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 A B S T R A C T

In-Situ Resource Utilization (ISRU) plays a crucial role in reducing the cost of lunar exploration and minimizing 
reliance on Earth-supplied material, both are essential for sustainable human activities on the Moon. In this 
context, lunar regolith serves as a key source for ISRU in lunar exploration, supporting applications such 
as manufacturing, construction, shielding, and so on. In particular, the development of functional coatings 
from regolith is crucial for enhancing component performance and enabling sustainable in-situ repair in space 
environments. While efforts have been done to investigate lunar regolith deposition on metals, studies on 
polymeric substrates remains largely limited, thereby highlighting the need for innovative approaches in this 
domain. This study explores the use of Cold Spray Additive Manufacturing (CSAM) to deposit lunar regolith 
simulant onto polymeric substrates, with the aim of developing functional coatings that can advance future 
ISRU efforts on the Moon. In this regard, CSAM of regolith simulant (LHS-1D) on polytetrafluoroethylene 
(PTFE) substrate is studied, as PTFE is widely used in space applications for its desired properties (e.g., 
chemical resistance, thermal stability, low-friction). A comprehensive design of experiments was implemented 
to investigate the process–structure–property relationships of CSAM and to identify optimal process settings. 
The resulting coatings are characterized in terms of microstructure, mechanical properties, hardness, adhesion 
strength, and thermal resistance to holistically assess their performance. The as-CSAM specimens developed 
regolith coatings (12–23 μm) with excellent adhesion (5B per ASTM D3359 and ∼ 9–12 MPa from pull-off tests), 
while largely preserving their mechanical properties. In addition, the fabricated regolith coatings improved the 
thermal resistance (∼ 8.25%) compared with pristine PTFE. This work represents the first attempt to evaluate 
the feasibility of CSAM for producing coatings from lunar regolith on polymeric substrates, with the goal of 
supporting space manufacturing and long-term lunar missions.
1. Introduction

The exploration of the Moon as our closest celestial neighbor has 
fascinated humanity for centuries. Since the first Apollo missions in the 
late 1960s, lunar exploration has regained priority for both space agen-
cies and private enterprises [1]. In this context, Artemis mission [2] 
and numerous robotic and manufacturing endeavors [3] highlight a 
commitment to establishing a sustainable presence on the lunar surface. 
However, long-term lunar operations present significant challenges, 
particularly in terms of constructing habitats, infrastructure, and other 
mission-critical systems. A major obstacle is the logistical and economic 
impracticality of transporting large quantities of materials from Earth 
to the Moon [4]. For instance, sending one kilogram of payload to 
the Moon costs approximately $1 million using NASA’s Space Launch 
System (SLS) for the Artemis mission [5], and about $1.2 million using 
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United Launch Alliance (ULA)’s Vulcan Centaur rocket [6]. While com-
mercial launch providers such as SpaceX are expected to substantially 
reduce launch costs, the overall cost of delivering payloads to the Moon 
remains considerable (i.e., approximately $100,000/kg for SpaceX’s 
Starship) [7].

To address this challenge, In-Situ Resource Utilization (ISRU) [8] 
has emerged as a transformative approach. ISRU focuses on using lunar 
regolith, which is the fine dust and rock covering the Moon’s surface, 
to support construction, maintenance, and manufacturing needs [9,10]. 
Regolith is abundant and readily available,consisting primarily oxides, 
including SiO2 (∼49.16 wt%), Al2O3 (∼26.29 wt%), CaO (∼13.52 wt%), 
FeO (∼3.2 wt%), and other minor oxides (i.e., MnO, MgO, Na2O, P2O5, 
𝐿𝑂𝐼) [11,12]. This composition makes it a sustainable natural resource 
that can reduce dependence on Earth-based supplies and significantly 
lower mission costs. To effectively utilize lunar regolith, researchers 
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 Nomenclature
 Symbols
 𝐸 Elastic modulus 𝑁𝑆 Nozzle speed  
 𝑃 Pressure 𝑅 Universal gas constant  
 𝑆𝑎 Surface roughness 𝑡 Coating thickness  
 𝑇 Temperature 𝑉 Volume  
 Greek letters
 𝜌 Density 𝜈 Poisson’s ratio  
 Abbreviations
 Adj MS Adjusted mean square EDX Energy-dispersive X-ray spectroscopy 
 Adj SS Adjusted sum of squares ISRU In-situ resource utilization  
 AM Additive manufacturing LHS Lunar highlands simulant  
 ANOVA Analysis of variance PEEK Polyetheretherketone  
 CS Cold spray PI Polyimide  
 CSAM Cold spray additive manufacturing PTFE Polytetrafluoroethylene  
 DF Degrees of freedom SEM Scanning electron microscopy  
 DoE Design of experiments  
are increasingly leveraging additive manufacturing (AM) technologies 
for their ability to produce on-demand production [13–15]. Techniques 
such as laser powder bed fusion [16–20], laser-directed energy deposi-
tion [21–23], material extrusion [24–28], vat polymerization [29–31], 
and aerosol jet printing [32] have been explored to convert regolith 
into functional components. Although inherent lunar environmental 
factors (i.e., microgravity, vacuum, radiation) are often not considered 
in many of these studies due to experimental challenges and costs, 
this body of work has advanced our understanding, demonstrating the 
promising potential of AM for ISRU, in terms of rapid prototyping, 
on-site maintenance, and repair of essential components.

In addition to part-level AM, surface coatings are equally critical in 
space manufacturing and ISRU to ensure the point-of-need functionality 
and longevity of space components in the harsh lunar environment. 
Surface coatings can enhance the durability, thermal resistance, and 
mechanical properties of components exposed to the extreme lunar 
conditions, providing protection against abrasive regolith dust, high 
radiation, and temperature fluctuations [33]. However, studies on sur-
face manufacturing for space applications and ISRU remain largely 
limited. While aerosol deposition [32,34,35] and plasma spray [36] 
have been reported to achieve functional coatings, these methods have 
primarily focused on metallic substrates. Moreover, such methods may 
present challenges when depositing functional materials onto polymeric 
substrates. For instance, aerosol deposition may be ineffective on in-
trinsically hydrophobic polymers such as PTFE, while plasma spraying 
can deteriorate polymeric substrates due to the high thermal loads 
involved. On the one hand, polymeric substrates (e.g., PTFE, PEEK, 
PI) are critically important in space applications due to their thermal 
stability, chemical resistance, light-weight, mechanical strength, and 
low out-gassing. [37]. Although efforts have been made to investigate 
the wear performance of lunar regolith on PTFE and PEEK substrates 
for sealing applications [38,39], these studies primarily utilized bulk 
regolith powder rather than surface-deposited coatings. As such, there 
remains a significant gap in the literature concerning the exploration 
of lunar regolith surface deposition on polymeric substrates to advance 
in-space manufacturing and ISRU.

