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General introduction

Natural superhydrophobic surfaces are resulting from a long evolution process. Plant and
animals perfected surfaces to catch preys, to swim faster, to defend themselves against predators
and generally to survive in the wilderness. The understanding of the mechanisms behind the
multiple examples of progressive surface engineering has inspired material science. A natural
material possesses a precise structure that confers specific functional properties. If it is possible to
replicate this particular structure with a different material, maybe the properties will be similar to
those of the original material. This creation process is called bio-inspiration. The driving idea of
the work which was realized and is presented in this manuscript is to propose an innovative
manufacturing method to manufacture a 316L stainless steel bio-inspired surface, architectured

from micrometric to nanometric scale.

This manuscript begins with an in-depth examination of superhydrophobic bio-inspired
surfaces. Here, the mysteries of nature's designs will be examined, particularly the water-repellent
properties from certain plants and animals. By decoding the principles of wettability and contact
angles, closely linked to surface texture, this chapter lays the groundwork for understanding how
these natural phenomena can inspire technological innovations. Various manufacturing techniques
to replicate these features on stainless steel will be discussed. The state-of-the-art analysis of the
available technologies, with their advantages and limitations, will motivate the proposed
combination of polymer additive manufacturing and stainless steel vacuum-assisted investment

casting.

In the second chapter, a transition is made from the theoretical to the practical aspects of
manufacturing. The feasibility of stainless steel investment casting at the millimetric scale will be
questioned and investigated. To do so, a castability test has been developed and a comparative
study to other metallic materials is proposed. Once the castability is proved to be possible at a
millimetric scale, the next step will be to manufacture stainless steel surfaces presenting

micrometric bio-inspired details.

Chapter three shifts the focus to bio-inspired microtexture manufacturing process. In this

chapter, multiple aspects are going to be questioned, from the polymer additive manufacturing
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process to the stainless steel casting. It questions the limitations of the technologies. Once
manufactured, the surfaces will be characterized in terms of morphology, and more importantly, of
wettability. Does the manufacturing process lead to more hydrophobic surfaces than usual flat

stainless steel coupons? How could this hydrophobicity further be improved?

The last chapter will introduce an additional nanotexturing technique: the atmospheric
pressure plasma polymerization for functionalizing stainless steel microtextured surfaces. The
atmospheric pressure technology has been chosen because of its easy scale up at industrial level.
This cutting-edge method allows the precise modification of surface properties, enabling the
creation of surfaces with enhanced hydrophobicity. The first part of this chapter is dedicated to the
understanding of the morphology and the chemical composition of this particular nanoscale
coating. In the second part, the surface properties are characterized from a more applicative point

of view. The anti-fouling, oil-retention and anti-icing properties of the surfaces are explored.

Throughout the manuscript, several unifying themes emerge. The blend of inspiration from
nature with advanced manufacturing and functionalization techniques represents a recurring
motive. The pursuit of sustainability, both in terms of manufacturing processes and the lifespan of
the materials produced, is another key aspect pointed out along the manuscript. Additionally, the
potential applications of these technologies in various sectors — from aerospace to food industry —

highlight their versatility and transformative potential.

In conclusion, this manuscript serves as a bridge between the natural world and advanced
material science. By exploring the development, functionalization, and application of bio-inspired
stainless steel surfaces, we shed light on a field that is at the forefront of innovation. The fusion of
chemistry and engineering presented in these chapters offers a glimpse into a future where the
boundaries of material capabilities are continually expanding, driven by a blend of inspiration,

innovation, and a deep understanding of the natural world.
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Chapter 1 — Bio-inspired surfaces and their applications

1 Introduction

Bioinspiration (from the Latin words bio meaning “life” and inspiratio meaning “breathing in/
“to inspire”) is the development of new materials, devices, processes or structures inspired by
biological systems or natural phenomena [1]. This innovation concept is frequently confused with
biomimicry, which consists in emulating as much as possible the models, systems and elements of
nature to solve complex human issues [2-4]. As an example, bio-inspired lattice structures can
help reduce the amount of material necessary for the fabrication and control the mechanical

properties of the final object [5].

By applying the concept of bioinspiration to surface engineering, a new generation of materials
has been created. In the wilderness exists a large panel of wonderful properties such as iridescence
[6], self-healing [7], self-cleaning [8], anti-adhesive [9], anti-fouling [10], anti-icing [11], thermal
insulation [12], energy efficiency [13], hydrophilicity or hydrophobicity [14] and has been

exploited to enhance the surface performances.

Hydrophobicity (from the Greek words hudro or hidér meaning “water” and phobos meaning
“fear”/ “aversion”) is the property of interest that will be developed in this work. In chemistry, it
is the ability of a molecule not to fear, but to repel water. In the case of a surface, the adjective
hydrophobic describes poor wetting with water. A deep analysis of natural superhydrophobic
surfaces such as lotus leaves, has increased the understanding of hydrophobicity [15,16]. The
phenomenon has been linked to the particular surface multi-scale texture. Moreover, the
biomimicry of this surface texture has also demonstrated a benefit in terms of wetting control. By
controlling the interface liquid/solid, multiple new kinds of surfaces, using various materials
(polymer, metal, wood, etc.) as substrates, have been designed, such as anti-corrosion [17-20],
anti-bacterial [21-23], anti-fouling [24] or anti-icing [25,26] surfaces. The common ground
regarding these surfaces is their multi-scale structures, leading to controlled wettability, and in

particular superhydrophobicity.

This chapter presents different types of superhydrophobic bio-surfaces and their applications.
First of all, a brief detour will be made through the fundamentals of wettability. Secondly, a review

of the different examples of superhydrophobic surfaces available in nature will be presented. Then,
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a closer examination of how hydrophobic biosurfaces have inspired engineering in metallic
surfaces will be provided. In the last part, a particular attention will be dedicated to the stainless
steel surfaces manufacturing. The diversity of techniques allowing the texturation of this particular
material will be investigated. These three subchapters will lead to a better understanding of the

scientific positioning adopted during this PhD thesis work.

2 Fundamentals of wettability

2.1 The successive describing models

Wettability is defined as the attraction of a liquid phase to a solid surface, and it is typically
quantified using a contact angle with the solid phase [27]. Three interfaces coexist : liquid/vapor
yLv, vapor/solid yvs and liquid/solid yLs (Figure 1a) as Thomas Young first described in 1832 [28].
The different y are standing for the surface tension between two phases. In this case, two fluids are
in contact with the solid surface: the air (vapor) and the drop (liquid) as displayed in Figure 1a. It
is a balance between the adhesive forces (liquid/solid) and the cohesive forces (liquid/liquid) [29].
At the (vapor/liquid) interface, the surface tension yLv maintains the liquid’s molecules together.
To minimize the surface in contact with the vapor phase, the small amount of liquid will adopt a
spherical shape. The wettability of a surface towards a certain liquid can be measured through the
contact angle: a single drop of the liquid of controlled volume is dropped on the surface to observe
the angle formed at the solid/liquid interface. As mentioned on Figure 1b., the angle measured will

qualify the behavior from super hydrophilic for small angles, to superhydrophobic for great angles.
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6< 10° 10° <8 <90° 90°< 6 <I50° 9<150°
Superhydrophilic Hydrophilic Hydrophobic Superhydrophobic

Figure 1. (a) The three coexisting phase in the case of a water drop on a solid substrate in the air (b) 4 subcategories of wetting

depending on the contact angle formed between at the liquid/solid interface

The molecules contained in the liquid phase within the droplet have a certain cohesion thanks
to intermolecular forces like Van der Walls forces or hydrogen bond (H-bond). Depending on the

affinity with the solid and the gas, the angle 6 will change.

The wettability measurement can be static, with a single drop of liquid (static contact angle),
or dynamic, with a tilted surface, i.e. contact angle hysteresis (CAH), or varying drop volume
(maximum drop volume). Equation 1 describes the contact angle through the balance between the
three phases mentioned before.

Yvs — YsL
cos f, = ———— (D
YLv
The model evolved by taking into account the surface roughness with Wenzel, that allowed to

partly explain the hydrophobic behavior of some materials [30]. Wenzel quantified in 1936 how
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the surface rugosity r affects 6,, , the apparent contact angle (Equation 2). The rugosity factor r is

a ratio between the actual rough surface and the surface without any asperities (Equation 3).
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Wenzel and Cassie-Baxter models are fundamental to understanding wettability, but over

time, various other theories have emerged. As Parvate et al. (see Figure 2 ) mentioned in their

review about superhydrophobic surfaces. A series of complementary theories appeared between
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1945 and 2010 to discuss the surface geometry, the consideration of surface energy or even

considering dynamic measurements for the wettability [31].

2.2 Factors influencing wettability

The relationship between a solid and a liquid can be affected by multiple parameters. A liquid
will usually show different wetting behaviors when exposed to various solid surfaces. As an
example, a drop of water will not behave the same way over ceramics, metals or polymers. From
the surface point of view, two main factors affect the wettability: the surface chemistry and the
surface morphology [32-34].

On one hand, the chemistry of the surface is of primary importance and will affect the surface
wettability significantly. On the other hand, the surface morphology and topology will also affect
the liquid/solid interface because the specific surface area fluctuates with the porosity and/or
roughness [35]. Other factors such as surface cleanliness, ambient temperature and/or humidity can
also affect the wettability [36] (Figure 5). Some of the physical and chemical properties of the fluid
are more likely to affect the wettability. For example, the surface tension, the viscosity and the
polarity are the motor characteristics of the fluid wettability [37]. As a consequence, wettability
between two fluids (for example water and air) and a solid (the surface) is a balance between the
intrinsic cohesive forces of the fluids and the surface properties [38]. If the properties of the liquid
are matching the substrate properties, the liquid will spread over the surface. A “perfect wetting”
is currently admitted when the contact angle is not even measurable because it is approaching zero
[39], and these materials are called “superhydrophilic” (Figure 1b). On the contrary, if the surface
is not propitious for the liquid to spread because of the chemistry or the morphology of the surface,
the liquid will wet less, until reaching very high angles and “superhydrophobicity”, forming
spherical drops of liquid on the surface [40] (Figure 1b). Superhydrophobic behavior can also be
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assessed by immersing the surface into water and measuring the contact angle formed by air
bubbles [41].

Surface chemistry
- Cleanliness,

- Chemical
composition

- External conditions

Wetting

behavior

Surface morphology

- Roughness
- Waviness

- Porosity

Figure 3. Parameters mitigating the wettability

In particular, wettability is greatly influenced by topology in the context of superhydrophobic
surfaces. In 1944, based on Wenzel equation, Cassie and Baxter expressed the apparent angle of a
composite material. The following equation (Equation 4) distinguishes the liquid fraction in contact
with the solid f; and the liquid fraction in contact with the air f,. Air can be considered as the
second material to predict the contact angle of a porous material. The drop does not impregnate the
surface completely due to the air trapped in the porosity [42]. The understanding of highly porous
materials was thus included in this definition by considering air as a second material.

cos 6, = ficos 0, — f (4)
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Superhydrophobic surfaces can correspond to Wenzel or Cassie-Baxter models (see Figure
4a.). The difference resides in the drop pinning measured via the sliding angle (SA), i.e. the tilting
angle from which the drop starts to slide. When the drop shows a SA above 60 ° or when it is
completely pinned to the surface while tilting is applied, it corresponds to a Wenzel state, also
known as rose petal effect [43]. Contrarily, when SA is less than 60 °, the surface is in a Cassie-

Baxter state, also known as Lotus leaf effect[44] (see Figure 4b.).

t" - I/ Liquid
\\

| h o
l 3 Liquid \ Liquid
e A Solid Solid Solid
Young model Wenzel model Cassie-Baxter model

Rose petal effect

Y 2

Microstructure Hierarchical structure

Nanostructure

Figure 4. Schematic representation of (a) Young's, Wenzel and Cassie-Baxter models, (b) Rose petal and Lotus leaf effect and (c)
influence of different size of texture on a water drop

Superhydrophobic surfaces, such as the one described, are not merely theoretical constructs;
they exist in the real world. Cassie and Baxter did their measurement over natural materials such
as duck feathers and wool yarn [42]. They conclude their study by saying that the structure of the
material was certainly more responsible of the superhydrophobicity than “any exceptional proofing
agent”. Modern material science specialists are now convinced that hydrophobicity does not only
come from the hierarchical surface structure, but also from the chemical surface composition [45].
Before manufacturing new synthetic superhydrophobic surfaces, a closer look to the
superhydrophobic surfaces present in nature is mandatory. The next section will be dedicated to
their observation.

11
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3 Superhydrophobic biosurfaces in fauna and flora
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Figure 5. (a) Nepenthes Alata description, (b) Top-view of the self-cleaning pitcher, (c)inner pitcher surface WCA
measurement, (d), (e) and (f) SEM imaging of the Nepenthes pitcher at different magnification from the microtexture to the
nanotexture (adapted from Wang et al)

Some plant leaves structures have been closely investigated for their hydrophobic behavior.
Banana tree, also known as Musa Acuminata, possesses stomates and ridges organized to enhance
self-cleaning properties [46]. Lotus leaves are very famous for their superhydrophobic hierarchical
micro/nanotexture [47,48]. Another well-known example of superhydrophobic plants that inspired
slippery liquid infused surfaces are Nepenthes, i.e. carnivorous plants possessing a pitcher with a
slippery inner surface that can trap insects, composed of a porous structure impregnated with a
lubricant [49-53]. Figure 5 displays Nepenthes Alata observed at different scales, including
Scanning Electron Microscopy (SEM) pictures of the surface texture at different magnification.

12
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Both lotus leaves or nepenthes pitcher have respectively demonstrated remarkable
properties such as self-cleanability and anti-fouling activity, respectively [54-56]. Animal scales
are another example of amazing materials. For example, fish scales have a double role: they are
both protective and shaped to swim faster [57,58]. Multiple species such as snakes, pangolins,
crocodiles or lizards adopted the scales as a protective armor [59]. Other animals, such as butterflies
and moths developed scales at a micrometric scale that are both iridescent and also show
hydrophobic properties thanks to their structural micro-arrangement [60]. Over the last decades,
materials science researchers, inspiring from these structures, have created new architectured
surfaces. In particular, biomimetic polymer surfaces engineered by copying shark scales
architecture are already used to improve hydrodynamics and aerodynamics [61,62]. A similar
research inspired from fish scale was conducted to enhance the tribological properties over an

aluminum substrate [63].

qo e py
(c) Shark-skin replica

(a) A real shark skin
Figure 6. Shark skin replica using a PDMS mold to produce superhydrophobic polymer surface (from Liu et al. 2012)

Superhydrophobic surfaces manufacturing using biomimicry has become a common ground
during the past decades. The example of the Nepenthes is well known and described in the literature
[51-53,64,65]. The microtexture combined to a nanotexture and impregnated with wax possesses
both superhydrophobic and self-cleaning properties. The biomimicry of this surface consists in the
manufacturing of a multi-scale texture combined to an oil impregnation. This type of surface is
called slippery liquid infused porous surfaces (SLIPS) and presents the same properties than the
nepenthes [66]. They can be made on polymer or metallic substrates [3] and the liquid infused can

be organic (coconut, black seed oil, etc.) or mineral (silicone, paraffin, krytox, etc.) [67]. The
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impregnated phase creates a physical barrier against water to avoid water-contact phenomena such

as corrosion [68].

The texture of a surface is defined as a complex combination of waviness, roughness and
defects [69]. The waviness is the macro-roughness, which means the shapes observed and
measured at scales above 100 um. The roughness consists of the micro and nano-structures of the
surface. In the nature, a great diversity of surface structures with special properties exists among
plants and animals. Outstanding abilities such as gecko adhesion [70], shark speed [71], lotus
leaves self-cleaning [15], trabecular bone mechanical resistance [72] or butterfly iridescence [73]
have respectively inspired non-permanent adhesives [9,74], aircraft surface engineering [75], self-
cleaning surface engineering [14], lighter structures [72,76—78] and structural color engineering
[73].

This PhD thesis is dedicated to the design of superhydrophobic stainless steel structures, using
in particular bio-inspired patterns. The next part will focus on a state of the art of the fabrication
of such structures. Usually, to reach such superhydrophobic behavior, a micro/nano-architecture is
built-up on a substrate (metallic or polymeric) via mechanical/chemical/physical etching or
deposition from liquid suspension to increase the surface roughness [79]. The size of the texturation
patterns will provide different wetting behavior to a material. A further chemical modification can

be done to improve the hydrophobicity of the micro/nano-structured surface [80].
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4 Superhydrophobic stainless steel textured surfaces
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Figure 7. Different purposes of bio-inspired and metal-derived superwetting surfaces (from Wei et al (2023))

Bio-inspired textured stainless steel surfaces refer to surface designs that take inspiration from
nature to enhance the properties and performance of stainless steel. These surfaces are engineered
to mimic the structures found in plants, animals, or other biological systems, offering unique
advantages for various applications [81,82]. Bio-inspired textured surfaces can be designed to
affect the wettability, friction, adhesion, or other desired characteristics of stainless steel. By
emulating the features found in nature, such as microstructures, hierarchical patterns, these surfaces

can exhibit improved functionalities compared to their smooth counterparts [10,83] (Figure 7).
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4.1 Generalities about stainless steel

Stainless steel is a type of alloy known for its exceptional corrosion resistance, good
mechanical properties and high durability. It is composed primarily of iron, along with varying
amounts of chromium, nickel, molybdenum, and other alloying elements. The exact composition
of stainless steel can vary depending on the specific grade and intended application [84]. For
example, 300 series of steel grades, that contains around 18% chromium and 8% nickel, is mainly

prefered for its corrosion resistance [85].

The key element that differentiates stainless steel from regular steel is chromium present in
large amount (>10 wt.%). The presence of chromium in stainless steel allows the formation of a
protective layer of chromium oxide on the surface, which acts as a barrier against corrosion. This
passive film isolates the underlying steel from coming into direct contact with oxygen, moisture,
and other corrosive agents, thus making stainless steel highly resistant to rust, stains, and oxidation
[86].

The addition of other elements, such as nickel and molybdenum, further enhances the
physical and chemical properties of stainless steel : nickel (necessary to transform ferritic steel into
austenitic steel) increases the corrosion resistance and imparts ductility [87], while molybdenum
improves resistance to pitting and crevice corrosion, especially in harsh environments [88]. In
1948, Anton Schaeffler described the contribution of different elements to the resulting stainless
steel microstructure. Some elements such as carbon or manganese are nickel-equivalent
(gammagenous or austenite formers). Other elements like molybdenum, silicon, or niobium are
(alphagenous or ferrite formers). The diagram represented on Figure 8 maps the main different
crystalline phase that stainless steel can adopt depending on the composition.
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Figure 8. Final version of Schaeffler diagram published in 1949

The three main phases are:

Ferrite is a body-centered cubic (BCC) phase relatively soft and ductile. Ferritic stainless
steels, for example AISI 400-series, are used for household items, appliances, sinks, automotive
exhaust systems, stoves, etc [89].

Martensite is a body-centered tetragonal phase extremely hard and brittle, contributing to
high strength. Martensitic steels, for example AISI 420, are mainly constituting mechanical parts

for multiple industries working at high or low temperature [89].

Austenite phase, the last phase presented on the diagram that will interest us during the rest
of the work is austenite, a face-centered cubic (FCC) phase, known for the corrosion resistance and
the good mechanical properties at high temperature. Austenitic steels, for example AISI 300 series,
are the most common grades of stainless steel produced and processed. These grades can be used
for the fabrication of communal equipment and various structures or employed in chemical,
pharmaceutical, petrochemical, and food industries (tanks...), urban furniture, and extensively in
nautical environments [89].
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Austenitic stainless steels are known for their high strength and durability, providing
structural integrity and longevity to various components and structures. It is non-porous, easy-to-
clean, and resistant to bacterial growth, making it widely used in the food and medical industries
where cleanliness and hygiene are crucial. The surface finish is easily adjustable from mirror-like
to highly rough using polishing or mechanical grinding. Certain grades of stainless steel can
withstand high temperatures, making them suitable for applications in heat exchangers, exhaust
systems, and fire-resistant structures. Stainless steel is recyclable and can be re-used without loss
of its original properties, making it an environmentally friendly material choice. Moreover, the
corrosion-resistance property avoids additional coating to the material [90]. Energetically, the SS
scrap recycling requires less than a third of the energy used to produce SS from virgin material
[91]. In fact, modern industrial stainless steel production is already using second hand stainless
steel. Because of its longevity, the amount of stainless steel in end of life collected is not sufficient
to able to meet the growing production needs yet. In the coming years, the amount of steel collected

will theoretically grow [90].

