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ABSTRACT 
The emission of 2.5µm particulate matter (PM2.5) from braking systems poses a significant health hazard.  The wear 
of brake discs contributes to this issue. However, it can be mitigated. In this paper, a brake disk was Nickel laser 
cladded. Resulting in an improvement of more than 5 times of coefficient of friction and wear resistance. Likewise, 
under the deduced mathematical model, this improvement brings an estimative of annual reductions of 230,000 
metric tons of PM2.5 not emitted; and more than 400,000 deaths, resulting from these emissions, avoided. 
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RESUMO
A emissão de material particulado de 2,5 µm (PM2,5) dos sistemas de freio representa um risco significativo à saúde.  O 
desgaste dos discos de freio contribui para esse problema. No entanto, ele pode ser atenuado. Neste trabalho, um disco 
de freio foi revestido com níquel; utilizando laser. O resultado foi uma melhoria de mais de 5 vezes no coeficiente de atrito 
e na resistência ao desgaste. Da mesma forma, de acordo com o modelo matemático deduzido, essa melhoria traz uma 
estimativa de redução anual de 230.000 toneladas métricas de PM2,5 não emitidas; e mais de 400.000 mortes, resultantes 
dessas emissões, evitadas. 

PALAVRAS-CHAVE
Sustentabilidade, discos de freio, deposição à laser, Material particulado, MP2,5
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RESUMEN
La emisión de material particulado de 2,5 µm (PM2,5) de los sistemas de frenos representa un riesgo significativo para la 
salud. El desgaste de los discos de freno contribuye a este problema. Sin embargo, puede ser atenuado. En este trabajo, 
un disco de freno fue recubierto con níquel mediante el uso de láser. El resultado fue una mejora de más de 5 veces en 
el coeficiente de fricción y en la resistencia al desgaste. De la misma manera, según el modelo matemático deducido, 
esta mejora implica una estimación de reducción anual de 230.000 toneladas métricas de PM2,5 no emitidas, y más de 
400.000 muertes evitadas como resultado de estas emisiones.

PALABRAS CLAVE
Sostenibilidad, discos de freno, deposición con láser, material particulado, PM2,5
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2.  CONTEXT 

This Chapter will address socio-environmental issues 
due to the increasing generation of particles smaller 
than 2.5 microns; or PM2.5 from automotive braking. 
Next, technological processes for laser coatings will be 
discussed; which bring technological solutions to the 
research problem. Finally, the context of the proposed 
coating technique will be presented. 

2.1. Socioenvironmental issue of PM2.5

According to Tiseo (2023), there has been an annual 
increase in emissions in the last 10 years; culminating in 
more than 37 billion metric tons emitted in 2022. Of these, 
according to the latest report from the World Health 
Organization (2022), 76% are greenhouse gases (CO2, 
NOX, CH4 and vapors) and the remainder composed by 
PM2.5. In other words, a solid so fine that it behaves like 
a gaseous effluent, remaining in suspension for weeks 
(MENDONÇA et al., 2019). 

In this way, PM2.5 are transported for kilometers, 
spreading carcinogenic propensities such as heavy 
metals that accumulate in the lungs and adipose 
tissues (MENDONÇA et al., 2019; SELLEY et al., 2020). 
Therefore, despite representing 24% of emissions, they 
are responsible for more than 4 million deaths per year 
worldwide, as shown in Figure 01. In this sense, it is 
common to point to mopeds powered by fossil fuels 
as the biggest emitters of PM2.5; and in fact, these are 
still the main responsible (SELLEY et al., 2020). However, 
studies show that a significant 20% of the total PM2.5 
comes from the braking process of land vehicles; in which 
the friction between disc and pad releases millions of 
metric tons per year, or 1 kg/year per disc (FUSSEL et al., 
2022; SELLEY et al., 2020; BONICCI, 2022). Therefore, brake 
discs are responsible for almost 1 million deaths. 

Thus, braking systems are a little-known problem in 
the context of transport (SELLEY et al., 2020). Tonolini et 
al. (2021) explain that the materials/base of these systems 
present a good cost-benefit ratio. 

1. INTRODUCTION

In Brazil and around the world, there has been aggressive 
urban expansion in the last five decades; expanding 
land transport (SILVEIRA, 2013). However, this expansion 
has contributed to the increase in air pollution; and 
consequently, causing serious damage to health (LARKIN 
et al., 2017; WHO, 2022). 

