. 

5.3.4.4. AM Versus IM Part Notched Izod Impact Results Comparison 

The neat PP notched Izod impact test specimens had an averaged impact toughness value 

that increased by a large margin. This result was unexpected as AM neat PP parts were found to 

have fairly similar results to their IM neat PP counterparts in terms of tensile and flexural 

properties. The reason for this increase in impact toughness when additive manufacturing the neat 

PP was possibly due to the printing process causing micro spaces between lines/layers of material 

when creating the test parts. These micro spaces between lines/layers of material are not an 

unknown occurrence as a previous study found when additive manufacturing test parts [56]. It was 

predicted that the presence of such consistent micro spaces throughout the length of the part from 

the AM process could explain the increased energy absorption by the test parts made of the neat 

PP material seen in this research. 

The two AM MSC notched Izod impact samples made with both MRS source locations 

produced data that when averaged was relatively similar in value to the respective averaged IM 

MSCs’ test specimen data. This suggested that the impact toughness of MSC materials was not 
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majorly influenced by the type of manufacturing process used to create the polymeric composite’s 

test specimens. 

5.3.4.5. AM Versus IM Part Shape and Surface Finish Comparison 

The shape of the AM tensile specimens was different for all of the materials used in AM 

part creation. The AM tensile specimens were rectangular as compared to the dogbone shaped 

specimens created during the IM process. This was done as attempts to create AM dogbone 

specimens resulted in nozzle retraction at the tapered sections of the created part. This presented a 

weak point where stress concentrations would cause the AM MSC part to fail outside of the gauge 

length of the part. Thus, a rectangular specimen was created with the same thickness as the IM 

specimens according to the D3039 ASTM standard. Rectangular test specimens that fractured 

outside of the gauge length were considered invalid during testing. The results from the tensile 

tests following this standard were still comparable to the standard followed for IM tensile parts as 

the D3039 ASTM standard allowed for the same test parameters to be used during AM tensile 

testing. This meant that the only difference between the two tests was the general shape of tested 

parts.  

The geometry of the AM neat PP rectangular test parts was relatively similar to that seen 

with the IM neat PP rectangular test parts. The 0.8 mm nozzle diameter allowed for printing 

movements by the 3D printer that were able to create parts with a high enough resolution to be 

nearly identical to the IM created parts. The surface finish of the AM neat PP rectangular test parts 

was slightly varied from that seen with IM neat PP rectangular test parts. While relatively similar 

in terms of the material smoothness, the AM printing process created minor, patterned grooves in 

the test parts where two lines of extruded material met. This was an inherent aspect of the AM 
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process that could not be changed based on how the layer-by-layer part creation was a key element 

of the FGF manufacturing process. 

The geometry of the AM MSC rectangular test parts was relatively the same as that seen 

with the IM MSC rectangular test parts. The 2.85 mm nozzle diameter’s printing resolution caused 

the radius of the rectangular AM part corners to be slightly different those achieved in the IM 

process. This was deemed acceptable as the section of the test specimens anticipated to be under 

stress during material testing was away from the corners of the test parts. 

The surface finish of the AM MSC rectangular test parts was different than that of the IM 

MSC rectangular test parts. One reason for this was the resolution of the 2.85 mm nozzle 

diameter’s printing resulting patterned grooves where lines of extruded material met. The lines of 

extruded material were also found to have a porous surface finish left over after being laid down 

on the part. This was a significant difference from the surface finish achieved with the IM MSC 

rectangular test parts. The specific reason for this was unknown during part creation. This provided 

more reason to investigate the used constituents in the MSCs to see if there was an unanticipated 

reaction occurring within the extrusion zones of the AM machine during part creation. 

5.4. MSC Material Result and Surface Finish Variation Investigation 

The MSC pellets used in creating injection molded parts saw slight to noticeable material 

expansion out the machine nozzle between material injections when there was no movement in the 

machine, especially at higher weight loading percentages of MRSs. The polymeric composite 

material expansion forced material out of the nozzle resulting in streams of polymeric composite 

with diameters slightly larger than the machine nozzle diameter. This was originally thought to be 

normal polymer expansion due to increased heat retention by the MRS particles and was addressed 

by adding a cushion or small pull back decompression retraction of the injection screw as is 
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normally done to address similar material behavior in other polymers. The MGS-1S based MSC 

pellets saw this material expansion behavior to an extreme degree, a degree much higher than the 

other MSC types, at all weight loading percentages of MRS in PP. When injection molding with 

this MGS-1S based MSC material, a large decompression retraction of the injection screw before 

and after each material load between material injections was required to allow for usable part 

creation. Based on these initial observations of material behavior, it was concluded that the MGS-

1S based MSC should not be used in future part creation via injection molding or for additive 

manufacturing. 

The MSC materials that were used in the creation of AM parts were found to exhibit 

noticeable material expansion out of the machine nozzle even when the extrusion screw was not 

spinning. This would eventually stop when not enough material was left near the extruder nozzle 

to expand out of the opening. The action taken to address this was to spin the extrusion screw right 

before printing to refill the extrusion nozzle, and the printing of a sacrificial part before the printing 

of test parts. This resulted in predictable, consistent material extrusion during the additive 

manufacturing of MSC test parts. This material expansion was similar to that seen with the same 

polymeric composite material when used to make IM parts. 

Tested MSC parts created using additive manufacturing were observed to have a rough 

surface finish most notably seen on sides not in contact with the print bed as shown in Figure 32. 

This rough surface finish was not able to be removed using different printer settings with the MSC 

material used. This was in contrast to the smooth surface finished achieved with parts created via 

injection molding with the same MSC material. 

Based on the previously observed MSC material expansion seen during injection molding, 

the presence of this surface finish on AM test parts was predicted to be from the material expansion 
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behavior actively continuing during test part creation. The streams of forced out MSC material 

from the material expansion had diameters slightly larger than the machine nozzle in both 

manufacturing processes. This material expansion behavior was thought to be due to an 

unanticipated reaction or gas release from the used MRSs deforming and expanding the matrix 

neat PP resulting in, what can be most closely described as, the foaming behavior seen in the heated 

MSC material. Further support for this was found with the immersion density values of additive 

manufactured MSC parts being slightly less than the respective injection molded MSC parts. 

 
Figure 32. Additive Manufacture MSC-40C Part Surface Finish Example 

A brief moisture analysis was completed on the raw candidate MSC material pellets to see 

if moisture on the pellets after oven drying could have contributed to the foaming behavior seen 

in the additive manufactured test parts. The moisture test run was on an Arizona Instrument LLC. 