To contribute to this emerging field, this study evaluates the fea-
sibility of the Cold Spray Additive Manufacturing (CSAM) technique 
to achieve lunar regolith simulant coatings on polymeric substrates 
under terrestrial conditions. We hypothesize that CSAM, due to its 
unique features (viz., solid-state processing, low-temperature deposi-
tion, the ability to form dense coatings, sustainable repairing capabili-
ties [40]) may facilitate the high-strength deposition of lunar regolith 
on polymeric substrates. Although prior studies have explored the cold 
spraying of various functional materials (e.g., metals, ceramics) on 
2 
polymeric substrates, [41,42] to the best of our knowledge, no existing 
work has investigated the cold spray deposition of lunar regolith sim-
ulant on polymeric substrates. In this regard, polytetrafluoroethylene 
(PTFE), also known as Teflon, was chosen as the substrate due to its 
widespread use in space applications [38,43]. CSAM, owing to its solid-
state processing capability, can enable the deposition of lunar regolith 
onto intrinsically hydrophobic materials such as PTFE [44], which is 
challenging for solvent-based methods like aerosol printing and inkjet 
printing.

In this study, a full factorial design of experiments (DoE) is de-
veloped to investigate the effects of key CSAM parameters (e.g., gas 
pressure, temperature, nozzle traverse speed) on the deposition process, 
aiming to uncover the underlying process–structure–property relation-
ships. The resulting regolith coatings are thoroughly characterized in 
terms of microstructure, morphology, chemical composition, mechani-
cal performance, hardness, adhesion strength, and thermal resistance. 
This work pioneers the use of CSAM for lunar regolith deposition 
on polymeric substrates, providing critical insights into its feasibility 
under terrestrial conditions while contributing to the advancement of 
in-space manufacturing and ISRU applications. Further research will be 
essential to address the challenges of the lunar environment, including 
microgravity, vacuum, and radiation.

2. Materials and methods

2.1. Materials

Lunar highlands simulant (LHS-1D) [12,45] – a powder-form lunar 
regolith simulant – was procured (Space Resource Technologies, USA) 
as the feedstock material for the CSAM process. LHS-1D is specifically 
designed to replicate the composition and properties of lunar highlands 
soil, characterized by its heavily cratered regions [12]. It captures the 
mineralogical makeup and rock fragment composition of the actual 
lunar highlands [12]. The morphology and particle size distribution of 
the lunar simulant regolith are shown in Fig.  1a, along with its bulk 
chemistry in Fig.  1b [12]. Given the fine particle size distribution of the 
powders (i.e., 0.04–35 μm, with a mean diameter of ≈10 μm) (see Fig. 
1a), they were dried at 200 ◦C for 72 h to remove moisture content and 
enhance powder flowability for the CSAM process. Note that the terms 
“lunar regolith simulant’’ and “lunar regolith’’ are used interchangeably 
throughout this work.

As for the substrate, polytetrafluoroethylene (PTFE, McMaster) was 
chosen due to its widespread application in space-related fields, such 
as thermal insulation, sealing components, and wiring insulation [46,
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Fig. 1. (a) Morphology of LHS-1D lunar regolith simulant powders (left panel) and corresponding size distribution (right panel); (b) Bulk chemical composition 
of the LHS-1D powders provided by the vendor; (c) the CSAM experimental setup; (d) Illustration of CSAM of regolith powders on polymeric substrates.
47], owing to its chemical resistance, thermal stability, and low fric-
tion properties. Although other high-performance polymers—such as 
polyimide (Kapton film) and polyether ether ketone (PEEK)—are also 
widely employed in space systems due to their excellent mechanical 
and thermal properties [37], these materials pose significant challenges 
during CSAM. Specifically, polyimide thermoset cannot plastically de-
form or soften under heat [48], while PEEK’s high stiffness and surface 
hardness may impede effective particle anchoring [49]. In contrast, 
PTFE’s relatively low hardness and compliant surface make it a more 
favorable candidate for exploring regolith deposition via CSAM. It is 
noteworthy that future studies may extend this work to other space-
qualified polymers (e.g., PEEK) by employing surface modification 
strategies to enhance their cold-spray processability.
3 
2.2. Cold spray additive manufacturing (CSAM)

CSAM is a solid-state additive manufacturing technique, in which 
micron-scale particles (5–100 μm) are accelerated through a super-
sonic nozzle and deposited onto a substrate upon impact to form a 
coating [50]. Unlike traditional thermal spray methods, CSAM avoids 
melting the feedstock material, thereby minimizing undesirable phase 
transformations, residual stresses, and oxidation [51]. This makes it 
particularly attractive for applications where material properties must 
be preserved, and for materials sensitive to high temperatures, such as 
polymeric substrates.

In this study, a low-pressure cold spray system (Titomic D-523) was 
used, with the deposition nozzle mounted on a multi-axis robotic arm 
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Fig. 2. (a) PTFE samples mounted in the fixture; (b) Microstructure of PTFE surface; bare (left), sand-blasted (middle), and as-CSAM (right); (c) corresponding 
surface topologies, (SEM scale = 30 μm).
(Yaskawa), as shown in Fig.  1c. This setup ensures precise control 
of deposition parameters and consistent coating quality, making it 
well-suited for regolith coatings under controlled conditions. Notably, 
low-pressure cold spray systems may offer distinct advantages over 
high-pressure cold spray systems due to their compact design and lower 
operational requirements, which enable mobile and handheld opera-
tion [52]. Such portability could facilitate point-of-need, on-site repair, 
coating, and maintenance tasks on the lunar surface by astronauts, 
where flexibility, ease of handling, and low power consumption are 
critical for in-situ mission sustainability.