According to research by King’s College, although 
a large portion of atmospheric emissions: gases and 
particulate matter (PM) originate from mopeds, more 
than 20% of PM are produced by braking. With the friction 
between disc and pad releasing fine metallic particles 
that remain in suspension for long periods. Observing 
in this way, a problem that goes unnoticed (FUSSEL et al., 
2022; SELLEY et al., 2020). 

In this context, researchers have highlighted the 
importance of utilizing high-technology processes to 
improve the properties of tools and parts. Increasing 
its useful life and performance; in view of the working 
conditions that impose high wear and tear (CALLISTER 
Jr. and RETHWISCH, 2014). These processes include 
coating techniques using lasers. In which, a beam of 
electromagnetic waves (OEM) provides sufficient energy 
to produce fusion between base metal and coating 
(VILAR, 1999). As a result, studies indicate that the surface; 
such as automotive brake discs; could be improved to the 
point of reducing PM emissions; increasing its useful life 
and reducing its disposal (SAURABH et al., 2023). In which, 
high-speed laser application techniques (EHLA) prove to 
be efficient, and feasible in mass production industrial 
chains (RETTIG et al., 2020; OLOFSSON et al., 2020). On this 
topic, recent studies show viable processes for processing 
brake discs. The results of which are satisfactory in light of 
the final quality (ARIAS-GONZÁLEZ et al., 2016). However, 
there is still a significant opportunity for research, as these 
processes exhibit a wide diversity, presenting advantages 
and disadvantages depending on the typology of the 
experiment set-up and the use or not of high-speed laser 
application techniques (ARIAS-GONZÁLEZ et al., 2016; SHI 
et al., 2021; TONOLINI et al., 2021; SAURABH et al., 2023). In 
this sense, this article presents a new proposal for laser 
coating of automotive brake discs. Considering EHLA 
techniques and a rotation system; whose results were 
analyzed regarding aspects of materials engineering. In 
a complementary way, the objective was to implement 
a mathematical model, estimating the reduction in PM 
depending on the results. 



Sustainable Technology: Laser cladding of brake discs reducing its particle matter emissions. P. P. O. L. Dyer; A. C. C. de Oliveira; C. H. da Silveira; M. M. da Silva; G. de Vasconcelos.
https://doi.org/10.29183/2447-3073.MIX2024.v10.n5.141-159

144

Mix Sustentável | Florianópolis | v.10 | n.5 | p.141-159| NOV. | 2024

Imbued with operability within security criteria; due 
to good resistance to tension/corrosion and easy worka-
bility in casting. Furthermore, Djafri et al. (2014) conclude 
that the porous structure of gray iron (the most used ma-
terial) provides wear resistance that guarantees coverage 
over the factory's useful life; which consequently promo-
tes PM2.5 dispersion. 

2.2. Laser coating technologies 

Callister Jr. and Rethwisch (2014) explain that processing 
techniques can improve the surface properties of metallic 
structures, such as tools and parts; highlighting wear re-
sistance and friction coefficient. Thus, starting materials; 
or substrates; previously fragile and susceptible to wear, 
they become more resilient due to the structural impro-
vement used on the surface. 

In this context, Vilar (1999) highlights the role of laser 
surface treatments; in which a focused OEM beam rea-
ches temperatures higher than metal melting. Enabling 
the anchoring of more resistant materials; through me-
tallurgical connections; under the substrate of interest. In 
contrast, Keist and Palmer (2016) explain that the concen-
trated OEM is designed with two possibilities of charac-
teristic morphological profiles: Gaussian and Top-Hat; as 
detailed in Figure 02[A]. In which, Gaussian profiles trans-
fer twice the power in 30% of their profile region. Top-
hat beams, on the other hand, provide uniform energy, 

in theory, throughout the entire trapezoidal cross-sec-
tion, state Hamburg and Mitra (2012). However, as noted 
by Tenbrock et al. (2020), in many cases there is a central 
region of diffuse energy, similar to Gaussian profiles; con-
taining peaks with a width smaller than the beam; as also 
highlighted by Figure 02[A]. Where there is a high energy 
density, which can produce small cavities in the substrate; 
depending on the coating method.

