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Abstract. The present manuscript presents a theoretical study for the
corrosion process. Corrosion processes are primed and stimulated in 60% of
cases by chemical and biological elements. One of the most used biological
elements are: bacteria, actinomycetes, microscopic fungi, algae. Corrosion of a
solid body results from the transformation of structural bonds in that body. Less
than certain influences (water, oxygen, light, etc.) the atom - which is practically
neutral - can lose or gain electrons and it is ionized.

Brake pads are affected of corrosion process. The conceptions and
mathematical symbols serve as the models building blocks. Authors like, Boz M,
and other authors demonstrate in their researches that starting with the concept of
number, where every mathematical object is a mathematical model.

In practice it is not possible to reproduce some experimental, theoretical
conditions related to corrosion processes. These processes are therefore, to some
extent, different in terms of the applicability of theoretical laws. From a
thermodynamic point of view, metals are not stable and due to corrosion, metals
tend to return to the stable form of oxides with the help of oxygen and moisture
in the air. For this each metal requires certain ionization energy.
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When establishing the mathematical model, those characteristics of the
modeling object are highlighted, which, on the one hand, are informative, and on
the other hand, they admit the mathematical form review.

Keywords: corrosion, mathematical model, atom, metallic materials.

1. Introduction

In most cases, the last result of corrosion reactions is weight variation.
The corrosion rate may remain constant, rise, or decrease depending on the type
of metal and the adverse environmental circumstances. The goal of this review
is to gain a better understanding of the many wear mechanisms of material
corrosion, as well as to improve their wear and properties. The primary wear
modes in the graphite-free formed sample include abrasive and fragmental
wear, as well as fatigue cracks, whereas the main wear mode in the
graphitecontaining substance is a glazed surface.

Cho M.H. and their collaborators show a considerable dispersion of
graphite lubricant on the pad surface has been demonstrated after friction
operations. As result, they demonstrate that a protective coating formed on the
surface, lowering aggressive friction between the mating surfaces and
enhancing adhesion forces between the hard particle and the composite mixture,
which kept the hard particle inside. The first option is a brake pad material from
Toyota Company that is employed as a material behaviour indicator in the
industrial sector. The second material is an unaltered particle composite with no
graphite lubricant. The third type is a modified brake pad, which contains a
significant amount of modification ingredients (Cho et al., 2006).
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Fig. 1 — Examination of the genuine pad's surface (Nagwa, 2021).
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Nagwa Ahmed Elzayady report the SEM microstructure and EDXS
chemical composition are used to characterize the worn face's friction layers.
An examination into charting has also been conducted. Also, EDXS analysis
was used to identify some of the pad surface components prior to the service.
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Fig. 2 — EDXS findings of the genuine pad were obtained prior to the service
(Nagwa, 2021).

Chemical compositions at specific points on a complex material are not
a trustworthy signal of the chemical evaluation of the entire surface, regardless
of the results of the EDXS study. Authors as Usui E. and Nagwa A.E. report a
list of investigation for the areal chemical were analysis has been advised to
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learn more about the chemical behavior of the pad in such braking applications
(Usui et al., 1978).
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Fig. 3 — Before and after the service, SEM images of the genuine pad at 50 X
magnification (Nagwa, 2021).

In mechanical processes, kinetic energy is transformed into potential
energy and vice versa, their sum at any moment of time being constant.

AE .+ AE, =00rE=E + E, =E, + E, =
const.

ECmax. = Epmax. =max = (1)

In fluid mechanics, the Navier-Stokes equation is a partial differential
equation that describes the flow of incompressible fluids.
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d,, v,
a—t+u . Vu— —7 (2)

Where u is the fluid velocity vector, P is the fluid pressure, p is the fluid

density, and V indicates the gradient differential operator.
In contemporary notation, the Navier-Stokes equation is:

u cP
— V= ——— v
at+u u ) + vVeu (3)

Where u is the fluid velocity vector, P is the fluid pressure, p is the fluid
density, o is the kinematic viscosity, and 2 is the Laplacian operator (see
Laplace’s equation).
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Fig. 4 — EDXS results of the real pad after wear testing (Nagwa, 2021).
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Clarelli F. show that for a particle composite structure, the solution of
the mapping shows the surface pad before service having a normal distribution.
The components are agglomerated in some locations and decreased in others,
resulting in an unequal concentration of elements in different regions. A specific
element's distribution on the surface reflects the compound's distribution
(Clarelli et al., 2014).

