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Resumen
La corrosién de los discos de freno de hierro gris en ambientes agresivos representa un desafio
creciente para la industria automotriz, particularmente en los vehiculos hibridos y eléctricos, donde
la menor frecuencia de frenado favorece los procesos de degradacion por corrosion. Este fendmeno
no solo afecta el desempefio y la vida util de los componentes, sino que también contribuye a la
emision de material particulado con potencial impacto sobre la salud humanay el medio ambiente.
El presente estudio evalud la influencia de tres materiales preacondicionadores (grafito
metaldrgico, grafito de electrodo y coque metallrgico) sobre la microestructura y la resistencia a
la corrosién del hierro gris. Se realizaron tres coladas independientes bajo condiciones idénticas
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de fusion a 1450 °C, empleando cada material preacondicionador por separado. De cada colada se
obtuvieron tres probetas para la caracterizacion microestructural y electroquimica. La
cuantificacion microestructural se realiz0 mediante analisis de imagenes utilizando diez
mediciones por condicion experimental para determinar la fraccion de perlita fina, la densidad de
inclusiones de MnS vy el espaciamiento interlaminar de la perlita. La resistencia a la corrosion se
evalué mediante ensayos de polarizacion potenciodinamica en una solucién de NaCl al 3.5% en
peso, utilizando una velocidad de barrido de 0.1667 mV/s y un intervalo de potencial de 0.5 V
respecto al potencial de corrosion. Se realizaron cinco mediciones por probeta y los resultados
reportados corresponden al valor promedio. Las diferencias entre las condiciones experimentales
se evaluaron mediante un analisis de varianza de una via (ANOVA), encontrandose diferencias
estadisticamente significativas (p < 0.05).

El hierro gris preacondicionado con coque metallrgico presentd la mayor densidad de inclusiones
de MnS (226 = 5 MnS/mm?), la mayor fraccion de perlita fina (55.35 £ 0.84%) y el menor
espaciamiento interlaminar de la perlita (170 £ 3.50 nm). En correspondencia, esta aleacion
exhibi6 la menor densidad de corriente de corrosion y la menor velocidad de corrosion (0.016 +
0.002 mm/afio), lo que representa una reduccién aproximada del 65% con respecto a la aleacion
preacondicionada con grafito de electrodo. Los resultados indican que la mejora en la resistencia
a la corrosion estd asociada con la influencia combinada del material preacondicionador
seleccionado y de las condiciones metallrgicas resultantes, incluidas las diferencias en el
contenido de azufre, la relacion Mn/S, el equivalente de carbono, la densidad de inclusiones de
MnS vy el refinamiento de la perlita. Estos hallazgos demuestran que una adecuada seleccion del
material preacondicionador puede modificar el comportamiento de solidificacion y la evolucién
microestructural del hierro gris, mejorando su desempefio frente a la corrosion en ambientes
agresivos.

Palabras clave: Resistencia a la corrosion, Microestructura perlitica, Hierro gris, Materiales preacondicionadores.

Abstract

The corrosion of gray cast iron brake discs in aggressive environments is a growing concern for
the automotive industry, particularly in hybrid and electric vehicles, where reduced brake usage
promotes corrosion-related degradation. This phenomenon not only affects brake performance and
service life but also contributes to particulate matter emissions with potential environmental and
health impacts. The present study evaluated the influence of three preconditioning materials
(metallurgical graphite, electrode graphite, and metallurgical coke) on the microstructure and
corrosion resistance of gray cast iron. Three independent heats were produced under identical
melting conditions at 1450 °C, using each preconditioning material separately. Three specimens
were obtained from each heat for microstructural and electrochemical characterization.
Quantitative image analysis was performed using ten measurements per experimental condition
for the determination of the fine pearlite fraction, MnS inclusion density, and pearlite interlamellar
spacing. Corrosion resistance was evaluated by potentiodynamic polarization in a 3.5 wt.% NaCl
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solution using a scan rate of 0.1667 mV/s over a potential range of £0.5 V with respect to the
corrosion potential. Five measurements were performed for each specimen, and the reported values
represent mean values. Statistical differences among the evaluated conditions were assessed by
one-way ANOVA (p < 0.05).