Among laser cladding methods, Sommer et al. (2021) 
list directed energy deposition (DED) systems and EHLA 
extreme speed laser application. According to Li et al. 
(2019), both systems operate with simultaneous laser 
emission and powder coating injection; in DED the pow-
der is sprayed directly onto the surface of the substrate, 
while in EHLA, it is injected directly into the focal region 
of the beam, as illustrated in Figure 2[B]. With this, explain 
Yong et al. (2023), in DED only 20% of the laser energy is 
transferred to the powder, while in EHLA, this energy is 
in the order of 60-80%. Increasing the efficiency of EHLA 
processes, due to its "commitment to transparency", that 
is, the OEM beam "sees" the substrate without major obs-
truction. Therefore, the injection of the powder into the 
focal region promotes its fusion before reaching the mol-
ten substrate, as shown in Figure 02[C]. Consequently, the 
system transfers sufficient energy to provide a satisfac-
tory metallurgical bond between coating and substrate, 
add Svetlizky et al. (2022).

Figure 01:  Worldwide evolution of greenhouse gas emissions, PM2.5, and PM2.5-related deaths 

(brakes and total).

Source: Adapted from Tiseo (2023); WHO (2022); Selley et al. (2020) e Southerland et al. (2022);

Figure 02:  Graphic diagrams detailing the lasers profiling and EHLA method. 

Source: Adapted from Homburg and Mitra (2012) and Li et al. (2021); 
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2.3. Brake disc coating 

The application of such processes, such as sustainable te-
chnology in brake discs, could significantly contribute to 
the reduction of PM2.5 due to braking, point out Dyer et 
al. (2024). In fact, as highlighted by Olofsson et al. (2020), 
in addition to reducing PM2.5 emissions, the coating ex-
tends the useful life of the disc, impacting the disposal 
cycle. To this end, the processing parameters must be 
adjusted depending on the method (DED or EHLA) and 
beam profile (Gaussian or Top-hat), reinforce Tonolini et 
al. (2021). Considering that the porous nature of gray iron 
(disc material) can lead to the occurrence of cavities due 
to vaporization of the surface (ablation) or the occurren-
ce of cracks, due to the effect of expansion, as shown in 
the micrographs in Figure 3[A] (DYER et al., 2024). Likewise, 
the deposition process must prioritize the uniformity of 
the coating, depending on the geometry of the disc, hi-
ghlight Arias-González et al. (2016). Noting that each coa-
ting line (or “track”) must follow the circular design of the 
surface and be positioned over the neighboring line, with 
at least 50% of overlay in relation to the width of each tra-
ck (or “W”); as illustrated by Figure 3[B]. With a powder co-
ating made up of a material that provides improved wear 
resistance, with good anchoring in the gray iron and with 
a cost/benefit ratio compatible with the production cost 
of the disc, add Shi et al. (2021).

In this horizon, Olofsson et al. (2020) report the 
advantages of using a system for rotating the disc during 
laser deposition. Providing satisfactory uniformity of the 
coating (Figure 4[A]). Rettig et al., (2020) add that using 
EHLA, with the disc in motion, not only improves the 
anchoring of the coating, but also reduces processing 
time (Figure 4[B]); something important from the point of 
view of application in industrial chains. Hirata et al. (2023) 
in turn, complete that such processes operated by a 
robotic arm, which carries the laser system and positions 
the beam through a programming routine, provides 
precise and efficient execution; reducing adverse effects, 
such as excessive energy concentrations from Top-hat 
profiles (ablation and cracks), by the response in real 
time of the equipment during execution. As a coating, 
on the other hand, Shi et al. (2021) Arias-González 
et al. (2016) highlight the use of Nickel-based alloys; 
presenting good anchorage in gray iron. Obtaining wear 
resistance about 1.5 times greater than gray iron. Based 
on this retrospective analysis, the present study aimed 
to propose the utilization of technology for sustainable 
purposes in coating of brake discs. To this end, a method 
will be proposed consisting of a laser coating system, with 
disk rotation. In which the emission system is handled 
by a robotic arm and performs deposition by the EHLA 
method. At the same time, a mathematical model will be 
proposed to estimate the reduction in PM2.5 emissions 
worldwide. Based on increased wear resistance of the 
disc surface. To this end, results from the microstructural 
characterization of the material will also be presented, 
such as wear, friction coefficient, roughness, optical 
microscopy (OM) and electron microscopy (SEM/EDS).

Figure 03:   Micrographs showing ablation effects on gray iron and track overlay schemes.

Source: Adapted from: Dyer et al. (2023); Arias-González et al. (2016) e Santos (2017); 

Figure 04:   DED and EHLA schemes with disk rotation. 