Due to its versatile properties, stainless steel, under different grades finds application in
various industries, including construction, automotive, aerospace, kitchenware, medical devices
[92,93], and many others. The following part of the manuscript will focus on 316L stainless steel
which is the most common and abundant grade of austenitic stainless steel used in the food

processing industries.

Table 1. Chemical composition of 316L stainless steel (weight percentage)

Fe Cr Ni Mo Mn Si Mn C S P
Element
Balance 16.0- 10.0- 2.0- <20 <10 <20 <0.03 <0.03 <0.04
(wt %)
18.0 14.0 3.0
[94,95]
Ref
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Stainless steel surfaces typically exhibit a relatively high surface free energy (34-36 mN/m),
which promotes wetting by polar liquids like water. For example, superhydrophobic polymers like
polytetrafluoroethylene (PTFE) possess a smaller SFE (21-22 mN/m) [96,97]. The contact angle
between water and stainless steel is typically slightly below 90 degrees [32]. Different strategies
can be adopted like top-down or bottom-up to enhance the surface hydrophobicity of the stainless

steel.

4.2 Hydrophobic metallic surfaces manufacturing strategies

As Ellinas et al. described in their review about hydrophobic metallic surfaces
manufacturing, the different fabrication processes can be classified into two main strategies : the

bottom-up and the top-down [79] strategies. Each term will be defined in the corresponding

subchapter.
Superhydrophoblc metals
Roughness creation on the metallic substrate Superhydrophoblc layer deposition
BOTTOM UP
! ! !
Dry methods Wet methods Electrochemical methods Spay coatlng _
Plasma Laser
etching/oxidation  etching
Plasma
deposition

Figure 9. Different strategies for superhydrophobic metals manufacturing [79]

4.2.1 The Bottom-up strategy

The bottom-up strategy consists in adding up material to an existing substrate. Most of the
time, the material added to the surface is of a different chemical nature than the surface. The

deposition can be made through multiple process such as spray coating, electrospinning, sol-gel or
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plasma deposition, as mentioned on Figure 9. The process used will depend on the type of coating,

the type substrate, the targeted coating thickness and the properties expected.

In the case of this thesis three out of the three conditions are already set. The coating has to
be as thin as possible, the substrate is stainless steel and the property expected is hydrophocity. In
the modern literature, these conditions have been satisfied using different approaches in a bottom-
up strategy. The layers added to increase the hydrophobicity are mostly polymers [55,98] or
metallic oxides [99,100]. The surfaces manufactured in a bottom-up strategy are mostly composite

materials because the substrate is metallic and the coating is chemically different.

Figure 10. SEM images of zinc oxide (ZnO) coating fabricated through electrodeposition
process on a stainless steel substrate from Deng et al (2023).

The additional oxide layer source can be external to the substrate. For hydrophobic
applications, the most common oxide are titanium oxides and zinc oxides (see Figure 10) [31,101].
The deposition process can be electrodeposition [16,102], plasma polymerization [103] or sol-gel
[104].

If the supplementary layer is made of polymer, it can be synthesized directly on the metallic
substrate (spray coating [105], electrospinning [106], etc.) or be shaped on the substrate during the
polymerization(embossing [107]). The polymer can be chosen among “commodity polymers” like
polymethyl methacrylate (PMMA), polyurethane (PU) and polyethylene (PE), or “engineering
polymers” like polytetrafluoroethylene (PTFE) [107].
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A large variety of polymer coating have been developed during the last years. The main
disadvantage of these kinds of coatings is related to their thermal properties. The polymer layer or
the oxide layer are indeed not as thermally conductive as the substrate alone [100,108]. Another

drawbacks is the adhesion between the coating and substrate especially in wet environments [109].

The opposite of the bottom-up strategy is the top-down strategy (see Figure 11), which
consists in removing material from an existing substrate via a physical method (like polishing, laser
etching, etc.) or a chemical method (e.g. electrochemical etching [110]). These techniques will be

detailed in the following part.

Chemical or
electrochemical
etching

Top-down or
subtractive
manufacturing

High energy Mechanical
source etching

Figure 11. Three main methods of subtractive manufacturing
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4.2.2 Subtractive manufacturing or top-down

Removing a layer of material from a stainless steel substrate can be done in multiple ways.
This strategy is also called micromachining [111]. In this process, unwanted material is removed
from a metal workpiece using: machining, chemicals or non-conventional technologies (e.g.
lasers). It allows for precise and intricate designs to be achieved, making it suitable for creating
complex metal components with tight tolerances. Subtractive manufacturing methods include

milling, turning, drilling, and grinding, each serving specific purposes in metal fabrication [112].

A
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Femtosecond laser

Electroche-
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oxidation Picosecond laser
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Figure 12. Comparison of various non-conventional machining techniques for superhydrophobic surfaces involves assessing their
efficiency, accuracy, cost, and environmental implications. In this comparison, the machining cost is visually represented by the
radius of the circle, from Shen et al. (2021)

While subtractive manufacturing offers excellent accuracy and surface finish, it may
generate substantial waste material. The metallic chips produced during the process are not easy to

recycle because of the residual mix of grease and cooling liquid [113]. The process may also be
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time-consuming, particularly for intricate designs, as it involves multiple tool changes and
successive passes to achieve the desired final shape, potentially affecting production efficiency and
energy consumption. Plus, the tools used for mechanical machining or micromachining have to be
replaced frequently. Shen et al (2021) proposes a graphical comparison (see Figure 12) of different
machining processes for transform metallic substrate into superhydrophobic surfaces [114]. In this
chart electrical discharge machining (EDM), wire electrical discharge machining (WEDM),
electrochemical oxidation and reduction, plasma spraying machining (PSM) and three different
laser machining technologies are compared. These authors compare the machining efficiency, the
machining accuracy the environmental cost and the execution cost. In this study, it is interesting to
note that there is a lack of information about the environmental cost classification method. A
theoretically perfect technology would be placed in the upper right corner of the chart in a small
green circle, but none of the existing technologies could fit these requirements. One interesting fact
to mention about the environmental cost of subtractive manufacturing is the specific cost. The more
material is removed from a part, the more the specific environmental cost (cost/kg) of the material
left increases.

Material can be removed from the substrates physically by high energy sources such as
plasma or lasers [115,116]. These processes can effectively turn the substrates into a hydrophobic
surface by creating micro and/or nanotexture over the surface. Depending on the laser texturation
parameters (current intensity, atmosphere, scanning speed, distance from energy source, etc.), the
surface can be hydrophobic or hydrophilic [117]. The resulting hydrophobicity may not be caused
only by the texturation but also by the presence of oxide produced during the process [118,119]. It
IS interesting to note that it is rare to find in the literature a complete characterization of both the
surface chemistry, the surface geometry and the wettability. Most of the time, the studies are
focusing the optimized process parameter. In the literature, multiple examples of superhydrophobic
surfaces manufactured thanks to chemical, physical or mechanical etching have been described
[120].

The chemical etching can be a simple etching or an electrochemical etching. The chemical
etching occurs when matter is removed from the metallic substrate using an acidic or caustic
solution. An additional electrical circuit can be integrated to force redox reactions to happen, in

this particular case, it is an electrochemical etching [121]. The generated texture morphology is
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strictly dependent on the substrate original microstructure (grain size) because the process is
identical to a metallographic analysis. A flat piece of metal is slightly etched to reveal the
underlying microstructure. An example of different morphology obtained with different chemical
etching is presented on Figure 13. It shows that a same metallic surface won’t react in the same
way with different chemical solutions, which means the dissolution mechanisms are varying from
a solution to another [122]. These chemical based processes are rapid methods to fabricate
superhydrophobic surfaces because of their simplicity of execution, efficiency, low cost and easy
possibility to scale-up at an industrial level [123]. As mentioned in subsection 4.2.1,
superhydrophobic surfaces are synthesized by creating an oxide layer on top of a metallic substrate,
but they can be directly generated from the metal using a passivation process [124]. In the case of
the stainless steel, the passivation generates chromium and iron oxides in a hierarchical structure
that could increase the hydrophobicity. The drawbacks associated to chemical etching are related
to the water consumption and the generation of dangerous etching by-products (hexavalent

chromium, fluorinated compounds, etc).
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Figure 13. SEM image of three different stainless steel surface chemical etching (a) stainless steel
(SS) original sample (b) SS treated with HCI solution (c) SS treated with FeClI3 solution (d) SS
treated with HCI and FeCI3 solutions from Zhang et al (2022)

The physical etching can be done using plasma etching/oxidation or laser lithography.
Unlike chemical etching, this category of subtractive manufacturing is a dry method, no solvent
required to proceed. The idea is to remove material using a powerful source of energy. Laser
lithography has been widely explored during the past years to texture stainless steel surface and in
order to change the surface wettability [117,118]. Figure 14 from (Tong et al., 2022), displays
different texturations realized thanks to a laser over a flat stainless steel substrate [125]. In the same
literature review, the mechanism behind the superhydrophobic behavior is explained. The laser
oxidizes the metallic surface into active metallic oxides (MO?%), where M can be iron, chromium,
nickel or manganese in the case of 316L. These active oxides make the surface temporarily
superhydrophilic. The recombination with ambient water transforms the active oxides into metallic
hydroxides (MOH). These hydroxides can be used later as preferential location for reactions with

acids (steric or lauric acid for example) [125,126]. These acids will be covalently bonded to the
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metallic surface to improve the superhydrophobicity. Active oxides can also react with carbon
dioxide (COy) at a 100°C to produce non-polar carbon that will increase the hydrophobicity of the
surface [125]. Laser texturation can also be associated to electrodeposition to nanostructure the

laser textured surface [102].

5um
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0 200 400 pm 600 0 200 400 pm 600 200 400 um 600

Figure 14. Examples of superhydrophobic laser textured stainless steel from Tong et al (2022)

Material can be removed from a metallic surface using a mechanical force. It exists multiple
strategies of mechanical texturing such as sand blasting [127], polishing [128], micromilling [129].
The last scientific article mentioned, written by Abbas et al. (2020), is particularly interesting and
representative of how a mechanical micromachining can affect the surface wettability. This work
aims at improving the stainless steel hydrophilicity. A result which is not surprising because sand

blasting, micromilling and etching are increasing the surface roughness.
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Figure 15. SEM and contact angle images of sand blasted SS-304 surface. (a) Top view of sand blasted SS-304 surface. (b) Blow-
up image of area marked in (a). (c) Blow-up image of area marked in (b). (d) Contact angle (6°) image of a droplet of distilled
water on sand blasted SS-304 surface, from Abbas et al. (2020)

No matter which texturation is employed, physical, chemical or mechanical, the
microtexture doesn’t necessarily leads to hydrophobic properties. The hydrophobicity of the texture
created can be enhanced after a chemical treatment that grafts hydrophobic molecules or functions

such as halogens or siloxanes [79,119,122,125].

Out of bottom-up and top-down strategies, a family of process originally applied to polymer have
emerged and is now applied to metallic powder to manufacture detailed metallic surfaces. The next
section will give a better understanding of what is micro-embossing applied to metallic materials.
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4.2.3 Micro-embossing

Micro-embossing for stainless steel is a manufacturing process that involves creating
microscale patterns or textures at the surface of stainless steel sheets or components by surface
plastic deformation. These patterns are typically designed to mimic certain natural or biological
structures, hence the term "bio-inspired” or "bio-mimetic" surface texturing. Embossing at a
micrometric scale can improve the performance of stainless steel surfaces in several ways (specific
surface increase, wettability improvement, etc). Four distinct steps are involved in this technology:

(1) preparing production feedstock (mostly mixtures of powder and binder),

(2) shaping through hot embossing,

(3) debinding,

(4) sintering.

These steps are interconnected and collectively impact the characteristics of the resulting
metallic microparts. Textured surfaces have the potential to decrease friction as, in comparison to
a flat polished surface, the contact area is reduced. This characteristic renders them valuable in
applications where smooth sliding or minimized wear is a critical consideration. Certain
microtextures can make stainless steel surfaces water-repellent, which is valuable for anti-fouling,
self-cleaning, and anti-icing applications. Texturing can improve tribological properties like wear
resistance and lubrication retention [130,131]. This technology is classified as a micromachining
process. It can be used to manufacture master mold for microfluidic system [132]. In microfluidic,
a master mold is a piece of metal engraved with the negative of the desired system. Polymers can

be casted or injected on top of the master mold to reproduce the microfluidic system.

The replicability and surface quality of the finished product are shaped by various factors,
including the properties of the powder, composition of the binder, mold material of the, and crucial
processing parameters such as temperature, pressure, and holding time. The thermal debinding
process has commonly been employed to determine parts suitable for the subsequent sintering step.
While the sintering temperature plays a role in shrinkage and final density, the powder's

characteristics, embossing pressure, and heating rate are also significant parameters [133].
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Figure 16. SEM of micro hexagonal pillar patterns after hot micro-embossing on UFG pure aluminum surface with side
length of (a) a =75 um, (b) a =105 um, (c) a = 135 um, (d) a = 165 um and large magnification of position (e)l and (f) 2,
from Xu et al. (2019).

The process has been explored for ultra-thin grain aluminum to manufacture
superhydrophobic surfaces [134]. Multiple cases of micro-embossing targeting wettability
improvement have been found in the literature [134,135] because the sintering temperature is
relatively low (300-400 °C). The process can be theoretically be employed with any metallic
powder with a reachable sintering temperature. Examples of a few ferrous alloy (including 316L
stainless steel) or copper have been reported by Sahli et al. (2013) in two different works to

manufacture microfluidics master molds [132,136].

There are two main drawbacks to hot micro-embossing for metallic powder: the feeding
material and the generated microstructure. In order to create a microtexture, the stainless steel has
to be a thin powder with an particle size range between 3 and 10 um [133]. This size of atomized
powders can represent a safety hazard and the facilities necessary to manipulate them are
expensive. The microstructure generated by hot-embossing is porous because the metal bulk is the
result of spherical powder grains coalescence [132-134,136]. The porous microstructure can

compromise the thermal conductivity and mechanical properties of the part.
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4.2.4 Metal additive manufacturing (MAM)

Unlike subtractive manufacturing, additive manufacturing, also known as 3D printing, has

revolutionized the production of metal components by layer-by-layer deposition. This innovative

technique involves fusing or solidifying metallic powders or wires using lasers, electron beams, or

other energy sources [137]. The seven main processes are described by the ISO/ASTM 52900

standard:

Binder Jetting (BJT),

Directed Energy Deposition (DED),
Material Extrusion (MEX),

Powder Bed Fusion (PBF),

Sheet lamination (SHL) [138,139]
Vat photopolymerization (VPP)
Material jetting (MJT) [140].

Other existing techniques are hybridization of some of aforementioned processes and

conventional machining processes [141]. Only four of them (Figure 10) are commonly applied to

metals such as stainless steel [138,142,143].

BJT is a similar technique to MEX where “liquid bonding agent is selectively deposited
to join powder materials” (see Figure 17b.) [144-146]. The difference between MEX
and BJT resides in the formulation of the deposited material.

DED is a process where “focused thermal energy is used to fuse materials by melting
as they are being deposited” [146]. A lot of technologies such as wire-arc additive
manufacturing (WAAM) [138,147], cladding [148] or powder fed additive
manufacturing can be put in this category (see Figure 17d.) [149]. This technology is
mostly used to manufacture bigger parts (< 10 cm).

MEX also known as metal fused deposition modelling (Metal FDM) is “the process of
selectively dispensing material through a nozzle or orifice” (see Figure 17a.) [146]. The
raw material used for the extrusion is a mix of metallic powder and polymer [150,151].

Additional steps are necessary to evacuate the polymer and sinter the metallic particles.
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- PBF regroups two other techniques: selective laser sintering (SLS) and selective laser
melting (SLM) [152,153]. They are comparable processes “where thermal energy
selectively fuses regions of a powder bed” (see Figure 17c.) [146].

Table 2. Comparison of the different Metal AM technics

Compatibility with XY printing )
AM method ) Type of raw material Ref
SS resolution

Metallic powder

BJT Yes > 200 um mixed with liquid [144]
binder
Wire, metallic
DED Yes 250 um [154,155]
powder

Polymeric filament

MEX Yes 400um ) ) [156,157]
with metallic powder

PBF Yes 80-250 um Metallic powder [154]

Additive manufacturing offers incomparable design freedom, enabling the creation of complex
geometries and internal structures that were previously challenging or impossible to achieve
through traditional and/or non-conventional methods. It also minimizes material waste as it only
utilizes the required amount of metal for the final product. (it is never the exact amount of material
because of technical issues or supporting structure building inherent to complex shapes printing)
However, challenges such as slower production speed, post-processing requirements, energy
consumption, safety hazard due to the powder and limited material options for high-stress
applications remain, but ongoing advancements continue to expand the potential of additive
manufacturing in diverse industries, including aerospace, medical, and automotive sectors

especially for custom products and small series [143].
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Metallic additive manufacturing processes can be relatively slower than traditional subtractive
manufacturing methods, making them less suitable for high-volume production. Post-processing
steps are often required to achieve desired surface finishes and mechanical or chemical properties,

adding additional time and costs to the overall production process [158,159].

More than the production point of view, the precision reachable by the technology is also
important to manufacture bio-inspired structures. On that particular point, polymer additive
manufacturing (like VPP) is way more suitable to reach submillimetric scale and complex
geometry needing high accuracy (resolution between 10 and 80 um) [154,160-162]. To
manufacture a metallic substrate using the polymer additive manufacturing (PAM) accuracy, it is
also possible to use metal casting techniques. To carry out this process, it is first necessary to
manufacture a ceramic mold based on a pattern that can be polymeric-based. Subsequently, the
mold is used to shape the liquid metal into the desired shape. The pattern can be computer-aided
designed (CAD) and 3d printed to offer wide prototyping possibilities [163,164]. This process is
detailed in the following part.

4.2.5 Metal casting

Metal casting is a manufacturing process that involves pouring molten metal into a mold to
create the desired shape. There are various methods of metal casting, including sand casting,
investment casting, die casting, and so on. Metal casting allows the production of intricate and
complex shapes that might be difficult or expensive to achieve through other manufacturing
processes [165]. A wide range of metals and alloys can be used for casting, including steel [166],
iron based [167], aluminum [168], bronze [169] or magnesium [165], allowing for flexibility in
choosing the right material for specific applications. Casting can be a cost-effective method for
producing large quantities of parts, as the initial tooling costs can be offset by the efficiency of
producing multiple parts from a single mold [170]. Metal casting can accommodate a broad range
of sizes, from small intricate parts to large components. In the case of investment casting (lost wax
casting or shell casting), the pattern used can be 3D printed in wax or burnable resin to manufacture
the ceramic mold [164]. The three steps common to every investment casting process are

represented in Figure 18.
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B Mold ;
> Original part >> manufacturing>> Metal casting

» Wax « Sand  Gravity or pressure
* 3d printed model * Ceramic slurry * Vacuum assisted

Figure 18. Investment casting (a) Initial pattern, (b) mold manufacturing and (c) liquid metal casting

The pattern and/or mold material and the metal pouring technique can vary depending on
the use. Casting can achieve good surface finishes on parts, reducing the need for extensive post-
processing. The design of the mold allows for features such as undercuts, draft angles, and textured
surfaces to be incorporated into the final product. Achieving tight tolerances can be challenging in
metal casting, which might require additional machining or polishing to meet precise specifications
[171]. While surface finishes can be good, certain casting methods may still result in some surface
imperfections that need to be addressed through secondary processes or improved using numerical
foundry simulation to predict the defects [172]. Some casting processes can lead to porosity within
the metal, that could affect the mechanical properties and performances of the final part [173].
While a wide range of materials can be used, certain advanced material properties might not be
achievable through casting. Creating the molds, patterns, and dies for casting can involve high
initial costs compared with some other manufacturing methods. The process of creating molds and
patterns can take time, which might impact the overall lead time for production [174]. A raw object
taken right after casting does not have the same mechanical properties nor the same geometry that
could be forged or made by MAM because the microstructure is completely different depending
on the manufacturing method [175,176].

