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Abstract

Brake discs made of grey cast iron with lamellar graphite (GJL) offer an excellent combination of
strength and thermal conductivity, which is essential for the high demands on braking performance
and durability in the automotive industry. However, the resulting dust emissions are a disadvantage
that can be mitigated by applying a wear-resistant coating on the brake disc using the Laser Metal
Deposition (LMD) process. In this study, the influence of the braking force on the microstructure of
the coated brake disc in a corrosive environment was investigated. The surface of grey cast iron brake
discs was functionalized with 316L stainless steel, which was partially reinforced with tungsten
carbide particles using the LMD process.The main objective is to improve the wear and corrosion
resistance of brake discs under operating conditions. The samples were subjected to a brake shock
corrosion test, which simulates real thermal and mechanical loads. Microstructural analysis was
performed using Scanning Electron Microscopy (SEM) and Electron Backscatter Diffraction (EBSD)
to evaluate microstructural features such as grain size, grain orientation and phase distribution before
and after the brake shock corrosion test. The study highlights the critical importance of
understanding thermal effects and microstructural changes to optimize brake performance and
ensure safety. The most important results include the promotion of grain growth, crystal reorientation
and texture changes through thermal and mechanical alternating stress as well as the improvement
of wear resistance through the incorporation of tungsten carbide particles in stainless steel.

Keywords: stainless steel 316L; coating; laser metal deposition (LMD); EBSD; microstructure; GJL
brake discs

1. Introduction

The special properties of grey cast iron with flake graphite (GJL) include exceptional resonance
damping behavior and high thermal conductivity [1]. These properties make GJL an excellent
material for numerous automotive applications, such as gearboxes, crankcases, brake discs and
valves. Brake discs produced from GJL offer an optimum combination of strength and thermal
conductivity. This is essential in meeting the high demands for braking performance and durability
in the automotive industry [2]. However, cast iron's inherent brittleness poses a significant challenge,
particularly in areas subject to thermal and mechanical stress. Additionally, the dust emissions
generated by cast iron are a growing concern due to their potential health risks and negative impact
on air quality. Combining the positive properties of GJL brake discs with a wear-resistant coating can
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significantly reduce dust emissions. One possible technology for applying these coatings is the Laser
Metal Deposition (LMD) process [3].

LMD is a coating manufacturing process where 3D parts are coated layer by layer by directly
melting and depositing the material on the substrate [4]. This technique can be further classified into
Wire Laser Metal Deposition and Powder Laser Metal Deposition based on the type of material
feedstock used [5,6]. LMD has gained significant attention in recent years in the field of metal
processing due to its ability to customize material properties and its high geometric freedom which
enables the fabrication of complex parts.

These properties make LMD an ideal process for increasing the performance and durability of
GJL brake discs in high-stress applications. The coating process applies an extremely durable and
wear resistant 316L stainless steel coating to the surface of the GJL brake disc. This improves both the
mechanical and thermal behavior of the underlying GJL disc and significantly increases its corrosion
resistance in corrosive environments [7].

Previous studies have demonstrated the potential of LMD processes to produce high quality
316L stainless steel coatings with refined microstructures and improved mechanical properties. The
microstructure of the coatings produced has been extensively characterized and the influence of the
LMD process parameters on the results obtained has been studied in detail [8]. In addition,
dilatometric studies were carried out to better analyze the thermo-mechanical properties of the
multilayer system under varying thermal loads.

The evaluation of grain size, texture appearance and crystal reorientation on exemplary brake
discs was used to determine the material properties. These evaluations are used to make a reliable
and safe statement about the performance of the brake disc in use.

It has been shown that the rapid cooling of the brake disc can influence the grain size of the layer
produced with LMD. This is a critical parameter that significantly influences the mechanical
properties of the material. Rapid cooling can lead to the formation of a finer microstructure, which
significantly changes the strength and hardness of the material [9].

A comprehensive analysis of the grain size both before and after the brake test can provide
information on the effects of thermal and mechanical stresses on the microstructure. It has been
shown that the influence of recrystallisation and grain growth processes, caused by the heat
generated during the brake test, has a negative effect on the material properties of the brake discs
[10].