Source: Adapted from: Dyer et al. (2024); Arias-González et al. (2016) e Santos (2017);
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3.1.2 Equipment set-up 

These set-ups are presented in Figures 07, which also des-
cribes the equipment used.

As shown in Figure 07, the coatings were produced by 
a powder aspersing system; composed of Argon cylinders 
and a powder feeder (AT-1210 Thermach); Ytterbium fiber 
laser and head-stock (IPG YLR-1500). Where the laser has λ 
= 1.07μm and maximum power “P” of 1500W; which may 
be variable at a given efficiency “E” (%). The head-stock 
has a Top-Hat optics beam, with an incidence diameter 

“bd” of 6mm. Being “operated” by a Yaskawa GP25 robot; 
with a payload of 25kg and precision of 100µm, using rou-
tines in Phyton language through the RoboDk interface.

According above explanation; this paper aimed to de-
monstrate a new coating method; by laser cladding; for 
brake discs in order to reduce PM2.5 emissions.

 This system is also equipped with an STC-HD203DV 
camera; recording (at 10X magnification) the action of the 
laser. The aspersion system, on the other hand, transports 
the powder to the focal region of the laser, i.e., like a ELHA 
method at a certain flow “st” of gas (l/min) at a rate “µ” (g 
/min); depending on the “Tx” rotation (RPM) of the perfo-
rated disc (100µm in diameter) internal to the feeder, as 
explained in Figure 08. Where the powder released from 
the holes in Tx falls into the st stream and is aspersed at 
the µ rate. However, an empirical relationship must be 
established between [Tx, st and µ], as will be explained la-
ter. At the same time, it is provided a gas supply (without 
powder); à certain flow “sg” under the substrate, acting as 
a surface protective gas.

3. MATERIALS AND METHODS

To implement technological processes in the service of 
sustainability, materials, methods and modeling were 
used. In this experimental development, nickel was laser 
deposited onto a brake disc. The specimen was evalua-
ted according its mechanical and elemental properties. 
Likewise, a mathematical model was deduced in order to 
quantify the PM2.5 not unemitted and deaths avoided re-
sulting of this improvement.

3.1 Materials/Equipment 
3.1.1 Coating and substrate 

As a coating, a commercial Nickel powder (P/M Ni XF 
Master-Melt PLUS) was used; whose granulometric, mor-
phological and elementary properties (EDS) are presen-
ted in Figure 05. 

According to Figure 05, Ni powder was considered 
compliant, according to Shi et al. (2021). With particles of a 
homogeneous size of a maximum of 37µm, spherical and 
little contaminated. As a substrate, were used 2 automoti-
ve brake discs (S1 and S2) of specification: “Bd2064” refur-
bished. With Figure 06 showing discs deposition regions; 
along with the elementary composition (EDS) of the discs. 

According to Rettig et al., (2020), the discs compositions 
matches that typically found in commercial brake discs; who-
se design is the most used in passenger vehicles. Therefore, to 
develop this new coating technique, two experimental setups 
were realized in order to: 1-Control of parameters and condi-
tions; 2-Coating application and analysis.

Figure 05:  Characteristics of powder coating. 

Source: Adapted from: Dyer et al. (2024); Arias-González et al. (2016) e Santos (2017);

Figure 06:  Substrate characteristics.

Source: authors (2024).
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using diamond discs. Built in Bakelite, with a Buehler in-
sert. Sanded and polished using an Aropol 2V polisher. 
Analyzed by microscopes: MO - Zeiss and Dino-Lite; and 
SEM/EDS - Tecsan Vega. Wear and friction were evaluated 
using Anton Paar TRB³ and CETR tribometers and Contour 
X-500 profilometer. To assess roughness, a Taylor Hobson; 
whose reading was aided by an A-RH Line Tool table to 
support samples. As well as an FM-700 for Vickers micro 
hardness (MHV).

3.2 Methods 
3.2.1 Initial Stage: Control/conditions

Initially, for experimental, the relationship between Tx, 
st and µ was established; empirically; performing collec-
tions, varying st and Tx; for a period of time “t”. Weighing 
the empty “Pv” and full “Pc” vessel, obtaining the net wei-
ght of the powder “Pl” per minute, as a function of st and 
Tx, as shown in the graph of Figure 09; demonstrating the 
governance of Tx over µ. 

