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ABSTRACT

This study investigates the thermal stability and wear behaviour of AISI S2 tool steel processed by
Laser Powder Bed Fusion. The processability of this material was previously examined in a separate
study conducted by the same team. Isothermal treatments up to 10 hours were performed on as-built
samples at three different temperatures (200 °C, 300 °C, and 400 °C), in order to investigate the
thermal stability. The alloy is thermally stable at 200 °C and 300 °C, whereas its microstructure and
properties change at 400 °C. Pin-on-disc campaigns were conducted at room and high temperatures.
The wear sequence of the material at room temperature was elucidated, following the approach of
interrupted wear tests. High-temperature wear tests were conducted at the same temperatures as those
of the isothermal treatments. The wear behaviour at 200°C and 300°C were found to be similar to
that at room temperature, while the wear behaviour at 400 °C was markedly different, including the
formation of a thick oxide layer and of a tribolayer that protect the surface from further wear. The
results showed an increased wear rate at high temperatures compared to that at room temperature.
These analyses were conducted using optical and scanning electron microscopy, DSC, pin-on-disc,

profilometer, and macro and nano-indentation techniques.
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1. Introduction

Over the centuries, metallurgy has played a pivotal role in various fields of innovation and industry.
Additive Manufacturing (AM) has garnered increasing attention in recent decades due to its
advantages over conventional manufacturing techniques. Traditional metallurgical processes often
encounter limitations in terms of shape complexity and tolerances [1]. In contrast, AM exhibits
superior mechanical and homogeneous chemical properties. Furthermore, AM has the potential to
positively impact sustainable manufacturing and the environment by reducing energy consumption
and carbon footprint [2, 3]. Metallic additive manufacturing is one of the most impactful AM
categories. In the last decades, the significant progress in metallic AM's constituent techniques has

boosted it to become a mature and prevalent digital processing technology [2].

Among AM technologies, Laser Powder Bed Fusion (LPBF) is a suitable technique to produce
metallic components. LPBF involves heating and melting powder material with a laser beam,
followed by the rapid solidification of the melted material to form the desired shape [3]. The most
used steels for LPBF are stainless steels, such as AISI 316L, AISI 304L, and maraging steels.
However, these steels are often unsuitable for certain applications due to their poor wear resistance.
Tool steels with a medium to high carbon content (>0.4 wt%) may be more appropriate for such
applications. Nonetheless, there is a lack of knowledge regarding tool steel for LPBF, due to their
difficult processability. For this reason, over the recent years, there has been increasing attention on
the development of tool steels by LPBF and the understanding of their microstructural and mechanical

properties.

This Master’s Thesis is part of a broader PhD research project that aims to fabricate innovative new
alloys LPBF, specifically focused on the achievement of enhanced tribological properties. The basis
of this work lies in the development and processability of AISI S2 tool steel by LPBF, previously
investigated in other works of the Metallic Materials Science (MMS) team [5, 6]. The main goals of
this study are the understanding of the thermal stability of the AISI S2 tool steel and its wear
properties, ranging from room temperature until 400 °C. DSC analyses, pin-on-disc campaigns,
macro- and nano- hardness, optical and scanning electron microscopy are combined for such

purposes.






2. State of the art

This chapter provides a comprehensive review of the current state of knowledge on subjects pertinent
to the discussion of the results. The primary subjects of relevance are: (1) Additive Manufacturing
(AM) technology, with an emphasis on the Laser Powder Bed Fusion (LPBF) technology and tool
steel for LPBF; (2) the thermal stability of tool steels, essential for understanding heat treatments and

high-temperature wear tests; and (3) wear mechanisms and wear testing methods.

2.1  Additive Manufacturing (AM)

AM, also known as 3D printing [6], is recognized as a significant and rapidly evolving manufacturing
technology [1] that has been researched and developed for over two decades [7]. In the past ten years,
it has garnered substantial attention due to its immanent advantages, such as unrivalled design
freedom and reduced lead times [8]. Furthermore, AM holds the potential to revolutionize global parts
manufacturing and logistics [1], and obtain parts with geometrical and material complexities that
cannot be produced by subtractive manufacturing processes [7], near net final shape, high-
performance metallic parts [4, 5], good production velocity with consequently less costs.
Additionally, AM is projected to positively impact the environment by reducing energy consumption
and carbon footprint [1]. These benefits position AM as a desirable complementary approach to
traditional manufacturing methods, making it a cornerstone of Manufacturing 4.0. AM 1s widely
applied in many advanced sectors, such as aerospace, marine, defense [10], automotive, healthcare,

energy [11], and biomedical [7] such as dental prostheses [12].

The ASTM F42 Technical Committee defines AM as the “process of joying materials to make objects
from three-dimensional (3D) model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies™ [9]. Starting from a CAD model, AM enables the creation of parts in
a final net shape, minimizing waste and material usage [7], without the need for molds, fixtures, or
tooling, which can increase production times [10]. ASTM’s definition applies to all classes of
materials, including metals, ceramics, polymers, composites, and biological systems [1]. In the
context of metallic materials, ASTM indicated four categories of AM: Powder Bed Fusion (PBF),
Direct Energy Deposition (DED), Binder Jetting (BJ), and Sheet Lamination (SL) [2].

As the field of additive manufacturing (AM) continues to advance, it becomes increasingly evident
that the development of new alloys is essential to fully leverage the benefits offered by AM
technologies [1].



2.1.1 LPBF process mechanism

Over the past few decades, Laser Powder Bed Fusion (LPBF), previously known as Selective Laser
Melting (SLM) [13], has emerged as a particularly suitable technique among AM methods for
producing near-net shape parts from powder. This technique involves the selective fusion of a powder-
bed using a high-powered laser source [11, 12]. The LPBF process is currently regarded as the most
versatile metal AM process [3]. It begins with the creation of a 3D CAD model, which is sliced into
thin layers with selected scan paths [15]. If necessary, the initial step of printing involves preheating
the platform to ensure a constant and controlled temperature [14]. The preheating step can improve
the processability, mitigate the lack fusion and cold cracking defects, and reduce the residual
stresses [13, 15]. The LPBF operates within an inert gas-protected chamber to prevent oxidation and
contamination [17]. The powder feeding system distributes a thin, uniform layer of powder over the
platform. Then the laser selectively melts this 2D layer of powder, which solidifies assembled. This
process is characterized by the interaction between the laser and the powder, which includes a
numerous physical phenomenon such as absorptivity of powder to laser radiation, balling
phenomenon, and thermal fluctuation [11]. Once a layer is completed, the platform is lowered by a
distance equal to the layer thickness, a new layer of powder is spread on top of the previous one, and
the process is repeated. This cycle is repeated until the 3D solid object is built [3]. Figure 1 shows a

schematic illustration of the process.
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Figure 1: Schematic illustration of the LPBF process[18].

The cooling rate is significantly higher compared to the conventional casting process, approximately

10°-10° C/s [19]. Therefore, solidification occurs in out-of-equilibrium conditions [20]. The



continuous passage of the laser causes a re-melting of the top portion of the previous layer to ensure
proper attachment of each successive layer (Figure 2). This re-melting process results in a complex
thermal history for the microstructure [1]. The area affected by the passage of the laser is called the
Heat Affected Zone (HAZ) [21]. The final microstructure of the LPBF is extremely related to the
process parameter and the in-situ heat treatments. In general, the microstructure reveals melt pools

generated by the laser beam with orientation based on the chosen scanning strategy [22].
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Figure 2: a) sketch of LPBF process showing melt pools and re-melting of the previous layer; b) overlap of the melt pools
horizontally and vertically.

The microstructures of LPBF alloys are typically characterized by columnar dendritic grain structures
due to the epitaxial grain growth mechanism prevalent in AM processes [19, 20] (Figure 3). The laser
effect combined with the high cooling rate led to a cellular dendritic microstructure, which may cause
high dislocation density [24]. Different primary solidification modes may be formed. Dendrites are
created by rapid solidification [25], while equiaxed structures may be caused by a locally reduced

temperature gradient [16].
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Figure 3: a) Micrograph of the melt pool; b) example of numerical simulation of dendritic solidification in LPBF.[26]

2.1.2 Tool steel for LPBF

Tool steels are a category of iron-based alloys characterized by the presence of alloying elements,
such as molybdenum, vanadium, tungsten, and chromium. These steels exhibit superior strength,
hardness, and wear resistance relative to other types of steel [27]. Additionally, many tool steels
exhibit significant microstructural stability at elevated temperatures. Tool steels are extensively
utilized in industrial applications, including dies, molds, cutting tools, and others. In designing tool
steel, the selection of its composition and heat treatment parameters aims to achieve a hardened and
tempered martensitic matrix with a uniform distribution of carbides. This configuration ensures that

the matrix possesses an optimal combination of hardness and toughness [27].

Developing a technique for printing tool steels using LPBF is challenging due to the material's
excellent mechanical properties and relatively low cost [23, 28]. In the literature, examples of tool
steel manufactured using SLM/LPBF already exist [21, 23, 28, 29, 30, 31, 32, 33, 34]. However, the
results of these various studies have demonstrated the necessity of conducting specific investigations
for each material type to understand the process map, as issues such as inhomogeneity, porosity, or
lower-than-desired mechanical properties may arise. Therefore, while existing literature provides
valuable insights, a tailored examination is indispensable to optimize the fabrication process and
ensure the desired material characteristics. Inappropriate parameters can lead to incomplete fusion of
powders and subsequent defects, such as lack-of-fusion due to insufficient molten track penetration
into the substrate [29], or balling when laser power and scan speed are excessively high [21, 28].

Other examples include porosity or insufficient overlap of the scan track [31] and microcracks caused



by excessively high residual stresses [34]. These defects not only diminish mechanical properties but
also alter the microstructure. For example, lack-of-fusion defects can result in untempered martensite

formation due to the absence of subsequent heat transfer [33].