Computrac MAX 4000XL Moisture Analyzer following its instructions for testing the moisture 

levels for neat polypropylene. MSC-40G and MSC-40C pellets were dried in an oven at 80°C for 

at least 12 hours before running the test. The MSC-40G pellet sample of 9.97 g was tested and 

found to have a measured moisture content of approximately 0.094%. The MSC-40C pellet sample 

of 8.50 g was tested and found to have a measured moisture content of approximately 0.070%. 

These values were reasoned to be low in terms of surface moisture levels on the pellets. As the 

same oven drying parameters used in advance of this test were also used before part creation with 
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both manufacturing techniques, the moisture test results suggested that surface moisture levels 

were not high enough to be the reason for the foaming behavior effect seen in the created additive 

manufactured MSC parts. 

The presence of the MSC foaming behavior suggested it was possible that an unanticipated 

reaction or gas release from the used MRSs created micro voids between the PP and MRS particles 

in some of the created test parts, particularly those with higher wt. % loadings of MRSs. Before 

testing, a lack of bonding between the PP and MRS particles was expected due to the poor 

bonding/adhesion nature of PP [60], [61]. This seemed supported after testing as halves of 

fractured/broken test parts showed visible large MRS particles still imbedded in the PP in the same 

relative size and position of divots in the opposite part half as shown in Figure 33 through Figure 

36. 

 
Figure 33. Injection Molded MSC-40C Tested Tensile Fracture Surface View One 

 

 
Figure 34. Injection Molded MSC-40C Tested Tensile Fracture Surface View Two 
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This initial information about the constituents used in the creation of the tested injection 

molded parts seemed to justify the observations made with the resulting part 

fractures/breaks/failures. In addition, the nature of the manufacturing process itself may have 

contributed to the observed foaming behavior not being as influential on injection molded parts as 

additive manufactured parts given the relative velocity of material injection and presence of a rigid 

mold to provide pressure on material as it was molded compacting the material and expelling any 

trapped gasses within the part. 

 
Figure 35. Injection Molded MSC-40C Tested Tensile Specimen Fracture Surface View Three 

 

 
Figure 36. Injection Molded MSC-40C Tested Izod Specimen Fracture Surface 

 

While possibly not being as impactful with injection molded parts, the observations and 

data made from the additive manufactured parts suggested that the foaming behavior may have 
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been an indication of an unanticipated, impactful element in the creation of MSC test parts. Based 

on this, the thought was to investigate from a theoretical standpoint potential gas releases from the 

used MRSs that could have caused the observed polymeric composite material foaming behavior. 

The theoretical investigation of the MRS potential gas releases consisted of a review of the 

previously completed TGA tests with MGS-1 before test part creation, the completion of a series 

of additional TGA tests on the other MRS types to provide more temperature-based mass loss data 

on all of the MRSs, a literature review on the potential releases of the MRS constituents, and 

microscopy on MSC parts of the same material made using different manufacturing processes. The 

goal was to provide information that could provide a potential explanation for the observed 

foaming behavior in this study and narrow the scope for future studies that may further investigate 

this subject. 

5.4.1. Regolith Simulant TGA Simulant Source Location Investigation 

 A brief thermal decomposition study had been previously completed for samples of MGS-

1 as shown in Figure 7 and Figure 8 in section 3.1.3. To reiterate, Figure 7 and Figure 8 showed 

three wt. % drops seen during the tests of MGS-1. At approximately 100°C there was a sharp drop 

in the wt. % of approximately 1-2%. From approximately 150°C to 350°C there was a steady drop 

in the wt. % of approximately 0.75%. Finally, starting at approximately 350°C and ending at 500°C 

there was a sharp drop in the weight percent of approximately 2.5%. The profiles of these wt. % 

drops were similar in both Figure 7 and Figure 8 despite the difference in testing environment. 

This suggested that the presence of an inert atmosphere would not be influential in the thermal 

breakdown of MRSs compared to one that contained Earth atmospheric air.  

After injection molding and additive manufacturing, and testing of the created MSC test 

parts was completed, the second series of TGA tests were run to learn more about all the MRSs 
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used in polymeric composite part production. These tests were run on the three types of MRS not 

previously studied using a TGA: MGS-1C, MGS-1S, and JEZ-1. The test results are shown in 

Figure 37 through Figure 39.  

 
Figure 37. Q 550 TGA Test Results MGS-1C in 40% Nitrogen, 60% Room Air Environment 

 

 
Figure 38. Q 550 TGA Test Results MGS-1S in 40% Nitrogen, 60% Room Air Environment 
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Figure 39. Q 550 TGA Test Results JEZ-1 in 40% Nitrogen, 60% Room Air Environment 

 

 The MGS-1C and JEZ-1 MRSs had results with some similarity to the original TGA tests 

run on MGS-1. As shown in Figure 37 and Figure 39, there were three general weight percentage 

drops seen during the ramp tests. These were classified as a sharp drop around 100°C, a more 

gradual, steady drop from approximately 150°C to 350°C, and another drop occurring at around 

350°C to 500°C. These similarities made sense as the MGS-1 MRS was used at least as the basis 

for all three simulants.  

Figure 37 and Figure 39 also showed data with a couple differences from the previous data 

gathered as displayed in Figure 8. In these cases, the gradual, steady weight percent drop from 

approximately 150°C to 350°C seen in both Figure 37 and Figure 39 appeared approximately 0.5% 

versus the 0.75% drop as seen with MGS-1 as shown in Figure 8. In addition, the overall weight 

percentage loss over the temperature ramp for MGS-1C and JEZ-1 was smaller in value, at 

approximately 2.5% to 3.5%, to the ~5% loss seen with MGS-1. Finally, the weight percent drops 

at around 100°C and 350°C to 500°C were not as severe in Figure 37 and Figure 39 as compared 
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to Figure 8. These differences could have been due to the variation in formulation seen in each 

MRS, or the use of different TGA machines used for each MRS. 

Figure 11 displayed results for the MGS-1S Sulfate MRS that displayed significant 

difference to that seen in Figure 8. First, the overall weight percent loss was larger in value at 

approximately 8.5% to the ~5% seen for MGS-1 in Figure 8. Second, the primary weight percent 

loss (~7%) of the MRS was seen at around 110°C to 160°C. This suggested that at least one of the 

constituents used to make the MGS-1S, that was not in MGS-1, experienced major thermal 

decomposition in this temperature range. 