For the coating, firstly, using S1 in set-up 1, control of 
tangential speed parameters “vs” (mm/s) was obtained as 
a function of the G-code and ω command. In addition to 
boundary conditions to limit adverse effects on the disc, 
depending on: E, µ and focal length “df”: which refers to 
the distance from the head-stock to the substrate. Where, 
this first step is more detailed in previous work (DYER et 
al., 2024). To this end, tracks were deposited in S1 with W 
6mm as concentric circles (R1) and arcs (R2) from within 

For the set-up, S1 and 2 were fixed by a lathe plate 
(Emco) under a reduction gearbox (National 439), moved 
by means of pulleys (15 to 48mm) driven by a stepper 
motor (Steping motor); ensuring a 40X reduction in ini-
tial rotation. The operation was carried out by an Arduino 
system, using G-code (Universal G-code) routines to con-
trol the number of turns and angular speeds “ω” (RPM). In 
set-up 1, this system was mounted on a fixed bench. In se-
t-up 2, this system was placed on a Mr-25 coordinate table.

In the analysis stage, the samples were extracted 

Figure 07:  Experimental setups.

Source: authors (2024).

Figure 08:  Powder feeder operating diagram.

Source: authors (2024);
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outward with orthogonal movement of the arm. At E = 
70-75% (or 10501125W), µ = 4g/min and st = sg =15l/min. 
With the G-code command “F” varying from 20-300 (RPM), 
corresponding to the stepper motor rotation (in RPM) 
which is equivalent to a ω 40X lower.  And thus, control 
of the rotation system was obtained, as well as an opti-
mal range of 9-11mm/s for vs; allowing the formation of 
a metallurgical bond between the gray iron and the Ni 
powder. Then, still in S1, linear tracks were deposited in R3 
with the disk stopped to determine boundary conditions. 
Observing material removal with E > 75% due to energy 
accumulation and ablations with df < 24mm due to the 
small Gaussian region of the Top-Hat profile. However, E 
< 70% and df >> 24mm did not anchor Ni. With the defi-
nition and control of: F, ω, vs, E and df . In S2; with set-up 
1; tracks were deposited in arcs (R2) with vs = 3-6mm/s, E 
= 7075% and µ = 4-5.7g/min; observing, through the STC-
HD203DV, adverse effects of thermal propagation, de-
pending on the varying thickness of the cooling grooves. 
Likewise, the variation in the morphology of the molten 
metal pool as a function of µ was evaluated using the ca-
mera. Concluding that the coating for analysis would be 
carried out in R1, with µ = 4g/min presenting the most ho-
mogeneous pool.

3.2.2. Final Stage: application/analysis 

Therefore, S2 was positioned in set-up 2 where circular, 
concentric tracks were deposited, with W = 600µm, from 
the inside to the outside on R1 with an “Ov” overlap of 
50% for the “n” tracks on the entire R1 surface. For this 
purpose, the arm was kept static; at a df = 24mm from S2; 
varying “dy” by 300µm by MR-25. Thus, improving coating 
accuracy. Where the deposition parameters are presen-
ted in Table 01. With Figure 10 illustrating this procedure.

Parameters
variables unit value variab. unit value

E % 70,00 F RPM 850

Tx RPM 0,70 sg l/min 15

st l/min 15,00 ω RPM 21

µ g/min 4,00 df mm 24

vs mm/s 11,00 n - 30

Ov % 50,00 dy µm 300

W µm 600

According to Figure 10, the precise movement of MR-
25 made it possible a dense and wellconsolidated coating. 
Which when superficially sanded (Figure 09[B]) revealed 
a massive and homogeneous surface. Next, both worked 
surface and cross sections were extracted. After embed-
ding and metallographic preparation, cross section was 
analyzed by MO (100X magnification). With this, was cal-
culated the dilution “D” and coating angle αc; as Figure’s 
03 shown; according to Goodarzi's et al. (2015) Eqs. 1 and 
2. Likewise, this section was SEM analyzed (500X magnifi-
cation) and EDS mapping.

In addition, MHV (100gf, 10s) were also obtained from 
the sections. In parallel, for surfaces were obtained the 
friction coefficient “θ” (T-1). In addition, were obtained the 

Figure 09:  Correlation graph of st, Tx e µ. 

Source: authors (2024);

Table 1:  Laser cladding application parameters.

Figure 10:   Photographs of the laser deposition process. 

Source:  authors (2024);
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following results: wear coefficient “K” (T-1) and wear rate 
“k” (mm³/N.m).