Martensitic low alloy steels, in particular, are of growing interest for AM as they provide high
strength, wear resistance, toughness, and hardness while maintaining relatively low cost [14].
Moreover, 3D printing of tools can save resources, shorten manufacturing times, and improve part
quality [35]. Additionally, AM of tool steel has demonstrated superior surface wear properties and
higher hardness compared to conventionally cast materials [28]. The microstructure of LPBF-printed
martensite steel is in a non-equilibrium state: the molten region after solidification is austenitic and,
upon rapid cooling, it transforms into martensite. The martensite then undergoes multiple intrinsic
thermal cycles inherent to the LPBF process [18, 28]. At the end of the printing, the microstructure
exhibits the typical hierarchical structure of LPBF-manufactured tool steel [36], characterized by
epitaxial growth, comparable to conventional welding [3]. This hierarchical structure is formed
through the layer-by-layer deposition of molten metal, which solidifies rapidly and undergoes
repeated thermal cycling, promoting distinct melt pool boundaries (Figure 3). Melt pool structures
with tempered and untempered martensite regions are observed in these steels [23]. Occasionally,
bainite or austenitized zones may be also detected (Figure 5) [4], but generally in AM-produced tool

steel martensite, martensite is the predominant microstructure due to the high cooling rate [37].

Substrate/base plate

Crystal/grain

Competitive growth

w
=
Heat source direction

I
1
|

Epitaxial growth —-:
1

Fusion line

Figure 4: Schematic illustration of epitaxial growth. [3]
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Figure 5 Microstructure of LPBF steel characierized by tempered and untempered martensite and bainite.[24]
LPBF microstructures are further characterized by the presence of cellular segregation structures
[20, 29, 32] (Figure 6), which can increase the material’s strength and dislocation density [24]. This
combination of rapid solidification, high thermal gradients, and repeated thermal cycles results in a

complex, fine-scale microstructure [3, 33, 34].
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Figure 6: SEM micrographs of martensitic LPBF steel showing cellular structure at a) 50 um and b) 10 pum.[30]

2.2 Thermal stability of tool steel

Since tool steels are utilized in numerous high-temperature applications [39], investigating the
thermal stability of the AM-produced tool steel is imperative since conventional tool steels are stable
up to 550°C [40]. This is further warranted by findings in the literature indicating that LPBF-produced

tool steels exhibit properties distinct from those manufactured using conventional methods [41].
8



Additionally, the need for high-performance tool steel has grown because of the demand to achieve

excellent mechanical properties at low cost [42].

One of the primary effects of heat treatments is oxidation, which occurs across the entire surface and
can penetrate deeper depending on the duration of the treatment [43] and consequently can affect the

mechanical properties of the steel.

LPBF tool steels exhibit a tempering resistance tool steels exhibit greater tempering resistance
compared to those produced by conventional methods [44], due to their distinct microstructure. The
initial step, in fact, is the homogenization of the microstructure, which begins with significant
anisotropy in both phases and properties [45]. Many literature sources report the disappearance of the
cellular structure and columnar dendrites as a primary consequence of heat treatment [44, 45, 46, 47].
This disappearance into the matrix leads to an increase in hardness and retardation of softening [48].
This disappearance of the hierarchical structure, combined with the typical precipitation of carbides
due to tempering [44, 49], leads to an initial secondary hardening effect [44, 50] before a subsequent
drop in hardness due to tempering sensitivity. In general, all mechanical properties undergo changes
after thermal treatment. Bergmueller's study reported that the mechanical properties of heat-treated
LPBF samples are generally superior to those of conventionally produced samples [45]. In particular,
the Ultimate Tensile Strength (UTS) exhibits a good correlation with the hardness in the LPBF
samples [51], as well as the wear resistance [52, 54], a topic of interest for this study. Other
mechanical properties examined in various studies include thermal fatigue, which is reduced due to
improved thermal conductivity after heat treatment [44], and fracture toughness, which is comparable

to that of conventionally produced products [54].

2.3 Tribology

2.3.1 Types of wear

Wear is the process that occurs at the interfaces between interacting bodies, and it is often concealed
by wearing components [55]. However, wear is not a material property but a response by a system of

two or more components [41]. Seven different types of wear are explained in this section.

Abrasive wear

Abrasion is one of the most rapid and severe forms of wear with erosion. It is a type of wear caused
by contact between a particle and a solid material [56]. Moreover, abrasive occurs when a solid object

is loaded against particles of materials with equivalent or higher hardness. Abrasive wear can occur
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with different mechanisms, as shown in Figure 7. These mechanisms depend on the properties of the
material they interact with. Cutting or ploughing actions are common in ductile materials, while brittle
materials tend to break or have grains pulled out. Consequently, these mechanisms can be categorized
as causing plastic deformation in ductile materials and minimal deformation in brittle ones. However,
exceptions exist, as some ductile materials may show brittle characteristics in certain areas of their

surfaces [56].

————————= Direction of abrasion ® Direction of abrasion

a) Cutting b) Fracture

® Direction of abrasion ——— = Direction of abrasion

Grain about

Repeated deformations by subsequent grits to detach

¢) Fatigue by repeated ploughing d) Grain pull-out
Figure 7: Mechanism of abrasive wear; a) micro- cutting, b) fracture; c) fatigue, d) grain pull-out.[56]

Additionally, abrasive wear can manifest in either two-body (Figure 8.a) or three-body modes
(Figure 8.b). In the three-body mode, abrasive wear may contend with adhesive wear, emerging after

the initial stages of abrasion, during which wear debris plays a contributory role in the process.

Opposing surface remote

Grits = Body 3

Linear grooves

Body 2 Substrate

Short track-length abrasion — = Body 2
Two-body mode §
‘ Three-body mode

Figure 8: a) two-bodies abrasive mode; b) three-bodies abrasive mode.[56]

Adhesive wear

Adhesive wear is a severe form of wear characterized by a high wear rate and unstable Coefficient of
Friction [57]. This mode is due to the removal of material due to high adhesive force with high plastic

deformation due to the removal (Figure 9).
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Figure 9: Schematic representation of adhesive wear.[57]

Adhesive wear progresses through several stages: initially, the establishment of bonding between two
surfaces; followed by substantial plastic deformation, which hardens both materials; subsequently,
the removal of the initial materials through crack propagation; and finally, the transfer of material

(Figure 10). Throughout this sequence, the softer or sharper asperity material deforms in a succession

of shear bands to accommodate the relative movement.

a) - I | : R
Adhesio\n without sliding

Figure 10: Schematic illustration of adhesive wear steps.[57]
Corrosive wear

Corrosive wear involves various types of mechanical wear coupled with a chemical or corrosive
process [58]. Sometimes instead of “corrosive wear” the term "tribocorrosion" is employed,
particularly when electrochemical corrosion interacts with mechanical damage. Tribocorrosion issues
are pervasive across mineral, nuclear, transportation, manufacturing, and food and drug production
industries. Figure 11 illustrates four potential behaviours of corrosive wear: 1) a protective layer
inhibits wear and corrosion formation, often due to lubricants or contaminants that act as a barrier,
impeding the occurrence of the mechanism; this process is dominated by the formation of durable
corrosion product layer which can acts as lubricating film; 2) the lubricant layer deteriorates due to
its vulnerability, leading to increased wear as the substrate and contacting pin come into direct contact.
In this scenario, the wear debris comprises both the protective layer and the substrate. Subsequently,
a film grows in areas where material has been removed; this is the most common form of corrosive

wear; 3) this scenario is related to wear in highly corrosive media, for example, galvanic or pitting
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phenomenon; the protective layer experiences intermediate wear, resulting in coupling between the
remaining layers and the substrate, leading to highly corroded zones with elevated wear rates;
4) corrosive and mechanical wear processes operate independently, resulting in a combined effect;
this situation is limited to extremely corrosive environment. Wear rates are maximal among the four

situations.

Corrosive
reagent

(—
—~——1 Sliding

S — Wear depth

Durable (usually thin) film _/ Debris Regrowth of film—

1) Adhesive wear suppressed 2) Destruction of film in contact, but adhesive
wear still suppressed

Corrosive Removal Corrosive
e reagent of weak reagent

corrosion

3) Intense corrosion by anodic dissolution 4) Unchecked adhesive wear; rapid corrosion
between fissures in worn film on exposed surface

Figure 11: Schematic possible illustration of corrosive wear.[58]

Oxidative wear

Oxidative wear should not be confused with corrosive wear. Oxidative wear involves a wear reaction
where the material interacts specifically with oxygen. In contrast, corrosive wear encompasses any
type of mechanical wear combined with a corrosive reaction. More generally, oxidative wear is

typically defined as the wear of dry, unlubricated metals in the presence of air or oxygen gas.

In the initial stages of oxidative wear, surfaces come into contact and slide against each other,
resulting in severe wear and forming a bond. This contact is not uniform across the entire surface,
due to inherent surface roughness. Some areas experience higher contact while others do not contact
at all. During this early interaction, plateaus begin to form, and oxide starts to develop in these zones
due to the dry-sliding contact and the metal's reaction with oxygen. This initial phase of oxidative
wear functions as a mild wear mechanism, characterized by a growing but stationary stage marked
by the formation of an oxide film. As sliding continues, the oxide layer thickens and spreads,
eventually reaching a critical film thickness. If the oxide layer continues to grow beyond this
thickness due to ongoing contact and sliding, it fractures, with a rapidly increasing wear volume.
Additionally, secondary hard phases may appear within the metallic substrate, further altering wear
properties during subsequent passes and affecting future contact. In this final stage, contact is

established in new areas of the surface, making the process repetitive [32, 36, 37].
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Figure 12: Schematic representation of oxidative wear steps.[60]
Erosive wear

Erosive wear results from the impact of solid or liquid particles against the surface of an object.
Mechanical strength alone does not ensure wear resistance, like in other forms of wear, necessitating
a comprehensive study of material characteristics to minimize wear. Additionally, the properties of
the eroding particles are increasingly recognized as a significant factor in controlling this type of
wear [56]. The defining feature of erosive wear is "impact," which includes any type of wear
involving particles striking surfaces and not fitting into other wear categories. In Figure 13, different
types of erosive wear mechanisms are shown. The angle and speed of the particles, along with their
size, determine the wear mechanisms that will occur. Low impact angles lead to abrasive wear, as the
trajectory is nearly parallel to the surface. High impact angles result in more direct impacts, and
depending on the speed and particle size, this can cause plastic deformation, brittle fracture, or even

melting and embedding of the particle [56].
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Figure 13: Schematic representation of an example of the mechanism of erosive wear. a) abrasion at low impact angles; b) crack
formation due to high-angle impact at low speed; c) plastic deformation or brittle fracture due to high-angle impact at
considerable speed; d) melting of the surface due to high-speed impacts, e) effect of a large particle in an erosive impact; f) effect
of a tiny particle in an erosive impact (atomic-scale impact), leading to atomic erosion.