The gray cast iron preconditioned with metallurgical coke exhibited the highest MnS inclusion
density (226 £ 5 MnS/mm2), the largest fraction of fine pearlite (55.35 + 0.84%), and the smallest
pearlite interlamellar spacing (170 = 3.50 nm). Correspondingly, this alloy exhibited the lowest
corrosion current density and corrosion rate (0.016 + 0.002 mml/year), representing an
approximately 65% reduction compared with the alloy preconditioned using electrode graphite.
The results indicate that the improved corrosion resistance is associated with the combined
influence of the selected preconditioning material and the resulting metallurgical conditions,
including differences in sulfur content, Mn/S ratio, carbon equivalent, MnS inclusion density, and
pearlite refinement. These findings demonstrate that appropriate selection of the preconditioning
material can modify the solidification behavior and microstructural evolution of gray cast iron,
thereby improving its corrosion performance in aggressive environments.

Keywords: Corrosion resistance, Pearlitic microstructure, Gray iron, Preconditioning materials.

1. Introduction braking systems, and a widely used
Global vehicle sales were estimated at 77 to arrangement pairs a gray cast iron disc with a
89 million units in 2024 (1). This figure gives composite pad. The pad may be
an indication of the scale of the design, manufactured from semimetallic or ceramic
manufacturing, and commercial activities materials (8). Because this system directly
associated with the automotive industry. The affects braking performance, it must operate
types of vehicles entering this market have reliably under the various operating
also begun to change. Battery electric conditions  encountered by  vehicles.
vehicles (BEVs), hybrid electric vehicles However, studies have shown that prolonged
(HEVs), and plug-in hybrid electric vehicles parking periods or exposure to aggressive
(PHEVS) are becoming more common. environmental conditions can promote
Environmental concerns and the increasing adhesion between the brake pad and disc
cost of fossil fuels are among the factors surfaces, making brake release difficult and
behind this shift (2-5). In these vehicles, potentially reducing braking efficiency due
regenerative braking recovers some of the to disc corrosion (8-10). Gray iron is the
kinetic energy that would normally be lost metal commonly used in brake discs, so it has
during deceleration. This energy is converted been extensively studied to fulfill the purpose
into electricity and returned to the battery. Its of braking, focusing on thermal and
recovery reduces energy losses and can mechanical properties such as thermal
increase the distance traveled between conductivity, fatigue resistance and hardness
charges (6, 7). (11-13). However, research into the

corrosion resistance of this material has
Regeneration, however, does not eliminate generated considerable interest among
the need for a friction brake. Both electric researchers  in  the  metallurgical,
and conventional vehicles use friction environmental, and health sectors.
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The corrosion of gray iron components not
only leads to the deterioration of their

mechanical and functional properties,
potentially compromising braking
performance, but also poses significant

environmental and health concerns. During
brake  operation, corrosion  products
generated from iron-containing materials can
be released into the environment,
contributing to increased concentrations of
airborne particulate matter (14, 15). Many of
these particles have diameters below 100 nm.
Their small size allows them to penetrate
deep into the respiratory system and may
facilitate their transport to other organs,
including the brain. In addition to their size,
their high bioreactivity represents a potential
health concern because exposure to these
particles has been associated with the
development and progression of
neurodegenerative  conditions, including
Parkinson’s disease and Alzheimer’s disease.

Several routes have been studied to reduce
the corrosion of gray iron. These include the
addition of alloying elements, the use of
protective coatings, heat treatments that
produce more stable microstructures, and the
incorporation  of  reinforcing  phases.
Depending on the approach, corrosion
resistance can be improved through changes
in the surface condition or in the
microstructure of the material. Bruna et al.
(17) studied ferritic gray iron exposed to
solutions  representative ~ of  marine
environments. Their results showed that
additions of copper and nickel reduced the
corrosion rate.