Where, “k1”and “K1” were taken on for surface without 
coating and “k2” and “K2” for surface with coating. To this 
end, the Table 02 conditions were considered for wear "K[1 

and 2]" and “k[1 and 2]" results calculation. 
Likewise, for the roughness test, the “RA” value was 

obtained using parameters also in Table 02. Although, θ 
and RA were obtained directly from equipment output. 
For K[1 and 2] and k[1 and 2], in the other hand, were used the 
equations: Eqs 3 and 4 (REYE, 1860; HOLM et al., 1958; 
SILVA, 2014).

Where “Nr” is the normal load, “HVm” is the MHV of the 
softest material (N/mm²) and “lx” (mm) the total distance 
covered in the test. For roughness test, the needle mo-
ves a distance “des” (mm) with speed “vru” (mm/s), as illus-
trated in Figure 11; which also highlights other variables 
from these trials.

Noting that lx is the sum of the total distance traveled 
by the sphere on the sample surface; with “Ax” outward/
return amplitude. In addition, “M1a” is the initial mass of 
the sample. Furthermore, “ρe”, “HVe“ and “M1e” are the cor-
responding density, hardness and initial mass of the sphe-
re (respectively). For CETR, an Ax of 10mm was measured 
for 9.6min at 200mm/s. For TRB³, however, an Ax of 2mm 
was used, traveled back and forth in 400 cycles at 4mm/s.

3.2.3 Mathematical Modelling 

The mathematical model deducing stage, was carried out 
using a structuration based on “methodological routes”, 
according to Dyer et al. (2023). 

Material Properties
With coating Without Coating

var. un. valor var. un. valor

ρNi g/mm³ 0,0034 ρFe g/mm³ 0,0079

M1a g/mm³ 12,827 M1a g 12,827

Wear test - conditions for CETR equipment: 
radius sphere re = 1,5mm, made by 304 steel

ρe g/mm³ 0,0080 lx mm 8400

M1e g 0,2562 Nr N 5,0

Wear test - conditions for TRB³ equipment: 
radius sphere re = 2,5mm, made by 440C steel

HVe g/mm³ 0,0077 lx mm 800

M1e g 0,4083 Nr N 2,0

Roughness test: conditions for Taylor Hobson equipment

Firstly, the actors involved were listed. And then, using 
a methodological route, algebraic variables of interest 
were named. Finally, boundary conditions were defined. 

Figure 11: Surface analyses photographs with test conditions.

Source:  authors (2024);

Table 2: Surface analyzes conditions, by equipment.

Figure 12: Brake discs  life cycle flowchart and actors. 

Source:  authors (2024);
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According to Figure 14 methodological route; using Eqs. 
8 and 9 relative and average difference.

With a1 and a2 corresponding to: k1, k2, K1, K2. Now E1 
and E2 to the terms K and k respectively. Therefore, at the 
end of the route, RD is dimensionless (Eq. 10), and can act 
as an absolute proportion factor in Eq. 5.

Replacing RD (Eq. 10) and Eqs. 6 and 7 in Eq. 5, the Eq. 
11 model was obtained to estimate reduction in emissions 
and deaths from PM2.5 by brake discs.

Finally, the boundary conditions were deduced in or-
der to establish maximum and minimum R2.5 and RM. To 
this end, the “REM” ratio in Mtm per %/100 thousand de-
aths (Eq. 12) was established based on the series of Tiseo 
(2023) and Southerland et al. (2022)

Obtaining minimum (REMa), average (REMb) and ma-
ximum (REMc) annual REM. Then the terms were normali-
zed, as shown in Figure 15. To obtain the range: maximum 
and minimum R2.5 and RM.

Considering as input variables: emissions, deaths and 
reduction in brake disc wear, according to data and Eqs. 
3 and 4. According to Bianchi et al. (2023), between pro-
duction and disposal, land transport is used between the 
stages of the life cycle of brake discs, such The Figure’s 
12 flowchart shown. Where, the actors were identified: at-
mospheric emissions (EA), deaths due to PM2.5 emissions 
(ME) and positive implications due to wear resistance (RD) 
throughout the cycle. 