On one hand, some casting processes generate emissions and waste that can have
environmental implications, requiring proper disposal and management. But on the other hand, in

the case of 316L stainless steel, recasting waste material can cut off a part of the environmental
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cost due to the mining and ore transformation [91]. As the need in material is sharply growing and
the amount of ore available for mining is limited, recycling the steel already fabricated will become
an important challenge [177]. Metal casting is a good shaping method commonly used to obtain
intricate geometries but not necessarily hydrophobic surface finish. The following table compares
the different casting methods and categorize them following two questions:

- Is the process compatible with stainless steel?

- Is there a proof of feasibility at a submillimetric scale? Is this technology commonly

used to manufacture micrometric surface details?

Table 3. Comparison of different common casting processes

Is SS commonly used  Proof of feasibility at

) _ o _ Reference
with this process? submillimetric scale
Investment casting Yes No [178,179]
Die casting Yes No [180]
Sand casting Yes No [178,181]
Permanent mold
_ No No [182]
casting
Squeeze casting No No [179]
Centrifugal casting Yes No [179,183]
Vacuum-process
Yes No [179,184]

casting

The casting methods available to manufacture stainless steel substrates are theoretically
numerous, however examples are rare in the literature. In the industrial world, stainless steel
investment casting (SSIC) is common and a large number companies are dedicated to steel foundry
process [184-188]. Some of them are even proposing to create objects directly from tridimensional
files that can be uploaded on the website [189,190]. The casting process able to rise good surface
finish, without additional surface machining, suggested by these companies is lost-wax investment
casting. Nevertheless, there are no proof of the feasibility concerning casting at a submillimetric
scale. The limit in terms of size reachable through SSIC process will constitute one of the main

axes of this work.
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5 Scientific positioning & conclusion

Finding the best stainless steel shaping is a complex technical issue. As described at the
beginning of this chapter, superhydrophobic surfaces possess a multi-scale hierarchical
architecture. One of the most important issue to replicate this particular wettability property is the
surface roughness. For this reason, in order to choose a process adapted to the stainless steel
surfaces manufacturing, multiple parameters have to be considered. The manufacturing process has

to:

e be compatible with stainless steel
e Dbe versatile in terms of pattern design

e manufacture at a submillimetric scale

In the previous sections, subtractive manufacturing, micro-embossing, metal additive
manufacturing and metal casting have been reviewed to expose their advantages and drawbacks.
In the All the subtractive processes allow to reach a submillimetric resolution. For this reason, a
lot of examples of superhydrophobic surfaces exist in the literature. In the case of subtractive
manufacturing, as reported in section 4.2.2, the surfaces only become superhydrophobic after a
chemical functionalization consisting in grafting hydrophobic molecules at the surface. Chemical
and electrochemical etching are frequently used to texture stainless steel substrates. Adding a
chemical modification to the rough surface also leads to high hydrophobicity [191]. Without
chemical functionalization or micro-architectured coating, the substrate would be hydrophilic
[192]. Laser or femtolaser texturing is also commonly used to microtexture the steel. It will form
shapes similar to the chemical etching but with more oxygen. In this case, no post-functionalization
is needed to obtain hydrophobicity, but the energetical cost can go high to obtain hydrophobic
surfaces [20,118].

Table 4, a comparison is proposed, considering the criteria mentioned before. All the
subtractive processes allow to reach a submillimetric resolution. For this reason, a lot of examples
of superhydrophobic surfaces exist in the literature. In the case of subtractive manufacturing, as

reported in section 4.2.2, the surfaces only become superhydrophobic after a chemical
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functionalization consisting in grafting hydrophobic molecules at the surface. Chemical and
electrochemical etching are frequently used to texture stainless steel substrates. Adding a chemical
modification to the rough surface also leads to high hydrophobicity [191]. Without chemical
functionalization or micro-architectured coating, the substrate would be hydrophilic [192]. Laser
or femtolaser texturing is also commonly used to microtexture the steel. It will form shapes similar
to the chemical etching but with more oxygen. In this case, no post-functionalization is needed to
obtain hydrophobicity, but the energetical cost can go high to obtain hydrophobic surfaces
[20,118].

Table 4. Comparison of the different process available for microtexturing a stainless steel substrate

Manufacturing Great diversity of Submillimetric Use of chemicals Scalable at References
process pattern formed precision necessary to industrial level
texturing obtain
possible? hydrophobicity
Laser texturing Yes Yes No No [93,193-195]
Chemical Etching No Yes Yes Yes [122,196,197]
Polishing / No Yes Yes Yes [195,198]
Grinding
Micro-embossing No Yes No - [130]
Metal additive No Yes No Yes [199-201],

manufacturing

Metal casting Yes - - Yes [164,179,202]
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The drawback of the chemical etching process also lies in the cost, both in terms of time
and energy, to treat a surface that will be chemically oxidized [203]. At an industrial scale, it is
also difficult to imagine the used of fluorinated siloxane in great quantity to dip-coat large piece of
steel. Moreover, except the cauliflower-like nanoshapes formed during chemical etching, there is
no other pattern possible. Concerning the control of the pattern formed, only the laser texturing can

allow it because the texturation pattern can be defined.

Micro-embossing of metals, as mentioned in subsection 4.2.3 of this chapter, is a promising
technology that can shape metallic powder mixed with organic binders into a microtextured

surface.

Metal additive manufacturing (MAM) processes, as discussed in subsection 4.2.4 of this
chapter, are able to achieve the micrometric precision, but the surface roughness depends on the
deposition technique parameters and the characteristics of the raw materials [158]. Examples of
studies reporting hydrophobic stainless steel made thanks to MAM exists. The hydrophobicity is
due to the texture created by the remaining powder sticking to the solidified part [204]. . The 316L
powder used during the printing processes is expensive, but re-usable when not it hasn’t been
affected during the process [205] and requires adapted post-treatment facilities to be managed
[152]. The main advantage of MAM s the possibility to couple it with CAD in order to design
complex tridimensional shapes with more degree of freedom. But numerous issues come with this
advantage, especially the minimal resolution and highly specific raw material (metallic powder or
wire), that complexify the setting up and the scalability to manufacture a multiscale architecture

with bio-inspired patterns.

Metal casting, as described in subsection 4.2.5 of this chapter, seems to counterbalance the
lacks of AM as it is a process already widely industrialized and the necessary material can be
obtained by recycling waste [91,177]. One reason casting is particularly interesting is that it enables
the combination of polymer additive manufacturing (PAM) and vacuum-assisted investment
casting. On one side, PAM leads to a smaller resolution and is easier to set up for a cheap
investment cost. On the other side, vacuum assisted investment casting is commonly used to

reproduce highly complex object with a good surface state. In the literature, no work is reported,
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that associate these two processes to obtain stainless steel substrates with an interesting wettability.

In the following chapters, multiple technical locks will need to be clarified:

Firstly, is it possible to cast stainless steel at a submillimetric level? Stainless steel is
commonly used to cast bigger objects but not smaller detailed patterns like light alloys
could be. Liquid stainless steel is known to be highly viscous and reactive. The list of
work describing liquid stainless steel behavior at this scale is short. The absence of
information will complexify the setting up of this particular casting.

Secondly, if stainless steel casting is possible at this scale, is it possible to create a bio-
inspired microtexture by combining PAM and SSIC? This association implies a lot of
sub-questions concerning the possibility to print a bio-inspired pattern complex enough
to have a wettability interest. Even if it is possible to 3D-print such patterns, aren’t they
too small to be molded with a refractory slurry to cast the metal? Will the liquid stainless
steel infiltrate the mold details? Once again, this work would constitute a premier in the
literature.

Finally, the bio-inspired stainless steel substrate obtained will need to be nanotextured
to get a multi-scale texture from the microscale to the nanoscale. A quick and simple
process that uses as less as possible chemicals and dangerous solvents should be
identified.
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Chapter 2: Feasibility of vacuum assisted

stainless steel casting at millimetric scale
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1 Introduction

Lost-wax foundry, also called investment casting (IC), is one of the most ancient metal
manufacturing process still used today. It consists in 4 steps : (i) create a pattern in a meltable
material such as wax, (ii) immerge the shape in a ceramic slurry to obtain a refractory mold, (iii)
cook the dried slurry to evacuate the pattern and solidify the mold [206] and (iv) pour the molten
metal in the negative to obtain a metallic part. For centuries, people have carved wax to obtain
metallic sculptures, statues and jewelry [207]. Over time, various process improvements have been
implemented, and one significant enhancement is the introduction of vacuum during metal pouring
in casting. This addition has notably elevated the quality of castings. The improvement is attributed
to the evacuation of gas trapped in the mold, increased wettability between the mold and metal,
and a reduction in reactions between ambient air and the liquid metal. [181]. Nowadays, this
manufacturing technique is particularly appreciated for its great precision and high reachable
complexity level [208,209]. IC has been improved in a consequent manner during the last decades
thanks to additive manufacturing (AM), computer-aided design (CAD) and casting simulation
[164]. It is now even possible to directly print the casting mold in a refractory material
[174,210,211]. The quick input of AM in investment casting is noticeable by comparing two review
articles dealing with pattern production for investment casting, one written in 2005 [178] and the
other from 2020 [164]. The amount of progress achieved in the field in fifteen years is remarkable.
As an example of technical prowess, the production of very intricate metallic foams [212] or the

controlled solidification of turbine hollow blades [213].

In order to manufacture the stainless steel substrate with a microarchitecture on the surface of
interest, a technique called “vacuum assisted lost model casting” (VALMC) was chosen. This
technique is not well described in the literature for small stainless steel parts but well known for
other light alloys in some specific industries such as jewelry and prosthesis manufacturing. The
main advantage of this process is its versatility. Complex shapes such as prosthesis, small metallic
prototypes or detailed jewelry can be easily reproduced with a good surface state and geometrical
accuracy. In this chapter, the boundaries of this technique will be explored. How to cast millimetric
objects with micrometric details in stainless steel? The castability has been investigated and the
findings have been categorized in three different sections: the apparatus, the casting conditions and

the casted material.
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A castability or fluidity test is a shape made to be filled and assess the casting parameters. Two
well-known shapes in sand foundry process are the grid pattern [214-220] and the spiral pattern
[221-225] (See Figure 19). Compared to other casting techniques such as sand casting (SC), die
casting (DC) or centrifugal casting (CC), there are no castability testing systems reported for small
scale IC in the literature [221,222,224,226,227]. A lot of examples of experimental and numerical
studies can be found in the literature mostly for aluminum-based and titanium-based alloy.

245

3.2mm

Cast segments ii I
Castability Index (Cl) = —————— x 100 (%) 50
264 [ o e 10 : 1

b)

Figure 19. Example of existing castability test patterns (a) mesh pattern used for centrifugal casting from Deac et al. (2018) (b)

spiral pattern for sand casting from Di Sabatino et al (2008)

Choosing among the four casting processes to shape a metallic part depends on its requirement
specifications. To cast a dental prosthesis or jewelry, fields that require smooth or mirror-like
surface states and that are manufactured in small series of high added value , IC and CC are the
most common used processes [164]. Jewelry industry will use gold-based and silver-based alloys
or steel to manufacture the products. Dentistry manufacturers will focus on biocompatible alloys
such as titanium or cobalt based alloys for the mechanical properties and the biocompatibility
[228,229]. As an example, automotive and aeronautical manufacturers will cast larger series
considering the future mechanical constraints and the weight or the material cost. Each casting
process cited earlier can be used in those industries but the alloys reported in the literature are more
based on magnesium, aluminum, titanium, nickel or iron [165,230,231].
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In the present work, a castability test was developed and tested with three different materials.
Generally, castability tests are using large pattern (> 100 mm) but in this study the dimensions are
not exceeding a total height of 60 mm and cross section diameters are not exceeding 3 mm. The
shape was designed to help manufacturers in the casting parameters assessment for small parts
objectively without wasting high valued patterns. The infiltration should depend on the liquid metal
properties (viscosity, surface tension, etc.) and the casting parameters (pouring temperature, mold
temperature, atmosphere composition, vacuum, etc.). The aim of this work was first to design a
small part (total volume < 200 cm?®) that can help the assessment of the casting parameters. The
three materials chosen, are not common for vacuum investment casting: pure aluminum (Melting
Temperature (MT): 660 °C), pure copper (MT: 1085 °C) and recycled 316L SS (MT: 1370 °C). To
anticipate how ferrous material would behave in the equipment, we ran a few tests with grey cast
iron, which is a ferrous alloy with a high content of carbon and a lower MT than 316L SS (MT:
1150-1200 °C). The initial goal was not to cast stainless steel, but to understand the behavior of the
equipment when metals known for their good castability and with lower melting temperatures were

casted.

With the results of these castability tests, a better understanding of the casting parameters will
be given to infiltrate the ceramic molds as best as possible with the liquid stainless steel. The
ultimate goal is to find an approximate set of parameters to cast bio-inspired microarchitectured in

stainless steel.

2 Design and manufacturing

The global scheme of the process is presented in Figure 2. It consists in 3D-printing
tridimensional objects that were designed with a CAD software before. Once printed, the shapes
are immersed in a ceramic slurry (mainly a mix of silica powder, binding agent and water) to create
a ceramic mold. The slurry rests for 2 hours to solidify during a first dry at room temperature. The

solidified ceramic mold is placed in an oven for a longer controlled thermal treatment that will
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evacuate the printing polymers and leave the negative of the printed shapes inside the mold (see
Figure 20).

Ceramic thermal treatment
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Figure 20. Example of thermal treatment for a ceramic mold before the casting step
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When the mold is empty, a liquid metal can be poured inside to replicate the original shape
of the 3D-printed model. All the steps mentionned before will be detailed in the following

paragraphes.

Computer Aided 3D Printed Model + Wax Caslable Parts in a Refractory
Design Sprue Shell Mold

e Immersion in
3D (\_) Refractory
printing Slurry

Shell
Solidification
+ Dewaxing
+ Castable
Part
Calcination

g
a3
\,:?/'
- Liquid
Removing - Metal

Shell Mold Pouring

B Compuier-aided
design
3D printed resin
Casted Model Liquid Mctal Poured in Refractory Shell Mold B etatiic part
Refractory Shell Preheated & Empty

Figure 21. Investment casting process

2.1 3D modeling

The CAD software used for these design is Fusion 360 developed by Autodesk [232]. The
castability test patterns were designed to assess the distance a liquid metal can travel through before
total solidification. Three springs with various cross section diameters (1 mm, 2 mm and 3 mm)
inspired from Deac et al [227] and a grid inspired from Watanabe et al [226] were combined
together on a 40 mm circular plate using computer aided design (see Figure 22). The liquid metal
should flow through the circular plate before infiltrating the spring and the grid. Table 1 provides
the dimensions of the springs. The grid has a 12 x 12 segments network, corresponding to 264
sections to be filled in. The number of sections filled gives a castability rate. The grid cross section

diameter is 0.6 mm.

46



Chapter 2 - Feasibility of vacuum-assisted stainless steel casting

-
—
——
—
-
—
—
=
—
—
-
—
—

- DTS . B e

Figure 22. Computer-aided design of the castability test (a) and (b) Castability test from two different point of view (c) grid part of the
Castability test isolated.

2.2 3D printing

In vat photopolymerization (VPP), the three-dimensional shape is created by stacking
bidimensional layers of material. The 3D model printed is made from liquid resin
photopolymerized by a digital 4K screen featuring UV light. A motorized plate moves up and down
to superimpose the different layers of the material from the bottom to the top. The liquid resin is
the Photocentric© Daylight castable Smokey quartz and the printer is a Liquid Crystal Precision
(LC Precision, general scheme presented on Figure 23). The tridimensional model of the castable
test previously presented is printed from the circular plate to the top of the springs in one printing
step (from the bottom to the top on Figure 22).
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Printing
platform -
Platform lifting
system
Liquid resin
tank
UV 4k screen
Figure 23. LC precision 3D printer
Table 5. Dimension detail of the designed spring from the CAD software measurement tool

Spring Cross Section Diameter (mm) 1 2 3
Length (mm) 159 380 411
Height (mm) 25 50 50
Radius from revolution axis (mm) 10 10 10
Number of spires 5 10 10
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2.3 Refractory Shell

The previous 3D-printed model is put on a 2 cm (diameter) wax stick and placed in a steel
cylinder. The bottom of the cylinder is sealed by a rubber with a cone in order to define the pouring
cone (Figure 24b.). Water and refractory powder (38:100 water/powder ratio) are mixed in the
vacuum investment machine from INDUTHERM to make a refractory slurry (Figure 24a.). The
investment powder used for the copper and aluminum molds is Apollo HYDRACAST from GRS.
For the stainless steel, the investment powder is Pro HT Platinum from GRS, with a higher thermal
resistance. The slurry is poured under vacuum on a vibrating plate in the cylinder to make a mold.
The vacuum and the vibration remove the air bubbles generated during the mixing. After 2 hours
hardening, the rubber with the conic shape is removed to have a casting cone (Figure 24c.). A heat
treatment is done on the mold in an oven to melt the wax, calcinate the resin and dehydrate the
refractory material. The heat treatment depends on the refractory chosen and is done in an oven
under atmospheric conditions (air and atmospheric pressure). At this step, the steel cylinder
contains a refractory material with an empty negative of the desired castability test. Before casting,
the mold is maintained at a certain temperature at least 100 °C below the metal melting point to
avoid early solidification that could compromise the mold filling. The influence of the mold

temperature will be a parameter discussed later in this chapter.
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Figure 24. (a) Vacuum mixing machine for the slurry where (1) is a motor for the rotative blade, (2) is the mixing pot where the
ceramic powder is mixed to water thanks to a blade, (3) is where the metallic cylinder is placed to receive the ceramic slurry, (4)
the previous element are separate and maintained under primary vacuum by one translucid cylinder and (5) is the control station
for the vacuum, the rotation speed, vibration intensity and mixing time (b) is a metallic cylinder and a rubber mounting base
containing a 3d printed part before filling in the ceramic slurry (c) metallic cylinder filled up with the ceramic slurry after the first

dry out at room temperature.

2.4 Casting Process

The hot refractory mold is put in the vacuum casting machine VC480V from INDUTHERM
(Figure 25). In this casting machine, the crucible pressure (melting pressure) and the casting
chamber pressure can be set separately. The metal is melted thanks to an induction heating in a
crucible under argon atmosphere. The crucible can be graphite or a two materials crucible (inner
part in alumina and outer part in graphite) to avoid dissolution of the graphite’s carbon by the
ferrous molten metal. The heating duration and temperature, the vibration of the mold after pouring
or the cooling duration are inputs of the casting (detailed list on Figure 25). After pouring the liquid
metal, the mold is cooled until the refractory shell reaches a temperature lower than 200°C. For
non-ferrous materials, the hot mold is dipped in a water bath to remove the refractory shell. For
ferrous materials, the mold is teared apart mechanically after complete cool down to avoid aqueous
quenching. Every specimen was then washed with a high pressure water gun set between 5 and 10

bar.
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Parameters influencing investment casting

Pressure (casting chamber and crucible chamber)

B Control panel

Crucible Number of gas wash

chamber
L — Heating ramp

Casting B Cooling duration

chamber ¢ Argon
i (protective gas) Mold vibration after casting

Casting Compressed air Mold and casting temperatures

chamber lifting | = == (lifting system)
system Mold insertion before or after metal fusion

Pumping system
(vacuum)

Cooling under pressure or not
Mold material

Alloy or metal

Figure 25. Vacuum-assisted investment casting machine, VC480V from Indutherm with a list of parameters that can be set up and

influence the casting process

3 Results & Discussion

3.1 Infiltration results

The test parameters and results of the infiltration tests on the 3 metals are summarized in Table
6 and Figure 26. The pure aluminum has completely filled the springs (experiment n°1 in Table 6).
The mesh pattern was not casted because it was not molded at first. The part certainly broke during
the molding process. The filling of the spring shape is not surprising because aluminum is known
for being easy to cast. Numerous scientific papers are describing aluminum casting
[168,169,233,234]. Aluminum based materials are light, easy to machine when ductile and highly
castable [235]. If the grid had not fell off during the process, it would have been completely filled.
Multiple examples of complex network such as periodic cells or foam casted in aluminum exist
and are abundant in the literature [236,237].
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Table 6. Infiltration results with pure aluminum, pure copper and 316L stainless steel

Casted Experiment n° Mold Metal oT Mold Number of turns filled Number Mass
Metal preheating casting material of grid
temperature  temperature segments (9)
(o) (%) 1mm 2mm 3mm filled
(€
Aluminum 1 400 740 340 75% 5/5 10/10 10/10 N/A 40
CaSO, +
25% SiO,
Copper 2 400 1185 785 2/5 4.5/10 7/10 264 96
3 650 1185 535 25/5  8.25/10 10/10 264 102
Stainless 4 800 1550 750 failed 120
Steel
5 800 1550 750  Phosphate  0.5/5  1.25/10 3/10 3 120
bonded
silica
6 850 1600 750 1.5/5 4/10 5.5/10 243 75
7 900 1600 700 1.25 0.5/10 6.5/10 264 117

The same test carried out using pure copper as casted material at two different pre-heating
conditions (experiments n°2 and n°3 in Table 6) gave different results. In both cases, the mesh
pattern has been completely filled in. This first result supports the hypothesis formulated earlier,
concerning the mesh pattern in the aluminum experiment. Concerning the springs, both are less
filled than the aluminum one and a slight difference can be noted. The infiltration went deeper for
the hotter preheated mold. This result is not surprising as the temperature difference between the
melting point and the mold pre-heating temperature will influence the filling. The bigger this
temperature difference is, the quicker the liquid metal will solidify in contact with the mold. The

same observation has been made for different metals such as titanium alloys [220] or aluminum
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alloys [234]. The mass is 6 g higher in the experiment n°3 that in experiment 2, but couldn’t
exercise enough hydrostatic pressure to push the liquid as much as the infiltration has gone.