_—
Ch1 MAG: 2040x HV:20kV 'WD: 15 mm Ch1 MAG: 2040x HV: 20 kV 'WD: 16 mm

Fig. 6 — Before service, mapping the findings of the real pad,
2040 X (Nagwa, 2021).


https://www.researchgate.net/profile/Assoc-Prof-Nagwa-Elzayady
https://www.researchgate.net/profile/Assoc-Prof-Nagwa-Elzayady
https://www.researchgate.net/profile/Assoc-Prof-Nagwa-Elzayady
https://www.researchgate.net/profile/Assoc-Prof-Nagwa-Elzayady

Bul. Inst. Polit. Tasi, Vol. 67 (71), Nr. 4, 2021 45

Fig. 7 — Before and after the service, SEM images of the genuine pad at 50 X
magnification (Nagwa, 2021).

The allocation of a certain element reflects the distribution of its
compound over the surface.

Figure 5 depicts this process for the elements Fe, O, C, Ca, Ba, Si, and
S. However, following the real pad's lifetime, Fig. 6 shows a homogeneous
distribution of the elements Fe, O, C, and Ca all over the surface, suggesting
greater elemental diffusion over the surface via sliding motion. Figure 6 also
shows a strong diffusion of Fe and O components (Nagwa, 2021).

This implies that after the life service, a substantial amount of iron
oxides and carbon oxides are produced on the surface (Filip et al., 2004).

The EDXS data from researches studies confirmed the fading of
several phases (Filip et al., 2004). Two fading phases that could exist are Si
compounds and barium sulfate. Because of the contact pressure between the
opposing surfaces, some of these phases may have been pyrolyzed, while others
may have been abraded. On the faces of the formulated samples, SEM
observations and EDXS analysis were performed. The authentic pad could not
adequately compare the properties of the fabricated samples due to industrial
and commercial issues. Grinding and fragmental wear, as well as fatigue cracks,
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were the dominating wear modes in graphite-free produced samples (Li Xuewu
etal., 2019).
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Fig. 8 — Images of SEM of the real pad at 500 X Magnification before and
after the service (Nagwa, 2021).

When this sample is subjected to friction, the rough structure promotes
hard particles to fly out, leaving big holes in the interior. Thermal fatigue, which
happens as a result of the severe heat's wide temperature range, causes major
cracks. The high diffusion of graphite lubricant emerges from friction sliding
leads to the formation of a protective layer on the surface, which reduces
surface roughness and so relieves the majority of surface-induced stresses.

Nagesh S.N. and collaborators demonstrate as result, that this layer
boosts the material's strength by increasing the adhesion forces between the
hard particles and the mixture and keeping them lodged inside. As a result,
fragmental wear has greatly lowered (Nagesh et al., 2014).
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2. Mathematical modeling

Mathematical modeling has as general form the following scheme,
described by Carelli F. and collaborators:

Fig. 9 — Scheme for mathematical model (Carelli et al., 2000).

Thus, for the theoretical solution of a matter, it must be discretized in key
points, which must be rigorously analyzed. Thus, formulation of the matter -
represents the preparatory stage and involves the system that will have to be
analyzed theoretically (Liew et al. , 2019).

Elaboration of the model:

- the stage involves the actual construction of the model;

- requires a very good knowledge of the system to be analyzed, as well
as the theory to be applied, so a good understanding of reality and theory.

Computerized experiment - represents the analysis, in this case, with
finite element a heat transfer in the case of the processing process mechanics
(Carelli et al., 2000). Analysis of the obtained results involves the comparison
of the model theoretically analyzed with reality to validate or not initially
conceived hypothesis.
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It is observed that any mathematical model is based on a series of input
variables and a series of output variables, which usually establishes the
connection between the finished variables, their grouping being achieved by the
causal orientation of the model (Perez et al., 2019).