There was one similarity between the data for MGS-1S and MGS-1. After the main weight 

percent loss at around 150°C, there is a steady weight percent drop that occurs from approximately 

175°C to 375°C as seen in Figure 38. While a slightly shifted temperature range, this general 

weight percent loss is similar to that which was seen in Figure 8 for MGS-1. As the MGS-1S used 

MGS-1 as a basis, this could suggest the two MRSs share a similar constituent(s) that experiences 

steady thermal decomposition/gas release around this temperature range. 

5.4.2. Regolith Simulant Temperature Cycling Investigation 

An additional TGA test that was completed to learn more about the used MRSs was a 

temperature cycle test. The intent behind this test was to investigate the response of MGS-1 to 

repeat temperature ramps and one temperature hold as would generally be seen during MSC part 

production. The temperature cycle test was completed on a TA Instruments Q550 TGA. A sample 

of ~116 mg of MGS-1 was subjected to a multi-stage test. The first stage of the test consisted of a 

temperature ramp from room temperature (~22°C) to a temperature of 250°C at a rate of 10°C per 

minute. The sample was then held at 250°C for a period of two minutes then allowed to cool back 

down to room temperature (~22°C). The second and final stage of the test consisted of a 
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temperature ramp from room temperature (~22°C) to a temperature of 500°C at a rate of 10°C per 

minute. The test environment for all stages of the test, except during cooling, was a mixture of 

40% Nitrogen and 60% room air. Figure 40 through Figure 42 display the data collected from all 

the stages of the TGA temperature cycle test. 

 
Figure 40. Q 550 TGA Temperature Cycle Test Results MGS-1 in 40% Nitrogen, 60% Room 

Air Environment Stage 1 

 

Stage 1, as shown in Figure 40, showed results for the thermal response of MGS-1 that was 

similar to the MGS-1 thermal response displayed in Figure 8. There was an initial drop in weight 

percent of approximately 1-2% around the temperature 100°C. A gradual weight percent drop is 

then seen starting near 150°C until the maximum temperature reached in stage 1 of 250°C. This 

result made sense as the only changed test parameter from the initial TGA parameters used to 

collect the data shown in Figure 8 was the maximum value of the temperature. The results 

displayed in Figure 41 from the two-minute temperature hold after the stage 1 temperature ramp 

suggested that weight percentage change of the MGS-1 sample was negligible during the 

temperature hold. An unexpected item of data from this section of the test was the exponential 



97 

 

increase in the derivative of the weight percentage towards the end of the temperature hold. The 

negligible amount of weight percent loss suggested that this change in the derivative of the weight 

percentage came from a different source. It was theorized that the most likely candidate was the 

heating element of the TGA turning on at the beginning of this derivative increase to maintain the 

250°C temperature that resulted in a constantly increasing value for the measured temperature near 

the end of this stage in the test. This then caused the calculated value of the derivative of the weight 

percent to also increase in value towards the end of this stage of the test. 

 
Figure 41. Q 550 TGA Temperature Cycle Test Results MGS-1 in 40% Nitrogen, 60% Room 

Air Environment Hold Stage at 250°C for 2 minutes 

 

Figure 42 showed the results for the thermal response of MGS-1 during stage 2 of the test. 

In comparison to the stage 1 data shown in Figure 40, the initial weight percent drop seen at 

temperatures near 100°C as well as the gradual weight percent drop from 150°C to 250°C appeared 

to be smaller in value. This was supported by the value of overall mass loss of MGS-1 up to 250°C 

being approximately 0.05%. After 250°C, the sample of MGS-1 saw an increased rate of weight 

percent drop until 300°C at which point the rate of weight percent drop became more consistently 

gradual. An additional "sharp” drop in weight percent began at approximately 400°C and leveled 
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off around 500°C. In stage 2 of the test, the MGS-1 sample saw decreased overall mass loss at 

nearly 1.2%. Compared to Figure 8’s data, the combined overall mass loss seen in the MGS-1 

sample during the entire temperature cycle test was estimated to be 3%. 

 
Figure 42. Q 550 TGA Temperature Cycle Test Results MGS-1 in 40% Nitrogen, 60% Room 

Air Environment Stage 2 

 

The weight percent drop profile and overall value shown in Figure 42 was different from 

the previous MGS-1 thermal response data collected in Figure 8. The overall amount of mass loss 

decreased, and the weight percent drop profile behavior appeared more stable. It was thought 

possible that this was due to the initial stage 1 heating of the sample during the temperature ramp 

and hold thermally stabilizing the raw MGS-1. This had some support by the small increase of 

weight percent loss rate seen immediately after 250°C, the maximum temperature reached during 

stage 1, in stage 2 of the test as well as the overall decrease in mass loss. It was also possible that 

the use of different TGA equipment could have impacted the thermal response results for MGS-1 

collected in Figure 40 through Figure 42 as compared to that collected for Figure 8. 



99 

 

5.4.3. MSC Regolith Simulant Constituent Theoretical Release Investigation 

The simulant thermal release literature review aimed at finding research that documented 

the thermal decomposition and respective release of each individual constituent for each MRS type 

for the temperature range of the original TGA completed on the MGS-1 simulant (~22°C to 

500°C).  

The constituents of all of the MRSs that were found to potentially thermally decompose 

within the original TGA temperature range according to previous research sources are olivine, 

ferrihydrite, hydrated silica, Fe-carbonate, smectite, gypsum, and Mg-carbonate (assumed natural 

magnesite). 

For olivine, major thermal decomposition of the isolated mineral did not seem to occur 

until temperatures around 1600°C [44], [62]. Before that temperature, sources suggested that the 

general presence of some element/impurities such as carbon or hydrogen might result in some 

oxygen release from the mineral at lower temperatures in the range close to 200°C [43]–[45]. 

Ferrihydrite was cited as going through dehydration/dehydroxylation when heated to a 

temperature of 460°C. Through this process, the ferrihydrite can release water during the 

crystallization of hematite [46], [47], [63].  

Hydrated silica can possibly form and release water molecules leaving behind silica [41]. 

This is because minerals like hydrated silica are noted for having low thermal stability due to 

containing absorbed water and OH-groups. The minerals are cited as becoming unstable at around 

370 K, or approximately 97°C [42]. 

Fe-carbonate was cited as experiencing thermal decomposition at around 400-600°C [48], 

[49]. During this thermal decomposition, it can be possible for the Fe- carbonate to decompose 

into carbon dioxide, other various oxides, and magnetite [48], [50]. 
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Sources suggested that unmodified smectite contains water as absorbed/surface/interlayer 

molecular water, and as structural water in the mineral itself. The absorbed/surface/interlayer 

molecular water could be removed at temperatures around 20-380°C while the structural level 

water could be removed at temperatures around 400-700°C [64], [65].  