Fatigue wear

Fatigue wear occurs in well-lubricated contacts despite minimal adhesion between surfaces, resulting
from repeated high-stress contact between asperities. This process leads to the generation of wear
particles (Figure 14.a) through fatigue-propagated cracks, driven by the mechanics of crack initiation,
growth, and fracture. Worn surfaces exhibit high levels of plastic strain, altering the material's
microstructure and affecting wear processes (Figure 14.a). “Contact fatigue” or “surface fatigue”
refers to damage from repeated rolling contact, particularly in rolling bearings, which require smooth
surfaces for reliable operation. Defects form after numerous rolling cycles, leading to excessive
vibration and sudden bearing failure[61]. In Figure 14.b is schematically shown the mechanism of
crack formation in fatigue wear. A primary crack initiates at the surface from a weak area and
progresses downward along weak planes, such as slip planes or dislocation cell boundaries.
Subsequently, a secondary crack may form from the primary crack, or the primary crack may intersect
with an existing subsurface crack. Upon reaching the surface, the developing crack releases a wear

particle.
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Figure 14: a) schematic illustration of the release of wear particles and plastic strain deformation of the subsurface; b) schematic
illustration of crack formation in fatigue wear mechanism.[61]

Cavitation wear
Cavitation refers to the swift transformation from liquid to gas due to a decrease in pressure. This
process generates cavitation bubbles within the liquid, characterized by a significant implosive
force [62]. This wear mechanism leads to the development of holes or pits in the surface exposed to
cavitation, potentially destroying the machine component [56]. Therefore, when a bubble collapses
on a surface the liquid adjacent to the bubble is at first accelerated and then sharply decelerated as it
collides with the surface. The collision between liquid and solid generates large stresses which can

damage the solid [56]. The mechanism of bubble collapsing is schematically shown in Figure 15.
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Figure 15: Mechanism of bubble collapsing in cavitation wear.[56]
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2.3.2 Wear testing methods

Standard wear test methods have been developed under various ASTM technical committees [63].
The primary benefits of utilizing ASTM standard wear test methodologies include rigorous evaluation
and meticulous documentation of the procedures, better-documented repeatability and reproducibility
of results compared to specialized or unique wear testing apparatuses, availability of extensive prior
data, facilitating convenient comparison with new results, and established documentation and
reporting standards ensuring comprehensive and organized presentation of all relevant variables and

outcomes. In this section, the principal wear test methods are explained.

Pin-on-disc

This thesis relies on the widely used pin-on-disc testing method, which is the most popular choice in
the market. In this method, the sample rotates and acts as the disk, wearing down due to contact with
a stationary ball or pin, creating a wear track. There's a variety of materials available for the balls.
The choice of ball material usually depends on the tested sample, materials expected to wear less than

the sample itself are used.

Sample holder

Temperature sensor

Nor”

Rotating disc

Test sample

Worn track

Figure 16: Ppin-on-disc machine.[64]
Four-ball test

In this test setup, a load is applied to the top ball as it rotates, while the remaining three balls are
stationary and immersed in lubricant. The primary objective of this test is to assess the anti-wear

characteristics of the lubricant, rather than to examine the wear behaviour of the ball material.
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Figure 17: Schematic illustration of four ball tester.[65]
Reciprocating sliding friction

The test utilizes a concept similar to the pin-on-disk method: the ball undergoes reciprocal sliding in
one longitudinal direction and then reverses, resulting in a reciprocating motion that induces wear on
the material. In the reciprocating sliding friction test, the specimen experiences reciprocal sliding in
one longitudinal direction, followed by a reversal in motion. This back-and-forth movement generates
frictional forces, leading to wear on the specimen's surface and allowing for the evaluation of its

tribological properties.

Weight (2 N) = Specimen
\x. Worn surface
1S
Load cell —_— £
0

Ball (SUJ2 g6mm) &

Radius of curvature: 24mm

Stage

Sliding direction
Figure 18: Reciprocating sliding friction scheme.[66]
Fretting wear testing machine

Fretting wear arises from slight displacements between two surfaces under sustained load, often
prompted by low-amplitude vibrations. Therefore, the apparatus requires high precision to ensure
accurate and minute displacements. A fretting wear tester replicates these small, repetitive motions
between surfaces under load. By measuring wear, offers valuable insights into material behaviour

under fretting conditions, facilitating the advancement of durable materials and coatings.
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Figure 19: Fretting wear tester scheme.[67]

2.3.3 Wear behaviour of tool steel by LPBF

Wear resistance is a critical property for tool steels, as it directly impacts their performance and
longevity in demanding industrial applications where tools are subject to high friction, abrasion, and
mechanical stress. Residual stresses resulting from the LPBF process can influence mechanical
properties, particularly wear resistance. The primary factor influencing wear resistance is the
microstructure. In fact, Podgornik's work highlights the mitigation of anisotropy through pre-
treatments before testing, underscoring the importance of microstructural control in optimizing wear
resistance [68]. In numerous literature sources, greater wear resistance for LPBF tools and stainless
steel compared to conventional counterparts is consistently reported [69, 70, 71]. Particularly,
Kosiba’s work [69] discusses methods to mitigate residual stress resulting from martensitic
transformations induced by high cooling rates. One approach involves preheating before the printing
process or altering the composition of elements to minimize residual austenite. Another strategy is
the design of specific alloys for LPBF. Wear tests have demonstrated an improved resistance of LPBF-
produced steel compared to conventionally manufactured steel (Figure 20.a). In the figure, the red
point highlights the formation of grooves, which will subsequently extend across the entire track.

Grooves and plastic deformation of them due to abrasive wear (Figure 21).
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Figure 21: wear track of tool steel; a) grooves and b) plastic deformation of grooves.

In the work of Upadhyay and Kumar [70], a protective film that reduces friction and wear on the track
was observed after several cycles. The authors determined that the formation of this tribo-layer is
associated with the carbon content on the surface of the samples. The formation of the tribo-layer
results in reduced microstructural deformation, as illustrated in Figure 22, where one part is labeled
as the deformed layer and the other as smooth sliding. This particular layer formation allows LPBF-

printed steel to exhibit superior wear properties compared to conventionally produced steel.
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Figure 22: wear track with some deformed zone and smooth sliding.[70]
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3. Materials and experimental methods

3.1  Samples fabrication by LPBF

3.1.1 Powders

The powder used to produce the samples is gas-atomized AISI S2 powder, supplied by Sandvik
Osprey Ltd. Figure 23 shows the morphology of the powder. The chemical composition is listed in

Table 1. Further details are available in Annex A.

Figure 23: SEM micrographs of the S2 powders.

Element C Si Mo Mn Fe
% wt. 0.49 1.2 0.6 0.6 Balance

Table 1: chemical composition analysis of S2 powder:

3.1.2 Printing parameters

The samples were printed using an AconityMINI LPBF device, as shown in Figure 24. The
processability of S2 powder was studied in previous works of the MMS team [1, 2]. Samples
produced in this work were processed with the parameters that allow to achieve fully dense and
defect-free parts (Table 2). Two types of samples were produced. One type will be used for the wear
test. These samples have a parallelepiped geometry, with a height of 10 mm, a depth and width of 35
mm. According to the dimension of the substrate (140 mm in diameter), four samples were processed
during one job (Figure 25). Sample 4 was not considered for further investigation, as it has many
spatters on its surface. The second type of samples have a cylindrical geometry, and they will be used

for thermal analysis.
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Figure 24: AconityMINI machine. [72]

\Preheating No
\Laser spot size 80 um
\Hatch Distance 80 um
\Layer Thickness 30 um
IScan Strategy 90-90 Unidirectional
Contour No
Supports No
\Power 200 W
Laser Scan Speed 1000 mm/s

Table 2: Parameters of printing

Samples for thermal analysis

Wear / = 4 Wear
sample 1 i sample 3

ar

Wear 5
sample 4

sample 2

Samples for thermal analysis

Figure 25: Printed samples. The black arrows indicate the samples for the wear test, and the orange arrows indicate the
samples for the heat treatment.

3.2 DSC

After production, samples were cut from the substrate by electron-discharge machining. Pieces with
a diameter of 5 mm and a height of 2 mm were obtained from the cylinders (Figure 25), in order to
fit within the alumina crucible of the DSC. The DSC was a Jupiter - 404C (Figure 26). Based on the
results of a previous work of the MMS team [5], three isothermal treatments were carried out at
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200°C, 300°C, and 400°C. Further information about the choice is given later in section 4.0. The heat
treatments consisted of heating at a rate of 5°C/min until the target temperature, followed by an
isothermal segment for 5 or 10 hours and finally cooling at 20°C/min until room temperature. The
goal of these tests was to identify possible changes in microstructure due to different thermal

treatments. Table 3 lists all the tests performed and Figure 27 illustrates the treatments schematically.

Figure 26: DSC Jupiter -404C from NETZSCH [73].

Time Temperatures
5 hours 200°C 300°C 400°C
10 hours 200°C 300°C 400°C

Table 3: Isothermal tests performed. Three tests were performed for 5 hours, the other three for 10 hours.

200°C
300°C
400°C
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o
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Figure 27: Schematic illustration of the thermal treatments. Isothermal segments are 5 or 10 hours.

3.3  Microstructure characterization

3.3.1 Sample preparation

Samples were embedded within a cylindrical bakelite using a STRUERS Citopress-1. The cylindrical
sample was then polished down to 1um in multiple steps using the STRUERS Tegramin-30, in order
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to obtain a sample with very low roughness and a clean and plane surface. After polishing, the samples

were etched with Nital 3% to highlight the microstructure.