The classification of mathematical models according to the input and
output variables can be done in the following form:

According to the character of the input-output relationship (Carelli et
al., 2000):

* models without memory - the output sizes at a given time depend
only on the input sizes at the same time.

Y(t) = Xu(t) (4)

e models with memory - models in which the output size depends
essentially on the history of the previous evolution, in which case the
mathematical representation is made by differential, integro-differential
equations or partial derivatives.

« the transitional regime, in the case of these models, has a finite
duration resulting in a variation, these models being also called dynamic
models.

X= f(Xt, ut) (5)

f(xo, w) Ostationary regime (6)
By number of parameters:

* parametric models - models that, in order to be completely defined,
require a finite number of parameters.

or O\ . (%1 91
pc<u(,3—x+v(,j—y>—q—k<axz+ayz (7)

* non-parametric models - in order to be completely characterized, these
mathematical models demand an infinite number of parameters, these being
infinitely dimensional a finite number of parameters.

By number of input-output variables

» monovariable models - a single input variable and a single output
variable;

» multivariable models - have at least two input sizes and at least two
output variables (Wang et al., 2015).

According to the way of representing the variable sizes:
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« variable sizes - continuous representation (take an infinity of values); -
discrete representation (I take a finite number of values).

» mathematical models - continuous (quantities are continuous
functions) and - discrete (sizes are discrete functions).

According to the character of the size variation:

« deterministic models - all variable sizes are deterministic;

* stochastic models - at least one size has a stochastic character

According to the character of the dependence of the variable sizes on
the spatial coordinates:

» model with concentrated parameters - variable sizes of the model
depend on a single variable with deterministic character (equations ordinary
differentials);

» model with distributed parameters - at least one variable size depends
of at least one spatial coordinate and of timing (partial derived equations).

The multitude of fields in which they can be used as well as the various
forms of solving a problem, the mathematical models are classified in:

Models

- linear - mathematical interactions in which the variables have
exponents equal to the unit;

- nonlinear - mathematical interactions in which variables with
exponents intervene supraunitary;

* Deterministic and probabilistic models - used both for certain process
as well as for processes with a high degree of uncertainty;

« Discrete and continuous models - used for mathematical completion a
problems in which the phenomena have a distribution discrete or continuous
distribution;

» Axiomatic models - the axiomatic system represents proportions
expressed in form
Mathematics;

* Algorithmic models;

* Smart models;

« Stationary models.

Brief introduction in the act of the doctoral topic the doctoral topic has
as main purpose the analysis of the effects produced by external agencies on the
quality of metal sheets used in industry. Corrosion may be defined as a gradual
deterioration of the metallic material by chemical reactions with the
environment. Corrosion of metal tables is a very complex process, which can be
explained by multiple methods as a potential theory, respectively
electrochemical (Rhee et al., 1991).

It can be found in anodic environments/niches that can be detailed
according to the reaction below:
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M - M"+ n, (8)
Where:n=1,2,34

All electrons generated by anodic reactions are described by Carelli F
and collaborators as:

1. Reduction of hydrogen ions:
2H* 4+ 2e¢~ > H, 9)
2. The oxygen reduction (in acid solution):
0, +4H* +4e~ > 2H,0 (10)
3. The oxygen reduction (in basic or neutral solution):
0, +2H,0+4e~ - 40H" (11)
4. Metal ion reduction:
M* 4+ e » M*(-D (12)
wheren=1, 2, 3,...

The corrosion rate is calculated according to the description of Carelli
F. and collaborators in their researches as:

A\
(mg - cm™2- s71) = eT (13)

where: W — total mass during the corrosion process; A — surface exposed to
corrosion; t— time of acting.

Example of mathematical model for calculating the corrosion rate for
the corrosion process is in the case of metal sheets containing Copper (Carelli et
al., 2000).

The complexity of the corrosion process requires quantitative models to
simulate and understand the processes developed as a solution of this action.
Mathematical models are helpful in simulating, monitoring and detecting
alternate surfaces before they become visible. These mathematical models make
it possible to determine the optimal strategies on the process.