Gypsum in its pure form could contain upwards of 20% water by mass. This water could 

be released at temperatures lower than 210°C [66]. One source’s experimental results suggested 

that this dehydration occurs at approximately 120°C causing the formation of anhydrite [67]. 

Mg-carbonate (assumed/reasoned to be in its natural form of magnesite) can thermally 

decompose into water, magnesium oxide, and carbon dioxide. Some water loss and some carbon 

dioxide release was suggested to occur at around 200°C. The temperature range in which the main 

carbon dioxide is released leaving magnesium oxide was cited to occur at 500-550°C [68]–[70].  

5.4.4. Suggested Candidates for TGA Weight Percent Drops in Temperature Range 

 In Figure 7 and Figure 8, three primary drops in weight percentage were seen in for MGS-

1 with a sharp drop at approximately 100°C, a gradual drop from 150-350°C, and a sharp drop 

starting at approximately 350°C and ending at 500°C. Based on the simulant thermal release 

literature review, the most likely constituent candidates to have caused these weight percent drops 

due to thermal decomposition were olivine, ferrihydrite, hydrated silica, and Fe-carbonate. As 

mentioned in the previous section, hydrated silica can dehydrate at around 100°C, olivine is able 

to release oxygen at temperatures around 200°C due to the presence of carbon and hydrogen (as 

found in the simulant), and ferrihydrite and Fe-carbonate are able to thermally decompose at 

temperatures around 400-600°C with ferrihydrite releasing water and Fe-carbonate releasing 

carbon dioxide and various oxides.    
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 The company that created the simulant, Exolith Labs, provided an evolved gas TGA for 

MGS-1 in an updated technical data sheet released near the time of completing this study. Figure 

43 shows the data collected from this test. 

 
Figure 43. Exolith Labs’ Combined Thermogravimetry and Evolved Gas Analysis of MGS-1 

Prototype, Performed at SAM-like Conditions, Reproduced from Reference [71] 

 

The data present in Figure 43 seemed to be comparable with the performed TGA results of 

Figure 7 and Figure 8 along with the findings of the simulant thermal release literature review 

especially with its detection of water, oxygen, and carbon dioxide at temperatures between 0-

500°C. A noteworthy item from Figure 43 was the continual detection of water and oxygen ions 

that seemed to occur from the beginning of the test (0°C) to the end of the test (1000°C). This was 

of particular interest when comparing with the gradual weight percent drop of MGS-1 in Figure 7 

and Figure 8 from approximately 150-350°C. Based on the simulant thermal release literature 

review, it was theorized that the steady increasing release of water in this temperature range was 

possibly from hydrated silica on the tail end of its dehydration and ferrihydrite at the beginning of 

its dehydration. It was also suggested that the steady release of oxygen in the specified temperature 

range was due to the thermal decomposition of olivine. These findings, while not definitive, were 
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promising in terms of providing likely explanations to the weight percent drops seen for MGS-1 

during TGA tests.  

 MGS-1C (Clay MRS) was shown in Figure 37 to experience a similar weight percent loss 

profile as MGS-1. This made sense as MGS-1C was created using MGS-1 as a base, and thus 

contained the same base constituents. Therefore, the thermal releases seen in MGS-1 were 

theorized to be mostly the same as for MGS-1C. The primary difference between the two MRSs 

was the presence of 40% by weight of smectite in MGS-1C [37]. Based on the simulant thermal 

release literature review, it was suggested that this constituent was capable of releasing 

absorbed/surface/interlayer molecular water at temperatures around 20-380°C and structural level 

water at temperatures around 400-700°C. Figure 37 showed an overall weight percent drop that 

was smaller than that seen in MGS-1 as in Figure 8 with smaller sharp drop in weight percent 

occurring at around 400-600°C. It was thought possible that the more gradual weight percent drop 

profile of the simulant was from the presence of smectite taking the place of the constituents 

ferrihydrite and Fe-carbonate thus preventing their more significant release of water and carbon 

dioxide/other oxides near this temperature range. This also suggested that the more gradual weight 

percent drop behavior of the simulant was due to the steady release of water from the smectite first 

with the absorbed/surface/interlayer molecular water at temperatures around 20-380°C and then 

the structural level water 400-500°C. 

 MGS-1S (Sulfate MRS) had a weight percent drop profile that was different than that seen 

with MGS-1 in Figure 8 with a majority of its weight percent drop seen at approximately 110-

160°C as displayed in Figure 38. This suggested that the difference in formulation of MGS-1S to 

MGS-1 was the most likely reason for the difference in thermal response data. Indeed, based on 

the simulant thermal release literature review and Exolith lab data, MGS-1S contained gypsum 
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which was suggested to be capable of thermally decomposing/dehydrating at approximately 120°C 

forming anhydrite. According to Exolith Labs, MGS-1S was made up of 40% gypsum with the 

rest of its composition being the same constituents as MGS-1 [37]. The presence of a relatively 

high amount of a constituent capable of thermal decomposition at temperatures within in the 110-

160°C range as seen in Figure 38 seems to explain the weight percent drop profile shown for MGS-

1S. The additional gradual weight percent drop seen from 175-375°C was possibly explained by 

the thermal decomposition of MGS-1 constituents present in MGS-1S.  

 Figure 39 displayed a weight percent drop profile for JEZ-1 that was similar to what was 

seen with MGS-1 in Figure 8 with a few differences. The similar weight percent drop profile of a 

sharp drop around 100°C, a more gradual, steady drop from approximately 150-350°C, and another 

drop occurring at around 350-500°C supported the idea that JEZ-1 used the same constituents as 

MGS-1 as a base.  

The differences seen for JEZ-1 were thought to be due to the difference in constituents seen 

between this MRS and MGS-1. JEZ-1 contained 11% of Mg-carbonate (magnesite), and 6% of 

smectite which were not present in MGS-1 [37]. Based on the thermal release investigation of the 

MRS constituents, it is possible that Mg-carbonate was responsible for some of the gradual weight 

percent drop seen from 150-350°C due to minor releases of carbon dioxide and water. This gradual 

weight percent drop could also be from some water release from smectite as well similar to that 

seen with MGS-1C. The weight percent drop seen at 350-500°C was thought to be due to additional 

releases by Mg-carbonate, specifically the release of carbon dioxide according to some of the 

literature review sources. The overall weight percent loss of ~3% seen of JEZ-1 in Figure 39, as 

compared to the ~5% seen for MGS-1 in figure 9, was predicted to be due to the inclusion of Mg-

carbonate and smectite in the MRS which displaced previous concentrations of constituents such 
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as ferrihydrite and Fe-carbonate preventing their predicted higher releases of water and carbon 

dioxide/other oxides near temperatures around 400-600°C. 