The effects of the LMD process parameters and the thermo-mechanical stress caused by the
brake test can also influence the arrangement and structure of the material.

The preferential orientation of the grains in a polycrystalline material, also called texture, and
the graphical representation of the crystallographic texture, also called pole Figure, can provide a
clear explanation for the variation of the material properties. On the one hand, a strong texture can
increase the anisotropic properties of the material, which means that the mechanical properties of the
layered material become direction dependent [11,12].

Through a meticulous examination of the texture both before and after the brake test, it becomes
possible to ascertain the extent to which the mechanical load and the resultant heat influence the
grain orientation. Changes in texture could be indicative of plastic deformation or texture
development due to thermal effects [13,14]. Changes in the pole Figures may indicate a reorientation
of the grains or the formation of new texture components [15].

Before the brake test, a comprehensive examination of the microstructure, texture, and pole
Figures of the material is imperative to establish a baseline for the subsequent analysis and to validate
the quality and homogeneity of the coating produced [16]. After the brake test, it is essential to re-
examine the properties to assess the effects of the mechanical load and heat generated on the material.
These investigations can provide information on how the material character changes under real
operating conditions. In particular, they can help to identify wear mechanisms, thermal effects and
plastic deformation. This information is essential for optimizing LMD process parameters and
improving the performance and life of the coatings produced. By combining the pre and post brake
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test results, valuable insights can be gained that will contribute to the development of more robust
and efficient components [17].

This study focuses on the microstructure and EBSD analysis of a two-layer 316L coating
produced by LMD. EBSD is employed as the primary analytical method to obtain detailed
information on grain orientation, grain boundary characteristics, and phase distribution [18].
Previous research has shown that the microstructure and mechanical properties of 316L stainless steel
can be significantly influenced by the LMD process parameters [19]. Additionally, the presented
study utilizes a brake shock corrosion test, which the durability and performance of brake
components under conditions that simulate real-world exposure to corrosive environments and
mechanical shock assesses. The aim of this work is to gain a deeper understanding of the
microstructure-property relationships in 316L coatings and to evaluate the effects of LMD process
parameters on the resulting microstructure before and after a brake shock corrosion test. By
combining microstructural analysis and EBSD data should provide insights that can help optimize
LMD processes and improve the material properties of 316L stainless steel [20].

2. Materials and Methods

The objective of this study was to investigate the feasibility of laser cladding grey cast iron (GJL)
150 with distinct stainless steel alloy, namely 316L, in conjunction with WC particles. A multilayer
cladding system was employed to produce the samples.

Figure 1 depicts a three-dimensional representation of the resulting coating system. The first
layer was used to increase adhesion and to enhance the corrosion resistance of the surface. The second
layer was specified to optimize the wear resistance. The 316L stainless steel powder, with a particle
size distribution of 15-55 pm (max. 5 % oversize and undersize), was selected for its excellent
corrosion resistance and mechanical properties. WC particles, with an average particle size of 5-30
pm, were incorporated to enhance the wear resistance of the coating.

250-300pm|

GIL

Figure 1. The fabrication of the sample is depicted schematically in three dimensions. Two coatings are applied
to the substrate: 316L followed by 316L with hard particles WC. The two coating layers are designated as the

first layer and the second layer, respectively.

In Table 1 the chemical compositions of the used materials are shown. The chemical composition
of the gas atomized powders used to coat the samples was provided by the supplier, Hogans.

Table 1. Chemical composition of the GJL substrate and the 316L powder.

