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Study Objective  

This study aims to investigate the option to develop functionally graded ceramics with in-situ resources 

in view of their potential application for aerospace components and space habitats.  

The study therefore aims to develop a composite at the level of concept validation and to evaluate it for 

thermal and mechanical properties.  

This project is proposed to be divided in two parts. In the first part, the focus will be to investigate 

which resources are compatible with functionally graded ceramics. The second part aims to assess if 

the recipe is suitable for AM processes.  

 

 

Background and Study Motivation 

Long-term exploration missions are expected to require materials with high mechanical and thermal 

properties being fabricated in-situ. To protect from extreme environments, researchers typically design 

space-resilient structures based on multi-material solutions, e.g. fig.1 and fig.2 [2, 4, 9, 10, 12, 17, 24, 

49]. The proposed manufacturing technique is typically independent for every layer of the structure. 

This might contribute to challenges regarding mismatch between materials, in terms of fretting wear, 

fatigue, fracture, corrosion, and stress corrosion cracking [8, 50]. Many of the proposed techniques 

would not take full advantage of the potential offered by using in-space resources. Functionally graded 



layers can serve as an optimal transition between two incompatible materials. They are designed with 

specific performances or functions in a gradient structure and/or composition to achieve tailored 

features [3, 23, 35]. These materials are evaluated as high-performance contrary to monolithic 

approaches, and are considered advantageous in maximizing the capabilities of in-space resources [36, 

42]. For example, a buffer layer included between ceramics and metallic substrates, improves 

compatibility by creating a firm bonding between them. Besides mechanical properties, thermal 

capabilities can be also enhanced by a specific sequence of graded insulation layers [8, 48]. 

           

            Fig. 1 Double-shell structure wall cross-section                                         Fig. 2 Section of a cylindrical module  

Functionally graded materials (FGM) are classified into four distinct categories namely fraction, shape, 

orientation and size/material gradient [42].  

Metal-ceramic gradients such as aluminum-silicon carbide (SiC/Al), aluminum-aluminum oxide (Al-

Al2O3), titanium-titanium carbide (TiC/Ti) graded composites, graded yttria-stabilized zirconia 

coatings, Al2O3 ceramic coating on AZ91HP Mg alloy, have been widely studied in recent years because 

of their attractive properties, such as high-temperature stability, high hardness, corrosion resistance, and 

good versatility [1, 12, 14, 19, 22, 32, 43, 45, 50, 52]. 

 

 

 

In-situ Resource Utilization 

This study will focus on using in-situ resources utilization to build FGMs. The primary target would be 

constituents of the lunar soil (Table 1.) composed of silicate minerals (plagioclase, feldspar, pyroxene, 

olivine) and oxide minerals (ilmenite, spinel) [6, 53, 55, 56]. Other possible materials in small quantities 

are volatiles (water, OH, H, C, N, F, S, Cl), yet an accurate composition of the lunar regolith is different 

depending on the location (Mare, Highlands) [27, 28].  

Mars minerals and asteroids can also be considered for long-term missions. The soil and rocks are rich 

in Fe (Ilmenite, Hematite, Magnetite, Jarosite, Smectite), Si (Silica, Phyllosilicates), Al (Laterites, 

Aluminosilicates, Plagioclase), and Mg (Mg-sulfates, Carbonates, & Smectites, Mg-rich Olivine). The 

atmosphere on Mars is carbon dioxide (~96%) predominant, while the surface contains hydrated 

minerals - gypsum, jarosite, phylosilicates, and polyhdrated sulfates [5, 21].  

Other resources in space are asteroids, known to contain hydrocarbons and tars (PAHs) in regolith on 

C-type Carbonaceous Chondrites, and regolith/rocks minerals on S-type Stony Iron and M-type Metal 

Asteroids [33, 40]. 

 



Table 1. Chemical content of Lunar and Martial samples (by percentage of total weight) [54]   

 

To be noted that Table 1. is an overview of the oxides relative concentration on the Lunar and Martian 

surfaces. The referred composition is indicating rock forming elements, and that other minerals could 

be nearly as abundant [53].   