Figure 26. (a) experiment 1, (b) experiment 2, (c)experiment 3, (d) experiment 4, failed stainless steel castability test
(condition identical to experiment 5 but in a mold made of gypsum and silica), (e) experiment 5 and (f) experiment 6 and
(9) experiment 7

In the last three experiments (experiments n°5/6/7), 316L stainless steel has been casted in
a mold in Pro HT Platinum plaster because the calcium sulfate presents in the Apollo
HYDRACAST plaster decomposes over 900 °C. An attempt has been made to cast stainless steel
into a mold made with Apollo HYDRACAST plaster (gypsum and silica like the mold used for
aluminum and copper casting). The resulting castability test is displayed on Figure 26 (f) and is
considered as “failed” because the filling is aborted. A thin layer of reaction between the mold and
the part has been reported with a strong rotten egg smell. The smell can be attributed to the presence
of calcium sulfide (CaS) which is produced when calcium sulfate is decomposed at temperatures
above 900 °C [238]. The casting may have been compromised by the reaction between the liquid

metal and the mold that generate gases.

Even if some of the small springs cannot be considered, the 3 mm spring and the mesh
pattern give a significant result. The higher the temperature, the better the infiltration: a similar
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trend was already noticed for the copper CT. The amount of material used is lower in experiment
5 than in experiment 7, which could explain the infiltration difference. Nevertheless, the same
amount of material was used in experiments 5 and 76. Only the mold temperature and the liquid
metal temperature were significantly different. The castability was sharply improved in the case of
experiment 6 because the temperature gap between stainless steel melting point and the mold
temperature is smaller. The value 8T can be introduced to define the temperature difference

between the pre-heated mold and the liquid metal temperature.

OT = Casting temperature — Mold temperature (D

Table 7. Superficial tension and viscosity of the different metals at their respective melting point

Superficial tension at Viscosity at melting References
Metal
melting temperature temperature (mPa.s)
(mN/m)
820 - 860 1.2-13 [239-241]
Aluminum
1277 - 1290 3.0-40
Copper
1400 - 1600 50-55 [240-243]

Stainless steel
316L

The three metals chosen for the experimental part have three distinct superficial tension and
viscosity (see Table 7). The higher these values are, the more complicated is the mold infiltration
on a long distance. The results are confirming the trend. The aluminum, that is the easiest metal to
cast among the three, has entirely filled in the spire patterns. Unfortunately, during the mold
manufacturing, some part of the pattern like the grid in the experiment 1 and 1mm and 2 mm spires
from experiment 6 may have been broken. This hypothesis is supported by the end of spire shape.
The end of the solidified spring should be a round shape at the end but for the 1 mm and 2 mm
springs, it is not (see photo (b) on Figure 27). The non-round end of the springs could have been

caused by an improper molding. The most valuable information that can be extracted from the
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different experiments runned with stainless steel is the castability. It is a proof that small part with

millimetric scale cross section diameters can be casted in stainless steel.

Figure 27. Stainless steel solidified end of 2 mm spiral (a) experiment 6 (b) experiment 7

3.2 Influence of experimental parameters

The investment casting equipment is divided into two parts: the upper part in which the raw
material is molten and the lower part where the mold is inserted. Before melting or pouring the
liquid metal into the mold, the air contained in the equipment is replaced by argon to create a
protective atmosphere. After this purge, the two operations occur under primary vacuum. The upper
part is called the melting chamber. It contains a crucible with a hole in the bottom, and a motorized
stopper rod to plug the hole during the melting step. Once the metal is completely liquid, the stopper
rod can be lifted up to let the liquid flow through the crucible hole. The two following subsections
are dedicated to the equipment and to the main parameters influencing the casting process: the
mold temperature and the mold/metal interaction. The amount of experiments done is not large
whereas a lot of parameters exist that are listed in the literature. A non-exhaustive list of those
parameters would be: the pre-heating temperature, the interaction with the mold, the melting
crucible nature, the primary vacuum settings, the number of gas purge before casting, the mold

cooling speed, the mold granulometry, the casting pressure etc. [242—245].
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3.2.1 Influence of the pre-heating temperature

It was a deliberate choice to modify firstly with the preheating temperature (see results
presented earlier) because it is easier to set up and appears to affect significantly the casting result.
The casting parameters related to the vacuum have been set up to avoid any liquid metal projection
during the pouring step. The mold material used was an existing commercialized solution
developed for steel casting. The granulometry was extra thin (around 200 nm) and adapted for
detail reproduction. A bigger grains size would have implied to have a mold with a rougher surface
that could decrease the wettability between the liquid metal and the mold. In the following
paragraphs, the influence of the pre-heating temperature, of the melting crucible, of the potential
interactions mold/stainless steel is highlighted. The influence of the mold preheating temperature
is particularly visible in the case of stainless steel tests. The grid pattern was improperly filled for
experiment 6 compared to experiment 7 (see Figure 28). More than the mold temperature, the
amount of material was smaller too. For future experiment, the mold temperature and the amount

of material will be crucial parameters to look at.

Figure 28. Stainless steel infiltration at two different mold preheating temperature (a) experiment 6, preheating
temperature: 850°C (b) experiment 7, preheating temperature: 900°C

3.2.2 The melting crucible

Copper and aluminum were casted in the same graphite crucible. There was no interaction
noticed between the graphite and the molten Al or Cu. Ferrous material such as stainless steel can
however not be melted in a graphite crucible as the carbon that composes the graphite is soluble in
liquid steel. Two tests were conducted to replace the graphite crucible: a graphite crucible coated
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with a refractory slurry (see Figure 29 (b)) and a two-parts crucible with an inner part in alumina
(see Figure 29 (a)).

SUAS AL R TN
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Y

Figure 29. (a) Two-parts crucible outer part in graphite, inner part and rod in alumina, (b) graphite crucible and rod coated with
refractory slurry, (c) graphite crucible coated with refractory slurry after one ferrous casting the protective layer is gone in the
bottom and the hole is clogged with a residue and (d) the graphite rod coated with the refractory slurry (left) after one ferrous

casting compared to an unaltered (right)

The refractory slurry coating the crucible started to crack for temperatures above 900°C. The
crucible and the rod were partially dissolved by the liquid stainless steel (see Figure 29 (c) and (d)).
The dissolution of the graphite is a risk for the casting equipment and increases sharply the content
of carbon in the steel composition. We know the content of carbon was higher because the
microstructure of the casted sample was no longer an austenitic microstructure but a chromium
enriched cast-iron microstructure. Figure 30 displays the microstructural difference between the
sample contaminated by the crucible carbon Figure 30.b and unaltered sample Figure 30.c. The
casted stainless steel possesses a microstructure completely different from a thermo-mechanically
processed stainless steel (see Figure 30a.) Simply by changing the crucible and stopper rod
material, the undesired carbon enrichment could be avoided. Coated graphite was thus replaced by
alumina. The same casting executed in the same conditions but using this alumina crucible led to

a better filling and the stainless steel chemical composition was not altered.
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Figure 30. Microstructural optical microscopy observation of (a) a sand casted CF8M austenitic stainless steel, (c) polluted by
the crucible carbon during the casting step, (d) 316L stainless steel casted in an alumina crucible and (b) is the sand casted

CF8M austenitic stainless steel part

Since the interactions have been limited in the upper part of the castability equipment, other
interactions were observed in the lower part. When the liquid metal is getting in contact with the
mold, reaction can occur. The first tests executed with aluminum and copper were casted in a mold
made of calcium sulfate and silica as mentioned in Table 6. The sample made of aluminum was
not presenting any mold residue at the surface. On the contrary, the copper and the stainless steel
presented a rougher aspect because of the mold residue remaining on the casted surface (as shown
on Figure 31). It is common to have mold residue trapped at the surface of the casted part [246].
The potential interactions of the mold with stainless steel are detailed in the next paragraph.
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Figure 31. Optical microscopy observation of different casted samples surface: (a) aluminum, (b) copper and (c) 316L
stainless steel

3.2.3 Interactions mold/liquid stainless steel

The surface state can indicate if a reaction occurs or not. Usually when steel is casted, a mill
scale, i.e. an oxide layer, appears at its surface. In this work, the melting was carried out under a
protective atmosphere and under a primary vacuum, helping to reduce oxide formation [247]. In
the industry, a reduction agent such as coke can be added to capture the oxygen that could
compromise the chemical composition [248]. A closer look to the surface of the casted part can

give a first clue about the reaction that occurred between the liquid metal and the mold.

Figure 32. (a) Tip of the 1mm stainless steel spring casted during experiment 5 and (b) difference of color between the top of the
casting cone and the side in contact with the mold

59



Chapter 2 - Feasibility of vacuum-assisted stainless steel casting

On Figure 32.a, the visual aspect of one of the springs, i.e. the 1 mm stainless steel from
experiment 5, is presented. The metal appears dark and white grains are embedded between the
layers. The layer aspect is due to the original pattern that was made of 3D-printed resin. The layers,
here seen from the front and the top, are set up to be 50 um layers. It is a major result in this study

because it constitutes a proof of small details reproduction using stainless steel vacuum casting.

The alternation between the dark metallic material and the white grains indicates that the metal
has infiltrated small details such as the pattern roughness. Especially at the end of the 1mm spring,
this result indicates that the infiltration of detailed surfaces with 3D-printed pattern could be
possible. Nevertheless, a reaction occurred during the process because the surface finish has a
different color than the original metal. The silica mold can react with a liquid metal; for example,
a reaction with copper has been documented [249]. It is also documented that stainless steel like
304L stainless steel can react with alumina substrates [250]. Plus, at high temperature, oxide

formation has also been studied in the case of 316L stainless steel [251,252].

As shown on Figure 32.b, the stainless steel which was not directly in contact with the mold
has a shiny aspect as it would be expected for a ferrous material. Consequently, a reaction between
silica and 316L stainless steel, although never reported yet, could be possible. In the next chapter,
further chemical analysis will be presented, giving a better understanding of what oxide is formed

at the surface and if it does not compromise the chemical composition of the alloy.

4 Conclusion

At the outset of this section, several technological challenges related to the micrometric casting
of stainless steel were emphasized. These challenges encompassed the reactivity of stainless steel,
the high surface tension in its liquid state, and its ability to infiltrate submillimetric details.
Overcoming these obstacles is imperative to ensure the feasibility of casting stainless steel at a

micrometric scale, which is essential for achieving precise geometries.

To evaluate the casting process, two designs were proposed: springs ranging from 1 to 3 mm

in diameter and a mesh. Through various casting experiments conducted in this section, several
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conclusions can be drawn. Initially, a comparison was made with two other metals, aluminum and
copper, to comprehend the casting process at a lower working temperature. Aluminum, known for
its ease of casting, successfully filled the different spring patterns. Copper faced more challenges
but underscored the significance of mold preheating temperature. Adapting certain elements of the
apparatus, including modifying the crucible and mold material, facilitated the casting of 316L

stainless steel at a millimetric scale.

Additionally, the 3D printed patterns used in the experiment retained surface marks from the
manufacturing process. Despite being constituted of 50 um resin layers, the patterns effectively

captured micrometric details, allowing liquid stainless steel to infiltrate them during casting.

This finding paves the way for the next phase: proving the concept that surfaces with
micrometric biomimetic-inspired design can be casted in stainless steel. The upcoming section will
introduce a new set of technological challenges, with a specific focus on managing the formation
of oxides on the stainless steel surface during casting. ldentifying the composition of this oxide

layer and efficiently eliminating it will be a crucial aspect in the forthcoming steps of the study.
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Chapter 3: Bio-inspired and recycled 316L
stainless steel surfaces prototyped by coupling
digital light processing and investment vacuum

casting

This section is adapted from an article entitled “Bio-inspired and recycled 316L stainless steel
surfaces prototyped by coupling digital light processing and investment vacuum casting” submitted

in Journal of Manufacturing processes in 2023
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1 Introduction

In the previous section, the feasibility of casting stainless steel at a macroscopic scale has been
explored. The previous results have proved the possibility to infiltrate sub-millimetric shapes. This

section aims at producing stainless steel surfaces microtextured with bio-inspired patterns.

Micro-architectured stainless steel surfaces are usually manufactured with a top-down strategy
(removing matter from the substrate), or a bottom-up strategy (adding matter over a substrate) [79].
Main pathways are: (i) micromachining, i.e. a subtractive manufacturing process relatively
expensive and long to achieve. Simple micropatterns like holes or channels can be obtained using
laser ablation [111,193], solid tools [79,253] or electrochemical micromachining [254]. Although
laser texturing is an efficient, but high energy consuming method to carve in a metallic substrate,
it has the disadvantage to form undesired oxides over 316L stainless steel [81,118] and wettability
of the substrates obtained is difficult to control; (i) Common metallic additive manufacturing
processes for stainless steel, such as Selective Laser Melting (SLM) and Selective Laser Sintering
(SLS), that have the disadvantage of giving poor surface state and a relatively low precision
[149,158,255-257]. Some techniques such as micro-SLA or micro-SLS can manufacture objects
under 100 um, nevertheless the raw material, the post-process equipment and the precise optical
system are very expensive [258]. On the contrary, polymer additive manufacturing processes are
much precise (< 50um), as technology has been existing since a longer time, and the raw printing
materials are cheaper [256,259-261].

Another way to micro-texture a metallic surface is micro-casting but stainless steel casting for
under micrometric details constitutes a technical challenge due to its high surface tension, high
dynamic viscosity and high working temperature (1600°C). Usually, studies focus on lower
melting point alloys like gold-based alloys [262]. Stainless steel molding is usually used for bigger
parts made by injection molding [263]. Scientific researches about steel investment casting are thus

quite rare [208]. In the previous chapter, the feasibility of stainless steel casting has been explored,
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particularly the reproduction of small details. The aim of the present chapter is to investigate micro-

detailed stainless steel surfaces manufacturing via vacuum assisted investment casting.

Nowadays, thanks to the recent advances in additive manufacturing and computer aided-design
(CAD), modern science is able to replicate the natural microarchitectures to create materials with
interesting properties [61,261]. In this work, polymer additive manufacturing (vat
photopolymerization) and investment vacuum casting were coupled to design stainless steel
microtextured surfaces. The process, used in jewelry [207] and prosthesis manufacturing [264],
allows to directly create a microtextured substrate. This section is articulated in three different sub-
sections: the printability of micrometric patterns, the molding process and the wettability
characterization of the substrate. Different shapes were designed, bio-inspired (fish scale, drops,
honeycomb) or not (simple grid, peaks). All surfaces were carefully characterized in terms of

waviness, morphology and wettability.

2 Printability of micrometric patterns

2.1 First benchtest, VPP dimensional limitations exploration
First of all, to obtain a microtexture through the foundry process, it is necessary to print the
texture in a polymeric material. What is the low limit of the 3D printing process in terms of size?

Is it possible to print different shapes (cylinders, parallelepiped, etc.)? In this section an overview

of the polymer pattern printability will be given.
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Figure 33. Benchtest n°1 (a) CAD version, (b) SLA-3D printed version (c) three different printing directions

The two techniques related to vat photopolymerization (\VVPP) used during this work to print
the pattern were stereolithography (SLA) and digital light processing (DLP). Both technologies
consist in liquid resin polymerization/curing thanks to a light source, respectively a liquid crystal
display (LCD) screen (DLP) and a laser (SLA), both emitting UV-light. To manufacture an object,
the 3D printer will superimpose layers of cured material. Three test benches have been developed
to assess the printing possibilities of the printers. The preliminary tests were executed with the SLA

printer to determine the smallest size of printable object.

The Z axis precision is the thickness of the polymerized layer. This value can be adjusted
at 25, 50 and 100 pum in the printing parameters. In this work, every layer was 50 um thick and
exposed to UV light for 50 seconds. This duration and this layer size is a good compromise in terms
on printing duration and quality. The samples obtained were coupons (2x20x15 mm?3) ramified in

three points to be assembled as a sprue using a wax stick (see Figure 33).
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The first bench test was printed in three different positions using the SLA printer: parallel
to the printing directing, tilted on the length and tilted on the width as shown on Figure 33. The
tilting was investigated to see if the combination of the x-y resolution with the z axis resolution
could improve the printing. Cylindrical and parallelepipedal bumps and holes of multiple sizes
were designed (50, 100, 200 and 400 pm, as diameter for the cylinders or side length for the
parallelepiped). The printability of a pattern can vary depending on the distance with the closest

shape, so different spacing have also been investigated (200 or 500 pum).

Figure 34. Examples of (a) 400 um holes, (b) 400 um cylinders. Bench test printed (c) parallel to the printing plan, (d) tilted on
the length and (e) tilted on the width

Different conclusions came out of the printing results:

e Shapes with a dimension bigger than 400 um were always successfully printed, no matter
the printing direction

e 50 um shapes and holes were not printable

e 100 um shapes and holes were printable with at least 500 pum spacing between the shapes

e The smoothest surface state was given by the sample printed parallel to the printing plan.
With the other direction, the layers are visible on the shapes.

The printability between holes and bumps smaller than 100um has already been reported for
VPP techniques using similar LCD screens [265]. Using these results, the size range between 50
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pm and 100 um has to be explored with a 500 pm spacing. The spacing has not been changed for

the moment.

2.2 Second benchtest, micrometric scale printing improvement

A second bench test has been designed to assess the printability of this range size with one
intermediary size (75 um) and one bigger size (150 pum) (see Figure 35a. and b.). A size evaluation
after printing has been performed to assess the dimensional accuracy of the printed shapes (round
and squared). The main interest here is to evaluate the size distortion during the 3D printing step

for difference size of objects.
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Figure 35. Benchtest n°2 (a) CAD version and (b) SLA-3D printed version, optical microscopy image of the 100/150 um (c)
bumps and (d) holes

The holes were all printed and only the 50 um bumps did not appear no matter the printing
direction. The dimensions measurement revealed the lack of accuracy for every object size. Table
8 gives the average size increase for the bumps and holes (squared and round) of every size. Based
on the printed object measurements, the relative difference from the original dimension is
calculated as shown by Equation 2:

) ) (object size — original dimension)
Relative dif ference =

(2)

original dimension
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The relative difference for every type of shape (bumps and holes) at difference sizes (50, 75,
100 and 150) is plotted on Figure 36. The trend confirms the hypothesis formulated before, under

200 pum, the smaller a shape is designed, the less accurately the dimension are reproduced.