Element [wt.%] GJL 150 316L
C 3.50+0.1 0.01
Si 2.00+0.1 0.80
Mn 0.60 = 0.05 1.50
P <0.10 £0.02 -
S <0.08+0.02 <0.01
Cu 0.20 +0.02 0.00
Cr 0.20 +0.02 17.00
Mo 0.35+0.1 2.50
Ni <0.20 12.00

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1873.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2025

Sn <0.10 -
N _ -
Fe Balance Balance

The LMD process was carried out using a high-power laser. The laser power was set to 20 kW.
The samples were composed of 316L for the first layer and 316L with 25 to 30 wt. % WC hard particles
in the second layer. The samples investigated are illustrated in Table 2. One sample was subjected to
a brake shock corrosion test in accordance with an automotive test specification. The test included
1200 brake cycles, a 20 h salt spray test to DIN EN ISO 9227 [21], 16 h damp heat storage to DIN EN
ISO 6270-2 [22] and 20 h storage at room temperature (RT). The braking test was conducted to
simulate the thermal and mechanical stresses experienced by the coatings in real-world applications.
The test involved subjecting the coated samples to repeated braking cycles, with each cycle consisting
of a rapid acceleration and deceleration phase. The temperature of the samples was monitored using
thermocouples, and the maximum temperature reached during the test was 500 °C.

Table 2. List of samples analyzed.

Sample  Substrate Firstlayer Second layer Hard particles Sample condition
1 - - - - Powder 316L
2 GJL 316L 316L Spherical WC Before brake shock corrosion test
3 GJL 316L 316L Spherical WC After brake shock corrosion test

To evaluate the samples, they were separated, embedded, polished and etched to visualize the
microstructure. The samples were prepared by mechanical polishing followed by vibratory polishing
to achieve a high-quality surface finish. The samples were treated with a V2A etchant (50 % HC, 10
% HNO3, and 40 % H2O) at 70 °C with an etching time of 30 s. Microstructural analysis was
performed using scanning electron microscopy (SEM ZEISS EVO MA 15). The grain size and phase
distribution were examined using Electron Backscatter Diffraction (EBSD).

EBSD analysis was additionally used to obtain detailed information on grain orientation, grain
boundary characteristics, and phase distribution. The EBSD data were collected using an SEM
equipped with an EBSD detector Bruker and the samples tilted to 70° using 20 kV acceleration
voltage. The resulting data were analyzed using “ESPRIT Analysis” software to generate orientation
maps, grain boundary maps, and pole Figures. In order to test the phases identified in the coated
GJL samples, the following phases were used as references: austenite, ferrite, sigma phase and
tungsten carbide. The selection of these phases was made on the basis of their relevance to the
microstructural and mechanical properties of the coated GJL samples. The careful examination of
these phases is intended to investigate the behavior of the coating under real conditions and thus
determine the effectiveness of the LMD process parameter.

Austenite was selected due to its face-centered cubic (FCC) phase, a structural form commonly
observed in stainless steels, including the primary phase in 316L stainless steel. This phase is known
for its ability to provide the requisite structural integrity and resistance to environmental factors.
Ferrite was selected due to its possible phase transformation in the microstructure of the coating, as
well as its influence on the mechanical properties and thermal behavior of the coating. The sigma
phase is an intermetallic compound that can form in stainless steel, particularly under high-
temperature conditions. The material is recognized for its brittleness and its detrimental effects on
mechanical properties. The presence of sigma phase was investigated because it tends to form
during the thermal cycling and mechanical stress encountered during brake tests, thereby impacting
the coating's overall performance. The selection of CrFe was motivated by its propensity to form
sigma phase during the laser metal deposition (LMD) process, a phenomenon that exerts a significant
influence on the durability and performance of the coating. WC was selected due to its frequent
application in conjunction with stainless steel coatings, with the objective of enhancing their
performance under severe conditions, such as those encountered during brake tests.
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3. Results and Discussions

To this end, investigations were carried out regarding the influence of the selected application
parameters, including change in microstructure development and grain growth with the help of
EBSD. Analyzing microstructural evolution and grain growth under service conditions including
thermal and mechanical loads is crucial, as these changes directly impact the coating’s performance
and longevity. EBSD observations on the cross-sectional surface indicate the presence of a
microstructure gradient in the surface mechanical attrition treatment-affected region, consistent with
the findings of a prior study [23]. The results generated are shown and discussed in the following
sections.

3.1. Microstructural Analysis of 316L Powder

The 316L powder was subjected to V2A etching in order to facilitate analysis of its
microstructure using a scanning electron microscope (SEM). Figure 2 shows a backscattered electron
detector (BSD) image of an etched 316L powder particle. The increased visibility of the grain
boundaries is indicative of well-defined grains that are distinctly separated from one another. The
fine and uniform microstructure of 316L powder has the potential to enhance the strength and
hardness of the coated material, which is advantageous for automotive applications.