JEZ-1 also contained over double the amount of olivine as that seen in MGS-1. Alone, this 

information would suggest that any thermally based releases from the mineral would increase from 

that predicted in MGS-1. Figure 39 showed that in the theoretical thermal release temperature 

range of olivine, as suggested when investigating MGS-1, the total amount of weight percent loss 

seen was actually smaller in value at ~0.5% as compared to the ~0.75% seen for MGS-1 as seen 

in Figure 8. Based on this information, it was theorized that the elements of carbon and hydrogen 

that sources claimed were needed for oxygen release by olivine at these temperatures were not as 

prevalent in JEZ-1 as compared to MGS-1. This was supported by the amounts of hydrated silica 

and ferrihydrite in JEZ-1 both being smaller than those in MGS-1. These two minerals were 

theorized in a previous section to release a small, gradual amount of water over the temperature 

range in question of 150-350°C, which would reduce the potential presence of the element 

hydrogen needed for theoretical releases of oxygen by olivine. 

Material processing temperatures for the created MSC materials was at its maximum 

270°C. Surface moisture of the MRSs and MSCs was removed as each material was always oven 

dried before material processing to remove such moisture. This was confirmed to be the case by 

the previously mentioned moisture tests performed on some of the candidate MSC pellets. Thus, 

thermal release behavior for the MRS constituents between ~100°C to 270°C were thought to be 

the best candidates for explaining the foaming behavior seen in the MSCs to varying degrees.  

5.4.5. Created Part Microscopy 

The cross-sectional area of an IM MSC test part with 40 wt. % MGS-1 was viewed with a 

microscope at 10X, 20X, 50X, and 100X as shown in Figure 44 through Figure 47. The part’s 
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internal structure and constituent interface were investigated for material behavior that would 

suggest elements of the foaming behavior seen in the created MSCs.  

 
Figure 44. 10X Microscope Cross Section Image of IM MSC Part with 40 Weight Percent MRS 

 

 
Figure 45. 20X Microscope Cross Section Image of IM MSC Part with 40 Weight Percent MRS 
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Figure 46. 50X Microscope Cross Section Image of IM MSC Part with 40 Weight Percent MRS 

 

 
Figure 47. 100X Microscope Cross Section Image of IM MSC Part with 40 Weight Percent MRS 

 

 The general dispersion of constituent particles with a variety of shape, size, pattern, and 

coloration was expected to be seen in the MSC part. This was theorized to be due to the used MRS 

being made of multiple minerals. Figure 44 through Figure 47 all displayed a large number of 

varied particulates suspended in the matrix material which seemed to verify this expectation. 
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Figure 44 through Figure 47 showed several dark spots within the PP. A number of these dark 

spots were investigated for their potential as voids. Most of the dark spots were found to be dark 

colored constituent particles while others were suspected to be the former location of constituent 

particles. The reasoning behind suspecting some of the dark spots being the former location of 

constituent particles was based on their shape, sharp clean lines in particular, and size being similar 

to other constituent particles still within the PP matrix. It was assumed that the particles that were 

once in these spots fell out either during the fracturing/cutting of the part, or during part polishing. 

One of the smaller dark spots, approximately 10 µm in diameter was magnified at 100X 

on the microscope as shown in Figure 47. This dark spot showed the sign of being a former site of 

a constituent particle from a sharp, angular point as a part of its shape. The rest of its shape was 

near circular which indicated the presence of a void from most likely the former presence of a 

released gas. These aspects of the magnified dark spot in Figure 47 provided support to the idea 

that the constituent particle that was formerly present in this location produced a thermal release 

as a response to heat after already being within the matrix PP resulting in slight deformation of the 

matrix material in the immediate vicinity of the constituent particle. It was assumed that the particle 

once in this spot later fell out either when the part was fractured/cut, or during part polishing. This 

provided additional support to the idea of specific constituent thermal releases being the reason for 

the observed MSC foaming behavior. Additional dark spots that were similar to the one seen in 

Figure 47 did not appear prevalent or larger than 10 µm in diameter in the rest of the IM MSC part. 

This result was anticipated for IM MSC parts after observing the foaming material behavior 

during additive manufacturing. The basis for this prediction was from the nature of the IM 

manufacturing process used to create the MSC material. The rapid injection of material into a ridge 

mold most likely moved the material into an environment in which the surrounding pressure either 
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expelled or prevented major matrix material deformation from any thermal releases of the present 

constituents in the PP. The images shown in Figure 44 through Figure 47 appeared to verify this 

idea. This suggested that while the foaming behavior was present or had the potential to be present 

to some degree in IM MSC parts, its impact on overall material behavior was low as long as the 

present constituents did not produce thermal releases that caused extreme polymeric composite 

material foaming behavior. 

A microscope at 10X, 20X, 50X, and 100X was used to view the cross-sectional area of an 

AM MSC part with 40 wt. % MGS-1. Figure 48 through Figure 53 show the images collected from 

this part. The AM MSC part’s internal structure and constituent interface were investigated for 

similarities to the test part made of the same MSC material with IM processing as well as elements 

would suggest the presence of the foaming behavior seen in the created MSCs during material 

processing.  

 
Figure 48. 10X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent MRS 

Area View One 
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Figure 49. 10X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent MRS 

Area View Two 

 

 
Figure 50. 10X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent MRS 

Area View Three Showing Epoxy Material Comparison 

Figure 48 showed areas of the AM part material that appeared much like the IM part 

material as shown in Figure 44. These regions contained similar various constituents as suspended 

in the matrix PP. In some cases, dark regions of the material were dark constituents, or suspected 

to be the former site of constituent particles due to shapes, sizes, and sharp lines being similar to 
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the present constituent particles. This result was reasonable given that the same material was used 

to create the parts magnified in Figure 44 and Figure 48. 