Prior to cold spray (CS) deposition of regolith powders, the PTFE 
surface was activated by sandblasting with 400-grit sands. This process 
generates micro-rough anchoring points, facilitating the embedding of 
regolith particles into the polymer matrix (see Fig.  1d). Fig.  2 compares 
the CS regolith deposition on PTFE specimens under various surface 
conditions. In detail, Fig.  2a presents the bare PTFE surface before (left) 
and after (middle) sandblasting, highlighting the increase in surface 
roughness, which is evident in the corresponding SEM and optical 
profilometer images shown in Fig.  2b–c, respectively. Fig.  2c exhibits 
that the surface roughness value (𝑆𝑎) increased from 1.56 μm to 3.10 μm
after sandblasting. In addition, the right-hand sample in the fixture in 
Fig.  2a represents the PTFE surface following CS regolith deposition, 
with the corresponding SEM image in Fig.  2b confirming successful 
regolith deposition. Meanwhile, Fig.  2c depicts the optical profilometer 
image, revealing an increase in surface roughness (𝑆𝑎), with a value of 
4.33 μm. A full factorial design of experiment (DoE) is generated using
Minitab software to analyze the CS deposition of lunar regolith on the 
PTFE surface, as detailed in Section 3.1.
4 
2.3. Characterization

The microstructure of the regolith deposited specimens were ana-
lyzed by using both optical microscopy (Olympus GX53) and scanning 
electron microscopy (SEM, FEI Versa). In addition, Energy Dispersive 
X-ray Spectroscopy (EDX) was employed to determine the chemical 
composition of the coatings. For cross-sectional microstructure evalua-
tion, specimens were cold-mounted in resin mixture (90% resin and 
10% hardener). After 24 h of curing, the mounts were sequentially 
polished with abrasive papers (grit 240, 400, 600, 1200), followed by 
micron-scale polishing with 15 μm abrasive media to obtain a smooth, 
polished surface suitable for SEM and EDX. To minimize charging 
on the PTFE substrate, all specimens were sputter-coated with a thin 
layer of platinum (Pt) prior to microscopic analysis. Coating thickness 
was determined from SEM images using ImageJ software, and areal 
surface roughness (𝑆𝑎) of the coatings was measured with an optical 
profilometer (Zeta-20).

Mechanical tests (tensile tests) were conducted using a univer-
sal tensile test machine (Instron 4204) to evaluate the mechanical 
performance of the coated specimens and quantitatively assess coating-
induced changes in strength and ductility. The hardness of the coatings 
was evaluated via nano-indentation (Hysitron TI900) using a Berkovich 
indenter, with load–displacement data analyzed by the Oliver-Pharr 
method. The adhesion strength of the resulting coatings was evalu-
ated using both qualitative methods, (i.e., cross-cut tests following 
ASTM D3359 [53]), and quantitative methods (i.e., the pull-off adhe-
sion test in accordance with ASTM D4541 [54]). An adhesion tester 
(Elcometer 510) was employed to measure the interfacial adhesion 
strength between the polymer substrate and the regolith coatings.
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Table 1
Factors, levels, and responses in the design of experiments (DOE).
 Factors Levels Response  
 Pressure (MPa) 0.5 0.6 0.7 Coating thickness (μm)  
 Temperature (◦C) 300 400 – Surface roughness (μm) 
 Nozzle speed (mm/s) 10 25 50 –  

To evaluate the functionality of the regolith coating, a thermal 
resistance case study was conducted using a programmable heat gun 
(SEEKONE) positioned above a regolith-coated PTFE specimen. A thin-
film Type-J thermocouple (OMEGA, operating range = −17 ◦C to 
260 ◦C) was affixed to the center of the specimen’s bottom surface, and 
continuous temperature measurements were recorded through a data 
acquisition unit (DATAQ DI-2008 Instruments). Detailed procedures for 
each characterization are provided in their respective sections. For all 
characterization studies, a minimum of three specimens were used to 
ensure statistical validity and reproducibility of the results. 

3. Results and discussion

In this section, first, a DoE was constructed to identify the key pro-
cess parameters influencing CSAM performance. Next, an optimization 
study of the CSAM process was conducted to achieve maximum re-
golith coating thickness with minimal surface roughness. Subsequently, 
comprehensive characterization studies (i.e., microstructure, mechan-
ical properties, hardness, adhesion, thermal) were conducted to gain 
insights into the quality and functionality of the fabricated regolith 
coatings.

3.1. Design of experiments (DoE)

A full-factorial DoE was developed to investigate the individual and 
interactive effects of CSAM process parameters on the regolith, as it 
is a well-established approach in CS literature [55]. In this regard, 
gas pressure (MPa), gas temperature (◦C), and nozzle speed (mm/s) 
were selected as the primary factors for the DoE. Three pressure levels 
(0.5, 0.6, and 0.7 MPa), two temperature levels (300 and 400 ◦C), 
and three nozzle speed levels (10, 25, and 50 mm/s) were selected, 
as summarized in Table  1. In all coating experiments, the spray dis-
tance between the nozzle and the substrate was fixed at 30 mm. 
The responses measured from the DoE are coating thickness (μm) and 
areal surface roughness (μm). Given that the functional performance 
of the regolith coatings primarily depends on coating thickness and 
surface morphology, the other coating properties (i.e., hardness, adhe-
sion strength) were evaluated only for the optimal CSAM settings that 
produced the maximum coating thickness while minimizing surface 
roughness. This approach is intended to identify an optimized baseline 
for CSAM, which is used for subsequent characterizations (Sections 
3.3–3.6). Table  2 summarizes the full-factorial experimental design 
with the corresponding response values obtained from each run.

The experimental results from the DoE in Table  2 were mapped 
into contour plots to visualize and analyze the effects of CSAM process 
parameters on the coating thickness and surface roughness of the 
resulting regolith deposits (see Fig.  3). Coating thickness was measured 
at five different locations of each SEM cross-sectional image. For each 
CSAM condition, the average coating thickness and corresponding stan-
dard deviations was calculated from these measurements (see Table 
2). As shown in Fig.  3a–b, the thickness of the coating increased 
with rising temperature and pressure. In the CSAM process, elevated 
gas pressure and temperature result in higher gas velocities due to 
kinetic energy gain, as described by the ideal gas law (𝑃𝑉 = 𝑛𝑅𝑇 ). 
This, in turn, enhances momentum transfer to the particles, leading to 
higher particle impact velocities [56]. This enhanced velocity promotes 
deeper penetration of regolith particles into the substrate, resulting 
5 
Table 2
Full-factorial DoE and corresponding responses.
 Run No. Pressure 

(MPa)
Temperature 
(◦C)

Nozzle 
speed 
(mm/s)

Coating 
thickness
(μm)

Surface 
roughness,
Sa (μm)

 