The rapid heating and cooling cycles inherent to the LMD process engender residual stress
within the material. These stresses are attributed to thermal gradients and the solidification process.
These residual stresses have the potential to influence the mechanical properties of 316L stainless
steel, potentially resulting in distortion, cracking, or a reduction in fatigue life [24].

Figure 2. SEM image of the etched 316L powder after treatment with V2A etchant. The grain boundaries are
clearly visible.

3.2. Microstructural Analysis of the First And second Layer Before and After the Brake Test

Firstly, the SEM images shown in Figure 3 illustrate both coating layers before and after the
brake test. Figure 3 reveals a change in the microstructure of the coating matrix in both the first and
second layer, indicating the effect of brake force and direction. To facilitate a more detailed analysis,
each layer is shown and examined separately in the subsequent Figures before and after the brake
test. As illustrated in Figure 3, the evolution of grain misorientation in the initial layer during
successive pulsed laser depositions is depicted. This evolution is followed by the outcome of the
brake shock corrosion test, which is then analyzed.

Figure 3. Schematic of the coatings before and after the braking test by SEM microscope.
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The difference in the microstructure of the second layer after the brake test is shown in Figure 4.
The presence of WC hard particles within the coating's second layer, along with its matrix, is subject
to the influence of the braking force. Thermo-mechanical stress is applied, and it is expected that this
microstructure change can also be easily reconstructed on the grain size and orientation change of
the grains. This stress is dependent on the braking force and the temperature generated during
braking. In Figure 4, the contrast is increased so that the matrix and its changes are more visible.

Figure 4. Schematic of the second layer of coatings before and after the braking test by SEM microscope. The

difference in the microstructure of the second layer during brake test.

As illustrated in Figure 5, the thermomechanical load resulting from braking has been
transferred to the first coating layer. The alterations to the structural configuration can be observed
in Figure 5. As illustrated in the bottom right section of Figure 5 in the yellow box, the phenomenon
of split coating is evident, arising from the presence of mechanical stress and microcracks that
emanate from the substrate.

Figure 5. SEM images of the first layer of the coating before and after the brake test. Split coating due to the

thermo-mechanical stressing of brakes and microcracks originating from the direction of the substrate.

In Figure 6, the results of the EBSD mappings of the two deposited coating layers are presented.
A comparison of the two EBSD maps reveals an increase in the size of the grains. This observation is
accompanied by a change in both layer grain size and texture. The increase in grain size and the
evolution of textures suggests that the thermal and mechanical stresses during the brake test promote
grain growth and reorientation. However, as illustrated in Figure 6, the size of the 316L grain is
increased after the LMD process compared to before the brake test. The microstructures exhibit
significant variations in their appearance, contingent on the type of carbides that are incorporated.
The enlargement of the microstructure of the second layer is most efficacious in the presence of added
WC, exerting an influence on the grain size of the coating matrix [23,25].

Austenite, fec (New) afe Sigma2 Ton-alpha Tungsten carbide (1/1)
fo01) fo01) fo0) o01] o01]

111 1] 110]
[Ca (100] [100] 1o {210]

Figure 6. EBSD map IPFX of both coating layers before and after the brake test with legend of the phases. Increase
in the size of the grains, the evolution of textures and enlargement of the grain size of the second layer most

efficacious in the presence of added WC.

The microstructure can also represent the as-treated state of the material, since at low
temperature the microstructure is rather stable. Furthermore, the surface mechanical attrition
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treatment does not induce any austenitic phase transformation into martensite in this 316L alloy, as
was previously observed in other studies [23,26]. In the study reported on by Zhang et al. [27] the
fabrication of a Ni-based superalloy coating was achieved through the process of pulsed laser
deposition. The results of the study indicated that most of the grains exhibited an inclination in their
growth orientation, with a predominant orientation of <001>. The arrangement of the grains within
the coating gives rise to a distinct texture and generates anisotropy, exhibiting a modest angle
misorientation of approximately 2°. This is attributable to the direction of the maximum temperature
gradient experienced during the pulsed laser deposition process . The study by Wang et al. aims to
ascertain the effect of processing parameters on the microstructure and mechanical properties of 304L
stainless steel manufactured using the additive manufacturing process [28]. A paucity of literature
exists on the grain growth of coating material produced by LMD using different alloy powders in
different application conditions.