Table 8. Holes and bumps mean dimensions values on benchtest n°2

Shape extruded 50 pum 75 um 100 pm 150 um
Round 149 160 158 224
Holes
Squared 125 146 163 195
Round - 125 149 257
Bumps
Squared - 169 182 227
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Figure 36. Relative difference between the original dimension of the 3d designed objects (holes and bumps) and the dimension of

the printed objects

Regarding the results, a few remarks can be done:

e Any of the printed object dimensions were not below 125 pm, no matter the original size
e The bigger a shape is, the more accurate it is
e The 50 um bumps were not printed

e 75 and 100 pum round bumps shapes give better results than other shapes
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Figure 37. (a) Detailed description of benchtest n°2 and (b) benchtest n°2 with printed DLP

These two aforementioned experiments were executed in the same printing conditions on the
SLA printer. The same experiment (benchtest n°2) was run on the DLP printer to compare (see
Figure 37b.). The DLP printer showed a more accurate result. On the DLP printed benchtest n°2,
75 and 100 um bumps came out respectively with 93 um and 131 um, which is slightly better the
SLA printer because closer to the original dimension designed. Unfortunately, none of the holes
were printed with the DLP printer. For the small objects, coming out of the surface, the DLP

printing seems to give better results.

2.3 Third benchtest, SLA vs DLP

A third benchtest with has been designed with bigger object (< 200 pum) to compare the two
printers. The samples were printed in the same direction with comparable layer thickness (50 pum).
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Figure 38. (@) & (b) Benchtest n°3 CAD design, (b) & (c) DLP printed, () & (f) SLA printed

Figure 38a. presents the benchtest n°3 where different size of bumps and holes were
designed to be printed. This benchtest is not necessarily to compare the printed object sizes but
their aspects and more importantly, the duration of the printing. Even if in terms of size, the DLP
printed benchtest (see Figure 38b. and c.) seems less accurate than the SLA printed (Figure 38e.

and f.), the visual aspect is less sharp and more organic.

One other important technical point is the printing duration. To print 10 samples, the DLP
printer took 5.5 hours where the SLA printer took 12h to complete the same task. For batch printing,
the DLP is more adapted than the SLA., because the DLP printing duration depends on the batch
total height where the SLA printing duration depends on the number of objects to print. DLP
printers are polymerizing layer by layer every object at the same time, unlike the SLA printers for

to polymerize the layer objects after objects.
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From the three different benchtests, a lot of lessons have been learned in order to design
and print better bio-inspired microtextures. From benchtest n°1, a better understanding of what a
SLA printer can manufacture in terms of size was given. Around 100 pum, the shapes and holes
require more spacing to be printed. Benchtest n°2 was designed to explore the printing between 50
and 200 pm. DLP printer showed a better accuracy than SLA. Benchtest n°3 gave a visual
comparison for bigger objects between the DLP and SLA printing. After these tests, the DLP has
been chosen to pursue for the smoother visual aspect and its great printing speed adapted to batch
printing. From all the benchtest, bumps (objects coming out of the printed surface) were printed
better than the holes (objects with the printed surface).

Knowing the printing technical boundaries, the next step toward bio-inspired microtexture
printing can begin. The printed objects will have to be around 100 um, round-like and designed
like a bump (coming out of the printed surface). For the moment, the only shapes printed were
isolated shapes of difference size. If the next step is to print a bio-inspired microtexture, the printed
objects are going to be reproduced all over the printed surface as a pattern. The next section is a
printing parameters exploration that will focus on pattern printing.

2.4 DLP printing parameter exploration

Benchtests showed that one of the main differences between the CAD images and the real
printed patterns concerns the sizes of the patterns printed (Figure 39). This size distortion may be
due to two phenomena during polymerization: laser accuracy and the over-exposure to UV-light.
Understanding the laser movement during the printing seems a complicated task To have a better

control over the object printing, the SLA printing has been replaced by DLP.
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25 pm 35 pm 47 pm

Condition A

Condition B

Figure 39. Grid pattern of different wall thicknesses (25 pum, 35 um and 47 um) printed with two different conditions (A and B)

The 3D printed parts were made with Daylight precision castable resin for jewelry from
Photocentric. The polymer is mentioned as “acrylates” by the resin fabricant. The 3D printer was
a DLP printer LC-Precision from Photocentric. Thanks to a liquid crystal display (LCD) screen
featuring UV light, liquid ink is polymerized into solid polymer. The 3D printer has a X-Y precision
of 47 um which is the size of a pixel on the LCD screen (5.5 diagonal inch and 2560x1440
resolution). The size of a pixel is calculated using Equation 1:

Screen diagonal in inches

Pixel size = X 25.4 (D
JWidth in pixels? + Height in pixels?

To test these hypotheses, grid patterns were printed with wall thickness of 50% (25 um),
75% (35 pum) and 100% of the pixel size of the 3D printer 4K screen in the xy plane (47 um). A
grid pattern is composed of perpendicular walls designed with a certain thickness. Figure 39
presents the results for three wall thicknesses (25, 35 and 47 um) and the two printing conditions

detailed below.
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These walls are designed to be 200 pum along the z axis. Condition A is 50 um thickness of
the printed layer and 50 s for the polymerization time per layer; condition B is 100 um thickness
of the printed layer and 100 s for the polymerization time per layer. For exposure time below 50 s,
the parts were not well polymerized enough. When the grid pattern is printed, the 4K screen will
display a grid. If the information to display is covering a sufficient part of a pixel, it will be lit. This
may explain the loss of information for the 25 um grid printed with condition A. Condition B leads
to obvious better result because of the longer polymerization duration. As the exposure time is
doubled compare to condition A, it might be sufficient to polymerize every part of the grid
completely. It has been indeed demonstrated in the literature that the size of the object

photopolymerized grows with the exposure time.[266]

With 35um wall size, condition A leads to patterns printed in a more uniform manner over the
surface. The longer the exposure time gets, the more liquid resin is polymerized to form the pattern,

as seen with condition B.

At 47 um wall size, for both conditions, the squares composing the grid are lengthened is one
direction. The rectangular aspect of the cells is due to directional thickening of grid walls. The
thickening is omnipresent in condition B, therefore the pattern is much affected by a long exposure
time. At 35um in condition A, some of the grid walls were not printed at all. The exposure time
may have been too low to polymerize properly the liquid resin. Consequently, in the following part
of the work, condition A was chosen to print the coupons and ensure correct pattern printing for

thin interconnected objects such as the grid.

3 From CAD to resin printing

Further printing experiments were then carried out using the optimized printing parameters reported in
previous paragraph. Five different patterns were chosen, bio-inspired (honeycomb and fish scales) or not

(grid pattern) and designed using CAD (Figure 40). The fish scales in particular have been chosen for a
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potential sliding improvement in a turbulent flow [62,63,267]. The patterns can be separated into two
categories: the “nets” (honeycomb and grid - Figure 40 (d) and (e)) and the “repeated objects” (Long scale,
short scale and Drop-like scale - Figure 40 (a), (b) and (c)). The printed patterns look similar to those
originally created on the CAD software. During the printing step, the main aspect is still preserved but the
layer-by-layer process affects the shapes (Figure 41). Two main differences can be observed between the
CAD version of the patterns and the printed version of the pattern. First, all the scales (Long, short and drop-
like) which are designed to be separated objects seem to merge after printing, i.e. the separation between
each element is less clear. Secondly, all the patterned surfaces printed seem “rounder” than the original 3d
sketch. The UV-light coming from a pixel during the photopolymerization is indeed not a uniform square
but an asymmetrical conical distribution. It is described as more intense in the center of the pixel and fading
on the edges. The stair-stepping aspect of the small printed objects has already been reported in the literature
[164,265]. This aspect could be attenuated by increasing the gap between the liquid resin vat and the screen
[265].

[
it

Figure 40. Designed patterns on a CAD software (a) Long fish scale, (b) Short fish scale, (c) Drop-like fish scale, (d) Honeycomb
and (e) Grid pattern
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Dimensions (um) i ] iii Height
a. 1056 = 17 306 + 29 605 + 38 325+ 17
b. 647+ 8 273 £41 625+ 26 194+ 6
1465 = 3689 £ 15 - 395+ 16
596 £ 18 575 £25 - 173 £ 20
e 345+ 24 345+ 24 - 150 + 32

Figure 41. 3D printed patterns (a and a’) Long fish scale, (b and b’) Short fish scale, (c and c¢’) Drop-like fish scale, (d and d’)
Honeycomb and (e and e’) Grid pattern

4 From resin printing to stainless steel casting

Figure 42. Sample assembled in a sprue after the casting: (a) before chemical etching (b) after chemical etching.
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4.1 Oxide layer formation after stainless steel casting

After casting, the coupon surfaces are appearing visually dark with a lot of persistent mold
residue at the surface (Figure 42). A chemical etching is mandatory to remove the dark layer and
the mold residue. The casted parts were immersed for 5 minutes in an acidic aqueous solution
(15%vol HCI (hydrochloric acid 37% from Normapur), 12%vol H2SOa4 (sulfuric acid 95% from
Normapur) and 5%vol HNO3z (nitric acid 65% from Fluka)) at 80 °C to remove the mill skin and
residual silica from the mold. This chemical etching is inspired from a French technical article
“Décapage en milieu aqueux” written by M. Depétris-Weéry in 2019 for Technique de [’ingénieur
[268]. After etching, the surfaces were rinsed in an ultrasonic bath of deionized water at room

temperature for 30 minutes.

In the previous chapter, the hypothesis of a reaction between the liquid stainless steel and
the ceramic mold has been formulated. To prove this theory, two analysis have been performed, x-
ray diffraction (XRD) and EDS analysis. The first analysis will give structural information about

the crystal phase and the second will inform the chemical composition of the different phase.

Theoretically, if there was no reaction between the liquid stainless steel and the ceramic
mold, the crystal phase should be an addition of austenite and the mold. If a new phase has been
created, signals different should appear. On Figure 43, the XRD diffractogram of the as-cast
coupon is compared to the raw stainless steel and the ceramic mold powder. The signal coming
from the austenite are clear, but other crystal phases are also present but not related to the ceramic
mold.
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Figure 43. XRD of a coupon as-cast, 316L SS before melting as a reference and the ceramic mold powder.

The different signals of the SS as-cast diffractogram, other than the one from the obvious
austenite, could be from other steel phase (o-ferrite, sigma, martensite or bainite). The sample as-
cast can be compared to a sample chemically etched to distinguish the signal coming from the bulk
(metallic) and the signal coming from the dark oxide layer probably formed. On Figure 44, a
comparison between the original stainless steel (raw foundry material), a coupon as-cast and two
coupons chemically etched to remove the dark oxide layer is presented. After etching, the signals
not coming from the austenite are disappearing, even the a-ferrite. It proves that the phases were
essentially concentrated in the dark oxide layer formed during the casting at the sample’s surfaces.
The etched coupons were taken from two different batch to confirm the trend. It is interesting to
note that some of the signal from the austenite, especially (220) and (222), vary in terms of
intensity. It can be due to the sample orientation. A casted sample is highly directional because of

the oriented solidification, which induce preferential orientation of the grains.
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Figure 44. XRD comparison between 316L SS as a ref, a coupon as cast, and two different coupon after etching

A cross section SEM-EDS analysis of the casted coupon before chemical etching reveals a
composite external layer (Figure 45). Different phases can be observed (see Figure 45b). The dark
part (see point A) is essentially composed of silica (SiO2) and the bright part (see points B & C) is

a chromium-iron oxide layer.

The remaining silica is coming from the mold. On Figure 45 (analyse A), the silica grains,
mentioned before, trapped in the surface layer are still distinguishable. The chromium rich oxide
(analyse B) is probably generated when the liquid metal infiltrates the ceramic mold grains. This
oxide layer is mainly composed of chromium and manganese oxides from the metal or silica as
well as titanium and magnesium oxides traces (identified with an EDS analysis) from the mold
(analyses B and C). The formation of chromium oxides from austenitic stainless steel at high
temperature is a well described phenomenon [251]. The external layer of the stainless steel contains
oxygen but also silicon (see Figure 45 points D and E). These two elements diffuse in the stainless

steel surface, a behavior also observed when a material or a coating rich in silicon (like the silica
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mold in the present process) is in contact with a hot ferrous material [269-271]. The oxide layer

removal via chemical etching is thus necessary to reach the stainless steel underneath.

Ni Kol Mn Kol Mo Lal

- - - - - - 68.2 31.8 -
B. 18.8 0.9 1.4 85 - - 59.5 {4 2.8
(5 1.4 - - 8.2 - - 61.4 20.5 1.2
D. 15.7 59.4 - 0.8 0.7 82 9.1 6.1 -
E. 18.1 67.2 - 0.7 1.0 9.3 1.4 1.4 -

Figure 45. EDS-SEM cross section element analysis (at. %) of the stainless steel oxidation layer (a) with an element mapping and
(b) the atomic percentage in the different phases: A. is the silica from the mold, B and C are the oxides formed during the casting
when the liquid metal touches the mold, D is the surface of the stainless steel enriched with oxygen and silicon, E is the stainless
steel with less oxygen and silicon.

With EDS and XRD analysis, it is possible to sketch a hypothetical mechanism happening
when the liquid stainless steel enters in contact with the ceramic mold to form the dark oxide layer.
On Figure 46, a schematic description of the mechanism is proposed. It is divided in three phases:
before contact, the infiltration and after the complete solidification. When the liquid stainless steel
enters in contact with the mold, it will fill the spaces between the mold grains. During the
infiltration, the liquid metal will cool down and solidify. The infiltrated metal will be oxidized and

element such as silicon and oxygen are going to diffuse into the bulk. Comparable mechanisms
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have been reported in the literature for austenitic steels. For example Al-Si coatings, in contact
with a austenitic steel during hot stamping (700-800 °C), generates Si and Al diffusion [272,273].

Ceramic mold Ceramic mold

Liquid stainless Molten Solid stainless
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Figure 46. Hypothetical mechanism of the dark oxide layer formation

A diffusion simulation study based on thermodynamics, such as Diffusion Controlled
TRAnsformation (DICTRA), could constitute an interesting outlook for this observation. It could

confirm or deny the hypothetical diffusion mechanism explained earlier.

Once the oxide layer removed thanks to the chemical etching, the substrates reveal the bio-
inspired microtexture mold during the investment casting step. After etching, microscopic analyses
were carried out on the samples obtained and are presented on Figure 47. Patterns are obtained at
the stainless steel surface, that correspond to the initial resin printed patterns, but not as smooth

and uniform as in the resin version.
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4.2 Patterns molding

Visually, the pattern is well reproduced for drop-like fish scale, long fish scale and short fish
scale. The honeycomb and grid patterns are similar to the reference one (coupon without pattern).
The fish scales, composed of single objects replicated all over the surface, were casted in a more
precise way (8. a, b and c) than grid and honeycomb patterns. In fact, these patterns have been well
molded locally but not all over the coupon (Figure 8 d & ¢). In the author’s opinion, it could be
explained by the fact that they are conceived as networks and form one single object coming out

of the coupon surface.

The layer-by-layer aspect has faded, especially on the long and short fish scales. The drop-
like fish scale, which is the biggest pattern in term of dimensions, has kept the layer by layer aspect

of the resin version.

Dimensions (um) i ii ii Height
a. 1030+ 17 244+ 26 552050 238EL
b. 527+ 17 212+ 12 659 + 29 138+ 18
1401 + 33 675+ 17 - 386 +25
d. 518 +20 548 £22 - 194 + 17
e. 345 +21 345+21 - 137+ 16

Figure 47. Stainless steel molded patterns (a and a’) Long fish scale, (b and b’) Short fish scale, (c and ¢’) Drop-like fish scale, (d
and d’) Honeycomb and (e and e’) Grid pattern

Not surprisingly, the bigger the topography, the easier the moldability. This drop-like fish

scale pattern was used to estimate qualitatively the loss of precision between the CAD design and
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the obtained pattern after etching (Figure 48f. to h.). The 50 um stair appearance of the printed

shapes is still recognizable after casting and chemical etching.

Comp | | 3D printed
aided design | | shape

Stainless steel Stainless steel
shape as cast shape etched

i Negativ
i| refractory materia

|

Figure 48. Representation of the information loss along the manufacturing process (a) and (f) computer-aided design of a curvy
detail, (b) and (g) layer-by-layer interpretation of the detail, (c) investment powder molded as a negative of the detail printed, (d)
stainless steel casted shape, (e) and (h) metallic detail after chemical etching.

The shapes designed in 3D (Figure 48a.) are sliced into multiple layers for the printing
(Figure 48b.). During this interpretation step, a part of the information is lost. Thus, curves are
printed as “stairs”. The refractory material that envelops the 3d-printed resin to create the mold will
fit the shapes as much as the granulometry and viscosity of the slurry can allow. Because the
ceramic slurry is a commercial product for jewelry with a strict procedure, no variation on that part
was possible. During the slurry drying and dewaxing step, some distortion of the final dimension

could appear (Figure 48c.). Then, during the casting, the liquid metal infiltration into the mold
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details is limited by the liquid stainless steel surface tension and the wettability between the liquid
metal and the mold material. At last, when steel solidifies, it slightly retracts. The volume occupied
by the liquid steel in the pattern is slightly bigger than the volume of the solidified part as the
molten stainless steel is less dense than the solidified material (Figure 48d.) [243]. During the last
step, the chemical etching applied in the surface post-treatment to remove the oxide layer and the
mold residue also smoothens the stair aspect of the shapes (Figure 48e.). As an example of the
evolution of the pattern versus process steps, Figure 48 (f-h) shows the loss of precision between

the CAD design and the obtained pattern after etching, for the drop-like fish scale.

In order to characterize more precisely the information loss, the waviness was measured
with a optical microscope before and after casting. Both the linear (Ra, Rz) and superficial (Sa, Sz)

waviness were quantified after the printing step and after the post-casting etching step.

Xpolymer - Xmetal
X

polymer

Change percentage = x 100 (D)

Where X = {Ra,Rz, Sa,Sz}

A comparison percentage (Equation 1) was defined to assess the change between the
polymer and the metallic version of the pattern, quantifying the evolution of the waviness
parameters (Ra, Sa, Rz, Sz) before and after the casting process. The metallic versions, if molded
correctly, will possess smaller roughness parameters. In general, the values are in a range between

30 and 50 pm for the metallic version of the patterns.

Table 9 shows that the waviness of the metallic version of the patterns is decreasing. In
particular, the z parameters for the maximum heights (Rz and Sz) after casting are decreasing.
These results, in accordance with microscopic observations, show that the patterns are less
pronounced and less homogeneous than in the 3D-printed polymer version. A positive change

percentage is when the polymer roughness is superior to the metallic roughness, which is normal
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during a molding process. In Table 1, a pattern presenting a negative change percentage for most
of the parameters means that it is not molded correctly. This is the case for example of the grid and
honeycomb patterns, that were visually smooth and that show mostly negative percentages
(red/yellow code in Table 1).

Table 9. Change percentage of the roughness parameter (Ra, Sa, Rz, Sz) between the polymer and the metallic version of the
different patterns (Green (>10 %), Yellow (between -10 % and 10 %), Red (<-10 %)

Drop like fish scale Short fish scale Long fish scalc Honcycomb Grid
Rz 51.5 51.1 50.4 5.6 16.5
Sa 24.1 -9.0 47.5
Sz 68.4 28.9 62.4

The same decrease is observable for Ra and Sa values except for honeycomb and grid patterns. It
means that a general height flattening occurs during the casting process. The general aspect of the
pattern is fading along the process. Optical microscopy allowed us to compare the polymer and the
metallic version of the pattern but is limited when the surface is flat compared to a profilometer.

In the following sections, a profilometer using interferometry, a more accurate method of
roughness characterization will be used. Note that it could not be used to compare the polymer and
the metallic coupons as it can only detect metallic shiny materials.