 1 0.5 300 10 10.94 ± 2.01 2.96  
 2 0.5 300 25 9.37 ± 0.67 2.28  
 3 0.5 300 50 5.68 ± 1.03 2.39  
 4 0.6 300 10 13.85 ± 1.05 2.99  
 5 0.6 300 25 9.56 ± 0.94 3.69  
 6 0.6 300 50 7.04 ± 1.29 5.47  
 7 0.7 300 10 15.61 ± 2.37 2.94  
 8 0.7 300 25 10.29 ± 2.65 2.63  
 9 0.7 300 50 7.68 ± 0.56 4.37  
 10 0.5 400 10 13.07 ± 2.08 3.48  
 11 0.5 400 25 9.91 ± 1.28 4.46  
 12 0.5 400 50 8.51 ± 0.71 2.80  
 13 0.6 400 10 13.99 ± 1.53 4.61  
 14 0.6 400 25 9.97 ± 0.28 3.10  
 15 0.6 400 50 8.56 ± 1.12 3.97  
 16 0.7 400 10 15.86 ± 1.25 4.33  
 17 0.7 400 25 11.57 ± 2.81 4.22  
 18 0.7 400 50 8.63 ± 0.74 3.71  

in thicker coating deposition (see Fig.  4a–d). Additionally, at ele-
vated temperatures, both particles and the substrate become softer and 
more ductile [57], allowing particles to impinge more effectively into 
the substrate. This enhanced impingement improves particle-substrate 
interlocking, ultimately resulting in the formation of thicker coatings.

A comparison of Fig.  3a–b reveals that increasing the gas tem-
perature from 300 ◦C to 400 ◦C leads to greater sensitivity of the 
coating thickness to processing conditions, suggesting that the depo-
sition process becomes more responsive to thermal input. At elevated 
temperatures, the substrate becomes more compliant, allowing regolith 
particles to embed more effectively. This enhanced particle-substrate 
interaction promotes mechanical interlocking, resulting in thicker coat-
ing deposition. Similarly, increasing the gas pressure also yielded to 
thicker regolith deposition, as evident from the SEM images in Fig. 
4a–d.

Conversely, increasing the nozzle speed resulted in thinner coatings. 
As shown in Fig.  3a–b, the coating thickness decreased with higher 
nozzle speed, regardless of gas pressure and temperature. This effect 
can be attributed to the reduced residence time of particles in the 
deposition zone, which lowers the efficiency of particle–substrate in-
terlocking [58]. Microstructural analysis in Fig.  4c–f further confirmed 
the reduction in coating thickness with increasing nozzle speed.

For surface roughness, Fig.  3c–d illustrate its relationships with gas 
pressure and nozzle speed at constant gas temperatures of 300 ◦C and 
400 ◦C, respectively. Surface roughness generally tended to increase 
with gas pressure and temperature, as it leads to increased particle 
velocity and stronger impacts, promoting fragmentation of regolith 
particles with the polymer (see Fig.  1d). This effect leads to more 
irregular and non-uniform surface deposition, particularly at elevated 
gas pressures and temperatures (see Fig.  3c–d). A similar trend can be 
also observed from the as-regolith deposited surface topologies in Fig. 
4b and d (right panels). On the one hand, increasing the nozzle speed 
led to rougher surface deposition, particularly at speeds exceeding 
25 mm/s. This effect can be attributed to the reduced particle impact 
overlap. Specifically, at higher nozzle traverse speeds, the time spent 
depositing particles over a given substrate area decreases, leading to 
uneven coverage, and consequently increase in surface roughness.

The combined effects of CSAM process parameters (i.e., gas pres-
sure, temperature, nozzle speed) on coating thickness and surface 
roughness were mapped into the ternary plots as shown in Fig.  3e and f, 
respectively. Notably, these plots can reduce reliance on trial-and-error 
and serve as valuable tools for identifying process-specific conditions to 
achieve the desired regolith coating thickness and surface roughness.
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Fig. 3. Surface plots of the resulting coating thickness at (a) 𝑇 = 300 ◦C and (b) 𝑇 = 400 ◦C; surface plots of surface roughness at (c) 𝑇 = 300 ◦C and (d) 
𝑇 = 400 ◦C; Combined influence of CSAM operational parameters on (e) coating thickness and (f) surface roughness.
3.2. Process optimization

Analysis of variance (ANOVA) was conducted to evaluate the sta-
tistical influence of CSAM parameters on coating thickness and surface 
roughness, which are both key factors for the practical implementation 
of regolith-deposited surfaces in space applications. The ANOVA results 
for coating thickness in Table  3 indicate that nozzle speed, temperature, 
and pressure all have a statistically significant effect on the coating 
thickness (𝑝 < 0.05), with the gas temperature and nozzle speed being 
the most influential, followed by temperature and pressure. Among the 
interaction effects, neither interaction was found statistically significant 
(𝑝 > 0.05).
6 
On the other hand, the effects of CSAM parameters on surface 
roughness were not as pronounced as those on coating thickness, with 
all results showing 𝑝 > 0.05, as presented in Table  4. This may be 
attributed to the stochastic nature of particle–substrate interactions 
in the CSAM process, driven by the two-phase turbulent flow [59]. 
However, based on the ANOVA results in Table  4, temperature and its 
interaction with nozzle speed were identified as the principal contrib-
utors to variations in surface roughness. Taken together, the ANOVA 
results in Tables  3 and 4 suggest that optimizing nozzle speed and 
temperature should be the primary focus followed by gas pressure in 
order to most effectively control the coating thickness response.

Following the ANOVA analyses, Response Surface Methodology 
(RSM) [60] was employed to establish empirical relationships between 
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Fig. 4.  Microstructure and surface topology of the regolith-deposited PTFE specimens at various CSAM settings: (a) 𝑃 = 0.5 MPa, 𝑇 = 300 ◦C, 𝑁𝑆 = 10 mm/s; 
(b) 𝑃 = 0.5 MPa, 𝑇 = 400 ◦C, 𝑁𝑆 = 10 mm/s; (c) 𝑃 = 0.7 MPa, 𝑇 = 300 ◦C, 𝑁𝑆 = 10 mm/s; (d) 𝑃 = 0.7 MPa, 𝑇 = 400 ◦C, 𝑁𝑆 = 10 mm/s; (e) 𝑃 = 0.7 MPa, 
𝑇 = 300 ◦C, 𝑁𝑆 = 25 mm/s; (f) 𝑃 = 0.7 MPa, 𝑇 = 400 ◦C, 𝑁𝑆 = 25 mm/s; and EDX maps of the (g) surface and (h) cross-section (Scale in SEM images = 20 μm).