Ensuring the uniform grain structure of the coating layer on brake discs is paramount to ensure
optimal functionality during braking. This involves the formation of equiaxed grains, which is crucial
for the even distribution of braking force within the coating. Consequently, it is imperative to
maintain a pristine LMD process and to fabricate a brake disk with optimal properties and nearly
zero defects in microstructure. Nevertheless, it is crucial to analyze in detail the effects of braking
applications on the brake disc material during braking to enable the development of improved
process optimization.

3.3.  Evaluation of the Grain Size During the Brake Test

The present study was undertaken to evaluate the impact of braking on the microstructure of
gray cast iron brake discs. For this purpose, the grain size of the discs was examined using EBSD
before and after brake tests. The analysis of the grain size of the two coatings after the test
demonstrated an increase during the braking test, as illustrated in the orange box in Figure 7. The
results of this study indicated like another study that the braking process influenced the grain size
distribution [29]. These alterations were then subjected to thorough analysis to ascertain the
correlation between the brake conditions and the microstructural evolution of the gray cast iron [8].
This analysis yielded valuable insights into the material's performance and durability under
operational stresses.

100

——Before

= — After
) MVWW nﬂ
0 -
0 20

40 60

Grain size [um]

Figure 7. The grain size distribution before and after the brake test.

After the braking test, an augmentation in grain size was observed, accompanied by the potential
development of a new texture. This phenomenon can be attributed to the combined effects of thermal
cycling and mechanical stress. This phenomenon could be indicative of recrystallization and grain
growth, which, in turn, may result in alterations in strength and ductility. The literature confirms that
thermal cycling and mechanical stress can significantly impact the microstructure of materials. For
example, the study on wire-arc additive manufacturing shows that thermal cycling can lead to grain
growth and changes in mechanical properties [30]. Literature consistently indicates that
recrystallization and grain growth can lead to alterations in mechanical properties. The study on AISI
316 stainless steel specifically notes that these processes can change the material's strength and
ductility [31].
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3.4. Pole Figures and Texture Analysis

For the rapid solidification process of pulsed laser deposition, the effects of concentration
undercooling, curvature undercooling, thermal undercooling, and anisotropy of interfacial energy
on the solidification can be ignored due to the high temperature gradient [32]. Consequently, the
dendritic growth orientation is determined by the direction of maximum temperature gradient,
which is parallel to the laser deposition direction [33]. The growth orientations of some grains deviate
from {001}, indicating a relatively large angle between the direction of laser deposition and grain
growth orientation of these grains [29]. The austenite matrix of 316L stainless steel exhibits a face-
centered cubic (fcc) crystal structure, with the primary slip system being {111} (<101>) and a
preferential growth direction of {001} (<001>). This information is indispensable for understanding
the grain growth and texture evolution in the samples under study [34,35].

It has been established that slip systems and growth direction exert an influence on the
directional properties of material. This, in turn, affects the manner in which the material deforms and
strengthens under stress. The {111} slip planes are the most densely packed planes in the fcc structure,
allowing for easier dislocation movement, which contributes to the material's ductility and toughness
[36]. The preferential growth direction {001} (<001>) can lead to anisotropic properties, meaning the
mechanical properties such as strength and ductility can vary depending on the direction of the
applied force [37].