 
Figure 51. 20X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent MRS 

 

 
Figure 52. 50X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent MRS 

 



111 

 

 
Figure 53. 100X Microscope Cross Section Image of AM MSC Part with 40 Weight Percent 

MRS 

 

Large dark regions that were not similar in shape to the present constituents and found not 

to be dark colored constituent particles were also present in Figure 48. Another area view, 

displayed by Figure 49, of the AM MSC part showed additional, larger dark regions than those 

seen in Figure 48. These large dark regions were found to be voids given their shape and size 

difference from the present constituents and based on changing the focus the microscope lens 

revealing relatively large amount of depth to the dark regions. This was a significant difference 

from the image of the IM part shown in Figure 44. It also made sense given the constant MSC 

material foaming behavior seen during test part additive manufacturing, and how well the result 

seemed to line up with the ideas proposed by the thermal breakdown literature review. Specifically, 

the thermal breakdown literature review suggested thermal releases from only certain constituent 

particles as being the possible reason for the polymeric composite foaming behavior. This lined 

up with the images shown in Figure 44 and Figure 49 with some of the constituent particles having 

indications of thermal releases around them while others did not show such indications. In the case 
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of the AM MSC part in Figure 49, it was assumed that the constituent particles suspected as being 

responsible for the large voids either remained loose in the interior of the void or became slightly 

imbedded on a side of the void from gravity during part cooling. These particles where then 

assumed to have been unable to be seen at the used depth of polishing or fallen out during the part 

fracture/cutting, or polishing process. Again, the AM MSC parts, once laid on the printing bed, 

did not have rapid material movement or pressure to offer any potential prevention or mitigation 

of the foaming behavior as was present for parts during MSC IM processing. Thus, the presence 

of more, larger sized voids seemed to suggest that thermal releases from the present MRS 

constituent particles likely caused the foaming behavior of the MSC material, and that such 

foaming behavior was more influential during the AM process as compared to the IM process due 

to the differences in material movement velocity and part pressure between the manufacturing 

processes. This provided support for the recommendation of future research into finding a method 

to remove the foaming behavior seen in the MSC materials at high constituent wt. % loadings to 

investigate the impact on MSC test part strength characteristics. 

Certain regions of the AM MSC part shown in Figure 49 appeared to be similar in shape 

to the present large voids in the material yet consisting of a constituent that had not been previously 

seen in the IM MSC part material. Shifting the view of the microscope to the edge of the AM part 

provided a potential explanation for this unknown constituent. Figure 50 showed both the MSC 

material and epoxy used in mounting the sample as it was focused near the edge of the AM MSC 

part. The polished epoxy material shared similar shading and surface texture to the unknown 

constituent regions seen in the part in both Figure 49 and Figure 50. This suggested that these 

regions of unknown constituents were epoxy that seeped into the MSC part during mounting and 

curing of the sample. This was theorized to be a reasonable explanation as the presence and 
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prevalence of voids in the AM MSC part could have allowed for such epoxy seepage during 

mounting, especially during the use of the vacuum pump. 

This conclusion aided in investigating other regions with previously unobserved elements 

of the AM MSC part with the further magnified views in Figure 51 through Figure 53. These 

figures observed higher magnifications of the material in the vicinity of the edge of one of the 

large voids in the AM MSC part. This area of the part contained regions of material that were 

different in shape and shading to the other constituents previously observed in the MSC material. 

From view acquired at 20X, as seen in Figure 51, these regions of unknown material had what can 

be described as a speckled appearance near the large void’s edges. The observed regions’ shapes, 

shadings, and close vicinity to the edges of large voids suggested that these were former sites of 

voids that had been filled with epoxy during the part mounting process. This was again thought to 

be a reasonable suggestion given the vacuum pressure which was applied to the epoxy and sample 

during the mounting process. Figure 44 through Figure 47 of the IM part made from the same 

MSC material showed no instances of such speckled regions which further indicated that such 

parts did not contain the same prevalence of voids as the AM MSC parts. Thus, the presence of 

the speckled regions near void edges in the AM MSC part provided additional evidence of the 

porous nature of the test parts due to the foaming material behavior seen when created using the 

AM process. This provided further support for future research to investigate ways of preventing 

the foaming material behavior during MSC part creation, potentially through the 

elimination/suppression of the thermal releases of the MRS constituents. 

5.4.6. Simulant Thermal Release Investigation Closing Remarks 

Investigating a way/method to remove this suggested thermal release by the MRSs before 

material processing would be the recommended step for future research projects related to this 
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topic. While the MRS constituent material’s physical breakdown in response to heat may not be 

significant enough to influence a created part’s material properties, the suggested gas release was 

significant in potentially explaining the observed material foaming behavior seen during material 

processing. Implementing a way to remove this gas release may lead to the material properties of 

MSC parts made from the raw materials used in this study to have closer values seen between the 

two manufacturing processes and improve the overall material properties of MSC parts made in 

this study. 
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CHAPTER 6. CONCLUSIONS 

The completed research attempted to create MSC material parts using a neat polymer with 

potential for in situ creation on the surface of Mars, a variety of MRS source locations, multiple 

MRS wt. % loadings, IM material processing, and AM material processing. The intent was to learn 

material characteristic data from these parts as each of the parameters used to create them was 

varied.  

MSC parts of varying wt. % loadings and source locations of MRSs were created using 

injection molding. The collected material data suggested that wt. % loading impacted all of the IM 

part material characteristics tested except for Tg. IM MSC tensile strength, after initially increasing 

from neat PP, was found to decrease as wt. % loading of MRS increased in value to a relatively 

high statistical degree. IM MSC tensile modulus, after initially decreasing from neat PP, increased 

to a relatively high statistical degree as wt. % loading of MRS increased in value. Test part flexural 

strength, flexural modulus, density, and HDT values for IM MSC materials increased in value 

from those found in neat PP as MRS increased in wt. % loading with statistical evidence suggesting 

the influence of this varied parameter was to a relative high degree. The impact toughness and 

CLTE of IM MSC test parts saw decreases in value to a relatively high statistical degree as MRS 

wt. % loading increased in value. The MSC materials’ MFI values had evidence to suggest that 

they were influenced by the changes in wt. % loading of MRS used in the material though statistical 

evidence implied this influence was to a low degree, and the collected values did not show 

consistent data trends between the different used types of MRS to imply which had more or less 

favorable material behavior. 

The data also suggested that MRS source location had influence over tensile modulus, 

flexural strength, Tg, MFI, and density values for IM parts. The amount of increase in tensile 
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modulus values as wt. % MRS increased from neat PP saw slight variance between the IM MSC 

test parts based on the used MRS type. Statistical evidence supported the idea that MRS type 

influenced MSC tensile modulus values while also suggesting that the degree of influence was 

relatively low. The flexural strength values of IM MSC test parts that utilized MGS-1C saw higher 

increases in value as compared to the other IM MSC test parts made with other MRSs as wt. % 

loading of MRS went up. The statistical analysis provided evidence to suggest that while the 

influence by MRS type on flexural strength values of IM MSC test parts was present, it was to a 

low degree. The Tg values of IM MSC parts showed slightly varied data trends as there was 

variation in the used type of MRS. The overall amount of variation seen was observed to be small. 