After listing the actors, functions were structured (Eq. 
5) to estimate the reduction in PM2.5 emissions from 
brake discs (R2.5) and reduction in deaths (RM) due to the 
RD increase factor. Considering that EA covers all pollu-
tants, according to literature. Likewise, the ME indices in-
clude all deaths (in cases per 100 thousand inhabitants) 
due to PM2.5 emissions. With this, these indices were 
broken down, obtaining variables of interest: PM2.5 emis-
sions from brake discs (ED) and deaths from PM2.5 (M2.5), 
through the methodological route in Figure 13.

From this understanding, were obtained Eq. 6 e 7 for 
ED and M2,5; observing the correction factor annual po-
pulation, in millions of habitants [10-12].

Next, RD was implemented. To this end, unlike EA and 
ME, this was calculated based on: k and K (Eq. 3 and 4). 

Figure 13: Methodological route for obtaining ED and M2.5. 

Source:  authors (2024);

Figure 14: Methodological route for obtaining RD.

Source:  authors (2024).
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3.3 results 
3.4 Cross Section Analysis 

The coating layer, composed of multiple tracks, presen-
ted microstructure (by MO analysis 50X magnification) 
with a morphology considered to be of good execution, 
according to the criteria of Pellizzari et al. (2022) for D = 
7.5-18.4% and αc > 162.3°, as shown in the micrographs in 
Figure 16[A]. In this sense, despite the presence of cracks, 
macro pores and irregularities, mainly in the initial tracks, 
dense and well-anchored regions were observed (by SEM, 
100X magnification) in the substrate. Characterized by the 
presence of dendritic structures typical of the occurrence 
of metallurgical bonding (CALLISTER Jr. and RETHWISCH, 
2014), as shown in the micrographs in Figure 15[B]; with 
relative differences: Ac/[Ap] and Ac/[Ac(expected)] within 
acceptable limits.

Furthermore, the EDS analysis, including total area 
mapping and specific areas, demonstrated the presence 
of a mixture of substrate and coating elements in the dif-
fusion region. This confirms the metallurgical bonding, as 
Figure 17 shown. 

The analysis presents accentuated concentrations of 
Ni and O in the coating region, with a mixture between 
Ni and Fe in the diffusion region and absence of Ni in the 
substrate. Proving the metallurgical bond between coa-
ting and substrate. The MHV test, in turn, obtained similar 
results between Ni hardness and gray iron (FC); as shown 
in Figure 18. Where the two materials have similar hard-
ness and in accordance with the literature (CALLISTER Jr. 
e RETHWISCH, 2014).

However, Figure 18 shows an increase in hardness in 
the diffusion zone, characterized by the formation of a 

metallic alloy between Iron and Nickel. Thus, presenting 
yet another indication of the formation of a metallurgical 
bond between substrate and coating.

Figure 15: Methodological route for boundary conditions.

Source:  authors (2024).

Figure 16: Morphology of the coated section by MO and SEM. 

Source:  authors (2024).
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magnification) from the Dino-Lite microscope showed 
darker regions in the uncoated sample; indicating a gre-
ater loss of mass. Figure 20[B] (Zeiss, 100X), in the other 
hand,  did not provide much information; due to low 
visual perception due to the occurrence of macro pores. 
However, the Countour X-500 confirmed deeper grooves 
on without coating surfacing (Figure 21[A]) in view of the 
coated surface (Figure 21[B]).

Therefore, Va was obtained by multiplying the cros-
s-sectional area of the groove “Asa” (mm²); according to 
Figure 21[C]; and Ax. For Ve, however, “he” was initially 
calculated by Eq. 13 (cap area) from the groove area “Ase”, 
(mm²), (Figure 21[D]); being substituted in Eq. 14 (shell vo-
lume) to obtain Ve.

With Va and Ve, k and K were calculated for both equi-
pment; despite Figure 21 showing only CETR images (su-
perior visual quality); as shown in Figure 22, comparing 

3.5 Surface Analysis 

The roughness index “RA” demonstrated that the surfa-
ce with surface sanding of the coating presented surface 
characteristics similar to the uncoated disc. Pointed out 
that the proposal would adapt easily; only with a simple 
surface treatment; to a conventional braking system, as 
shown in Figure 19.

Therefore, within an industrial context, the coated dis-
cs would only be machined superficially; obtaining the 
necessary adaptation to the braking system with pad/
disc pair. Thus, observing the of industrial application fe-
asibility; with a low economic impact. In addition, the θ 
coefficients shown a  reduction 5 times between coated/
uncoated surfaces, as Figure 20 shown. Noting that the 
alternation of parameters and equipment didn’t impact a 
θ variation. Where, in Figure 20[A], the micrographs (50X 

Figure 17: EDS of total SEM area, mapping and elemental compositions by areas. 