For example of a mathematical model, was chosen an existing copper
corrosion model in 904 L type stainless steels in which the Cu content is 13.4%.
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The characteristic chemical reaction is:
1
2Cu+30; ~ Cu,0 (14)

When the Cu-containing metal sheet is exposed to moisture or sulfur
dioxide (SO;) in the atmosphere, three types of Cu mineral salt can be
produced, the most important of which is CusSO4(OH)s, called brochantite or
sulfate Cu mineral. The variation of the pH leading to the formation of Cu ions
which by oxidation give cupric ions:

2Cu” (aq) = Cu™ (aq) + Cugs) (15)

The mathematical model was used and applied and involves primarily
detailing the chemical reaction that occurs (Boz M. et al., Cho M.H.):

3
2Cu,0 + SO, +3H;0 + 50z = Cuy(OH)eSO, (16)

Simulation involves scoring with:

a (t) — the layer between Cu and cuprite; B (t) — the layer between
copper and brochantite; y (t) — the layer between brochantite and the external
environment

Fig. 10 — Example of layers (Carelli et al., 2000).
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The reaction time Sy is;

S1= —wyd (17)
Where
He
Wy = -1 18
P zup ( )

Where: p. and p, = molar desity (moles/cm?) of Cu and Cu,0
In case of

w, >0 (19)
- uc and p, = constants —
S1() = — wpa(t) (20)
The physical boundary between cuprite and brochantite is given by:
BB =Db(D) + S1(V) (21)

Where: b (t) = copper consumption obtained by the equation:

S,(t) = — wpb(b) (22)
Where
_ M
Wy = 2|J.b 1 (23)

Lo = molar density (moles/cm?) of flea market
The variation with the external environment being given by:

V= — wp&(t) — wpb(t) (24)
The area of brochantitis formation is given by

Y =x < B® (25)

and the Cu oxide area is given by
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B(t) <x < a(b) (26)

The flow of sulfur dioxide in the environment relative to the air is given
by Fick's law. Thus, the SO, flux is given by the equation:

a5 , . s
J¢ = ny (—DS& — Swya — Soobb) = ny, (—DS& + Sy) (27)

Where:

« the first term refers to the diffusion of SO, in the brochantite layer;

« nb = porosity of the brochantite layer;

* Ds = diffusibility;

—Sw,& and — Swyb are terms that refer to swelling caused by the

formation of copper and brochantite.
Therefore, the mass of SO- in the brochantite layer

y() =x < B® (28)
is determined by the equation:

S 0°S S

— — Di—4v—=0 29

ot Jsaxz TYax @)
The value S at the external limit y (t) is the concentration of the medium

in SO2, which can be found as a function of time according to the equation:

S(y(®) = Sa(®) (30)

If the molar flux of SO, at the limit of B (t) is proportional to the
consumption of Cu,O moles, then it’s necessary to follow the equation:

Ds 3S  1pp .
e — == 2Py
"M, X~ 2M, (31)

Where:

* Ms, Mp represents the molecular mass of SO, respectively Cu;O;
* pp represents the density of copper (Su et al., 2015).

Similarly in the case of moisture flow result:

ow . . ow .
wax ~ Wwjpa — Wu)bb) = ny, (—D -+ Wy) (32)

]W = Dy (_D w X
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Where: Dw — water diffusibility
Thus, the material balance in the brochantite layer is represented by the
equation:

oW PW W

— — Di—+vV—=0 33
ot~ Dwoaxz TYax (33)

The value of W at the external limit y (t), is the concentration in
experiments of water Wa (t):

Wy (®) = Wa(D (34)

Since, the numbers of moles of water are consumed in the chemical
equation; at the limit B (t) it’s necessary to follow the mathematical equation:

Jw _3pp. W .
MW_ZMpb+ nbMWb (35)

Finally, the oxygen flow is given by the equation:

00
Jo = nb(_Do& + 0y) (36)
Where: DO — oxygen diffusibility.

The material balance of the brochantite layer being given by the
equation:

90 920 a0

00 0°0 90 _ 37
gt Pogxz TVx =0 37)

Copper layer-specific equations involve chemical reactions between
oxygen and copper. Oxygen flux can be calculated using the equation:

aG
Jg = np(—Dgﬁ — Gwp @) (38)

The equation specifies the material balance being:

aG 092G e
E—ng—mpa&=0 (39)
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The value of Gp, at the limit B (t) is given by the value of oxygen
obtained from the equation:

Jo 3pp 0 .
0 —_Py —b
M, 4Mp + ny M, (40)

The solutions of the mathematical model describe and simulate the
evolution of the formation of the brochantite layer in the exposure of the metal
sheets with a high copper content, in the sulphuros dioxide atmosphere. From
the laboratory, this model may be controlled and applied after authors as Su L.
and collaborators (Su et al., 2015).

3. Conclusions

As a conclusion of the current review analysis, the different wear modes
in the real pad have been identified as:

a) abrasion damage manifested as a glazed surface with a deep depth,
abrasive wear, and eroded phases;

b) thermo-mechanical (fatigue) wear, manifested as massive broken
surfaces as a result of thermal fatigue;

c) physical deterioration due to the production of rust layers and, as a
result, corroded surfaces, as evidenced by the dense diffusion of iron, oxygen,
and carbon molecules;

d) thermo-chemical wear (phases pyrolysis - These types of wear are
rarely prevented in real-world operation, but they can be reduced by minimizing
excessive heat in the brake, avoiding excessive use, poor break-in of new pads,
and selecting proper material ingredients that reduce excessive heat.

When friction is applied to this sample's rigid structure, the hard
particles fly out, leaving big holes inside. Thermal fatigue, which is produced
by the broad temperature range induced by the severe heat, also causes major
cracks. Adding graphite to the friction material, on the other hand, minimizes
the heat generated during friction between the brake pad and the bearing
surface, resulting in less excessive heat at the brake pad's exterior. The high
diffusion of graphite lubricant emerges from friction sliding leads to the
formation of a protective layer on the surface, which reduces surface roughness
and so relieves the majority of surface-induced stresses. This layer improves the
material's strength by boosting the adhesion forces between the hard particles
and the mixture, allowing them to stay lodged inside. The amount of fragmental
wear has been drastically reduced (Verma et al., 2015).
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O ANALIZA A COROZIUNII MATERIALELOR METALICE
(Rezumat)

Lucrarea de fatd prezintd un studiu teoretic pentru procesul de coroziune.
Procesele de coroziune sunt initiate si stimulate in 60% dintre cazuri de elemente
chimice si biologice. Unele dintre cele mai utilizate elemente biologice sunt: bacteriile,
actinomicetele, ciupercile microscopice, algele. Coroziunea unui corp solid rezultd din
transformarea legaturilor structurale din acel corp. Mai putin de anumite influente (apa,
oxigen, lumina etc.) atomul - care este practic neutru - poate ceda sau cépita electroni si
este ionizat.

Placutele de frana sunt afectate de procesul de coroziune. Conceptiile si
simbolurile matematice servesc ca elemente de constructie ale modelelor. Autori ca,
Boz M, si alti autori demonstreazd in cercetarile lor ca pornind de la conceptul de
numar, unde fiecare obiect matematic este un model matematic.

In practica nu este posibild reproducerea unor conditii experimentale, a unor
conditii teoretice legate de procesele de coroziune. De aceea, aceste procese sunt, intr-0
oarecare proportie, diferite in ceea ce priveste aplicabilitatea legilor teoretice. Din punct
de vedere termodinamic, metalele nu sunt stabile si, din cauza fenomenului de
coroziune, metalele tind sa revind la forma stabild de oxizi cu ajutorul oxigenului si al
umiditatii din aer. Pentru aceasta, fiecare metal are nevoie de o anumitd energie de
ionizare.

La stabilirea modelului matematic sunt evidentiate acele caracteristici ale
obiectului de modelare, care, pe de o parte, sunt informative, iar pe de altd parte, admit
analiza formei matematice.
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