This entire procedure was carried out on both the heat-treated samples and the cross-section of the

wear track, with the aim of observing the evolution of the microstructure.

3.3.2 Optical Microscope (OM) and Stream Analysis Software

Microstructure observations were conducted using an Olympus BX60 microscope (Figure 28) with
magnifications of 2.5x, 5x, and 10x. The observations were performed on the microstructure after
thermal treatments and on the entire wear tracks. The focus of microstructural observation was to
determine the different dimensions and geometry of the melt pool and analyze the wear tracks. The
Stream Analysis Software was used to analyze the pictures taken with OM. Stream is an advanced

software that permits image acquisition, processing, and measurement.

—

Figure 28: Olympus BX60 [74].

3.3.3 Scanning electron microscope (SEM)

A Tescan Clara Ultra-High Resolution (UHR) SEM (Figure 29) was used to investigate
microstructure at high magnification. Samples after heat treatments, wear tracks, and cross-sections
of the wear tracks were investigated. Moreover, Energy Dispersive Spectroscopy (EDS) was used to
recognize the element composition in different zones, either at single points or a line, to understand

the possible formation of oxides during wear tests and the composition of the debris.
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Figure 29: Tescan Clara Ultra-High Resolution SEM machine [75].

3.4  Wear tests

3.4.1 Pin-on-disc tribometer

Samples for wear tests were obtained by horizontally cutting the original printed parts (Figure 25) to
obtain two wear samples and four faces for every printed sample (Figure 30). The designation of the
wear samples includes the number of the sample given by its position in printing and the name of the
face. From up to bottom: T (top surface), M2 (middle surface opposite to top), M1 (middle surface

opposite to bottom), B (bottom surface) as illustrated in Figure 31.

Figure 30: Sample cut for the wear test. The white line is the cutting, for each printed sample four faces will result.

| %

T (top)

M1 (middle)
M2 (middle)

B (bottom)

Figure 31: Schematic illustration of wear sample designation from one cut printed sample.
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After cutting and polishing, spatters and defects were detected in some samples, thus allowing for the
removal of those unsuitable for the application. In Table 4 all the obtained wear samples are shown,

the samples highlighted in green are the ones chosen for continuing the experiments.

Sample 1 Sample 2 Sample 3 Sample 4
1T 2T 3T 4T
1IM2 2M2 3IM2 4M2
1M1 2M1 3M1 4M1
1B 2B 3B 4B

Table 4: All printed samples after cutting. The green highlights are the ones chosen for continuing the experiments.

Wear tests were performed with the High Temperature Tribometer 01-04611 by the “CSM
Instruments SA” company (Figure 32). Both room and high-temperature tests were performed using
different samples. The test samples were cut and polished. All the tests were performed using a 6 mm
diameter Alumina (Al>O3) ball as the counter-body, with a consistent velocity (10 cm/s) and load
(10N) maintained throughout. When possible, two tests were performed on the same face by adjusting
the test radius. The Tribometer software collected data and graphs of the Coefticient of Friction (CoF),
penetration depth, sample and oven temperature, and friction force during tests. At room temperature,
an initial long test of 1500 m (Test RT1500) was conducted. Subsequentially, to analyze the evolution
of the CoF and the wear sequence, two interrupted tests (RT18 and RT65) were carried out based on
the CoF graph of the RT1500 Test, halted at 18,05 m and 65,04 m respectively. This experimental
approach of interrupted tests had been previously developed in other experiments of MMS teams
[76]. Once the performance of the CoF at room temperature was investigated, high-temperature long-
distance wear tests were performed. The temperatures (200°C, 300°C, and 400°C) were consistent
with those used in the thermal treatments (section 3.2), allowing for comparison of microstructure
changes between thermal treatments and during wear tests. Each of the four long-duration tests
(RT1500, HT200, HT300, and HT400) had a duration of over four and a half hours. Specifically, the
high-temperature tests proceeded in three steps: first, the entire chamber was brought to the set
temperature, then the test was conducted, followed by the final step involving cooling to room

temperature.
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At the end of the experiments, a total of six wear tests were conducted: three at room temperature and

three at high temperature (200°C, 300°C, and 400°C). A summary of these tests is shown in Table 5.

Figure 32: High Temperature Tribometer [77)].

Name of Test Face used Distance [m] Track radius [mm] Temperature
RT1500 3M2 1500 11 Room
RT65 1M2 65,04 11 Room
RT18 3M2 18,05 8 Room
HT200 2B 1520 11 200°C
HT300 1T 1520 11 300°C
HT400 1M1 1520 11 400°C

Following the wear test, an electro-discharge machine was used to obtain transversal sections parallel
to the sliding direction. This was done to observe the subsurface microstructure of the wear tracks as

shown in Figure 33. The subsurface sample was hot mounted using a conductive resin then ground

Table 5: Wear test resume.

and polished down to 1 pm. The procedure is similar to the one explained in section 3.1.2.
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Figure 33: Schematic illustration of a) cutting of a piece to see the cross-section under the track; b) piece after cutting before
bakelite incorporation and polishing; in green highlight the direction where the cross-section will be seen (xz plane).

3.4.2 Profilometer

The Alicona InfiniteFocusG5 (Figure 34) was used to analyze the wear tracks and the surface of the
AlO3 counter-body after each test. This machine employs a non-contact, optical, three-dimensional
measurement principle based on Focus-Variation. The primary component of the system is precision
optics containing various lens systems that can be equipped with different objectives, enabling

measurements [78]. The instrument's objective magnification is up to 100x.

Figure 34: Alicona InfiniteFocusG5 [78].

This instrument was utilized after each wear test to assess the worn volume and the width of the track,
as well as to capture micrographs displaying wear variations in different colours. Additionally, the

counter-bodies were analyzed to understand their wear.
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3.5 Hardness

3.5.1 Macro hardness

Hardness indentations were performed on the samples after the 5- and 10-hour isothermal treatments,
as well as on the unworn surface of the wear tests. The machine used for this experiment was an
EMCO MI1C 010 (Figure 35). The position of every indentation was manually set, and the load
remained consistent for every test (HVS). The purpose of these tests was to compare the results to

better understand the microstructural changes after thermal treatment.

Figure 35: EMCO M1C 010 hardness machine [79].

3.5.2 Nano-hardness

Nano-indentations were performed in the cross-section of the wear tracks using a TI 950

Triboindenter nanoindenter supplied by the “Hysitron” company (Figure 36).
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Figure 36: TI 950 Tribometer nanoindenter [80].

Nano-hardness indentation grids were conducted within the subsurface regions of the wear tests to
elucidate the evolution of nano-hardness across various sections beneath the worn track and to discern
potential microstructural alterations resulting from the interaction with the counter body. These grids
spanned dimensions of 36x36 pum, comprising 25x25 points. The spacing between individual points

was consistently maintained at 1.5 um, with a displacement of 100 nm.
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4. Results

4.0  As-built microstructure and DTA thermal treatments

The as-built microstructure was previously investigated in another Master’s thesis that was developed
by the MMS team [5]. In that thesis, printing parameters, processability map of AISI S2 tool steel,
and microstructure after printing (as-built) were examined. The microstructure exhibited the
characteristic melt-pool structure typical of LPBF-printed steels. In Figure 37.a is reported the
schematic passage of the laser and the creation of the melt pool. In Figure 37.b the building direction
is highlighted. The primary phenomenon at play is referred to as "epitaxial grain growth", where
grains persist in growing from a previous melt pool to a new one. The selected scanning strategy for
this material suggests a preference for columnar growth, with epitaxial growth being predominant
alongside a cellular dendritic structure [5]. As the solidification process takes place, the grains exhibit
a tendency to expand towards the center of the melt pool in the travel path of the laser beam, aligning
with the direction of the highest temperature gradient. Consequently, this results in the occurrence of
a side-branching phenomenon, as the growth progresses with varying orientations in accordance with
the building direction (Figure 37.c and Figure 37.d). The formation of a new layer that merges the

uppermost part of the previously formed layer is shown in Figure 37.e.
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Figure 37: Sketch of the process of melt pool solidification. (a) Melt pool with molten powders after the laser travels by, (b)
primary nucleated grains following the orientation of the building direction within the melt pool border (c) epitaxial growth with
side-branching phenomenon of the nucleated grains (d) addition of a new powder layer (e) the process new step, which affects the

microstructure of the layers below [5].
Within each grain, the primary solidification mode is cellular. Cells growth follows the orientation of
the thermal gradient, as in the case of the parent grains. Cellular growth is highlighted by intercellular

segregations, which appear bright under SEM (Figure 38).
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10.172 mm

Figure 38: SEM micrograph. Segregation, laths of martensite, and precipitations are highlighted.

The continuous passage of the laser during printing caused in situ heat treatment on the previously
formed layer (Figure 37.e), as indicated by the presence of Heat Affected Zones (HAZs). The top
layer, which was not heat affected, consists of untempered martensite (Figure 39.a). The latter was
formed due to rapid cooling. Below the melt pool boundary, untempered martensite was still formed,
in view of the high temperature reached in this area. In the current study, the top layer was discarded
by operating a rectification on the surface of the as-built sample. Below the top layer, austenization
zone (Figure 39.d and Figure 39.g), bainite (Figure 39.e and Figure 39.h), and tempered martensite
(Figure 39.f and Figure 39.i) were formed increasing the distance from the melt pool. Without
considering the untempered martensite within the top layer, the microstructure revealed homogeneous

macro-hardness, with an average value of 556,66 + 15,17 HVS.
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Figure 39: (a) Heat-affected zones and (b, c) their nano-hardness. Higher magnification of the (d) austenization zone, (e, h)
bainite, and (f, i) tempered martensite. (g) Austenization zone revealed by scanning the surface with the scan mode of the nano-
indenter.