A. H. Seikh et al. (18) investigated copper
additions to austempered gray iron. They
identified ferrite, bainite, and austenite with
a high carbon content in the resulting
microstructure.  Under the conditions
examined, this material resisted corrosion
better than conventional gray iron. A
different method was reported in (19), where

81

Septiembre - Octubre 2026

bone particles were added to gray iron as
reinforcement. The authors related the
improvement in corrosion resistance to the
formation of a passive layer and to changes
produced by microstructural refinement.

Lamellar graphite in gray iron is distributed
through a matrix containing pearlite and
ferrite. The relative amount of pearlite is
particularly important because it contributes
to the mechanical strength of the material.
Pearlite formation is affected by the
composition of the melt and by its cooling
history. For this reason, both the metallic
charge and the materials added during
preconditioning, especially carburizers, can
alter the final microstructure and properties
of the casting (20, 21).

The present study compared different
preconditioning materials and examined the
changes associated with each one.

The study examined the changes in pearlite
refinement, MnS formation, graphite
nucleation, and corrosion behavior produced
under each condition. A practical objective
was to obtain the required properties during
casting, without adding a later heat treatment.
If this operation can be avoided, the
production sequence becomes shorter and
less costly. Better resistance to degradation
may also reduce the release of fine particles
while the material is in service. This possible
environmental benefit was not measured
directly in the present study.

2. Materials and equipment

Gray iron samples were produced using a
medium-frequency induction furnace with a
capacity of 5 kg. The chemical composition
of the irons was determined by optical
emission spectroscopy (OES) wusing a

SPECTRO M11 spectrometer.
Microstructural characterization was
performed wusing a NIKON optical
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microscope (OM) and a JEOL JSM-6610LV
scanning electron microscope (SEM).

Metallurgical graphite (MG), electrode
graphite (EG), and metallurgical coke (MC),

Table 1. Purity of preconditioning materials (wt%).

Septiembre - Octubre 2026

all with particle sizes smaller than 800 pm,
were used as preconditioning materials. The
purity of these materials is presented in Table
1.

Pre-cond. C Humidity Vol. Mat. Ash S
MG 98.50 0.22 1.32 1.32 0.02
EG 93.10 0.53 1.43 5.47 0.13
MC 83.51 0.57 2.65 13.84 0.50
The corrosion behavior of the different gray with  metallurgical graphite, electrode
irons was evaluated by potentiodynamic graphite, and metallurgical coke,

polarization testing using an electrochemical
cell equipped with a platinum mesh counter
electrode and a saturated calomel electrode

(SCE) as the reference electrode.
Electrochemical measurements were
performed using a Solartron SI 1287
Electrochemical Interface

potentiostat/galvanostat system.

3. Experimental method

Three gray cast irons were produced using
different preconditioning materials:
metallurgical graphite, electrode graphite,
and metallurgical coke. One independent
heat was produced for each experimental
condition under identical melting conditions
using a 5 kg metallic charge. All melting
operations were carried out at 1450 °C. After
complete melting and homogenization, the
liquid metal was poured into standard Shell
sand thermal analysis cups to produce the test
specimens, and three specimens were
obtained from each heat for subsequent
microstructural and electrochemical
characterization.

The amount of preconditioning material
added to each heat was adjusted according to
the carbon balance required to obtain the
target chemical composition. Specifically,
additions of 0.81 wt.%, 0.86 wt.%, and 0.96
wt.% (relative to the 5 kg metallic charge)
were employed for the melts preconditioned
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respectively. These additions were selected
according to the carbon content and purity of
each  preconditioning  material ~ while
maintaining identical melting parameters for
all experimental conditions.