In addition, there were no clear, consistent trends in the Tg value data that were able to suggest 

which MSC material, as varied by used MRS type, had more or less desirable material 

characteristics as compared to the other MSC materials when looking at all of the used MRS wt. 

% loadings. This was supported by statistical data which suggested that the influence by the 

variation of MRS type in IM MSC test parts on Tg values was present, though low in degree. The 

MSC materials showed different MFI data trends from neat PP to 40 wt. % loadings of MRS 

depending on what type of MRS was used in the MSC material. While this indicated influence by 

the varied parameter, the data did not provide consistent enough trends to definitively suggest 

which general type of MRS used in an MSC material had more or less favorable MFI 

characteristics when considering all of the used wt. % loadings of MRS. In addition, statistical 

analysis suggested that the degree of influence by MRS type variance on MFI value was low. The 

density values of IM MSC test parts which utilized MGS-1S saw slightly smaller density values 

as compared to the other MSC materials, especially at higher wt. % loadings of MRS. Statistical 
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evidence supported this observation though indicated that the degree of influence from varying the 

type of MRS in IM MSC test parts on density values was relatively low.  

The data collected for IM parts was able to be utilized in selecting candidate materials for 

the additive manufacturing of MSC parts. Select candidate MSCs made with 40 wt. % MGS-1 and 

40 wt. % MGS-1C were used to create AM test parts. Varying the MRS source location used in 

the MSCs was found to result in variation of the tensile modulus, flexural strength, flexural 

modulus, impact toughness, and density values of the AM parts. AM MSC test parts saw an 

increase in tensile modulus from AM neat PP test parts with AM MSC using MGS-1C having 

higher tensile modulus values than those made using MGS-1. AM MSC test parts had decreases 

in flexural strength compared to those made with neat PP with the MGS-1C based MSC test parts 

having the least amount of decrease seen of the AM MSC test parts. The flexural modulus values 

of AM MSC test parts increased from neat PP test parts with MSC using MGS-1C having a higher 

value of flexural modulus as compared to MSC using MGS-1. The values of impact toughness for 

AM MSC test parts decreased from neat PP test parts with MGS-1 based AM MSC test parts 

having smaller decreases in impact toughness values compared to MGS-1C based AM MSC test 

parts. Density values of AM MSC parts saw general increases in their average values from neat 

PP test parts with MGS-1 based AM MSC test parts having slightly higher densities than those 

which utilized MGS-1C.  

The AM test parts’ collected material data was found to be generally different in value than 

that seen with IM parts made from the same materials, specifically with tensile and flexural data. 

The AM test parts were also found to have a different and unique surface finish from the IM parts 

made with the same MSC material. This variation from the IM MSC parts provided reason to 
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perform additional research on the raw constituents used to create the MSC materials for thermal 

releases.   

 Additional research on the MSC used MRSs was done in response to the noted differences 

seen in MSC test part surface finish and material properties when comparing the used 

manufacturing technique. The focus of this investigation was to offer an explanation for the 

observed foaming behavior of the MSC material during part manufacturing that occurred in some 

capacity for all MSC materials, and to a high degree for MSCs utilizing the MRS MGS-1S. This 

consisted of a brief moisture test on the MSC pellets used during additive manufacturing, 

additional TGA tests run on all of the MRS source locations, and a theoretical literature review of 

the potential thermal releases of the constituents present in the MRSs. The results from this 

investigation pointed to certain MRS constituents releasing small amounts of water and oxygen 

being the likely candidates for the general material foaming behavior seen for all MSCs during 

thermal processing, and the releases of the constituent gypsum being the reason for the extreme 

foaming behavior seen in the MSCs utilizing MGS-1S as a response to thermal processing. The 

investigation also suggested that the explanation for the difference in surface finish between the 

IM and AM parts made of the same MSC materials was that the IM process had rapid movement 

of the MSC material into a ridged mold which prevented the thermal releases of the MRS particles 

from causing significant influence on the resulting parts as the pressure on the material from this 

process both compacted the material and expelled any trapped releases in a polymeric composite 

part. 
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CHAPTER 7. FUTURE WORK AND RECOMMENDATIONS 

The completed work provided material data for MSCs that was seen as a good starting 

point for looking at the differences between varying the type of MRS and manufacturing technique 

used in MSC part creation. The research and collected data also raised new questions related to 

the topic of additive manufacturing MRS based polymeric composites that would be worth looking 

into in the future. Looking forward, additional steps could be taken to answer some of the questions 

raised by the research, investigate this topic further, and possibly improve MSC material 

characteristics. 

As mentioned previously, the ability to create raw polymer in-situ on an extraterrestrial 

body from the available material would be vital to furthering the ability to feasible create parts 

completely in-situ on an extraterrestrial body. This would aid in decreasing project dependence on 

Earth based materials sent to an extraterrestrial body as well as decrease the time required for 

suitable mission critical replacement parts to be available to any astronauts on said extraterrestrial 

body. Further investigating and experimenting with the feasibility to create polymer out of the 

theoretical resources available on the surface of Mars would be recommended as a key step in 

further improving the potential of MSC use on surface missions. The hope with such research 

would be able to create samples of polymer as made using only materials and processes 

theoretically available on the surface of Mars and get material characteristic data from such in-situ 

polymer either as neat material or mixed with MRS to create an MSC.     

It is also recommended that additional polymers, or at least a different grade of PP, with 

Martian in-situ potential be used to create more MSC materials for the gathering of material 

characteristic data. An investigation into this topic could present options other than the PP used in 
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this research for MSC part creation which in turn could present more theoretical options for 

Martian regolith composites.  

An investigation of wt. % loading values of MRS other than those used in this research 

should be done to see if larger values can be used to reduce the amount of polymer required in a 

created part. Finding the point at which usable test parts are no longer able to be created from the 

constituents would be useful in demonstrating the material saving potential that MSCs indicate for 

Martian regolith composites. 

Future research could be done into the impact of other additives, in addition to MRSs and 

polymers, on the material properties of MSC test parts. Such studies could potentially find ways 

to improve the material properties of MSC materials while still minimizing the overall amount of 

polymer required to make a usable test part. 