In the same Master’s thesis [5], DTA analyses were carried out up to 1550°C to achieve complete
melting of the S2 steel (Figure 40.a). The first endothermic peak (H1 = 760°C) corresponds to the
transformation of martensite into austenite. At temperatures ranging from 1400° to 1500°C, two
additional peaks (H2 and H3) correspond to the reverse peritectic transformation, during which
austenite is converted into 6 ferrite and liquid (Table 6). The red rectangle in Figure 40.a represents
the selected zone of interest in this work, which precedes the austenitic transformation. From these
zones, three temperatures were selected for the investigation of the thermal stability and the high
temperatures wear tests: 200°C, 300°C, and 400°C. In Figure 40.b, a zoom of the DTA curves is

shown, with the chosen temperatures highlighted by red circles and arrows.
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Figure 40: DTA curves of S2; a) shows the complete curve with the red rectangle that highlights the zone of interest; b) is a zoom
of the curve a) with the selected temperatures highlighted by red circles and arrows.

Peak Start Temperature End Temperature Reaction/phase transformation
H1 760°C 820°C Martensite = Austenite
H2 1450°C 1490°C Austenite > 8 Ferrite
H3 1500°C 1530°C d Ferrite 2 liquid

Table 6: Summary of the peaks with relative temperature range and associated reaction/phase transformation

4.1 Microstructure after thermal treatment

4.1.1 DSC analyses

Isothermal heat treatments of 5- and 10- hours duration were conducted with a DSC machine under
a controlled atmosphere. This test aimed to monitor for any peaks during the extended maintenance
period. In Figure 41, DSC maintenance curves of 10-hour treatments are reported, and no significant

peaks were observed at the end of the tests.
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Figure 41: DSC curves for isothermal maintenance with Heat flow plotted on time.

4.1.2 Microscope observations

OM and SEM observations of the microstructures after DSC heat treatment for 5 and 10 hours
appeared similar. For ease of description, in what follows, only samples obtained with 10 hours of

heat treatment are reported.

Micrographs of the heat-treated samples are shown in Figure 42. The samples treated at 200°C and
300°C (Figure 42.a and Figure 42.b) exhibited typical LPBF patterns, melt pool morphology and
HAZs. Instead, the sample treated for 10 hours at 400°C appeared more homogeneous in

microstructure (Figure 42.c), since the HAZs are less visible.

Figure 42: OM micrograph samples post-etching. a) sample treated at 200°C for 10 hours; b) sample treated at 300°C for 10
hours; c) sample treated at 400°C for 10 hours.

Microstructure was examined at high magnifications with SEM (Figure 43). The samples treated at
200°C and 300°C (Figure 43.a and Figure 43.c) exhibited intercellular segregations thinner compared
to those within the as-built sample (Figure 39). Additionally, protrusions are visible in Figure 43.b
and Figure 43.d for these two samples. Instead, the sample treated at 400°C showed defined
intercellular segregations and carbide precipitation in the martensitic laths (Figure 43.e and

Figure 43.1).
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Figure 43: SEM micrographs of 10 hours isothermal treated samples at magnification of 20 um and 2 um in scale from left to
right. a) and b) samples treated at 200°C; c) and d) sample treated at 300°C; e) and f) sample treated at 400°C.

4.1.3 Macro-hardness

Macro hardness tests were conducted on the heat-treated samples, including those treated for both 5-
and 10- hours treated ones. Each test produced results with minimal standard deviation, suggesting
macro-homogeneity in terms of hardness across the microstructure. Table 7 reports average macro
hardness values and their standard deviation for each sample. Samples treated at 200°C and 300°C
displayed comparable hardness, while those treated at 400°C exhibited a decrease. In Figure 44, the
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300°C exhibited higher hardness compared to the as-built one.

graph compares the results of the as-built and heat-treated samples. samples treated at 200°C and

Temperature treatment 5 hours treatment (HVS) 10 hours treatments (HVS)
200°C 581,3+£9,2 586,33 £7,76
300°C 577,8£3,0 584,33+ 4,13
400°C 509,7+5,6 506,67 + 7,66

Table 7: Macro hardness value in HV and their standard deviation of the isothermal treated samples.
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Figure 44: Hardness vs. Temperature and time graphs. The hardness is in HVS.

4.2 Wear tests

4.2.1 Room Temperature

42.1.1 Pin-on-disc tests

The CoF recorded during the test at room temperature (RT1500) shows an overall steady-state regime,
as no cyclical stages are present (Figure 45.a) The average CoF is 0,832. Figure 45.b shows a zoom
of the first 100 m. During this initial stage, the CoF increased rapidly up to a value of 0.8, followed
by a drop until 0,6. Then, it increases again up to a value close to 0.7 and subsequently it decreases

smoothly to stabilize at a value of about 0,58.

According to the analysis of the CoF from RT1500, two interrupted tests were conducted: one after
the first drop (RT18) and one before the final stabilization (RT65) as indicated by the red arrows in
Figure 45.b. The CoF graphs of the two interrupted tests are respectively presented in Figure 45.c and

Figure 45.d, showing a similar trend to that of the RT1500 test (Figure 45.¢).
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Figure 45: Graphs of Coefficient of Friction test at Room Temperature. a) entire CoF of RT1500; b) zoom of the CoF of RT1500
Test, red lines indicate where was chosen to interrupt subsequent tests; c) graph of CoF of RT18 Test; d) graph of CoF RT65 Test,
e) a zoom of the comparison of the CoF of the three tests.

42.1.2

Profilometer measurement

Using the profilometer (Figure 34), measurements of the width of the worn tracks and the worn

volume were conducted (Table 8). The wear rate was obtained by dividing the worn volume by the

sliding distance. The worn volume increases with the increase of the sliding distance, due to the
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increase of both the depth and width of the worn track. It is evident that as the distance increases, the

wear rate decreases (Figure 46).

Distance [m] Worn volume [mm?] | Wear rate [mm>/mm] Width [pum]
RT18 18,05 0,073 4,040 * 1073 145,87
RT65 65,04 0,102 1,157 * 1073 257,42
RT1500 1500 0,44 0,293 * 1073 487,88

Table 8: Worn volume and width collected by profilometer measurement. Wear rate is the ratio between worn volume and total
distance of the test.
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Figure 46.: Wear rate (blue) and worn volume (orange) comparison for the three RT tests.

The increase in depth is visible in the profilometer of the track, taken using the same range settings

(Figure 47).
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Figure 47: Profilometer photos of the wear tracks. On the left, the height scale at which the photos were done is reported. a) wear
track RT18 test; b) wear track RT65; c) wear track RT1500 test.

The worn volume of the counter-body after each test was also examined. After the two interrupted
tests, the worn volume is negligible. In contrast, after the RT1500, the worn distance was 10,5um.
The dimensions of the worn area were 585,5 um x 453,6 um (Figure 48), considering L1 the wear

length perpendicular to the sliding direction while L2 the parallel one.
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RT 585,5 um 345,6 pym

Figure 48: Alumina counter-body photo and size of worn. The range was maintained constant for every examination.

4213 Microscope Observation of Worn Track

Worn tracks were investigated both using SEM and OM, and the results are reported in this section

in the following order: RT18, RT65, and RT1500.

Micrographs of the RT18 test are displayed in Figure 49 with the red arrows indicating the sliding
direction during the test. OM and SEM micrographs of the same position of the track are compared.
Rectification lines are still visible, they are not completely worn. Moreover, the track does not appear
uniform. Some cracks and zones with different colours are visible, as evident in Figure 49.e and
Figure 49.f. Non-uniform grooves are visible in Figure 49.g and Figure 49.h, where plastic
deformation of the track occurs, leading to delamination and subsequent creation of grooves and

platelets. Grooves are less defined and continuous than the one reported later in RT1500 (Figure 51).
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Figure 49: OM (a, ¢) and SEM (b, d) micrographs of the RT18 test. a) and b) are taken in the same position on the track, as well
as ¢) and d). The red arrows indicate the sliding direction during the wear test; e)) and f) show an example of the crack along the
wear track; g) and h) show plastic flow and fracture surface where delamination occurs.

The micrographs of the RT65 test are shown in Figure 50 with the red arrows that indicate the sliding
direction during the wear test. Rectification lines are still present, they are not completely worn.
Debris accumulates preferentially along the rectification lines or are pushed outside the track. debris
along the track is compacted by the passage of the counter body. Figure 50.d highlights a zone of

detachment from where platelets are created and plastic deformation of the surface of the track.
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Figure 50: Green arrows indicate the sliding direction during the test. a) and b) OM micrographs of the RT65 test.
Compacted debris are highlighted; c) debris accumulation along the rectification lines and outside the track; d)
detachment zone and plastic deformation of the surface of the track, e) and f) show debris compacted by the counter-
body passage.

The worn surface after the RT1500 test revealed an overall smooth appearance (Figure 51). OM
micrographs showed debris accumulation outside the wear track (Figure 51.a and Figure 51.b).
However, no significantly big debris or platelets were observed within the track, and the grooves
appeared clear and continued along the track. Figure 51.d provided a zoomed-in view of Figure 51.c,
where it is evident that only minimal debris was present in the track and preferentially accumulated

along the grooves.

43



'’ ‘ oy /i il
Debris outside

i

e L
accumulate T

Figure 51: Micrographs of wear tracks of RT1500 test; a) and b) OM micrographs of Track RT1500, c) SEM micrograph and d) a
zoom from the yellow rectangle of c) micrograph. The red arrows indicate the sliding direction of the wear tests.

42.14 Debris characterization

Debris showed different colour for the three RT test. RT18 and RT65 showed black debris
(Figure 52.a and Figure 52.b), with more crushed grey debris in RT65. Instead RT1500 showed
completely red debris (Figure 52.c).
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Figure 52: Debris overview of a) RT18; b) RT65 and ¢) RT1500.

Moreover, each test revealed different types and sizes of debris, suggesting an evolutionary process
in their formation. In the RT18 test, some large platelets were detected (Figure 53.a) that were not
present in the other. In the other tests, debris was found either crushed and compacted along the track
(Figure 53.b) or as large, crushed fragments-debris far from the track (Figure 53.c). This analysis
suggests an evolution of the platelet debris evolves over time. Initially, platelets form from

detachment zones (Figure 50.d). They then have two possible paths: they can either be pushed away
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from the track or remain along it. If they are pushed away, they stay large, between 6 um and 15 pm
(Figure 53.c and purple part of Figure 53.d). If they remain in the track, they are crushed by the
passage of the counter-body, reducing in size (less than 2 um) and becoming powder-like debris
(Figure 53.b and light-blue part Figure 53.d).
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Figure 53: a) big platelets outside the track in the RT18 test; b) compacted debris along the track, RT65; c) crushed debris
outside the track, RT1500; d) different sizes of the debris with respect to the distance from the track.