To promote gradual carbon dissolution and
improve chemical homogenization, the total
amount of preconditioning material was
divided into three equal additions.
Approximately  one-third  (33%) was
introduced together with the initial metallic
charge at the beginning of melting, the
second third was added after approximately
50% of the metallic charge had melted, and
the remaining third was incorporated once
complete melting of the metallic charge had
been achieved. Immediately after each
addition, the molten bath was manually
stirred to facilitate the incorporation and
dissolution of the preconditioning material.
This manual stirring was performed only at
the time of each addition and was not
maintained throughout the melting process.
During the remainder of melting, bath
homogenization was provided by the
electromagnetic stirring naturally generated
during induction melting. Following the final
addition, the melt was maintained under
homogenization conditions for 5-7 min
before pouring.
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The specimens were sectioned and
metallographically prepared by progressive
grinding using silicon carbide (SiC) abrasive
papers with grit sizes from 120 to 1000,
followed by polishing with a short-fiber cloth
and 1 pum diamond paste. The polished
surfaces were subsequently etched with a 2%
Nital solution to reveal the microstructure.

Microstructural characterization was
performed by optical microscopy (OM)
according to ASTM A247 and the AFS 5-J
classification for graphite morphology.
Representative optical and scanning electron
microscopy (SEM) images were acquired
from randomly selected fields distributed
throughout each specimen to minimize the

influence  of  local microstructural
heterogeneity. The pearlite interlamellar
spacing was determined using the

Underwood method (22),
Equation (1):

according to

md¢

an,

where S, is the pearlite interlamellar spacing,
d. is the diameter of the test circle
superimposed on the pearlitic colony, and n,.
is the number of ferrite/cementite lamellae
intercepted by the diameter of the test circle.

Quantitative microstructural characterization
was performed using ImageJ software. The
fraction of fine pearlite was determined by
area fraction analysis based on color
thresholding of the etched optical
micrographs, whereas the number density of
MnS inclusions (inclusions MnS/mm2) was
determined from SEM micrographs. For each
experimental condition, ten measurements
distributed among the three specimens were
performed to determine the fine pearlite
fraction, pearlite interlamellar spacing, and
MnS inclusion density. The reported values
correspond to the average of these
measurements.
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Corrosion resistance was evaluated by
potentiodynamic  polarization tests in
accordance with ASTM G5 using a
conventional three-electrode electrochemical
cell containing a 3.5 wt.% NaCl solution at
room temperature. Each electrochemical test
used a platinum mesh as the counter
electrode and a saturated calomel electrode
(SCE) as the reference. Surface preparation
consisted of grinding with 1000 grit SiC
paper, followed by polishing and cleaning
with distilled water and ethanol. The area
exposed to the electrolyte was 1 cm2. After
immersion, the open circuit potential (OCP)
was followed for 5 min before the
polarization scan was started. Measurements
were made from 0.5 V below Ecorr to 0.5 V
above Ecorr using a scan rate of 0.1667
mV/s. Five curves were obtained under each
experimental condition, and the reported
electrochemical parameters are their average
values. Tafel extrapolation was applied to the
linear sections of the anodic and cathodic
branches to determine the corrosion current
density (lcorr) and corrosion potential
(Ecorr). The slope for each branch was
obtained from a separate linear fit of the
corresponding section of the semilogarithmic
curve.

The experimental procedure was designed as
a comparative single-factor study, in which
the type of preconditioning material was
established as the primary processing
variable, while all melting, specimen
preparation, metallographic characterization,
and electrochemical testing conditions were
maintained constant.  Although  minor
variations in the final chemical composition
resulted from the intrinsic characteristics of
each preconditioning material, the adopted
experimental design enabled a systematic
comparison of their influence on the
microstructure and corrosion behavior of the
gray cast irons.
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4. Results and discussion

For clarity, the gray irons were identified
according to the preconditioning material
used. GI1 corresponds to metallurgical
graphite, GI2 to electrode graphite, and GI3
to metallurgical coke. Their chemical
compositions are listed in Table 2. Among
the three alloys, GI1 had the highest carbon
equivalent (C.E.), followed by GI2 and GI3.
Gray iron castings intended for engineering
applications commonly have carbon
equivalent values between 3.0 and 4.5 wt.%.
This range favors the mechanical and
chemical characteristics expected from this
type of cast iron (23). The calculated Mn/S
ratios were 10 for Gl1, 8 for GI2, and 5 for
GI3. All three values are within the
recommended interval of 5 to 15. Within this
interval, conditions for MnS formation
become more favorable as the ratio
approaches the lower limit (24, 25).