Surfaces and Interfaces 80 (2026) 108224 
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Table 3
ANOVA response table for the coating thickness.
 Source DF Adj SS Adj MS F-Value P-Value 
 Pressure (MPa) 2 12.379 6.1896 20.14 0.008  
 Temperature (◦C) 1 5.608 5.6080 18.25 0.013  
 Nozzle speed (mm/s) 2 117.172 58.5861 190.66 0.000  
 Pressure (MPa) × Temperature (◦C) 2 1.167 0.5833 1.90 0.263  
 Pressure (MPa) × Nozzle speed (mm/s) 4 4.748 1.1869 3.86 0.109  
 Temperature (◦C) × Nozzle speed (mm/s) 2 0.960 0.4801 1.56 0.315  
 Error 4 1.229 0.3073  
 Total 17 143.263  
CSAM process parameters, coating thickness, and surface roughness, 
while simultaneously optimizing the settings to maximize the thick-
ness and minimizing surface roughness. To this end, a multi-objective 
optimization model was developed, as presented in Eqs. (1)–(3). The 
model seeks to identify the optimal CSAM settings (i.e., temperature, 
pressure, nozzle speed) that achieve these objectives within the design 
space defined in Eq. (3). 

Maximize: 𝑡(𝑃 , 𝑇 ,𝑁𝑆) = − 2.3 + 24.3𝑃 + 0.0342𝑇 − 0.292𝑁𝑆 + 10𝑃 2

+ 0.003863𝑁𝑆2 − 0.0502𝑃𝑇

− 0.304𝑃𝑁𝑆 + 0.000250𝑇𝑁𝑆

(1)

Minimize: 𝑆𝑎(𝑃 , 𝑇 ,𝑁𝑆) = − 25.8 + 74.6𝑃 + 0.0265𝑇

+ 0.042𝑁𝑆 − 59.1𝑃 2

+ 0.00065𝑁𝑆2 − 0.0132𝑃𝑇

+ 0.144𝑃𝑁𝑆 − 0.000462𝑇𝑁𝑆

(2)

subject to: 0.5 ≤ 𝑃 ≤ 0.7 (MPa)
300 ≤ 𝑇 ≤ 400 (◦C)

10 ≤ 𝑁𝑆 ≤ 50 (mm∕s)

(3)

Fig.  5 compares the experimental results (see Table  2) with the 
predicted values obtained from Eqs. (1)–(2). As shown in Fig.  5a, a 
strong goodness of fit was achieved between the experimental results 
and modeling predictions, with an 𝑅2 value of 96.23%. The surface 
mapping in Fig.  5b further confirms this agreement. On the other hand, 
𝑅2 value of 72.46% was obtained for surface roughness (see Fig.  5c–d), 
which is likely due to the inherent variability in particle impingement 
and surface morphology during the CSAM process.

After the fitting tests, the global maximum value of coating thick-
ness and the global minimum value of surface roughness within the 
design space are identified as shown in Fig.  6. The optimal CSAM 
settings that maximize the coating thickness and minimize the surface 
roughness were achieved as 𝑃 = 0.7 MPa, 𝑇 = 300 ◦C and 𝑁𝑆 = 10
mm/s, which led to a coating thickness of ∼15.41 μm and surface 
roughness of ∼2.78 μm, as illustrated in Fig.  6. The Energy Dispersive 
X-ray Spectroscopy (EDX) analysis of the regolith-coated sample under 
optimal process conditions, shown in Fig.  4g–h, confirmed the distribu-
tion of key elemental constituents across the surface and cross-section, 
indicating successful deposition of regolith onto the PTFE substrate. 
The optimized CSAM settings were used for the characterization studies 
in the following sections. It should be noted that this process opti-
mization study is valid for low-pressure cold spray process within the 
design space defined by Eqs. (1)–(3), as applied in this work for regolith 
deposition.

3.3. Effect of number of spray pass on coating thickness

The PTFE samples were cold sprayed with varying numbers of 
passes (i.e., 3, 5, and 7 passes). As shown in Fig.  7a, the coating 
thickness (mean) consistently increased up to 7 spray passes, rising 
from ∼14 ± 2 μm to 19 ± 4 μm. This trend can be attributed to 
the kinetic impact of the incoming regolith particles, which induces 
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a shot-peening-like tamping effect [61]. This behavior can be seen 
in the cross-sectional SEM images in Fig.  7b, which compares the 
microstructure of 3-pass, 5-pass, and 7-pass, along with the EDX map 
of the 7-pass specimen, confirming successful regolith deposition.

However, it should be noted that while increasing the number of 
spray passes resulted in relatively thicker coatings, the incremental 
gains became negligible at higher pass numbers. This suggests that 
with higher number of passes, the ability of incoming particles to 
embed decreases, and further deposition may result in particle rebound 
or surface erosion (see Fig.  1d). This balance between compaction-
driven densification and erosion-induced material loss explains both the 
initial coating growth and the eventual diminishing returns at higher 
spray passes [62]. These findings indicate that the number of spray 
passes should be carefully optimized, as additional deposition may 
compromise coating uniformity.

3.4. Mechanical tests

The tensile tests were conducted using the rectangular specimens 
(see Fig.  7c) with dimensions of 127 mm (length) × 12.7 mm (width)
× 3.2 mm (thickness), and a gauge length of 50 mm. Fig.  7d shows 
the load–displacement curves of the specimens subjected to varying 
numbers of spray passes. The yield strength remained relatively con-
sistent across all samples, indicating that regolith deposition did not 
compromise the elastic properties of the PTFE. On the other hand, the 
coated specimens exhibited reduced ductility comparing to the pristine 
(non-coated) PTFE. This reduction in ductility is likely due to the incor-
poration of the brittle regolith phase into the PTFE matrix that might 
hinder polymer chain mobility, thereby limiting the material’s ability to 
deform. However, ductility remained largely consistent for the 5- and 
7-pass specimens, showing no notable variation with increasing spray 
passes, but was comparatively lower for the 1-pass specimen.