More than the loss of information during the casting process, another interesting point
concerns the dendrite formation during the solidification. The substrates presented in the current
article are indeed featuring dendrites at the surface. Usually, dendrites are formed when the metal
solidification is slow, oriented and controlled. They can be oriented in one direction. For example,
when austenitic stainless steels are welded or during controlled solidification, the part solidified
after melting will present oriented dendrites following the heat flux [274-276]. It is reported that

only the combination of a solidification rate higher than 0.01mm/s and temperature gradient lower
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than 100°C/mm will form equiaxed dendrites [277]. Moreover, most of the time, the dendrites are
grown over a pre-existing substrate. In the present work, the dendrites formed during the casting
process are coming from the substrate material: the microtexture and the substrate are one
continuous material. Dendrites are thus randomly dispersed on the samples, which might explain
the high standard deviations observed in terms of roughness and wettability. It adds another
textured layer to the micro-textured surfaces and changes the surface state. This texture is in that
case due to the slow cooling down after casting [276]. As observed on Figure 49a, the dendrites

are not oriented in one direction but randomly dispersed in the coupon.

The various patterns developed in this study show the possibilities that emerge through the
fusion of polymer additive manufacturing and vacuum-assisted investment casting. The fabricated
surfaces exhibit two distinct levels of complexity: the 3D-printed waviness and the roughness
(dendrites) that emerge during solidification (see Figure 49b. and c.). Different surface elements
contribute to alterations in surface chemistry and texture, thereby influencing wettability. In the
following section, the wettability of each sample is assessed, with the objectives to isolate the
different surface components to determine their contributions to wettability.
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Figure 49. a) Dendritic microstructure of a coupon cross section, b) Optical microscope observation of the short fish scale
pattern with a dendritic aspect of the surface and ¢) SEM observation of the dendritic surface presenting a “wavy”/non-flat

aspect at the micrometric scale

4.3 Effect of the bio-inspired texture on the wettability

The water contact angle (WCA) results are depicted in Figure 50. Various substrates are
compared, including micro-textured surfaces, a commercially flat stainless steel (2R), native or
etched in conditions identical to the casted samples, and a reference stainless steel produced using
the same foundry process but lacking microtexture. When compared to the flat commercial 316L
stainless steel etched under the same conditions as the casted samples (WCA: 59.2° + 1.3), all
micro-textured surfaces exhibit higher mean WCA values (Long fish scale: 112.4° + 19.6; Short

fish scale: 81.7° + 23.9; Drop-like fish scale: 83.0° £ 15.9). Surfaces manufactured via the same
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foundry process but not textured (“Virgin” sample) demonstrate greater hydrophilicity (WCA=
41.2 + 17.3), underscoring the significant impact of micro-texture on wettability. Figure 50

proposes a plotting of the previous values.

140

2
100 } ‘ ’
80 l
60 ‘

40 ‘

WCA (°)

Drop scale Short scalce Long scalc Virgin Flat SS ctched

Figure 50. Water contact angle of 3 different fish scale patterns compared to a virgin coupon (no

pattern but flat molded stainless)

The designed microtextured surfaces are collectively more hydrophobic than commercial
stainless steel plates (etched under similar conditions) or stainless steel plates manufactured
through the lost-wax foundry process. However, significant standard deviation is observed for
casted surfaces, indicating some degree of inhomogeneity. This inhomogeneity may stem from the
random dispersion of dendrites on the surface (refer to Figure 10b) as observed previously. It is
worth noting that the dendritic surfaces studied for wetting properties in literature used different
dendrite sizes (>1 um) and substrate materials (gold, silver, copper) compared to our work, making
direct comparisons challenging [278-280], In our work, the impact of microtexturation on
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wettability is clear, as the dendritic surface alone exhibits hydrophilicity. It is not possible to fully
comprehend the separate contribution of 3D printed microtexture and the dendritic texture formed
during solidification on surface wettability. A surface solely with 3D printed microtexture and
without the additional dendritic texture due to solidification could be manufactured.

An increasing roughness is supposed to increase the contact angle. Here the etching is
unveiling the stainless steel grains, which will induce second-order effects in the wettability [281]
leading to a more hydrophilic surface. Chemically, a stainless steel surface exposed to hot acidic
solution will more likely form chromium trihydroxide (Cr(OH)s) which is more likely to enhance
hydrophilic behavior due to the H-bonds formation [282]. Further chemical analysis of the surface
could be an interesting outlook to have a better understanding of the surface chemistry. For now,
there is no clear evidence that the surface chemistry contributes more than the surface morphology

to the apparent microtextured sample hydrophobicity.
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Figure 51. Comparison of the water contact angle with the surface waviness mean values for the

different patterns
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The parallel between surface waviness and wettability has already been studied by other research
groups. Misyura & al. compared these two parameters through laser textured substrates but there
is no clear link between them [283]. In addition, the surface chemistry or surface free energy has
been considered. The same conclusion was drawn by Lugscheider & al. when they tried to identify
a correlation between different multiple physical vapor deposition (PVD) coatings over the same
substrate [284]. Wettability and waviness can even be differentiated and considered as separate
parameters like Bogacz & al. did to assess the impact of each parameter in the fouling of a laminar
flow [32]. In the present work, the rougher a surface is, the higher the WCA is. An attempt of linear
correlation between waviness and WCA is featured on Figure 51. However, the trend needs to be
considered carefully because both the wettability and the waviness possess wide standard deviation

values.

5 Conclusion

In this section, we have explored the innovative concept of bio-inspired microtexturing on
stainless steel. This was achieved through the integration of Digital Light Processing (DLP) and
vacuume-assisted investment casting. The focus was on creating intricate patterns, reminiscent of
different fish scales and honeycombs, on surfaces made from 100% recycled stainless steel. Despite
the technical complexities associated with stainless steel investment casting at a millimetric scale,

our work has demonstrated its feasibility.

The process involved in this work was investigated, with particular attention to the loss of
detail through various stages of investment casting. This was quantified using waviness
measurements, providing valuable insights into the limitations and potential improvements of the
process. An important discovery in our research was the presence of an oxide layer on the as-cast
austenitic stainless steel. An acidic treatment was employed to remove this layer, revealing a
dendritic microstructure underneath. This microstructure, combined with the printed microtextures,

endowed the surfaces with a notable hydrophobic property.
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A significant takeaway from this research is the validation of controlled microtexturing on
stainless steel. While the process is indeed complex and resource-intensive, it represents a
significant step forward in the field of metallic additive manufacturing. This opens up new
possibilities for creating varied and customizable hydrophobic stainless steel structures with high
practical value.

The hydrophobic behavior of the microtextured stainless steel surfaces obtained in this section
could be enhanced with a coating. The aim of this coating would be to add a nanotexture on top of
the microtexture. As explained from the example of plants leaves in the first chapter, the
combination of asperities at multiple scale can result into superhydrophobic behavior, the so-called
lotus leaf effect. The following section will be dedicated to the nanotexturation of the stainless steel
substrates.
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Chapter 4: Stainless steel functionalization by

atmospheric pressure plasma polymerization
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1 Introduction

In the previous section, hydrophobic stainless steel surfaces have been manufactured. The
metallic substrates fabricated have been analyzed and possess a microtexture that presents
interesting wettability properties. To reach higher levels of hydrophobicity, it is however necessary
to add another level of complexity in terms of architecture. In the first chapter, the hierarchical size
distribution of asperities and objects from micro to nanoscale was shown as a crucial factor to
improve the hydrophobicity. In the current section, the study will focus on the nanotexturation

using atmospheric pressure plasma polymerization (APPP) of organosilanes.

As mentioned in the first chapter, hydrophobicity and hydrophilicity describe how a drop of
water behaves when in contact with a solid substrate [29]. The angle formed at the liquid/solid
interface characterizes the wettability of a liquid over a specific surface. In the case of liquid water,
if the contact angle is under 90°, the surface is hydrophilic [40]. For an angle between 90° and
150°, the surface is considered hydrophobic [121,285]. Above an angle of 150°, the surface is
considered as superhydrophobic or ultrahydrophobic [286,287]. Superhydrophobic and
ultrahydrophobic are similar terms that can be differentiated by the water contact angle
measurement. For the superhydrophobic surface, a water contact angle can be measured but not in
the case of ultrahydrophobic surface, as the drop will systematically go off. A superhydrophobic
surface is generally architectured at a microscale and/or a nanoscale [288,289]. Not only the surface
texture affects the wettability but also the surface chemistry. The presence of oil or hydrophobic
functions can enhance the hydrophobicity of a surface [17,290]. The creation of this type of surface
has been inspired by the structure of plant leaves [47]. One of the most renowned example of
hydrophobic leaf structure is the lotus leaf [44]. The idea of impregnating the surface by a lubricant
also comes from nature. From the fishes’ skin mucus [291] to the nepenthes’ pitcher [50,64], a fair

number of natural surfaces have improved their “water sliding ability” through lubrication.

Consequently, mimicking the structure and the chemistry of organic surfaces has become a
serious challenge for modern materials science [292]. Water-repellency for a metallic substrate can
have a different purpose because the presence of water can be an issue, especially for metallic
materials where water can be a vector of corrosion [293], fouling [21] or bacterial contamination

[294]. Not only liquid water but also ice formation can constitute a problem in aeronautics [295]
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and food industry [296] over metallic surfaces. Some superhydrophobic surfaces have shown

promising anti-icing results [25].

To manufacture this kind of surfaces on metallic substrates, two different strategies can be used.
The first is a top-down one, which consists in removing material from the substrates. It can be done
mechanically (polishing or grinding) [195], physically (laser texturing) [193] or chemically
(etching) [121,122]. The interest of these processes resides in the roughness creation that can be
paired with a chemical functionalization or oil infusion [17,66,297]. The second strategy is bottom-
up and encompasses adding material to the existing substrates. It can be a coating, nanoparticles
growth, plasma or vapor deposition (chemical or physical) [79]. Both strategies have been explored
during the past decades to manufacture more and more complex surfaces. Although this strategy is
effective at the laboratory scale, the inherent loss of material, time-consuming techniques or large
amount of chemicals used are obstacles to an industrial upscale. In a greener approach, the
reduction of material loss and chemical use has become a significant issue for modern processes.
The nanotexturing process that will be presented in this section is part of the bottom-up strategies.
APPP presents multiple advantages regarding surface hydrophobization: the amount of precursor
necessary is limited and no solvent nor any vacuum system are required [116,298-301].

In the present work, following the microtexturing approach presented in the previous section,
a closer look will be given to the nanotexturation process. Stainless steel substrates have been
microtextured through a process associating polymer additive manufacturing and vacuum assisted
casting. The microtextured surface is nanotextured thanks to the APPP of two different
organosiloxane  precursors:  hexamethyldisiloxane  (HMDSO) and  1H,1H,2H,2H-
perfluorooctyltriethoxysilane (pFOTES). The wettability was assessed through a goniometer and
water contact angle (WCA) measurements. Observations of the surface were made with numerical
microscopy (NM) and scanning electron microscopy (SEM). All experimental conditions and

results obtained are presented in the next section.
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2 Atmospheric pressure plasma

The substrate manufacturing process has been detailed in the previous section. Roughness and

wettability of the raw surfaces are also described.

2.1 Generalities about plasma surface treatments

The word plasma designates an ionized gas, a high energy state firstly described as “radiant
matter” by Sir William Crookes in 1879 [302]. He was trying to put a name on “the particles
constituting the cathode stream” in a vacuum. For him, it was nor liquid, nor solid and nor gaseous
but consisted in “something smaller than the atom”. The word plasma came later with the work of
Irving Langmuir, after almost five decades in 1928, when he published “Oscillations in ionized
gas”, an article about mercury low-pressure arc [303]. His eminent workmate, Levi Tonks revealed
later that the word plasma probably takes inspiration from the blood plasma [304]. It can be
considered as the fourth state of matter because a phase transition is possible when energy is
brought to a gas. This state appears to be completely different from the three other states of matter:

solid, liquid and gaseous (see Figure 52).

Solid Liquid Gas Plasma

Figure 52. Four states of matter
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Since the early discoveries of the early 20th century, different plasmas have been discovered
or identified. They can be differentiated in two categories: natural plasma and artificial plasma.
Multiple natural phenomena, like lightening or aurora borealis (see Figure 53 (a) and (b)) are
examples of natural plasmas [305,306]. A part of the atmosphere of Earth, called the ionosphere,
is made of dense plasma and located between the mesosphere and the exosphere (see Figure 53
(c)). The gas of this atmosphere layer is continuously ionized by the solar wind [307]. In the
universe, 99% the objects observable, such as the stars, are in a plasma state [308]. Mankind has
succeeded to reproduce this state of matter in various controlled environments and is able to utilize

it for different purposes.

Tonosphere
(48-965 km)

Earth

Troposphere

(6-20 km)
Stratosphere
(20-50 km)
Mesosphere

(50-85 km)
Thermosphere
(85-690 km)
Exosphere
(690-10 000 km)

Figure 53.Examples of natural plasma: (a) lightnings (b) aurora borealis and (c) representation of the ionosphere among the
different layer of Earth atmosphere

The knowledge about plasma has evolved from pure observation of an ionized gas phenomenon
to an entire family of applied technics that can propel a satellite [309], produce energy [310], weld
metallic materials [311] and even modify materials surface [299]. This last category will be the one

that interests us in the rest of this section.

Nowadays, the different plasma processes can be used to modify a material. Two different
types of plasmas exist to modify a surface: the low-pressure (LP) cold plasma and the atmospheric

pressure cold plasma (APP) [312]. These technologies can have different purposes:
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Plasma treatments: The use of inert gases (helium or argon) under a plasma form can
generates reactive ions or radicals at the substrate surface that will be more reactive. This
enhancement will create a better adhesion for coating or dye molecules [313,314]. Other
techniques like plasma enhanced chemical vapor deposition (PECVD) or physical vapor
deposition (PVD) or atomic layer deposition (ALD) can directly generate controlled thin
layers of material (oxides, nitrides, sulfides or tellurides) on a substrate to change its
chemical, physical and/or mechanical properties [315-319].

Plasma etching: The plasma being a source of high energy, more than modifying the
substrate matter, it can also remove material from its surface. It can be used in different
applications such as microelectronics or surface engineering as a nanofabrication process
for hard materials like metals, oxides or even diamond [320,321].

Plasma polymerization: The association of molecules and a plasma can induce a
polymerization. It can occur in two different ways: the plasma state polymerization or the
plasma-induced polymerization [322]. In the first case, the monomers are in a plasma state
under vacuum and will form a layer of polymerized material. In the other case, the
monomers contained in a condensed phase (liquid or solid) are polymerized thanks to a
plasma. The molecules injected in the plasma discharge are fragmented by the ions
contained in the plasma, and recombined into a “plasma — polymer”. It can be done using a
large diversity of molecules to manufacture films and/or nanoparticles [323]. Through this
particular polymerization method, not only organic monomers can be polymerized but also

inorganic molecules such as Hexamethyldisiloxane (HMDSO) [324-326].

The following part will focus on plasma polymerization. The nanotexture added to the

microtextured stainless steel will be obtained through an atmospheric pressure plasma

polymerization of organosiloxane precursors. This process is interesting for different reasons:

- it is a solvent free process,

- the amount of precursor used is small (5 mL maximum for one layer over 20x20 cm?),

- it is executed at atmospheric pressure,

- the carrier gas (industrial grade nitrogen) is not expensive and safe,
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The principle and apparatus are presented in the following section.

2.2 APPP principle

The plasma polymerization was carried out using an ULS Lab-Scan (Ultra-Light System),
i.e. an atmospheric pressure plasma torch (APPT) from Acxys Technologies (France). The surfaces
were treated in two steps: activation and functionalization. The activation is done by passing the
torch four times over the surface to clean the surface from organic residue and remove the thin
oxide layer. The functionalization was carried out with two different precursors,
hexamethyldisiloxane (HMDSO) and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (pFOTES) (as
shown on Figure 54). The precursors are nebulized into the plasma thanks to a syringe pump NE-
300, New Era Pump System (United States) at flow rate of 60 g/h for HMDSO and 20 g/h for
pFOTES. The carrier gas (N2) flow rate is 6L/min for HMDSO and 2 L/min for pFOTES. Both
steps were processed with D = 20 mm from the surface, 1550 W of power (frequency = 80 kHz)

and industrial nitrogen flow of 60 L/min.
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Figure 54. Atmospheric pressure plasma setting
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The chosen parameters were explored during previous work in the laboratory [103]. The
parameters are known to be effective on commercial flat 316L stainless steel substrates. On a flat
surface, in the same conditions, only the association of the two precursors (HMDSO and pFOTES)

can result into superhydrophobic surfaces.

2.3 Coating’s morphology and composition

The objects formed during this coating step were observed using scanning electron
microscopy (SEM). The observations were first carried out on a non-coated sample and secondly
on a coated sample to compare the structure at the nanoscale. On Figure 55, pictures (a) and (b) are

made at a microscale magnification, and the difference is subtle.
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Figure 55. SEM observation of the textured stainless steel from the foundry process (a) & (c) uncoated and (b) & (d) coated.

The surface presents more “dusty” objects observable on the coated sample. A higher
magnification (x10,000) gives a more precise idea of the coating morphology (the scale bars are
representing 1 pum). The coating seems to be composed of nanometric spherical beads (see Figure
55, (d)). At this scale, an EDS analysis would not be pertinent as the interaction sphere created by
the electron beam is way larger (a few micrometers large at 15 kV) than the particles observed. The
chemical composition cannot be estimated quantitatively using SEM-EDS at this scale.
Nevertheless, a qualitative chemical analysis is possible and preferable because the surface is
highly rough. As it is schematically explained on Figure 56, the high roughness and the substrate

composition can interfere a lot with the EDS analysis. The light elements Ka signal coming from
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the coating at the bottom of the roughness profile will be absorbed by the substrate which contains

heavier elements.

Si, O, F, etc.
(coating)
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Roughness ~|:

Fe, Cr, Ni, etc.
(substrate)

XElectmn beam B |

- Chromium Ka Fluorine Ka

Figure 56. (a) Schematic explanation of how the roughness interferes with EDS analysis of a coating on a rough surface (b)
EDS difference between a heavy element like Chromium and a lighter element like fluorine

EDS mapping can give an idea about the coating composition. A Fourier-transform infrared
spectroscopy (FTIR) is more commonly used to determine the different chemical bonds created
during a coating step. Nonetheless, the high roughness of the stainless steel substrate could not

enable the collection of a proper spectrum.

The expected composition of the coating should be directly related to the original atomic
composition of the molecule. In the case of HMDSO, the coating should increase the amount of
silicon, carbon and oxygen at the surface. Because the coating is not conductive, a thin layer of
carbon has been deposited at the surface to allow the observation. Silicon and oxygen are two light
elements that can be easily found on a stainless steel surface. For these reasons, the HMDSO
coating has not been investigated in terms of composition. On the contrary, the polymerized

pPFOTES possesses fluorine functions that could be easily detected and attributed to the coating
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formation. In the following table (see Table 10), two macroscopic EDS mappings are compared
before and after pFOTES APPP.

Table 10. EDS mapping comparison between a coated and an uncoated stainless steel textured sample

Other
Sample Elements Fe Cr Ni 0] Mo Si Mn F undetected

elements

(% at.) 62.5 17.2 8.1 8.6 0.9 1.2 1.0 0 0.5

Textured stainless steel
without coating

(% at.
1 0.28 0.13 0.14 0.01 0.02 0.02 0 :
/Fe % at.) ool
(% at.) 473 13.2 6.5 14.3 0.8 4.3 0.9 12.6 0.1
Textured stainles steel
with APPP coating
(% at.
1 0.28 0.14 0.3 0.02 0.09 0.02 0.2
/Fe % at.) J 9

In addition to a simple atomic percentage distribution of the different elements, a normalization
based on the iron content has been made to see if a drastic change is remarkable. The pFOTES
molecule is atomically composed of silicon, carbon, oxygen and fluorine. The carbon content is
ignored because, as mentioned before, the sample has been coated with a thin carbon layer to
become conductive. The amount of the three other elements increases sharply, fact that confirms
the deposition of a polymerized nanostructured pFOTES. On Figure 57, a SEM image of the
pFOTES coating at high magnification is presented to highlight the nanometric size of the
polymerized particles. Consequently, after this deposition step, the stainless steel substrate is
textured at multiple scales (millimetric, micrometric and nanometric). This high complexity should
theoretically be associated to hydrophobic properties. In the next section, the wettability of the

manufactured surface will be questioned.
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Figure 57. SEM image of the pFOTES coating on a microtextured stainless steel substrate at high magnification
3 Wettability improvement

Without coating, the three different patterns obtained in the previous chapter present three
different roughness and 3 different WCA. Table 11 gathers the WCA measurements performed on
the different substrates (commercial 316L stainless steel, molded stainless steel without pattern
(“virgin”) and 3 different stainless steel molded patterns). The molded microtextured surfaces are
more hydrophobic than a stainless steel surface molded without patterns (Virgin). On the contrary,
316L stainless steel coupon with a 2R finish has a mean WCA higher than that of two of the molded
patterns (drop-like scale and short fish scale).