In the extended RT1500 test, SEM analysis showed that the debris is entirely crushed (Figure 54,

taken in the same position of Figure 52.c).
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Figure 54: Crushed debris of the RT1500 wear test. The micrograph is taken in the same position as Figure 52.c one.

Additionally, the chemical composition of the debris was analysed through EDS analyses at SEM.
In the RT18 test (Table 9), platelets debris did not show signs of oxidation, unlike compacted debris.
The same consideration can be made for the chemical composition of the RT65 test (Table 10). In the
RT1500 test, all the debris exhibited oxidation, with no significant presence of aluminium from the
counter-body (Table 11). In this case, only crushed debris was analysed because no big flakes-like
debris were detected after 1500 m of sliding. Some aluminium was detected but not in significant

amounts.

C O Al Si Mn Fe Mo
Platelets | 4,3+ 1,8 | 3,49+1,2 | 0,04+0,02 | 1,53 +£0,4 | 0,48+0,2 | 89,82+0,05 | 0,25+0,04
Debris | 3,13+1,4 | 47,65+£3,2 | 1,31+£0,15 | 1,03+0,09 | 0,317+0,07 | 46,4+4,3 | 0,16+0,03

Table 9: Atomic composition of platelets and debris from RT18.

C O Al Si Mn Fe Mo
Platelets | 7,38+4,8 | 15,53+8,43 | 1,21+1,06 | 1,2+0,4 | 0,37+0,07 | 74,12+9,8 | 0,18+0,04
Debris | 0,84+0,75 | 60,57+1,33 | 0,14+0,03 | 0,92+0,03 | 0,21+£0,02 | 37,22+0,83 | 0,1+0,04

Table 10: Atomic composition of platelets and debris, RT65.

C O Al Si Mn Fe Mo
3,2+0,1 [40.2+1,2]|0,1+0,020,8+0,005|0,37+0,01|55,0+£1,03| 0,26 +0,3

Table 11: Atomic composition of debris, RT1500.

42.1.5 Subsurface modifications

Observations of the subsurface of the wear track were carried out on the sample from the RT1500 test
(Figure 55). Along the track is possible to notice a layer called Mechanical Mixed Layer (MML) of
1 pm in height, formed by the crushed debris. A plastic deformed layer (PDL) of 2-3 pm was found
underneath the MML due to the deformation and curvature of the martensite laths and of the

segregation lines.
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After conducting the wear tests, nano-indentation analyses were carried out on the subsurface of the
track. The primary objective was to identify and study any microstructural changes attributable to
wear. The affected area exhibiting reduced hardness was highest (16 pm) in size compared to the

PDL layer.

Nanohardness RT

0

Figure 55: a) and b) subsurface micrographs of RT1500 test. The green arrows indicate the sliding direction of the wear test.
Mechanical mixed layer (MML) and plastic deformed layer (PDL) are highlighted; c¢) nano hardness grid of subsurface sample
(RT1500). The blue part is the resin (Bakelite). The reported scale is in GPa.

4.2.2 High Temperature

4221 Pin-on-disc tests

Three tests at high temperatures were performed with the same parameters as the room temperature
wear test (4.2.1). The tests were performed at 200°C (HT200), 300°C (HT300) and 400°C (HT400).
The surface of the samples looked coloured after the tests due to the tempering effect, as is possible
to see in Figure 56 where a picture of all the samples was taken immediately after the tests. In
Figure 56.d [81], a chart displaying the colours of tempering steels is reported. Indeed, as it will be
better explained (Section 5.3), the high temperature pin-on-disc tests can be considered as a tempering

heat treatment due to their long time (more than 4 hours).
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Figure 56: a) wear test at 200°C, showed yellow; b) wear test at 300°C, showed blue; c) wear test at 400°C showed grey, d)
tempering steel chart is reported with a highlight on the three temperatures of the wear tests that are consistent with the

results[81].

For ease of description, CoF evolution is only shown from 0 until 55 m of sliding distance

(Figure 57). This evolution is a representation of the entire CoF recorded during the long test until

1500 m. The typical evolution as the one of RT is not present for the HT tests. Furthermore, the

average CoF is different, with the one of HT400 having the lowest value.
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Figure 57: Comparison between Coefficient of Friction of RT and HT tests.
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4222 Profilometer measurement

As in the previous section (4.2.1.2), profilometer photos taken at the same height range are reported
in Figure 58. The track of the test HT300 has the highest worn volume, with an average depth of
65,7 um. The morphology of the worn track of both HT200 and HT300 is regular, whereas it is non-
uniform for HT400. The latter worn track also exhibits a lower worn volume, as a results of a lower
depth. In Table 12 detailed data about the width, the worn volume, and the wear rate of the HT tests
are reported, in Figure 59 worn volume and wear rate of the HT tests are compared with those of the

RT1500 test.

Figure 58: Profilometer photos taken at the same range, reported on the left. a) HT200 test; b) HT300 test and c¢) HT400 test.

Depth [um] Worn volume [mm?] Wear rate [mm?®/mm] Width [pum]
HT200 32,942,36 2,261 1,488 * 1073 974,88
HT300 65,7+£3,6 4,726 3,109 * 1073 1334
HT400 13,7£8,3 1,212 0,797 * 1073 1168

Table 12: Depth, worn volume and width from profilometer analysis. Wear rate is calculated as the ratio between worn volume and
total distance.
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Figure 59: a) Worn volume and b) wear rate comparison of the four long tests.
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The most worn counter-body was the one of the HT400 test (Figure 60), the wear height had a value
between 33,4 um of minimum and 4,1 pm of maximum. The others worn distance were negligible.
More in general, L1 for HT test results are higher than the one at RT. L1 and L2, as previously
explained in section 4.2.1.2, are respectively the wear length of the counter body perpendicular and

parallel to the sliding direction.

Temperature
200°C 1,09 mm 507,9 pm
300°C 1,4 mm 518,5 pm
400°C 1,3 mm 1,033 mm

Figure 60: Profilometer photo and data of sizes of HT tests with the range on the lefi, the same as RT measurement. a) HT200
test; b) HT300 test and c) HT400 test.

4.2.2.3  Microscope observation of Worn Track
Worn tracks were investigated both at SEM and OM after the wear test.
The HT200 test (Figure 61) showed a pale yellow-coloured surface, according to the tempering effect
(Figure 56). The track displayed numerous small debris particles, primarily concentrated along the

grooves and on delaminated areas (Figure 61.a, Figure 61.b and Figure 61.c). Additionally,
detachment from the track was detected (Figure 61.d).
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500 pm

Figure 61: Micrographs wear track HT200 test. a) and b) OM micrographs show the pale yellow surface and the debris along the
track; ¢c) SEM photo taken in the same place of a) shows the surface; d) SEM zoom on the detachment along the track.

The HT300 test shows a blue-pink-purple colour of the surface (Figure 62.a), due to the tempering
effect and the oxidation. The surface itself was smooth (Figure 62.c), with similar characteristics
to that of the test HT200. Delamination (Figure 62.b and Figure 62.d) was detected. Debris

accumulated preferentially along the grooves and on delaminated areas (Figure 62.e).
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Delaminatio

elaminatiol

Figure 62: Micrographs of HT300 test with red arrows indicating sliding direction. a) OM micrograph shows the pink-blue-
purple colour of the sample; b) OM micrograph shows platelets detachment; c) SEM micrograph shows the clean track; d)
SEM micrograph of platelets detachment; e) SEM micrograph shows the accumulation of the debris at the start of groove.

The HT400 test (Figure 63) showed that the track's width was continuously changing along the circle.
Some parts appear blue due to the oxidation (Figure 63.a a Figure 63.b) in correspondence of the
larger part of the width. Furthermore, a compact layer of oxides was detected on the narrower part of

the track with some parts that started to delaminate (Figure 63.c and Figure 63.d).

52



Figure 63: Micrographs HT400 test, red arrows indicate the sliding direction. a) and b) show different parts of the track where the
tribolayer is present. c) SEM micrograph of tribolayer and d) zoom of c¢) where detachment from tribolayer is highlighted.

EDS analysis was used to investigate the atomic compositions of the debris of the three HT tests

(Table 13). Aluminium was found in the debris of the HT400 test, the one with the most worn counter-

body (Figure 60). Oxygen levels revealed oxidation in all HT tests.

HT C 0 Al Si Mn Fe Mo
200 2,74+0,05 | 61,9+1,15 - 0,76:0,02 | 0,14£0,01 | 34733+1,12 0,12+0
300 1,75£0,44 | 57,72+6,28 - 0,6120,6 | 0,14£0,07 | 39,34+5,61 | 0,43+0,41
400 1,32+1,03 | 58,67+1,96 | 0,77+0,19 | 0.82+0,05 | 0,14+0,03 | 382426 | 0,090,002

Table 13: Atomic composition of the debris of HT wear tests.

4224

Subsurface modifications

Subsurface worn tracks were observed after the HT wear tests. OM micrographs (Figure 64) obtained

from these tests exhibit different types of microstructures. In the HT200 (Figure 64.a) and HT300

(Figure 64.b), typical melt pools and layers of the LPBF structure are visible, while the HT400 test

appeared different and more homogeneous (Figure 64.c).
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icrographs of the subsurface of wear tests. a) 200°C; b) 300°C; c) 400°C.