Fig.  7e presents the distribution of yield strength and ultimate 
tensile strength (UTS) for the specimens. While the yield strength 
remained relatively unchanged, increasing the number of spray passes 
led to a reduction in UTS, with a 10.5% decrease observed for the 1-
pass specimen and 15% for the 5- and 7-pass specimens, compared 
to the pristine (baseline) PTFE. However, no significant difference in 
UTS was observed among all the coated specimens. This indicates that 
beyond the first spray pass, additional layers may not substantially 
affect the UTS, likely due coating saturation on load transfer. This 
finding further highlights the need for a more comprehensive DoE that 
explicitly considers the effect of the number of spray passes under 
varying CSAM process parameters. Collectively, the results suggest that 
the initial application (i.e., first layer deposition) of the regolith coating 
has the most pronounced impact on mechanical performance, affecting 
both ductility and strength. Therefore, the inclusion of the regolith 
phase via CSAM should be carefully considered, as it may reduce the 
material’s load-bearing capacity.

3.5. Hardness tests

The hardness of the fabricated coatings was evaluated via nanoiden-
tation, using a controlled force applied through a Berkovich inden-
ter [63] to penetrate the regolith coating surface. The indentation 
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Fig. 5. Comparison between predicted and experimental values of (a–b) coating thickness and (c–d) surface roughness.
Table 4
ANOVA respnse table for the surface roughness.
 Source DF Adj SS Adj MS F-Value P-Value 
 Pressure (MPa) 2 2.6187 1.3094 2.38 0.209  
 Temperature (◦C) 1 1.3668 1.3668 2.48 0.190  
 Nozzle speed (mm/s) 2 0.4585 0.2293 0.42 0.685  
 Pressure (MPa) × Temperature (◦C) 2 1.1791 0.5896 1.07 0.424  
 Pressure (MPa) × Nozzle speed (mm/s) 4 2.4522 0.6131 1.11 0.460  
 Temperature (◦C) × Nozzle speed (mm/s) 2 2.9059 1.4529 2.64 0.186  
 Error 4 2.2028 0.5507  
 Total 17 13.1841  
data were analyzed using the Oliver–Pharr method [64], based on the 
principles of elastic contact theory. The key parameters in indentation 
testing are: 𝑃m = maximum load, ℎm = maximum indentation depth, 
ℎf = residual indentation depth, and 𝑆 = 𝑑𝑃∕𝑑ℎ refers to the elas-
tic contact stiffness (the slope of the unloading curve at the initial 
stage). Using these measured parameters, along with the following 
equations [64], the hardness and elastic modulus of the tested materials 
can be determined. 

𝐻𝑚 =
𝑃𝑚
𝐴

(4)

𝐸𝑟 =

√

𝜋𝑆

2𝛽
√

𝐴
(5)

1
𝐸𝑚

= 1 − 𝜈2

𝐸
+

1 − 𝜈2𝑖
𝐸𝑖

(6)

where, A = contact area, 𝐸r = indentation modulus (reduced modulus),
E = Young’s modulus of indenter, 𝜈 = Poisson’s ratio of indenter, 𝐸 =
i
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elastic modulus of the tested sample, 𝜈i = Poisson’s ratio of the tested 
sample, 𝛽 = constant related to the indenter geometry.

Fig.  8a–b show the force-penetration depth curves and the corre-
sponding hardness values for coatings produced with 1, 5, and 7 spray 
passes. Among the coated samples, the single-pass regolith coating 
exhibited the steepest slope and lowest penetration depth (Fig.  8a), 
indicating a higher resistance to indentation (i.e., greater hardness). 
This behavior can be attributed to denser particle packing and direct 
impact with the substrate at the initial spray pass (first layer), along 
with a reduced likelihood of defects (e.g., porosity) in the thinner 
coating (see Fig.  7a–b). The mechanical test results in Fig.  7d–e further 
corroborate this trend, where the single-pass coating achieved the 
highest yield strength and UTS among the specimens with multiple 
spray passes.

Conversely, as the number of spray passes increased, the penetration 
depth also rose (Fig.  8a), leading to a reduction in hardness (Fig. 
8b). Unlike CSAM of metallic particles on metal substrates, where 
the tamping effect from successive particle impacts typically enhances 
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Fig. 6. Multi-objective optimization of surface roughness and coating thickness.
hardness of the underlying material [62], an opposite trend was ob-
served for brittle regolith particles impacting polymer (PTFE) substrate. 
This difference likely arises from the lack of strain-hardening capability 
in polymers. Instead, impact of regolith particles may induce surface 
erosion and microcrack initiation, which collectively degrade hardness 
as seen in Fig.  8b. In this context, the deposition mechanism of regolith 
particles resembles the brittle fracture and erosion phenomena often 
observed during the co-deposition of metal–ceramic (cermet) systems 
in the CS process [65]. Beyond surface erosion, the buildup of thicker 
deposits also increases the likelihood of microcrack formation within 
the coating, which may further reduces load-bearing capacity (see Fig. 
7e) and contributes to the observed decrease in hardness.

Notably, the regolith coating did not enhance hardness relative 
to baseline (pristine) PTFE; instead, the mean hardness decreased by 
31.32% (1 pass), 43.58% (5 passes), and 51.78% (7 passes) compared 
with pristine PTFE. This reduction is likely attributable to (i) the as-
sprayed surface roughness and local porosity, (ii) a discontinuous, 
particle-embedded layer rather than a continuous film formation, and 
(iii) substrate influence during indentation. These findings suggest 
that achieving a continuous regolith film may be required to avoid 
compromising the polymer’s intrinsic hardness and to enable potential 
hardness enhancement.
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3.6. Effect of spray pass number: Statistical analysis

A dedicated ANOVA was conducted to evaluate the statistical in-
fluence of number of spray pass on coating thickness, hardness, yield 
strength, and UTS. For each parameter, three respective measurements 
were included in the analysis. The ANOVA results for coating thickness 
and mechanical properties are presented in Table  5. The results indicate 
that the number of spray pass has a statistically significant effect on 
coating thickness and UTS (𝑝 < 0.05), with coating thickness being 
the most affected, followed by UTS. In contrast, hardness (𝑝 = 0.120) 
and yield strength (𝑝 = 0.128) are not significantly influenced by spray 
pass count, suggesting that these properties are governed primarily by 
localized microstructural features and substrate-dominated mechanical 
behavior rather than the total number of deposition layers. Overall, the 
ANOVA findings demonstrate that while increasing the number of spray 
passes significantly impacts coating thickness and tensile strength, it 
does not produce notable changes in coating hardness or yield strength.