Source:  authors (2024).

Figure 18: MHV graph section.

Source:  authors (2024).
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to literature. Where, k and K are superior without coa-
ting. Concluding that the disc's Ni coating improved its 
wear resistance by 3-5 times. Note that there were no 
major variations in results between equipment; such as 

Figure 19: Graph of the roughness test.

Source:  authors (2024).

Figure 20:  Wear test results for coefficient of friction. 

Source:  authors (2024).

to obtain θ. However, this gain was almost half that ob-
tained by Tonolini et al. (2021); which carried out a similar 
study. Indicating that there is room for improvement in 
the technique.
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(boundary conditions) as Figure 23 graph shown. In addi-
tion, Table 03 shown these variables. 

3.6  Application in the model 

The variables: K and k (equipment means), EA and ME 
(historical series) and Pop (population database) were 
applied in Eq. 11; estimating annual R2.5 and RM. With an-
nual maximums, averages and minimums being defined 

Figure 21:  Results of the profilometry test on the CETR equipment.

Source:  authors (2024).

Figure 22:  Bar graph with k and K results. 

Source:  authors (2024).
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Model Variables
var. unit value reference

PPM2,5 % 24,0 WHO (2022)

PfPM2,5 % 20,0 Selley et al. 
(2020)

K1 T-1 3,5.10-⁸ Average 
value 

between 
CETR 

and TRB 
equipment

K2 T-1 7,6.10-⁹

k1 mm³/N.m 2,0.10-⁵

k2 mm³/N.m 6,4.10-⁶

According these results, was observed a reduction of 
PM2.5 emission. With this, a significant reduction of de-
aths was estimated. Thus, highlighting the role of tech-
nology in the service of sustainability. In this case, a la-
ser surface treatment process; using Nickel as a coating 
is capable of preventing the dispersion of 230 thousand 
metric tons of PM2.5, per year on average. Impacting the 
reduction of more than 400 thousand deaths worldwide; 
due to respiratory complications.

Obviously, the impact of this processing could not be 
observed instantly; since the harmful health effects cau-
sed by PM2.5 occur cumulatively. Likewise, the dispersion 
of this material occurs over the years. However, given such 
impressive numbers, it can be concluded that improving 
the wear resistance of automotive brake discs generates 
positive repercussions in terms of sustainability and po-
pulation health.

4. CONCLUSION

In conclusion, based on the research problem presented 
and the proposed mitigation procedures, grounded in re-
levant literature, it can be affirmed that the objectives of 
this study were  achieved. 

Structurally, significant improvements were observed 
in the brake disc; whose coating morphology remained 
within the criteria of Pellizzari et al. (2022) and similar to 
the D and αc parameters observed by Arias-González et al. 
(2016). Regarding mechanical properties, the coefficient 
of friction stands out, which was almost 5 times lower 
than uncoated disc and better than other studies: θ = 0.43 
(SHI et al., 2021) and θ = 0.3 (TONOLINI et al., 2021). 

In the hardness test, on the other hand, despite no im-
provements occurring; leaving behind other results such 
as: HV(0.5) = 1060 (TONOLINI et al., 2021); there was addi-
tional proof of satisfactory anchoring; as observed by Shi 
et al. (2021) and Arias-González et al. (2016). In this case, 
with similar maximum values: HV(0,3) = 350 and HV(100, 
10) = 600, respectively. Where the diffusion region also 
presented a peak of HV(0,3) = 400 and HV(100, 10) = 600. 
Proving the occurrence of metallurgical bonding. 

Furthermore, an enhancement in the wear resistance 
of the coated surface was observed, potentially leading 
to reductions in PM2.5 emissions and associated fatalities, 
as predicted by the mathematical model implemented in 
this study. However, compared to other studies, the tech-
nique can still be improved in future scopes. Of these im-
provements, observations noted during the execution of 
the coatings stand out, such as the implementation of an 
automated system to reduce errors and improve the uni-
formity of the tracks Likewise, there is a lack of real-time 

Figure 22: Graph of the benefits obtained with brake disk coating in terms of non-emissions and reduced fatalities. 

Source:  authors (2024).

Table 3: Variables applied in Eq. 11 for R2.5 and RM.

Source:  authors (2024).
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control of E to reduce imperfections in the coating such 
as cracks, macro pores and flaws.
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