G
Figure 64: OM m

SEM observations at high magnification were conducted on the subsurface underneath the worn track,
parallel to the sliding direction. The SEM micrographs of the HT200 test (Figure 65.a and
Figure 65.b) revealed that the track exhibited interrupted oxides with varying heights ranging
between 2 and 3 um. Additionally, a PDL with a minor height of 2 um was present. The micrographs
from the HT300 test (Figure 65.c and Figure 65.d) revealed an oxide layer of approximately 1 pum.
Additionally, the analyses have detected the existence of MML and PDL, with a maximum height of
500 nm and 2 um respectively. The micrographs from the HT400 test (Figure 65.e and Figure 65.f)
revealed the presence of an oxide layer of about 5-6 um and another layer consisting of compacted

debris of the oxide layer. The PDL is thicker compared to the other HT tests (5-6 um).
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Figure 65: SEM micrograph of the subsurface of the wear track. Green arrows indicate the sliding direction of the wear tests. a)
and b) HT200 test; ¢) and d) HT300 test; e) and f) HT400 test.

4225 Hardness

After conducting the wear tests, macro- and nano-indentation analyses were carried out on the cross-
section of the sample underneath the worn track. Macro-hardness analysis was conducted to identify
hardness changes due to the effect of the temperature during the wear test. The samples that underwent
wear temperature tests of 200°C and 300°C exhibit a slight increase in average hardness in
comparison to the as-built sample (Section 4.0). On the contrary, the sample exposed to a temperature

of' 400°C displays a decrease in hardness.
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Temperature of test Average hardness [HVS5]
200°C 571,33+7,2
300°C 568,33 £ 12,3
400°C 509,33 £6,9

Table 14: average macro-hardness unworn surface.

The average macro-hardness are comparable to the ones of the thermal treatment, as is possible to see

in Figure 66.

600
+ wear test

+ 10-hours thermal treatments

580

560

540

Hardness HVS

520

500

480 - - -
200°C 300°C 400°C
Temperature

Figure 66: Macro-hardness comparison between HT wear tests and 10-hours thermal treatments.

Nano-hardness grids below the worn track were conducted to identify the hardness of the oxide layer
as well as of the MML and PDL (Figure 67). The data obtained from nano-hardness testing may not
be accurate, as the height of various layers (such as oxides, MML, PDL) is extremely low
(section 4.2.2.4). The distance between different points in nano-indentation was set to 1.5 um, but
some layers can be as low as 500 nm. Therefore, the results shown must be interpreted carefully. The

most significant result is the high nano-hardness (~20 GPa) of the oxide layer formed at 400 °C.

Nanohardness HT200 Nanohardness HT400

Figure 67: Nano-hardness grid from nano-indentation data. The blue part is bakelite resin. a) 200HT test; b) 300HT test, c)
400HT test
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5. Discussion

5.1 Thermal stability

In this study, DSC analyses were used to investigate the thermal stability of the LPBF AISI S2 tool
steel. In particular, isothermal treatments were conducted on different samples for 5 and 10 hours at
temperatures of 200°C, 300°C, and 400°C. Subsequently, the samples underwent examinations for
hardness and microstructure. The primary objective of these tests was to elucidate the microstructural
alterations following the exposure to temperature exceeding ambient conditions. Usually, AISI S2
tool steel produced with conventional methods is employed in applications such as hummers, chiels,
or screwdriver bits, thus at room temperature. The work of Gowd reported that AISI S2 exhibits low
tool wear when used as a workpiece during a machining operation [82]. However, under certain
conditions, an increase in the temperature of the workpiece can shorten the tool's life in view of
accelerated wear phenomena due to microstructural changes. Hence, understanding its thermal
stability is crucial as it helps predict changes that may occur during wear tests at high temperatures,

provided that the thermal effects are well understood.

As delineated in section 4.1, microstructural analyses revealed discernible modifications after
thermal treatments. Notably, samples subjected to 5- and 10- hours treatments exhibited comparable
macro-hardness values (Table 7), implying that similar microstructures were obtained. The effects of
the heat treatments can be divided into two groups, the first refers to samples treated at 200°C and

300°C, whereas the second group regards samples treated at 400°C.

The samples of the first group (heat treated up to 300°C) unveiled the presence of melt pools and
HAZs under OM (Figure 42.b and Figure 42.d), similar to the as-built microstructure. Therefore, the
microstructure after heat treatments up to 300 °C is still composed of tempered martensite and bainite.
In contrast, the intercellular segregations were affected by the heat treatments. These observations
can be related to the fact that melt pool “boundaries” are more thermally stable than the cellular
structure [83]. In the as-built state, such segregations appear as continuous lines (Figure 38) with a
certain thickness (section 4.0). After heat treatments at 200 and 300 °C, such segregations are thinner,
and protrusions are visible (Figure 43.b and Figure 43.d) These protrusions may stem from diverse
factors, including the growth of bainitic ferrite from the initial martensite laths after its isothermal
treatment under Ms-temperature [84]. Another possible factor may be the thermally activated

movements of elements previously segregated in lines or cellular walls [85] during dendrite

57



growths [86]. These elements may precipitate as elongated carbide [87]. In particular, dissolution can

occur [28, 35, 72].

A significant effect of the heat treatments at 200 and 300 °C is the increase in macro-hardness
compared to the as-built state, contrary to the conventional trend wherein hardness typically
diminishes with increasing tempering temperatures [13, 14]. This anomaly at 200°C and 300°C may
be attributed to a strain hardening effect attributable to low-temperature tempering (LTT) [13, 15].
Literature sources [68, 71, 72] suggest that such strain-hardening is thermally activated by the
movement of dislocations, a phenomenon intrinsically linked to the high dislocation density
engendered during martensitic formation [91]. Regrettably, this study did not delve into experiments
about dislocation mobility since instruments with higher magnifications would have been necessary,
for example, Transmission Electron Microscopy (TEM) [86]. The increase in hardness can also be
attributable to a relatively high presence of silicon (1.2 wt. %). Silicon has the effect of retarding the
softening of the tool steel during tempering [92], usually referred to as tempered martensite
embrittlement (TME). This mechanism involves the precipitation of cementite within martensitic
laths. Notably, silicon inhibits the growth of cementite (characteristic of the third stage of tempering),
retarding the precipitation of epsilon carbide and its conversion [93], typically encountered during

the initial tempering [94] and LTT [89].

In contrast, samples treated at 400°C exhibited a decrease in hardness compared to the as-built state,
attributed to a higher sensitivity to tempering at this temperature. In the OM micrograph of the 400°C
treated sample (Figure 42.c), the morphology of HAZs and melt pools appear less defined, and the
microstructure is more homogenous. This homogenization may be related to the dissolution of some
microstructural phases (e.g. bainite), a phenomenon that occurs following an adequate thermal
treatment [14, 25, 40]. In addition, fine carbides were observed to precipitate in martensitic laths

(Figure 43.1), a typical effect of tempering treatments.

In summary, samples treated at 200°C and 300°C exhibited similar characteristics, evincing enhanced
average hardness relative to the as-built sample. This increase in hardness may be attributed to
different factors, including the Si-effect or thermally activated dislocation movements.
Macroscopically, the microstructures remained similar to the as-built sample, with heat-affected
zones (HAZs) and melt pools discernible. At higher magnifications, certain protrusions of the
segregation lines were evident, indicative of augmented mobility of various elements. Conversely,

samples treated at 400°C were markedly different, characterized by lower hardness due to a higher
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tempering effect and a more homogeneous microstructure. In conclusion, AISI S2 steel evinces

thermal stability up to 300°C, while significant modifications occur at 400°C.

5.2 Elucidation of wear sequence at room temperature

Understanding the wear behaviour of the LPBF-printed AISI S2 material is one of the main aims of
this research. Wear tests at different sliding distances were conducted, using the interrupted approach
previously developed by the MMS team [25, 78]. This approach involves initially conducting an
extensive test to serve as a reference. Upon completing the full test, in this case, up to 1500 meters,
the variations in the CoF graph are analyzed to determine where interrupted tests should be
performed. These interrupted tests are intended to better understand specific variations and investigate
the underlying microscopic phenomena occurring at those points. Combining results obtained with
pin-on-disc, profilometer measurements, as well as OM and SEM observations allowed to elucidate

the wear sequence at room temperature.

Three principal changes of interest were identified in the CoF evolution recorded during the RT1500
test (Figure 45.a). The first change occurs during the initial laps of the wear test, corresponding to the
run-in period [96] (Figure 45.c). This period was investigated with the first interrupted test (RT18).
The elevated value of wear rate (Figure 45.c) obtained after this first test (RT18) is attributed to severe
abrasive wear [97]. This mechanism occurs during the early stages of the wear test due to a high
roughness of the surface. The plastic deformation of the surface (Figure 49.g and Figure 49.h) is
induced by the pressure exerted by the counter body. This plastic flow can deform the surface to the
extent that cracks may appear (Figure 49.f), from which platelets can detach from the track (Figure
53.a) through fatigue wear [98]. This detachment could be the cause of the fluctuation observed in
the CoF [98]. The detachment of platelets creates a depression in a specific area of the track, leading
to the formation of grooves along the entire track. This phenomenon of platelet formation has been
extensively studied and is well-known as “delamination theory” [99]. A schematic sketch of the

phenomenon’s steps is shown in Figure 68.
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Figure 68: Sketch of the platelet formation in the run-in period.

Following the run-in period, a second stage of the wear curve emerged before the final stabilization
phase. The morphology of the worn surface in this second stage was investigated after a specific
interrupted wear test (RT65) test, where the CoF exhibited fluctuations and a gradual increase before
stabilizing at an average value of 0,58 (Figure 45.d). However, the rise in CoF during this stage is
less pronounced than during the run-in period, indicating a reduction in abrasive wear. The worn
surface is smoother compared to the previous one (Figure 50.e). The fluctuation of the CoF may be
attributed to the ongoing abrasive wear [98], which continues to generate detachment zones and
plastically deformed surfaces on the track (Figure 49.d). If the platelets remain along the track, they
will be crushed by the passage of the counter-body, leading to the accumulation zone of oxidized,
powder-like debris (Figure 52.b and Figure 53.b). This debris is continually crushed and displaced
throughout the wear test, resulting in a smooth final surface with minimal debris along the grooves

after 1500 meters (Figure 51.d). In the final stage, called “stable periodic fluctuation” in [96], the
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debris is completely oxidated (Table 11) and exhibits a red coloration (Figure 52.c). The CoF
stabilizes (Figure 45.a) and the surface becomes smooth. The worn track achieved after the reference
wear test (RT1500) (Figure 47.c and Table 8) revealed the greatest depth and width but the lowest
wear rate. In general, the wear rate decreases with increasing distance, indicating the stabilization of
the wear behaviour of the material. The wear rate for the RT1500 is more than 10 times lower than

the one of RT18 (Figure 46).