3.7. Adhesion tests

To evaluate the interfacial adhesion between the regolith coating 
and the underlying polymer substrate, both qualitative and quanti-
tative tests were conducted. First, the qualitative cross-cut adhesion 
tests were performed in accordance with the ASTM D3359 [53]. In 
this context, scratch tests were carried out on the single-pass surface 
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Fig. 7.  Mechanical characterization of regolith-deposited specimens: (a) Variation of coating thickness with spray pass count; (b) Cross-sectional SEM images 
showing coating thickness for different numbers of spray passes; (c) Representative tensile-test specimen; (d) Load–displacement curves of the specimens; (e) 
Variation in yield strength and UTS across the specimens. (Scale bar in Fig.  7b = 30 μm).
following the ASTM D3359 standard for coatings thinner than 50 μm. 
Parallel scratches spaced 1 mm apart were made (Fig.  9a), and pressure-
sensitive tape was applied and removed over the area. Visual inspection 
(Fig.  9b), along with magnified examination of both the tape and coat-
ing surfaces (Fig.  9c–d), revealed no noticeable peeling or detachment. 
According to the ASTM D3359 scale as shown in Fig.  9e [53], the 
coating scored 5B, demonstrating excellent adhesion.
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In addition to qualitative evaluations, quantitative tensile pull-off 
adhesion tests were conducted following ASTM D4541 [53,66], owing 
to its greater suitability for polymeric substrates compared to the ASTM 
C633 standard. [67] To improve surface roughness and adhesive bond-
ing, 14.2 mm diameter test dollies were sanded before being bonded 
to the regolith-coated specimens using an epoxy adhesive (3M 460), 
cured at room temperature for 24 h. A controlled tensile load was then 
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Fig. 8. (a) Force-penetration depth curves; (b) Variation of hardness with number of spray passes.

Fig. 9.  Adhesion performance of the regolith deposited specimens: Coating surface (a) before and (b) after the scratch test; (c) removed tape and (d) coating 
surface under the magnifying glass following the test; (e) ASTM D3359 adhesion test scale; (f) Schematic of the pull-off adhesion test (left panel) and representative 
images of the pulled-off coating (right panel); (g) Adhesion strength of the resulting regolith coatings.

Surfaces and Interfaces 80 (2026) 108224 
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Table 5
ANOVA results for the effects of spray pass number on mechanical
properties.
 Parameter Source DF Adj SS Adj MS F-Value P-Value 
 
Coating thickness

No. of spray pass 3 726.2 242.06 7.79 0.009  
 Error 8 248.7 31.09  
 Total 11 974.9  
 
Hardness

No. of spray pass 3 572.5 190.83 2.66 0.120  
 Error 8 574.9 71.86  
 Total 11 1147.4  
 
Yield strength

No. of spray pass 3 0.9908 0.3303 2.56 0.128  
 Error 8 1.0311 0.1289  
 Total 11 2.0218  
 
UTS

No. of spray pass 3 14.009 4.6698 4.69 0.036  
 Error 8 7.970 0.9962  
 Total 11 21.979  

applied at 2 MPa/s using a pull-off adhesion tester (Elcometer 510) (Fig. 
9f). Since regolith particles are embedded in the PTFE substrate (Fig. 
7b), strong bonding between the epoxy and regolith surface is critical 
to ensure cohesive rather than adhesive failure during testing. How-
ever, the inherently hydrophobic nature of the PTFE surface limited 
epoxy adhesion, resulting in partial coating detachment. As a result, 
most embedded particles remained on the substrate after testing. To 
address this issue, we employed a moderately hydrophobic substrate, 
Acrylonitrile Butadiene Styrene (ABS), which has a water contact angle 
of approximately ∼75◦–90◦ [68]. The ABS substrate (McMaster) was 
coated using the optimized CSAM parameters identified in Section 3.2, 
with varying numbers of spray passes, followed by the pull-off adhesion 
tests.

Fig.  9g shows the trend in adhesion strength as a function of spray 
pass count. All regolith deposits exhibited strong adhesion strength 
exceeding 9 MPa. Notably, the adhesion strength increased with the 
number of spray passes, showing improvements of 24.32% with 5 
passes and 30.15% with 7 passes compared to the single pass deposit. 
This trend can be attributed to the tamping effect from the repeated im-
pacts of incoming regolith particles at higher spray pass counts, which 
in turn enhances adhesion strength [62]. Furthermore, the increased 
surface roughness and enlarged effective contact area associated with 
the relatively non-uniform coating morphology at higher spray passes 
(see Fig.  7a) may provide additional anchoring sites, thereby fur-
ther improving adhesion strength. Overall, the cold-sprayed regolith 
coatings exhibited adhesion strengths comparable to those reported 
in previous studies on polymer metallization [41], highlighting the 
effectiveness of the process in establishing robust interfacial bonding. 
Furthermore, the results confirmed the feasibility of depositing regolith 
via CS on other polymer systems (e.g., ABS), thereby underscoring the 
potential of CS-based regolith coatings for a wide range of functional 
applications.

3.8. A case study on the thermal resistance of regolith coatings

To evaluate the thermal resistance of the fabricated regolith coat-
ings, a case study was designed and implemented using the experi-
mental setup shown in Fig.  10a. A programmable heat gun was po-
sitioned at a fixed distance of 3 mm above the PTFE specimen’s surface 
(i.e., 50.8 mm (w) × 50.8 mm (l) × 3.2 mm (h)) and operated at an 
airflow temperature of ∼200 ◦C to provide stable heating. The electrical 
power, nozzle diameter, and airflow rate of the heat gun were 1800 W, 
20 mm, and 300 L/min, respectively. The specimen was coated with 
regolith using the optimized cold spray parameters (i.e., 𝑇 = 300 ◦C, 
P = 0.7 MPa, and NS = 10 mm/s). A thin-film Type J thermocouple was 
attached to the center of the bottom surface of the sample, as shown 
in Fig.  10a (right panel). The bottom material was fiberboard with a 
thermal conductivity of ∼0.065 W/mK [69]). The thermocouple was 
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interfaced with a data acquisition system for continuous temperature 
monitoring throughout the heating process, operating at a sampling 
frequency of 2000 Hz.

Fig.  10b presents the comparative temperature–time response of 
the baseline (pristine) and regolith-coated PTFE samples, where the 
bottom surface temperature was continuously monitored. In this con-
trolled experiment, the samples were subjected to heating from room 
temperature until the bottom surface reached 150 ◦C. The results 
indicate that the regolith coating functions as such a thermal bar-
rier, where it required 37.5% more time for the coated sample’s bot-
tom surface to reach 150 ◦C compared to the pristine sample (see 
Fig.  10b). In addition, at 160 s, when the baseline bottom surface 
reached 150 ◦C, the temperature of the regolith-coated sample re-
mained 8.25% (i.e., ∼137 ◦C) lower than that of the pristine PTFE. 
This improvement can be attributed to the intrinsic thermophysical 
properties of the oxide constituents within the regolith. These oxides 
possess high melting points and low thermal conductivities, which 
absorb and dissipate incident heat more effectively than the pristine 
polymer, functioning as a thermal barrier. Collectively, the results re-
veal that regolith-based coatings can enhance the thermal resistance of 
the polymeric substrates by reducing heat transfer through the material 
thickness, thereby highlighting their promise as thermal protection
coatings.