This is a critical consideration for applications where directional properties are paramount. In
the case of 316L alloy, the grain exhibits growth in the orientation of <001>, with the direction of
maximum temperature gradient approximately perpendicular to the substrate surface. The growth
orientations of certain dendrites in the bottom region of the coating are not perpendicular to the
coating-substrate interface. The "bottom region of the coating" is defined as the part of the coating
that is in closest proximity to the substrate, which is the underlying material or surface to which the
coating is applied. This region is of particular significance because the interaction between the coating
and the substrate can have a substantial impact on the overall properties and performance of the
coating [38]. Variations in grain orientation and dendrite growth in this area can affect the mechanical
properties, such as strength and ductility, of the coating. This variation in orientation can be
attributed to the non-perpendicular orientation of grains on the substrate surface [39]. The orientation
of grains can result in varying mechanical properties. For example, grains aligned with the {001}
direction may exhibit higher strength and lower ductility compared to other orientations [40]. It is
imperative to comprehend anisotropic behavior for applications necessitating specific mechanical
properties, such as in high-stress environments or components subjected to directional forces. This
phenomenon can be elucidated by the effect of grain orientation on strength and ductility as well as
corrosion resistance [41]. The grain orientation can also affect the corrosion resistance of 316L
stainless steel, with certain orientations providing better resistance in specific environments [42]. The
literature confirms that orientations such as {111} and {110} provide better corrosion resistance due
to their atomic arrangement and surface energy characteristics [43].

The transition from a texture resulting from the LMD process to a more pronounced texture after
the brake test (in Figures 8 and 9) indicates that the grains have undergone a reorientation due to the
applied stresses. This reorientation can influence the material's mechanical properties, potentially
enhancing strength in specific directions while reducing it in others [44]. The development of a
preferred grain orientation (texture) can result in anisotropic properties, where the material's strength
and ductility vary depending on the direction of the applied force [45]. During the braking process,
elevated temperatures and mechanical stresses can induce alterations in the microstructure of the
coating, thereby affecting grain size and dendrite orientation. These alterations can influence the
mechanical properties of the coating, potentially enhancing strength in specific directions while
reducing it in others, leading to anisotropic properties where the material's strength and ductility
vary depending on the direction of the applied force. This phenomenon is influenced by the thermal
gradients during braking and solidification dynamics during the process [27,46].
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By comparing the pole figures and IPFs before and after the brake test, it can be concluded that
thermal and mechanical stress significantly influences the grain orientation and texture of the first
layer. These observations are critical for comprehending the material's behavior under real-world
conditions and enhancing the performance of the LMD process. By understanding and optimizing
the factors that affect grain orientation and texture, the performance of the LMD process can be
significantly improved, leading to higher quality and more reliable components [34,35].
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Figure 8. EBSD mapping on analysis multi-layer laser deposited 316L alloy coating on GJL before the brake test,
(a) texture, (b) pole figure.

h b
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Figure 9. EBSD mapping on analysis multi-layer laser deposited 316L alloy coating on GJL after the brake test,

{100} {111)

{110}

(a) texture, (b) pole figure.

As previously outlined in the publications [3,8], the interface relationship between the substrate
and the first layer after the brake test poses a considerable challenge.

As demonstrated in Figure 10 after the brake test in the yellow box, numerous microcracks
emerge from the substrate direction, signifying a critical aspect that warrants investigation. This
phenomenon suggests a potential modification of the grain boundary. A grain boundary where the
growing dendrites of neighboring grains are inclined towards each other in the direction of growth
(so-called converging GRAIN BOUNDARY) promotes the unfavorably oriented grain, while a grain
boundary where the dendrites grow away from each other (so-called diverging GRAIN
BOUNDARY) tends to cause unfavorably oriented grains to become overgrown [47].

Figure 10. Schematics for the competitive grain growth for the (al) to (a3) before the brake test textured grain,
and (b1) to (b3) after brake test textured grain diverging grain boundaries.
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A comparable mechanism has been delineated in the publication Sun. It is imperative to
undertake a comprehensive analysis of this mechanism both prior to and following the braking test
[48]. Asillustrated in a modified form in Figure 10, the arrangement of the converging and diverging
GBs under the influence of mechanical and thermal stress during braking is shown in panels al to a3
(Figure 10 left) before the braking test and panels bl to b3 (Figure 10 right) after the braking test.

The textured grain with the <001> orientation is observed to be predominant in the converging
grain boundary under the influence of mechanical and thermal stress during the braking process (see
Figure 10a).Guo et al. have demonstrated through phase field simulations that this phenomenon
occurs under specific conditions, namely when the misorientation angle (), defined as the smallest
angle between the fast-growing <001> directions of the two competing crystals, is sufficiently small
[49].