 Unusual patterns near the border of some of the MRS constituent particulates were seen in 

some of the microscopy images such as in Figure 44, Figure 46, and Figure 50. The pattern in 

question appeared to be a second border line inside of the particulate that ran approximately 

parallel to the border line of the particulate. Future research is recommended to investigate what 

could be causing this pattern. Additional microscopy with the individual constituents used in the 

MRSs paired with further MSC material part production with other types of polymers could be 

completed to identify what constituents had this pattern, and if the type of polymer used impacted 

the presence of this observed pattern in an MSC part. This would be a starting point to 

understanding what caused this unusual pattern to occur in the MSC part. 

 Another question raised from the completed research was if the measured densities of the 

created MSC test parts would match up with theoretical density values of the same material 

calculated using the density values of the raw constituents. A follow up question to this would be 
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if they do not, could this difference in masses be the mass of thermal releases proposed to occur 

during polymeric composite material thermal processing. A future study could look into this idea 

by calculating the densities of MSC materials based on the densities of the raw constituents used 

and compare them to those collected in this research. Investigating this could provide additional 

insight into if thermal releases from the MRS constituent particles are the reason for the foaming 

behavior of the MSC material. At the time of writing this paper, the required density values of the 

MRSs from Exolith labs are not available. Once said MRS density values are available from the 

company, this topic could be investigated by a future study to start to address these questions. 

It is recommended that further investigations be conducted on the specific reasons for the 

observed foaming behavior seen in the created MSC material during thermal processing. The 

thermal release study provided evidence backed suggestions as to the theorized candidate 

constituents for causing thermal release during polymeric composite material thermal processing 

which resulted in the foaming behavior of the MSC material. That being said, it is worth 

acknowledging that this research raised the question of if the foaming behavior was only caused 

by thermal releases of these MRS candidate constituents and not some additional factor such as 

the polymeric composite materials’ rheological characteristics as they moved through the thermal 

processing equipment. Thus, studying the rheology, specific thermal releases by the MRSs with 

an evolved gas analysis machine, and the expected mass losses from thermal releases once more 

detailed density values are available for the MRSs could provide further insight as to the reason 

for the foaming behavior of the MSC materials. Looking into these items, along with performing 

appropriate material characteristic tests of new MSC materials, could also address if thermal 

releases from MRS constituents are the only item that caused the observed foaming behavior. 

Finding out the specific mechanisms that caused this phenomenon would be important to possibly 
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stabilize MSC material behavior during thermal processing and improve MSC test part strength 

characteristics. This would have particularly impactful potential for MSC parts created using 

additive manufacturing. 

Finally, the potential use of regolith in polymeric composite materials on other 

extraterrestrial bodies being looked at for future astronaut crewed surface missions should be 

researched more in future studies. Astronaut crewed surface missions to the Moon in particular 

should be looked at for their potential in lunar regolith composite material creation and use during 

lunar surface missions. This recommendation is made as at the time of writing this research paper 

crewed missions to the Moon’s surface are already planned and nearing completion. Thus, 

following a similar procedure to that used in this research to create Lunar regolith simulant 

composite materials could provide further insight into Lunar regolith’s potential for use in 

polymeric composites, and attempt to address if variation of the type of Lunar regolith simulant 

would have an impact on the mechanical properties of test parts made from Lunar regolith simulant 

polymeric composite materials, particularly those created utilizing FGF additive manufacturing. 

Investigating the potential for in-situ part creation utilizing regolith on the surface of the Moon 

could provide potential avenues for future lunar surface missions to create usable mission parts 

while also minimizing the shipping mass of materials from the Earth’s surface.     
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APPENDIX A. COMPILED ANOVA VALUE TABLES 

Table A.1. Compiled IM MSC Part Two Factor ANOVA Test Values 

Material Test Type Df1 Df2 
Critical F-Value 

(95% confidence) 

MRS Source 

Location F-Value 

 MRS Loading 

Percent F-Value 

Tensile Strength 3 9 3.86 0.12 78.36 

Tensile Modulus 3 9 3.86 4.98 62.21 

Flexural Strength 3 9 3.86 5.27 9.82 

Flexural Modulus 3 9 3.86 1.41 83.51 

Impact Toughness 3 9 3.86 2.70 26.23 

Glass Transition  

Temperature 
3 9 3.86 7.06 1.41 

Heat Deflection  

Temperature 
3 9 3.86 0.63 82.18 

Melt Flow Index 3 9 3.86 4.98 4.94 

Immersion Density 3 9 3.86 4.92 42.01 

Coefficient of Linear  

Thermal Expansion 
3 9 3.86 1.15 59.54 

 

Table A.2. Compiled AM MSC Part One Factor ANOVA Test Values 

Material Test Type Df1 Df2 
Critical F-Value 

(95% confidence) 

 MRS Source  

Location F-Value 

Tensile Strength 1 10 4.96 2.70 

Tensile Modulus 1 10 4.96 124.74 

Flexural Strength 1 8 5.32 19.08 

Flexural Modulus 1 8 5.32 17.12 

Impact Toughness 1 18 4.41 7.04 

Immersion Density 1 12 4.75 12.93 
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APPENDIX B. DMA RAW STORAGE MODULUS AND 

TANGENT DELTA DATA PLOTS 

 
Figure B.1. Dual Cantilever DMA Storage Modulus of Injection Molded Neat PP and MSC 

Specimens Loaded with 10 wt. % MRS Varying by Source Location 

 
Figure B.2. Dual Cantilever DMA Tangent Delta of Injection Molded Neat PP and MSC 

Specimens Loaded with 10 wt. % MRS Varying by Source Location 
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Figure B.3. Dual Cantilever DMA Storage Modulus of Injection Molded Neat PP and MSC 

Specimens Loaded with 20 wt. % MRS Varying by Source Location 

 
Figure B.4. Dual Cantilever DMA Tangent Delta of Injection Molded Neat PP and MSC 

Specimens Loaded with 20 wt. % MRS Varying by Source Location 
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Figure B.5. Dual Cantilever DMA Storage Modulus of Injection Molded Neat PP and MSC 

Specimens Loaded with 30 wt. % MRS Varying by Source Location 

 
Figure B.6. Dual Cantilever DMA Tangent Delta of Injection Molded Neat PP and MSC 

Specimens Loaded with 30 wt. % MRS Varying by Source Location 
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Figure B.7. Dual Cantilever DMA Storage Modulus of Injection Molded Neat PP and MSC 

Specimens Loaded with 40 wt. % MRS Varying by Source Location 

 
Figure B.8. Dual Cantilever DMA Tangent Delta of Injection Molded Neat PP and MSC 

Specimens Loaded with 40 wt. % MRS Varying by Source Location 