4. Lunar considerations for CSAM

As conceptually depicted in Fig.  11, the solid-state nature of the 
CSAM can offer unique advantages in lunar conditions over the phase-
change-based AM techniques (e.g., powder bed fusion, directed energy 
deposition, fused filament fabrication). These advantages include: (i) 
direct use of regolith as feedstock without complex melting process; 
(ii) reduced thermal effects due to the absence of high-temperature 
phase changes; and (iii) lower residual stresses. Under the ultra-high 
vacuum conditions of the Moon (i.e., ∼10−12 torr (night) to ∼10−10
torr (day) [70]), feedstock materials used in phase-change and ink-
based AM techniques tend to rapidly evaporate or vaporize [3]. Con-
sequently, these methods require operation within pressurized envi-
ronments, which may limit their suitability for critical on-site repair 
and manufacturing missions within the Moon’s inherent habitat. These 
limitations are further intensified during lunar daytime, when the 
Moon’s surface temperature can exceed 120 ◦C [71]. Moreover, phase-
change AM methods might be highly susceptible to the effects for lunar 
microgravity, which can lead unstable melt pools and unpredictable 
solidification, eventually compromising the quality of fabricated com-
ponents. As such, the combination of intense heat, near-zero atmo-
spheric pressure, and microgravity can pose significant challenges for 
phase-change and ink-based AM techniques on the Moon.

Unlike phase-change-based AM methods, the Moon’s inherent vac-
uum conditions may present promising advantages for the implementa-
tion of CSAM for ISRU. This is because the CSAM fundamentally relies 
on pressure differentials to accelerate functional feedstock powders 
(e.g., regolith) to the desired velocities for successful deposition. Even 
with a relatively modest compressed gas source, the pressure differ-
ence between the source and the surrounding vacuum can produce 
sufficiently high particle velocities for effective deposition. Further-
more, the absence of atmospheric drag can eliminate energy loses, 
allowing particles to maintain higher terminal velocities over longer 
travel distances. This can also help mitigate the formation of the bow-
shock near the substrate, which is known to adversely affect particle 
deposition and bonding [72,73]. Prior studies on CSAM under vacuum 
conditions have confirmed the beneficial effects of reduced ambient 
pressure in suppressing bow-shock formation, thereby facilitating more 
efficient particle deposition. [74–76] Besides, CSAM is expected to 
be largely unaffected by the Moon’s microgravity due to its high-
velocity and directional particle flow. Taken together, these factors can 
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Fig. 10. Thermal resistance test: (a) Experimental setup; (b) Temperature variation over time.
position CSAM as a promising candidate for ISRU on the Moon, without 
requiring a dedicated pressurized environment.

Despite its advantages, CSAM might face several critical limitations 
in the lunar environment. A major challenge would be the suitability 
of lunar regolith as feedstock as its abrasive, angular, and brittle na-
ture requires significant preprocessing to feedstock demands of CSAM. 
While the Moon’s vacuum and low gravity offer benefits, they might 
also complicate particle control and substrate interaction. These tech-
nical challenges highlight the need for continued experimental and 
numerical research (e.g., two-phase rarefied flows) under vacuum con-
ditions to capture the impact velocity evaluation and impact dynamics 
of irregular-shaped regolith particles. Such studies are essential to 
elucidate the underlying momentum transfer, particle deformation, 
and bonding mechanisms that govern deposition in low-pressure (vac-
uum) environments. Ultimately, advancing this understanding might 
enable a more comprehensive assessment of the feasibility and process 
optimization of CSAM for space manufacturing and ISRU applications.
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5. Conclusion

In this study, CSAM using moon regolith simulant (LHS-1D) was 
investigated to elucidate the surface and interfacial interactions gov-
erning the formation of coatings on high-performance polymers such 
as PTFE. The primary objective was to assess the feasibility of CSAM 
for depositing well-adhered regolith coatings on polymeric substrates 
as a step toward ISRU on the Moon. Based on the results, the following 
conclusions can be drawn:

• Increasing the CSAM gas temperature and pressure enhances re-
golith coating thickness by facilitating deeper particle penetration 
into the polymer substrate, thereby yielding a thicker deposition.

• Regolith coating thickness increases with the number of spray 
passes, but the deposition becomes less uniform due to potential 
erosion from the incoming regolith particles.
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Fig. 11. Conceptual illustration of CSAM in the lunar environment.
• While the yield strength remained largely unchanged, UTS de-
creased by 10.5% after one spray pass and 15% for 5- and 7-pass 
specimens compared to pristine PTFE.

• Increasing the number of spray passes resulted in a reduction in 
coating hardness, with the decrease of 31.24% for 1-pass, 43.58% 
for 5-pass and 51.78% for 7-pass coatings, respectively, relative 
to the pristine PTFE.

• The regolith coatings achieved an adhesion rating of 5B, indicat-
ing excellent adhesion strength per ASTM D3359. In addition, all 
regolith deposits exhibited strong adhesion strengths exceeding 9 
MPa.

• Although the regolith coating did not enhance the mechanical 
strength and hardness relative to pristine PTFE, it improved the 
thermal resistance (∼8.25%) of the underlying polymer.

This study demonstrated the potential of CSAM to produce coatings 
from lunar regolith on polymeric substrates under terrestrial conditions. 
Nevertheless, the Moon’s low gravity, lack of atmosphere, and extreme 
temperature fluctuations are expected to affect coating quality. Hence, 
future work should focus on testing CSAM under lunar-like conditions, 
as well as developing ISRU-based feedstock preparation strategies. In 
parallel, regolith deposition using high-pressure cold spray systems 
should be investigated, as such systems may enable the fabrication 
of thicker, denser, and mechanically robust coatings. Therefore, fea-
sibility assessments should address these factors by simulating lunar 
conditions, optimizing CSAM process conditions, evaluating thermal cy-
cling effects on coating integrity, and developing ISRU-based feedstock 
preparation strategies to support future lunar exploration missions.
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