It is reasonable to hypothesize that the <101> textured grain will begin to overgrow its <001>
counterpart. Overgrowth can develop obliquely and maintain orientation, presumably because there
are more choices for the preferred crystallographic growth directions (see Figure 8a and 9a). If the
grains continue to grow adjacent to a converging grain boundary and toward a curved melt pool
(Figure 10 a3), they will have a greater number of growth directions to grow under similar
orientations. However, the other grains will also have different orientations or will continue to grow
due to the thermal stress. This illustration can also be seen in Figure 10 b3.

4. Conclusions

This study highlights the novelty and significance of using a two-layer 316L stainless steel
coating on gray cast iron (GJL) produced by LMD to understand the effect of the brake test on
microstructure. The results demonstrate that thermal cycling and mechanical stress during braking
tests significantly influence the microstructure, promoting grain growth and reorientation. These
findings provide a deeper understanding of the material's behavior under real-world conditions,
contributing to the development of more durable and reliable coatings for automotive and other
industrial applications. Compared to previous studies, this work offers a comprehensive analysis of
the microstructural changes induced by braking force and corrosive atmosphere, using advanced
techniques such as SEM and EBSD. The study emphasizes the importance of understanding thermal
effects and microstructural changes to optimize brake performance and ensure safety. These insights
can contribute to the optimization of LMD processes and the enhancement of material properties of
316L stainless steel coatings, paving the way for future research and development in this field.

The initial microstructure of 316L powder, as observed through SEM, undergoes significant
changes when etched with V2A pickling. The presence of fine grains contributes to the favorable
mechanical properties of 316L powder. The uniform distribution of grains and clear visibility of grain
boundaries indicate a homogeneous microstructure.

Before the brake test, the first layer exhibits a uniform grain structure with fine, equiaxed grains
and well-defined grain boundaries. After the brake test, significant changes in the microstructure and
grain orientation are observed. Thermal cycling and mechanical stress during the brake test promote
grain growth and reorientation, resulting in an increase in grain size and the development of a new
texture. Overall, the microstructural analysis reveals that the fine and uniform grains of 316L. powder
contribute to its favorable mechanical properties, which are further enhanced by the laser deposition
process. However, the brake test induces significant microstructural changes, which can affect the
material's strength and ductility [50,51]. This suggests that the microstructure of 316L stainless steel
is sensitive to such conditions, impacting on its long-term stability and performance [52].

The transition from a texture resulting from the LMD process to a more pronounced texture after
the brake test indicates that the grains have undergone reorientation due to the applied stresses. This
reorientation can influence the material's mechanical properties, potentially enhancing strength in
specific directions while reducing it in others [53,54].

In the case of 316L alloy, grains exhibit growth in the orientation of <001>, with the direction of
maximum temperature gradient approximately perpendicular to the substrate surface. Certain
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dendrites' growth orientations are not perpendicular to the coating-substrate interface in the bottom
region, attributed to the non-perpendicular orientation of grains on the substrate surface [53,55,56].

Stainless steel 316L is characterized by austenite phase with face-centered cubic (FCC) crystal
lattice structure. No phase transformations of any kind occurred on this scale before or after the brake
test [57]. The austenite matrix of 316L stainless steel exhibits a face-centered cubic (FCC) crystal
structure, with the primary slip system being {111} (<101>) and a preferential growth direction of
{001} (<001>). This information is indispensable for understanding grain growth and texture
evolution in the samples under study [41].

The development of a preferred grain orientation (texture) after the brake test can result in
anisotropic properties, where the material's strength and ductility vary depending on the direction
of the applied force. This is critical for applications where directional properties are important, and
it underscores the need for careful consideration of grain orientation in the design of coatings [58].

The study highlights the importance of understanding how thermal cycling and mechanical
stress influence the microstructure and properties of coatings. This knowledge is crucial for designing
coatings that can withstand the harsh conditions encountered in real-world applications, such as
automotive braking systems [59,60].
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