3.1 HMDSO atmospheric pressure plasma polymerization

Due to its surface geometry, the long scale pattern displays natural hydrophobicity without any
coating (WCA: 112°). Nevertheless, after an APPP of HMDSO, the WCA mean values increase
for all the molded samples more than the commercial stainless steel coupons. Except for the short
fish scale pattern, the WCA values of the molded patterns coated with plasma polymerized
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HMDSO are between 101.7° and 109.1° which is higher than the commercial stainless steel
covered with the same coating (94.4°). The hydrophobicity of the 2R SS coupon and of the long
fish scale pattern slightly decreases but it is important to note the high standard deviations that
translate the heterogeneity of the different samples. Every molded sample, microtextured or not,
seems to be more homogeneous after coating as the standard deviation decreased. The importance
of the texture is slight but noticeable, the mean WCA of the 2R SS and virgin sample are less than

that of the microtextured samples.

A previous study had been conducted by the team on flat stainless steel, that reported a higher
contact angle for HMDSO APPP (107.7 £ 3.1) [103]. Two things differ from this previous
experiment: the HMDSO injection system used was different and the bare substrate contact angle
was 20° higher than in our case. This difference can be caused by the initial surface state and the

precursor injection system.

3.2 pFOTES atmospheric pressure plasma polymerization

The pFOTES APPP leads to different results on the stainless steel molded surfaces: no water
drop was able to remain on the surface, they systematically went off the surface. The same
experiment was carried out with a polytetrafluoroethylene (PTFE) needle to reduce the adhesion

between the water drop and the needle, but the surfaces were still ultra-hydrophobic.

This result is interesting when compared to the commercial 2R stainless steel coated with the
same process, which presents a WCA of 133°. Similar results (138.8 £ 3) were reported earlier by
Saget et al. on stainless steel for pFOTES APPP [103]. However, to obtain ultra-hydrophobic flat
stainless steel samples, these researchers had to combine a layer of HMDSO and one of pFOTES.

In our case, one layer of pFOTES on the micro-textured samples is enough to reach the same result.
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Table 11. Water contact angle comparison of 2R stainless steel and the textured surface (with and without pattern), without coating,
coated with plasma polymerized HMDSO and plasma polymerized pFOTES (N/D: not determined, which means the angle was not

measurable).

Wettability (°)

Without coating HMDSO coating pFOTES coating
2R SS 101.7+£2.5 944 +3.4 133.3+3.6
Virgin 41.2+17.3 101.6 £7.7 N/D

Drop like fish scale 78.0+23.9 107.1 £8.8 N/D
Short fish scale 81.7+23.9 118.6 £ 11.22 N/D
Long fish scale 112.4+19.6 109.1 £12.6 N/D

The APPP pFOTES coating seems to be particularly interesting in terms of wettability. One
interesting observation has been made during SEM imaging of APPP pFOTES coating over the
microtextured stainless steel, the particle formed are mostly present on the highest points of the
roughness (see Figure 58). The high standard deviation for the non-coated indicates a lack of
homogeneity coming from the surface morphology or chemistry. After coating, the different
standard deviations are smaller, which indicates a homogenization thanks to the coating. Even if
the standard deviation decreased after coating, the values are still more significant than a flat 2R
stainless steel coupon. The lack of homogeneity could affect the wettability properties, the stability

or the performances of the coated material.
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Figure 58. Inhomogeneous aspect of the particles formed during the APPP pFOTES coating

In the next section, the stability of the coating along time will be determined by measuring
the WCA after 6 months ageing.

Preliminary remark: due the small quantity of samples available for both the ageing test and
the application tests (antifouling and anti-icing) the different textures have been mixed and sorted
out by coating. Gathering the samples into two categories (textured + HMDSO and textured +

pFOTES) was possible because the wettability properties were considered similar enough for a
coating over a microtextured surface. From 6 samples of each microtexture, we obtained 18

samples of each coating available for the next tests.
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3.3 Durability of the coated samples

The ageing was carried out at room temperature in a closed container.Three different
microtextures were not coated to take into account the ageing of the metallic material alone. A set
of 2R and microtextured surfaces were coated with HMDSO and pFOTES and their WCA was
measured 24h after surface treatment. The samples were then set aside during 6 months before
measuring the WCA a second time. Both WCA values (t+24h and t+6 months) are compared in
Table 12.

Compared to the measurements done before ageing, all the values evolved, showing the
unstability of the coating along great period of time. Not only the coating, but the microtextured
material also is evolving: the WCA values under 100° seem to increase and the values above 100°
seems to decrease. The convergence of these WCA values could be the proof of chemical or
structural surface evolution over the metallic microtextured surface. This assumption is weak
because of the diversity of sample available. The difference cannot come from the number of
samples as the ageing experiment is conducted with almost the same number of specimens per
condition than before ageing (4 sample per condition before and 3 after ageing). One argument in
favor of homogeneization is the standard deviation decrease for every non-coated microtextured
stainless steel surface. Before ageing, standard deviations were significantly great compared to the
actual WCA values. After ageing, these values are decreasing. For the APPP coated samples, 2R
and microtextured stainless steel surfaces, a WCA decrease is observed. Along a great period of
time, the process is not stable. A more periodic study of this ageing with closer measurement along
time would be interesting to understand the ageing kinetics. The WCA evolution coupled to a
chemical quantification of the surface functions (Fourier transform infrared spectroscopy or x-ray
photoelectron spectroscopy for example), could lead to a better understanding of the mechanism

responsible for this decrease.
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Table 12. WCA measurement after 6 months ageing at room temperature at atmospheric pressure

Wettability (°)

Without coating HMDSO coating pFOTES coating
2RSS 101.7£2.5 94.4+34 133.3+3.6
Virgin 412+173 101.6+7.7 N/D

Drop like fish scale 78.0+£23.9 107.1 £8.8 N/D
Short fish scale 81.7+239 118.6 £11.22 N/D
Long fish scale 1124+ 19.6 109.1 £12.6 N/D

Wettability after 6 months ageing (°)
2RSS 849+28 121.0 £ 5.05

Drop like fish scale 98.6 = 8.5
Short fish scale 993+£29
Long fish scale 105.2+£10.3

Textured + HMDSO 100.2 + 8.8

Textured + pFOTES 121.0+ 5.0

The instability along time aside, a superhydrophobic behavior has been observed for some
of the APPP coated microtextured surfaces. It could be interesting to assess the usefulness of this
property. As mentioned in the first chapter, 316L stainless steel is a common alloy in the food
industry and keeping them clean or easy to be cleaned is a critical issue. The superhydrophobic

behavior of the material designed previously could be interesting in that case.

4 Applications and properties

The surfaces manufactured in this work present two main advantages. They are highly rough
and superhydrophobic. In the literature, as mentioned in chapter 1, this type of surface can be used
for different purposes, for example anti-fouling, anti-icing, anti-corrosion or even SLIPS

manufacturing. During this section, the properties of these surfaces will be explored.
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4.1 Anti-fouling property

Fouling is an accumulation of unwanted substances or deposits on a surface. It can occur in a
chemical reactor, during industrial processes, in the sea or in a pipeline [327,328]. Different types
of fouling can be distinguished depending on the nature of the deposit. For example, marine bio-
fouling refers to the accumulation of microorganisms, algae, plants or small animals on surfaces
immersed in water. It can also occur on ship hulls, underwater structures or water intake systems
[98]. Dairy fouling also appears in industrial food processes such as pasteurization or other dairy
product transformations [329,330]. This particular type of fouling will be discussed in the

following part.

4.1.1 Dairy fouling formation

Raw milk is a complex biological fluid essential for young mammal growth. Mainly
composed of water, it also contains lipids, proteins, amino acids, vitamins and minerals [331]. The
most abundant proteins in bovine milk are caseins, accounting for 75 - 80 %. The 20 % left are
whey proteins like B-Lactoglobulin (B-Lg), a-Lactalbumin (a-La), bovine serum albumin,
immunoglobulin and lactoferrin [332]. The proteins contained in the milk are heat sensitive and
can be degraded when heated up. The pasteurization process, an essential step in the dairy
transformation industries, designed to eliminate harmful bacteria in food particles and beverages,
was initially developed by the French chemist and biologist Louis Pasteur in 1864 [333]. It involves
subjecting every particle of milk or milk product to elevated temperatures for a brief period within
appropriately designed and operated equipment, extending the refrigerated shelf life to two weeks
or more. This method uses heat to eradicate potentially harmful micro-organisms, ensuring the

safety of various food items such as milk, milk products, eggs, and fruit juices [330,334,335].
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Figure 59. Fouling formation mechanism simplified (from Georgiadis and Macchietto, 1998)

One of the side effects caused by the thermal treatment of the raw milk is the protein
denaturation [335]. Even if the exact fouling mechanism is not completely understood, the
chemical composition of the undesired deposit suggests his origin. Mainlytwo types of dairy-
fouling exist: the mineral fouling or the protein fouling. The first one, also called type B fouling or
milk-stone, contains 30 - 40 % of minerals, 50 — 70 % proteins and 4 — 8 % of fat. This type of
fouling is hard, compact and can be obtained at high temperature (above 110 °C). The second one,
also called type A fouling, contains around 50% of proteins, mainly B-Lg [329,336]. A simplified
mechanism of the type A fouling is proposed on Figure 59. First, the native B-Lg in the bulk fluid
turns into a denatured B-Lg. There is a constant protein mass transfer between the bulk fluid and
the thermal boundary layer for every step of the protein denaturation.. The protein mechanism
aside, the concentration of minerals, especially calcium dissolved in the milk, plays a major role in

fouling formation [337].

Dairy fouling is an important issue because the accumulation of this un-desired layer
constitutes a biohazard [338]. Moreover, in a heating system such as a pasteurization unit, for

example heat exchanger plates, the additional fouling may affect the pressure system and the plates
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thermal conductivity. These two parameters generate a higher energy consumption [335] and

cleaning in place procedures also account for important water, detergents and energy consumption.

4.1.2 Dairy fouling elimination by cleaning-in-place procedures

Dairy fouling elimination can be made chemically using sodium hydroxide (NaOH) solution
washes. The alkaline washes are associated to multiple running water and slightly acidic solution
washes to evacuate most of the fouling [327]. Those classical cleaning in place (CIP) processes

consume a large amount of water, which increases the environmental impact of dairy industry.

Three different parameters are involved in the fouling formation: the milk composition, the
pasteurization conditions and the exchange surface properties. In order to avoid fouling formation,
it could be possible to change the milk composition or modify the pasteurization process.
Nevertheless, none of those two solutions are easy to play with. The last parameter, i.e. the
exchange surface properties, can be modified to avoid or to reduce the fouling formation through
two mechanisms: anti-fouling and fouling release [338,339]. On one hand, an anti-fouling surface
will inhibit the residue formation. On the other hand, a fouling-release surface can let the fouling
deposit but will ease the cleaning process. The two mechanisms are schematically explained on
Figure 60. In the literature, these two phenomena are well known to occur on superhydrophobic
surfaces [17,21,292,328,340,341]. Earlier in this chapter, surfaces with superhydrophobic
properties were developed. The possible anti-fouling properties of these surfaces will thus be tested

in the following section.
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Figure 60. Schematic explanations of the anti-fouling and fouling-release mechanisms

4.1.3 Anti-fouling and fouling release performances

Surface fouling is emulated thanks to a semi-pilot pasteurization system where the raw milk
is replaced by a model fluid to get more repeatable results. As f-Lactoglobulin (B-Lg) and calcium
constitute the primary components of dairy fouling deposits, a model fluid was prepared using
whey protein concentrate (WPC) powder (Promilk 852 FB1, 80% protein in dry state, Ingredia,
France) and CaCl, (Sigma Aldrich). The model fluid consists of a 1% WPC solution, and the
calcium concentration is adjusted to 100 ppm by the addition of CaCl.. This specific calcium
concentration was selected to prevent overpressure or blockage in the plate heat exchangers (PHES)
while maximizing the duration of the fouling runs. A total of 325 liters of model fluid were prepared
for each fouling run. WPC and CaCl. were first rehydrated and dissolved separately under stirring
in reverse osmosis water for 1.5 hours, followed by a 30-minute mixing period. The preparation of

the model fluid was conducted at room temperature.
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Figure 61. Simplified representation of the pasteurization pilot plant

Fouling tests were conducted using a scaled-down version (approximately 1/10) of an
industrial pasteurization system. This system includes a stirred tank, a volumetric pump (PCM,
France), and two plate heat exchangers (V7 models from Alfa-Laval-Vicarb, France) arranged in
a counter-current configuration. PHE 1 consists of 10 passes, each with a single channel, and
preheats the treated fluid from room temperature to 60°C. PHE 2 consists of 5 passes, each with a
single channel, and raises the model fluid temperature to 85°C, a commonly used temperature in
traditional pasteurization processes. In both plate heat exchangers, the space between consecutive
plates is 3.93 mm. The samples were placed at the end of this system to be in contact with the hot
processed model fluid. A simplified representation of the pasteurization system is proposed on

Figure 61.

The samples tested are those developed in this last chapter, i.e. microtextured and plasma-
coated substrates. During this test, two main aspects were compared: the influence of the surface
roughness and of the coatings. Table 13 gathers the results of this test performed on three different

roughnesses (from the less rough to the roughest surface: mirror-like, 2R and microtextured
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surfaces) and 2 different APPP coatings (HMDSO and pFOTES). The fouling test was conducted
the day after coating to minimize the ageing impact. The samples were fouled for one hour with
hot model fluid and rinsed for 20 minutes with hot water (both at 85 °C), the rinsing step allowing
to evaluate the fouling-release properties of the surfaces. The samples were dried for one week in
a cold storage (dried air with temperature maintained around 4 °C). They were observed with an

optical microscope and the results are presented in Table 13.

The mirror-like surfaces, i.e. the less rough surfaces, industrially polished by the
manufacturer as flat as possible, did not demonstrate good anti-fouling properties. A non-
neglectable amount of dried milk protein remained in the case of both the non-coated and HMDSO-
coated mirror polished surfaces. Similar behavior was observed for the 2R coated samples, which
are 2 mm thick 316L stainless steel coupons. The non-coated and HMDSO coated 316L samples
were covered with residual milk proteins (white deposit). The color is completely different
compared to the sample before fouling. The 2R sample coated with pFOTES is more punctual, and
not uniform as it is for the mirror like or the 2R samples. Unlike the 2R and the mirror-like samples,
the color of the substrate did not change after fouling for the microtextured samples. In the same
way, the mirror-like surface coated with the pFOTES is less affected but not completely clean. The
punctual aspect of the dairy fouling is however stronger over all the textured surfaces. The dried

milk proteins seem to be inlaid into the surfaces’ crevices.

These results are not surprising regarding previous studies conducted by the group a couple
years ago. Zouaghi et al (2018) demonstrated that the surface roughness is a favorable ground for
fouling development compared to mirror-like surfaces. Effect that can be minimized by a coating

presenting fluorinated functions at the surface.

The fouling experiment conclusions are not in favor of the coated microtextured materials.
Since organic compounds such as milk proteins seem to have an affinity with the surface roughness,
maybe this drawback in terms of fouling can be turned into an advantage. As mentioned in the first
chapter of this manuscript, a rough surface can become a slippery liquid-infused porous surface
(SLIPS) when impregnated with a lubricant. In the next section, the lubricant retention capacity of
this surface will be explored. Because of the small quantity of sample available, the lubricant

retention study has been reduced to only a few surfaces: non-coated 2R stainless steel, 2R SS with
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APPP pFOTES, non-coated microtextured SS surfaces and microtextured SS surfaces with APPP

pFOTES. These four conditions will help in understanding the individual contributions of each

surface component: the material, microtexture, and the APPP coating.
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Table 13. Different surfaces (mirror-like, 2R and microtextured) after a fouling test
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4.2 Lubricant retention property

The lubricant impregnation, represented on Figure 62, is divided in three steps: the flat
impregnation, the first adsorption and the second adsorption. The adsorption steps are executed
with the samples placed vertically in absorbent paper, in an oven set at 37.5 °C. The main interest
is to remove as much lubricant as possible with the absorbent paper. At this temperature, coconut

oil is more than 10 °C above its melting point (around 25 °C) [67].
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Figure 62. Lubricant impregnation procedure for stainless steel surfaces

The sample weight is measured before and after to determine the amount of lubricant
deposited on the surface. The lubricant retention experiment was conducted with coconut-oil on
four type of samples:

e non-coated 2R stainless steel
e 2R SS with APPP pFOTES
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e non-coated microtextured SS surfaces
e microtextured SS surfaces with APPP pFOTES
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Figure 63. Coconut oil retention measurements (bar chart). Weight of oil measured after impregnation in pg, (dot chart)

superficial oil retention (ug/cm?)

On Figure 63, the coconut oil retention has been assessed and presented with two key values:
the amount of oil retained (grey bar chart in pug) and the amount of oil retained divided by the
surface area (dot chart in pg/cm?). Effectively, the microtextured surfaces present a better lubricant
retention than the non-textured stainless steel surfaces. Concerning the APPP pFOTES coating, it
seems to have slightly decreased the oil retention for the 2R samples and the microtextured surface.
This result is surprising because in the literature, substrates are commonly treated with fluorinated
molecules comparable to pFOTES before lubricant impregnation to improve the oil retention [67].
Even if the pFOTES coated microtextured surface is less impregnated than the non-coated
microtextured sample, it is much more impregnated than both the 2R samples (coated and non-
coated). Previously, the coating ageing has been mentioned. With coconut oil successfully infused
in the microtextured material, the surface can be considered as a LIS. It could be considered as a

SLIPS if a low sliding angle is measured during a dynamic WCA measurement. Further
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characterization would be necessary to determine if the oil is permanently trapped in the structure

or would be gone after a single wash.

As coconut oil melting temperature is relatively low, it would not be interesting to test its
performances in a hot system such as the pasteurization process from 4.1. Application tests where
the lubricant remains in the solid state could be interesting to explore. In the literature, LIS and
SLIPS are known for their anti-icing properties, which are low temperature systems [342]. It could
be insightful to characterize the wettability behavior of these surfaces at low temperature. The next
subsection will assess the anti-icing efficiency of different stainless steel surfaces to understand the
contribution of each constituting element: the roughness, the APPP pFOTES coating and the oil
impregnation. The microtextured surface will be compared to 2R stainless steel, uncoated and

APPP pFOTES coated, with and without coconut oil impregnation.

4.3 Anti-icing property

The formation of frost and ice on equipment surfaces in winter environments can lead to
economic, energy, material, and even human losses. The accumulation and adherence of ice can
occur on various structures, including airplanes, ships, power lines, offshore oil platforms, and
wind turbines, among others [295,296,343]. Managing and preventing such ice-related issues is
crucial in mitigating the associated risks and ensuring the safe and efficient operation of these
diverse structures. Advanced anti-icing technologies and proactive measures play a pivotal role in

addressing these challenges and enhancing overall operational resilience in cold climates.

4.3.1 Ice formation and issues related

Ice theoretically requires two elements to be formed: water and low temperature. Pure water
at atmospheric pressure (1 bar) is supposed to freeze at 0 °C. It is a phase transformation of liquid
(or vapor) water into the solid state. The process of water freezing represents a spontaneous phase
transition, wherein the reduction in temperature is accompanied by a decrease in the system's Gibbs
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free energy [344]. As presented on Figure 64, when clusters of molecules (or embryos) attain a
specific size (the critical size) and achieve stability, they act as nuclei, initiating growth and leading
to the formation of ice crystals [345]. Multiple factors can favorize the ice nuclei formation, for
example, a rough surface, nanoparticles from air pollution, etc. [346—348]. Nucleation is commonly
triggered by the presence of air pollutants and foreign particles, that can lower the free energy at

the interface, consequently enhancing nucleation potential [344].