 

 

Fabrication  

Manufacturing of FGMs can be classified by thin or bulk methods. Thin sections/coatings have the 

advantage to be less time consuming for which fabrication processes such as physical/chemical vapour 

deposition are generally applied [18]. Bulk FGMs are more demanding, and commonly use powder 

metallurgy (PM) technologies [26, 42]. In this study due to the application of FGMs for components or 

a space habitat, the following bulk techniques can be considered: 

 Material extrusion - e.g. Fused Filament Fabrication [41, 46]; 

 Powder bed fusion - such as Solar Sintering, Laser Sintering, EBF3 - electron-beam freeform 

fabrication of alloys et al. [31, 34, 39]. PB-AM methods have to consider component surface 

roughness, different thermal history of the different parts of the component, possible residual 

stress in the material, and presence of the supports [22]. 

 Directed energy deposition - e.g. LENS (Laser Engineered Net Shaping) commonly uses fine 

precursor powders - Ti6Al4V and Al2O3 powder (44 µm-149 µm) was tested [13, 15, 51].  

 Hot isostatic pressing - SPS (Spark Plasma Sintering), Vacuum Hot-Pressing [11, 30, 43]. Much 

faster than other sintering techniques which secures high density of the outcome. Al2O3/Ti have 

been tested with SPS, due to their low CTE (coefficient of thermal expansion) mismatch and 

similar melting temperatures [30].  

 Ultra-high gravity combustion synthesis - combines strong exothermic combustion reactions 

with a high-gravity field, to prepare bulk ceramic materials. TiC-TiB2/ Al0.3CoCeFeNi 

gradient composites have been an efficiently approach to produce ceramics [29, 47]. 

To prevent FGM deformation during densification, the refractory processes have to consolidate at the 

same rate. [44] Concerning density, two phase densification and ultrasonic vibration before sintering 

can be applied [7, 44].  

 



Methodology  

 

Part 1 – Develop a pre-ceramic polymer as a precursor substance to glassy ceramics with emphasis on:  

° Composition; 

° Size and shape distribution (powder flowability) [15, 30]; 

Criteria for the ceramic powder 

 In-situ resource utilization (ISRU) – minimize resources brought from Earth and maximize in-

situ resource utilization on the Moon. Mars and asteroid belt can also be considered. 

 Thermal and mechanical properties: 

° high strength and toughness  

° creep 

° fatigue 

° low thermal expansion and conductivity 

 High entropy with an amorphous metal/alloys (e.g. Ti, Ni) [16, 22, 25]; 

 Additive manufacture (AM) compatible; 

 Void ratio – decreased porosity in the sintering process [23].  

 

Part 2 – Investigate the feasibility of an AM gradient fabrication.  

1. Define the thermal and mechanical constraints of the ceramic powder for aerospace applications 

[36, 43, 50, 54, 57, 58]. 

2. Model and simulate thermal distribution of the gradient [7, 14, 20, 25]. 

3. Determine manufacturability of the powder and compatibility with the alloy. Optionally, crack 

prevention and delamination can be investigated to prevent parts failure and poor bonding 

between substrate materials [30, 37, 44, 51]. 

4. Analyse samples in each individual section of the gradient for: 

° Microstructure and materials interface (SEM); 

° EDS mapping and phase analysis (XRD); 

° Microhardness profile and phase formation [51]; 

° Strength and toughness; 

° Creep;  

° Low-cycle fatigue. 

Study plan 

 Month 1 Month 2 Month 3 Month 4 Month 5 Month 6 Month 7 Month 8 Month 9  

Literature review Phase 1          

Defining the thermal and 

mechanical constraints 

         

Model and simulation of the 

gradient thermal distribution 

         

Manufacturability of the powder 

and compatibility with an alloy 

         

Analyzing samples          

Optimizing the process and 

manufacturing a specimen 

         

Preparation of publication and final 

report 

         

 



ACT Contribution 

The project will be conducted in close scientific collaboration with ESA researchers. In particular ESA 

researchers will provide technical expertise in additive manufacturing, ISRU for lunar/planetary surface 

structures and elements, and thermal/mechanical constraints of materials for aerospace applications. 

ESA researchers will facilitate and possibly conduct part of the proposed testing mentioned in Phase 2.  
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