The continuous passage of the counter-body impacts not only the surface but also the microstructure
underneath the worn track. Two friction-induced layers are formed, a Mechanical Mixed Layer
(MML, Figure 55.a) and a Plastic Deformed Layer (PDL, Figure 55.b), identified during SEM
analyses. The MML has been extensively investigated in numerous studies [44, 47, 48, 50]. The
thickness of the MML layer is related to the propensity for oxide formation and subsequent
detachment from the surface. As illustrated in Figure 69 and previously discussed in this section,
platelets detach from the track surface. These platelets can be ground during each lap, becoming
powder-like debris. Then the debris can be compressed by the counter body on the track surface,
forming the MML. Thus, the MML is composed of powder-like debris (red layer in Figure 69) and
small platelets (green circles in Figure 69). The formation of the MML starting from powder-like
debris may be facilitated by the presence of grooves [97]. The PDL, also called “sliding slipping”
layer [100], 1s a plastic deformed zone under the track [101]. The PDL is linked to the failure of the
cellular structure due to the continuous passage and shear stress of the counter body with each lap
(blue structure in Figure 69). An alternative hypothesis is related to the movement of dislocations, as
this 1s the primary mechanism for PDL formation in martensitic structures [85, 86]. In this context,
dislocations tend to accumulate and migrate, thereby altering the substructure of the track. This
dislocation activity is similarly driven by the passage and shear stress imposed by the counter-body

on the surface.
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Figure 69: Sketch of MML formation. Platelets were detached, grind, and then form the MML over the PDL.

In summary (Figure 70), three main zones of interest have been investigated to elucidate the evolution
of the wear mechanisms behaviour occurring with AISI S2 steel sliding against the Al>O3; counter-
body. The first zone, where abrasive wear predominates, corresponds to a run-in period. Here, the
plastic flow of the track, grooves, and subsequent cracks and detachment occur. These platelets can
be ground by the continuous passage of the counter body and crushed by it along the track, gradually
forming the MML. Beneath the MML, a PDL also forms due to the pressure and forces exerted by
the passage of the counter-body, which can lead to failure of the cellular structure or movement of
dislocations, typical of the martensitic structures. In general, after the initial severe abrasive wear
mechanism, the final worn surface is smooth with a total low wear rate, thus suggesting an overall

good wear resistance of the material at room temperature.
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Figure 70: Sketch of the microstructure evolution during the RT test.

5.3  Effect of temperature on wear behaviour

After having explained the wear sequence at room temperature based on the interrupted wear tests
approach, a general assessment of the wear properties at high temperatures will be given. Profilometer
measurements revealed a higher worn volume of all the high-temperature tests compared to that
performed at room temperature (RT1500) (Figure 47). Notably, the HT300 showed a wear rate more
than 10 times higher than the RT1500 test, due to the higher depth of the worn track (Figure 58). The
wear rate of HT400 decreased compared to the other HT tests (Figure 59). Profilometer analyses, OM
and SEM micrographs (Figure 61 and Figure 62) of the HT200 and HT300 tests revealed a smooth

and regular worn track. Only a few grooves, delaminated areas, and debris accumulated along the
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grooves were observed in the HT200 and HT300 tests, similar to the RT1500 tests. In contrast, the
worn track achieved after the HT400 test was irregular, with areas where higher depth and width were
achieved (Figure 63). An inhomogeneous layer of oxides is present in these zones. In contrast, a
homogeneous layer of oxides is present in areas where lower depth and width were achieved. This
layer of oxides is the so-called tribolayer [104], which helped to prevent the track from further wear.
The reasons for such differences between the different tests are linked both to oxidation phenomena

and to microstructural changes occurring during the tests.

Regarding oxidation phenomena, it is important to highlight that the pin-on-disc tests can be
considered as a heat treatment. Indeed, the high-temperature wear tests were extended over prolonged
durations, exceeding four hours. This extended duration effectively acts as a heat treatment. In view
of the exposure to air, surface oxidation occurred during the test. In particular, all the wear samples
exhibited consistent tempering colours after the tests (Figure 56). This surface oxidation is
responsible for the accelerated wear compared to the test room temperature, where surface oxidation
did not occur. Microscope observations on the cross-section revealed the nature of the oxide formed
(Figure 64 and Figure 65). A thin oxide layer was formed during the test at 200°C and 300°C, being
the iron-oxide a-Fe;Os3, while the thicker oxide layer formed at 400°C (the double compared to the
previous one), is associated with Fe3O4 [105]. Among the high-temperature tests, the decrease in wear
rate achieved with HT400 is associated with the formation of the thicker Fe3O4, also known to be
more stable and protective than Fe;O3 [62][63]. In the case of a-Fe>Os3, there is a competition between
its formation and removal, which may cause less wear resistance [106]. Furthermore, the lower wear
rate of the test HT400 is due to the presence of the homogeneous tribolayer of oxides, mentioned
earlier. Cross-section observations revealed that such tribolayer consists of compacted debris (Figure
65). Such pieces of debris originated from delamination phenomena occurring in the original Fe;O4
layer during the test (Figure 61.d and Figure 62.d). Moreover, unlike in the RT1500 test, the alumina
counter-body shows signs of wear in the high temperature tests, especially in the HT400 (Figure
60Figure 60). Thus, the debris generated actively participate in the formation of the tribolayer.
Therefore, the formation of a thick oxide layer and compacted tribolayer within the surface during
the HT400 test allowed to achieve lower wear rates compared to the tests HT200 and HT300.
Furthermore, the effect of the presence of such protective layers allowed to achieve lower CoF during

the test HT400 compared to all the other tests (Figure 57), in view of reduced friction [96].

Microstructural changes were observed within the subsurface underneath the worn track. In particular,
during the test HT400, a thicker Plastic Deformation Layer (PDL) is formed compared to that of the

other tests (Figure 65). This difference is linked to different microstructures. As mentioned earlier,
64



the high-temperature tests can be considered as a heat treatment. Table 14 lists the average hardness
values of the samples after high-temperature wear tests. These hardness values are comparable
(Figure 66) to those of the samples that underwent DSC heat treatment (Table 7). This comparison
provides evidence that high-temperature wear tests function as a heat treatment for the samples, thus
modifying the microstructure as explained in section 5.1. Therefore, the softer microstructure
achieved with the test HT400 led to the formation of a thicker PDL, in view of a higher sensitivity to

deformation of less hard microstructures [107].

In summary, the wear resistance of AISI S2 tool steel is better at 400°C than at 200°C and 300°C. A
thick Fe3O4 oxide layer and a tribolayer participate in the protection from wear at 400 °C. In contrast,
the thin a-Fe;O3 oxide layer formed at 200 °C and 300 °C does not protect the surface. On the
contrary, its formation contributes to increasing the worn volume. However, all the high temperature

tests exhibited higher worn volumes than the test performed at room temperature (Figure 59).
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6. Conclusion

In this study, several experiments have been carried out to investigate the thermal stability and wear
behaviour at room and high temperatures (up to 400°C) of LPBF-printed AISI S2 tool steel. From the

results, the following conclusions can be drawn:

e LPBF-printed AISI S2 demonstrates thermal stability up to 300°C, with the microstructure
remaining similar to the as-built state. An increase in hardness was observed, due to the silicon
effect on inhibiting carbide precipitation, thus preventing softening. At 400°C significant
changes occur: the heat-affected zones (HAZs) and melt pools become indiscernible,
accompanied by a decrease in hardness due to a higher sensitivity to tempering.

e Atroom temperature, AISI S2 shows an excellent wear behaviour up to 1500 meters of sliding
distance. In the first laps, severe abrasive wear occurs with the formation of grooves and
platelets detachment. At 1500 meters, all the debris was oxidized and powder-like. The
subsurface of the track showed a MML and a PDL.

e At high temperatures, the wear resistance decreased compared to that at room temperature.
This is attributed to oxidation of the specimens, making them more susceptible to erosion by
the counter body. Particularly in the HT300 test, the wear rate was observed to be ten times
higher than that at room temperature.

e The HT400 test demonstrated the best wear resistance among the high-temperature wear tests.
The track of the HT400 test appeared irregular due to the presence of a protective tribolayer
on its surface. This tribolayer effectively shielded the track from wear. The tribolayer of the
HT400 test is formed from the debris of the thick Fe;O4 oxide layer. In contrast, at 200°C and
300°C, an oxide a-Fe>O3 would form, being less thick and less protective than one formed at
400°C.

e Also in the HT tests, SEM analyses revealed the presence of MML (Material Transfer Layer)
and PDL (Plastic Deformation Layer). Particularly in the HT400 test, the depth of the PDL
was observed to be the greatest, potentially due to the softer microstructure.

e The softer microstructure achieved during the test at 400°C is due to the heat treatment effect
acted by the pin-on-disc, in view of the prolongated exposure to the high temperature (more
than four hours).

e The effect of such heat treatment led to the achievement of a microstructure similar to that

achieved during the thermal stability investigation through DSC.
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7. Perspectives

AISI S2 tool steel is a versatile alloy known for its exceptional toughness and high impact resistance,
commonly used in the manufacturing of chisels, punches, and other hand tools subjected to heavy-
duty applications. Considering those applications, further testing could be carried out: perform similar
investigations to a conventional AISI S2, in order to estimate the differences between the same
material obtained with LPBF; extending the temperatures for isothermal DSC analyses and
correspondent high-temperature wear tests to obtain a comprehensive overview of the behaviour of
the material; design a specific thermal treatment to achieve a microstructure with enhanced thermal
stability and wear resistance compared to the as-built; wear tests with different counter-body could
be interesting to highlight the existence of different wear mechanism; TEM analyses could be
performed to understand carbide precipitation and dislocations movement that occurs during thermal
treatments; evaluate the corrosion resistance and other mechanical properties (tensile and

compression tests).
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