Cluster of Molecules

Y

Nucleus

Y

Ice Crystal

;
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L

Figure 64. lllustration depicting the formation of ice crystals, where r and r* represent respectively the radius and critical radius

of an embryo, from Azimi Yancheshme et al. (2020)

The accumulation of ice can have several adverse effects on various aspects, particularly in
the aviation and structural engineering domains. In aviation, the aerodynamic performance of an
aircraft can be significantly compromised due to ice build-up on its surface. This accumulation not
only alters the airflow around the aircraft, potentially leading to decreased lift and increased drag,
but also poses a safety risk [295]. Moreover, in structural engineering, the additional load caused
by the weight of accumulated ice can potentially lead to damage or structural failure. This is
particularly concerning for buildings, bridges, or any other structures that are exposed to freezing
conditions. The increased weight from ice accumulation can exceed the designed load capacity,

resulting in structural stress and potential damage [349].
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Additionally, in various systems such as cooling systems, the components can be vulnerable
to damage when ice forms. The formation of ice can obstruct or impair the functioning of crucial
components, reducing the efficiency of the system and potentially causing long-term damage [343].
Due to all these reasons, anti-icing and defrosting technologies have become crucial investigation
fields to explore. During the last decade, a growing number of scientific studies with different
approaches were published targeting ice mitigation [344]. The next section will briefly present

them.

4.3.2 Anti-icing strategies

In the literature a few strategies have been reported to minimize ice formation on a solid

surface [344,350]. As summarized on Figure 65, the strategies can intervene:

e before the ice formation, when the cold water is still liquid
e during solidification, when the liquid water is freezing to the solid state

o after solidification, when the crystals are already formed
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Figure 65. Different anti-icing surface strategies (a) review about bio-inspired technologies from Jiang et al. (2022) and (b) from
Zhao et al. (2023)

It is interesting to note that the strategies combating ice formation are similar to the one used
against fouling, explained in section 4.1 of the current chapter. Ice crystals and fouling are both
undesired deposits. In the literature, there are example of surfaces that demonstrate both properties
[351].

The undesired deposit can be avoided by repelling the liquid at the surface thanks to
superhydrophobic properties. If it is already formed, surface engineering can ease the elimination
step. Nevertheless, recent studies are warning about the link between superhydrophobicity and
icephobicity. Superhydrophobic coatings, while limiting water droplet attachment, do not prevent
water condensation on their surface. This condensation and subsequent freezing play a key role in
macroscopic ice formation. Experimental studies show a freezing front on superhydrophobic
surfaces that acts as a seed for attached water droplets' freezing upon contact. Superhydrophobicity
slows down, but does not eliminate the condensation and freezing processes [352,353]. The
efficiency of this strategy can be assessed through dynamic water contact angle or water drop

bouncing over a cooled down surface.
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Another strategy consists in the nucleation inhibition (Figure 65a.), which can be executed
by grafting molecules with anti-freezing properties directly over the surface. It can be alcohols
function, anti-freezing proteins or salts that will delay the icing mechanism. This delay can be in
terms of temperature with a lower supercooling temperature or a longer freezing time. The
supercooling state is a metastable state at a temperature below the melting point. Nucleation takes
place spontaneously in supercooled water, occuringat a nucleation temperature that may vary
stochastically below the melting temperature. The ice nucleation temperature in pure water

consistently remains below 0°C at atmospheric pressure [354,355].

Two other strategies are focused on ice crystals already formed: ice adhesion reduction and
accumulated ice melting (see Figure 65). Ice adhesion reduction is a passive mechanism that can
facilitate the ice removal [101]. It is the strategy used for SLIPS, the lubricant layer helps ice
sliding. On the contrary, accumulated ice melting is an active ice elimination method that can use

photothermal heating or induce fractures to eliminate ice caps.

In this thesis, the surfaces created through the stainless steel foundry process are rough and
hydrophobic. Combined to an APPP coating, the SS surfaces are becoming superhydrophobic for
a certain period of time. Additionally, the roughness and the bio-inspired microtexture, created
through the stainless steel investment casting process, has demonstrated good oil retention
properties. In the following section, the main objective will be the anti-icing characterization of the

different surfaces created previously.

4.3.3 Anti-icing characterization

The anti-icing characterization proposed in this thesis, is a first approach and is not a
complete icephobicity analysis. A complete analysis would include mechanical tests to assess ice
adhesion and dynamic water contact angle measurement. The lacks of this study could constitute
the next investigation step for future work. In this work, the goniometer mentioned in the previous
chapter has been instrumented with thermally isolated chamber containing a Pelletier

thermoelectric cooling plate.
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Figure 66. Instrumented goniometer for anti-icing characterization

Thanks to this apparatus on Figure 66, WCA measurement can be done while cooling down
the surface. The thermal connection between the sample and the thermoelectric plate is established
thanks to a 50:50 ethanol/water solution. A 5 uL water drop is deposited on the analyzed surface
preheated at 26 °C. After 30 seconds, a quick surface cooling down is programmed. The goniometer
is set up to take one measurement per degree Celsius lost during the cooling between 24 °C and -
20 °C. Multiple values are coming out of this experiment:

e the WCA
e the freezing delay

e the supercooling temperature

During this experiment, different aspects of the material were compared. The surface
microtexture, the APPP pFOTES coating and the coconut oil impregnation. The combination of
the different parameters gives 8 different types of sample. It is important to mention that the
ambient humidity was not controlled during the icing tests but estimated between 30 and 35 %. It
is also important to highlight the quick cooling down, as it reduces the evaporation influence on

the WCA measurements.
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The first interesting phenomenon occuring to a water drop during the cooling down is the
change in shape. Before freezing, most of the WCA will decrease, mainly because the surface free

energy is increased when the surface temperature goes down.

2R Microtextured

Not coated pFOTES Not coated pFOTES

24 °C

-4°C

-14°C

Figure 67. WCA image at 3 different temperature (24, -4 and -14 °C) for 2R and microtextured surfaces with uncoated and coated
with APPP pFOTES

Figure 67 represents the evolution of the WCA during the cooling down for 4 types of
surface, 2R and microtextured stainless steel, both uncoated and coated. For each surface except
the microtextured stainless steel coated with APPP pFOTES, the freezing starts under -4 °C. The
WCA slightly changes, it is essential to plot the evolution of the WCA during the cooling down
until freezing. Before that, it could be interesting to take a look at a water drop evolution during
freezing for the same surface than before, but impregnated with coconut oil. Figure 68 presents this
evolution at 4 different temperature (24, 8, -8 and -16 °C). The interesting phenomenon to point
out here is how the oil layer is behaving. In the case of the 2R samples (uncoated or APPP pFOTES

coated), the oil layer is simply deposited on the surface. At 8 °C, the water drop is no longer
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translucent but blurred, especially on the non-coated sample, where the drop is divided in two
phases. At this temperature, the coconut oil is solid. The phenomenon is slightly visible on the -8
°C image of the non-coated microtextured sample. Fortunately, it is less visible on the impregnated
pFOTES-coated microtextured sample. This observation can be seen as a proof of stronger bond
between the surface and the oil thanks to the coating. One of the main issues coming from SLIPS
is the lubricant attachment to the substrate and the probable release into the fluid in contact. For
now, the stronger bond observed is a interesting remark but would need further investigation to be

proved.

The image observations are already giving us different information about the probable anti-icing
surface behavior. A closer look to the different key values measured during the cooling down could

improve our understanding.
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Figure 68. WCA evolution at different temperature (24, 8, -8 and -16 °C) for 4 impregnated samples 2R and microtextured
stainless steel (uncoated and APPP pFOTES coated)
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For each sample, the cooling speed has been evaluated by plotting the temperature during
the cooling down duration. The average cooling speeds for the 2R samples (between 0.16 and 0.19
°Cls) are slightly lower than the microtextured sample cooling down speed (between 0.18 and 0.20
°Cl/s). As presented on Figure 69, the temperature profiles versus time are similar and evolve the
same way, which means the cooling down speeds are comparable for the different samples. The
slight difference could not come from difference from the sample thermal conductivity. In chapter
3, the microstructure difference between a thermomechanically processed stainless steel (2R) and
as-cast (microtextured) has been highlighted. But no significative differences have been reported,
between stainless steel as-cast and thermomechanically processed, because of the manufacturing
process and/or the microstructure in the literature [175]. The only difference left that could explain
the different thermal speed is the size of the sample, more precisely, the surface in contact with the
thermoelectrical plate. In the case of the as-cast microtextured samples, the contact surface is 300

mm2 and 150 mm?2 for the 2R samples. Having a greater exchange area could explain these slight

differences.
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Figure 69. Evolution of the temperature along time during the cooling down for different samples with the average cooling down

speed
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The measurements of the cooling down speed of the different samples are
becoming even more interesting when we compare it to the supercooling temperature and the
freezing delay. The supercooling temperature as mentioned in subsection 4.3.1, is a temperature
below the melting point where phase transition will occur spontaneously. The freezing delay here
is the duration measured between 24°C and supercooling temperature, when the water drop
becomes solid.
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Figure 70. Supercooling temperature and freezing delay for 2R and microtextured sample, influence of the APPP pFOTES coating
and the oil impregnation

Figure 70 represents the supercooling temperature and the freezing delay. It compares the 2R to
the microtextured samples, the coated to the uncoated (native) and the impregnated to the not
impregnated samples. As mentioned in subsection 4.3.1, the surface roughness improves ice
nucleation, that occurs earlier on the microtextured surfaces than on the 2R sample. For the 2R
sample, the coating and the oil impregnation are both increasing the supercooling temperature and
the freezing delay. The improvement brought by the oil impregnation is even more significant for
the microtextured pFOTES samples. The supercooling temperature and the freezing delaying for

the oil impregnated APPP pFOTES sample are comparable to the 2R native stainless steel values.
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From the icing point of view, it is an interesting result to have a rough surface with surface
modifications (coating + impregnation), that compensate the initial roughness drawback. Another
aspect that could be interesting to look at is the evolution of the WCA along temperature. From the
optical observation made earlier, a WCA decrease can be expected during the cooling down. Is this

decrease affected by the APPP coating and/or the oil impregnation?
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Figure 71. Water contact angle evolution during surface cooling down (left) and Subtraction between the initial WCA (at 24 °C)

and the final WCA (1 °C before solidification) (right)

On Figure 71, the WCA of different samples are plotted during the cooling down. For the
hydrophobic samples at 24 °C (for example microtextured SS coated and uncoated without oil
impregnation or 2R SS APPP pFOTES coated), the angle decrease is particularly high. This
phenomenon is attenuated but noticeable at smaller angles (for example 2R native not
impregnated). This angle decrease can be due to the moisture condensation at the surface increasing
with the low temperature [356]. For every impregnated sample, the WCA decrease is strongly
weakened. The impregnated samples with the best contact angle and the smaller decrease along

temperature are the microtextured APPP pFOTES coated surfaces. Recent studies concerning LIS

133



Chapter 4 — Stainless steel dendritic surfaces functionalization by atmospheric pressure plasma
polymerization

and SLIPS for anti-icing application have already reported their efficiency, especially for properties
not explored in the present work such as ice mechanical adhesion or self-healing [357,358]. Further
characterizations, such as impregnation longevity or adhesion tests will be required to confirm the

anti-icing interest of the microtextured surface developed.

5 Conclusion

In this chapter, several surfaces were manufactured from the bio-inspired microtextured
stainless steel substrates created in the Chapter 3. A nanoscale coating was manufactured using
organosilane atmospheric pressure plasma polymerization. The main interest of this technique is
to add a nanostructure to the microtextured surface using a small amount of precursor and a cheap
plasmageneous gas (industrial nitrogen). At first, two molecules were explored as precursors, i.e.
hexamethyldisiloxane (HMDSO) and 1H,1H,2H,2H-perfluorooctyltrietoxysilane (pFOTES).
Because of a lack of samples, the bio-inspired architecture characteristic was set aside and the
samples were gathered as microtextured stainless steel samples. These microtextured samples
coated with the APPP pFOTES demonstrated ultrahydrophobic behavior. Unfortunately, after 6
months ageing in atmospheric conditions, the surfaces wettability properties evolved. The APPP
pFOTES coated microtextured surfaces evolved from ultrahydrophobic to highly hydrophobic
surfaces, proving instability along long period of time.

In the second part of this chapter, the potential applications of the ultrahydrophobic
manufactured surface were explored. At each step, the microtextured samples were compared to

2R or mirror-like stainless steel substrates coated with similar precursors.

The first application was anti-fouling, more specifically dairy fouling. A model-fluid composed
of whey protein (B-Lactoglobulin) and calcium salt (CaCl2) was placed in a semi-pilot installation
to reproduce the milk pasteurization conditions. The hot model-fluid was placed directly in contact
with the tested surfaces. The microtextured surfaces were less and not uniformly fouled like the 2R
or mirror-like samples. The milk protein agglomerates were particularly present in the surface
roughness. Even if the fouling test was not a success, the experiment gave a clue for the next step.
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This apparent affinity between organic agglomerates and the roughness motivated the second

application test, i.e. oil impregnation to design liquid infused surfaces.

The oil impregnation experiment was conducted with less samples. The measurements were
focused on a few types of samples to get a better understanding of each element’s contribution.
The different elements compared were the roughness (2R and microtextured) and the coating
(native and APPP pFOTES coated) with one set of samples aged for 1 month and freshly coated.
Thanks to their roughness, the microtextured samples (uncoated and coated) demonstrated a better
oil retention rate, especially the uncoated batch. The impregnation of the microtextured surfaces
resulted in liquid infused surfaces (LIS) manufacturing. Because of its low melting temperature
(25 °C), the anti-fouling properties of the LIS was considered unnecessary and replaced by an anti-

icing property assessment.

The anti-icing properties were assessed using an instrumented goniometer equipped with a
thermoelectrical plate and an isolated chamber. The evolution of WCA was studied during cooling
down to estimate if the surface engineered during this chapter had an interest. Different results
came out of these experiments. First, the impregnation seems to be more stable in the coated
microtextured samples and does not migrate in the water drop during the cooling down. Second,
the oil layer increases the freezing delay for a surface. Finally, the impregnation avoids contact
angle decrease during cooling down. These three points are evidences that will require further
investigation to confirm the true anti-icing interest of the designed surfaces. The characterizations
carried out were not considering several crucial aspects important to anti-icing characterization

such as mechanical adhesion or humidity influence.

While these results present compelling evidence, further investigations are imperative to
confirm the genuine anti-icing potential of the designed surfaces. Overall, this chapter lays the
groundwork for continued research into the optimization and practical applications of the bio-

inspired microtextured surfaces with nanoscale coatings.
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General conclusion

This work aimed at designing and prototyping bio-inspired surfaces with superhydrophobic
properties by combining additive manufacturing, investment casting and atmospheric pressure
plasma coating. The proposition made was at a crossroad of three different materials science

subfields: additive manufacturing, metallurgy and surface treatment.

The first chapter explored the intricacies of bioinspired surface engineering, with a
particular focus on the development of superhydrophobic stainless steel surfaces. We have delved
into the fundamental principles of wettability, examined nature's fascinating superhydrophobic
biosurfaces, and discussed various manufacturing strategies that draw inspiration from these
natural phenomena. The potential applications of this research are vast, ranging from enhancing
industrial processes to creating innovative materials with improved properties. Looking ahead,
future research could further optimize these metallic additive manufacturing techniques, explore
new bioinspired designs, and expand the application scope of superhydrophobic surfaces. This
exploration not only contributes to the field of material science but also opens doors to
interdisciplinary collaborations, harnessing the synergy between nature's wisdom and human

ingenuity.

The second chapter explores the practicality of vacuum-assisted investment casting for
creating detailed millimetric scales stainless steel parts. It begins by outlining the investment
casting process, emphasizing its historical significance and recent advancements, including the
integration of polymer 3D printing. The chapter then explores the experimental setup designed to
test the castability of different metals, focusing on stainless steels’ unique challenges. Through a
series of experiments, it evaluates how various parameters, such as mold preheating temperature
and material choice, affect the casting outcome. The findings underscore the potential to cast
intricate stainless steel components, paving the way for further research on micrometric bioinspired

designs and oxide layer management in casting processes.

The third chapter explores the feasibility and methodology for creating hydrophobic
stainless steel surfaces with biomimetic microtextures using vacuum-assisted investment casting

and vat photopolymerization (VPP). It demonstrates the technical challenges and solutions in
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mimicking natural hydrophobic structures at a micro-scale on stainless steel. The chapter explores
the detailed process of designing, creating, and evaluating the effectiveness of these textures in
emulating the superhydrophobic properties found in nature. Through rigorous testing and surface
analysis, it concludes that such surfaces offer promising applications in terms of superhydrophobic

surface engineering and could be enhanced by a nanotexturation or a coating.

The fourth and final chapter examines the functionalization of bio-inspired microtextured
stainless steel surfaces with nanoscale coatings via atmospheric pressure plasma polymerization
(APPP), using organosilane precursors to enhance hydrophobicity. It investigates APPP's
advantages, including minimal precursor use and cost-effectiveness, demonstrating
ultrahydrophobic behavior on coated surfaces. However, a noted instability over six months
suggests further research into durability. The chapter evaluates potential applications, including
anti-fouling and anti-icing, highlighting the complex interplay between surface texture, chemical
coating, and performance. Despite promising results, the need for comprehensive durability and
efficacy studies is emphasized for future industrial applications.

In summary, this work integrates additive manufacturing, investment casting, and
atmospheric pressure plasma coating to develop bio-inspired, superhydrophobic surfaces. Initial
chapters discuss bioinspired engineering and superhydrophobicity fundamentals, highlighting
potential applications and future research directions for optimizing techniques and designs.
Subsequent chapters detail vacuum-assisted investment casting for stainless steel parts and creating
hydrophobic surfaces with microtextures. Finally, surface functionalization via plasma
polymerization to enhance hydrophobicity, and coconut oil impregnation, pointing to promising

industrial applications despite some durability concerns.

Outlooks

During the past three years, the main challenge was to continuously develop new processes
and to adapt existing processes. The knowledge acquired through this multidisciplinary work
inspired the research teams to create new projects or to change their angle of attack. From this
work, multiple scientific projects were born or inspired, mainly following the two main parts:

stainless steel investment casting and the nanotextured surface engineering.
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Figure 72. Pure copper foams manufactured by associating additive manufacturing and investment casting (a) as-cast sample

before etching and (b) after chemical etching, from Tao AN thesis work.

About the castability tests designed during second chapter, the copper casting knowledge
basis co-evolved with another project which consisted in the development of pure copper foams
(see Figure 72). This manufacturing process was also a combination of polymer additive
manufacturing and vacuum-assisted investment casting. Multiple steps, such as the post-casting
chemical etching, the ceramic slurry manufacturing and casting parameters were inspired from the
first copper castability tests and the 316L stainless steel investment casting procedure. These foams
are of complex organized geometry that will be used to develop breaking pads. The next step of
the manufacturing process is to sinter steel powder within the structure to create a bimetallic

material.

Thanks to the procedure established to cast 316L stainless steel, the research team
knowledge evolved about ferrous material casting. Cast iron foams associating additive
manufacturing and vacuum-assisted investment casting were developed in the frame of the PhD
thesis of Michele Zemo (see Figure 73). The casting parameters, the crucible materials and the

ceramic slurry manufacturing were also inspired by the stainless steel investment casting procedure
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developed during this work. The stainless steel infiltration test mentioned during the second chapter
was the first ferrous material casting proof of concept at a millimetric scale. These structures were
developed to create composite materials by polymer flash sintering within the metallic structure.
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—

Figure 73. Cast iron foams manufactured by associating additive manufacturing and investment casting as-cast sample before
etching, from Michele ZEMO-FOTEU thesis work.

On the surface engineering side, side-work not mentioned in this manuscript, about SLIPS
toward anti-icing properties and surface microtexturing, inspired new scientific collaboration. The
first results obtained in the last chapter, i.e. the vegetable oil retention increased by the plasma
treatment, will be part of the future investigation. Through different partnerships, a more complete
anti-icing characterization, including adhesion tests and dynamic water contact angle, will be
possible. This scientific collaboration has been materialized by a financial grant (ANR
COOLISSE-AAPG2023, Biomimetic Anti-Icing surfaces for eco efficient ice-slurry generators)

from French national scientific research agency.
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