Septiembre - Octubre 2026

GI3 had the lowest Mn/S ratio because
metallurgical coke introduced more sulfur
into the melt than metallurgical graphite or
electrode graphite. Part of the sulfur
contained in the coke was transferred to the
molten metal during processing, resulting in
a sulfur concentration of 0.08 wt.% in GI3
(20, 21). Sulfur is commonly classified as a
residual element in cast iron. Its
concentration, however, does not fully
describe how it will affect the material
because the amount of manganese available
in the melt also has to be taken into account
(26). GI3 had the highest sulfur content of the
three alloys, but its Mn/S ratio did not fall
outside the recommended interval for gray
cast iron. The manganese present in this alloy
was therefore sufficient for sulfur to combine
preferentially as MnS, reducing the
likelihood of forming harmful FeS phases
(25).

Table 2. Chemical composition (wt%) of the different gray irons.

Gray Iron C Si Mn S CE
Gl1 3.19 1.96 0.38 0.04 3.90 10
GlI2 2.86 1.90 0.40 0.05 3.50 8
GI3 2.75 1.85 0.37 0.08 3.40 5

4.1 Microstructure
4.1.1 Effect of preconditioners on
microstructure

Figure 1 shows the microstructures of the
Gl1, GI2, and GI3 gray irons. All samples
exhibited a predominantly pearlitic matrix
containing Type E graphite. However,
quantitative image analysis revealed
differences in the fraction of fine pearlite
among the evaluated systems.

A higher fraction of fine pearlite was
observed in the GI3 system compared with
GI1 and GI2. Quantitative phase analysis
revealed fine pearlite fractions of 55.35 +
0.84% for GI13, 51.00 £ 0.87% for GI1, and
49.18 + 1.08% for GI2. Pearlite refinement
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has been widely associated with processing
variables such as cooling rate and alloy
chemistry. Lima et al. (27) reported that
increasing the cooling rate promotes pearlite
refinement, whereas additions of alloying
elements such as Cu, Mo, and Cr further
enhance this effect. Conversely, annealing
treatments reduce the fraction of fine pearlite
by promoting microstructural coarsening
(28).

To better understand the formation of the
pearlitic matrix and graphite structure, the
nucleation mechanisms of both phases were
analyzed. Itis well established that during the
solidification of gray iron, once the
temperature falls below the eutectic
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temperature, the microstructure consists of
austenite (y-iron with dissolved carbon) and
graphite (29). As cooling progresses, the
carbon dissolved in the austenitic matrix
diffuses toward regions with higher carbon
affinity and enhanced atomic mobility, such
as graphite flakes and grain boundaries (30,
31). Under slow to moderate cooling
conditions, when the eutectoid temperature is
reached, the carbon remaining in solid

solution within the matrix and not
incorporated into the graphite flakes
precipitates as cementite (FesC). This

process leads to the formation of pearlite, a
lamellar microconstituent composed of
alternating ferrite (a-iron) and cementite
layers (32).

S e IR e SN e :
Figure 1. OM images of microstructures of gray
irons a) Gl1, b) GI2, and c) GI3.
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However, the formation of graphite flakes
directly influences the fraction of pearlite
developed in gray iron, as both
microstructural constituents compete for the
available carbon. For graphite to precipitate,
heterogeneous nuclei must first form,
primarily consisting of MnS inclusions,
which act as the main nucleation sites for
graphite because of the low crystallographic
mismatch between the two phases (33).

Figure 2 presents SEM micrographs of the
Gl1, GI2, and GI3 systems, in which MnS
inclusions were identified. Quantitative
analysis revealed a higher density of these
nucleation sites in the GI3 system, with 226
*+ 4.6 MnS/mm2, compared with 101 + 4.2
and 122 £ 2.7 MnS/mm? for GI1 and GI2,
respectively. The increased MnS density is
primarily associated with the concentrations
of Mn, S, and microinclusions, which are
commonly oxide-based.

The formation of complex MnS inclusions,
which subsequently serve as nucleation sites
for graphite, requires the prior presence of
microinclusions typically composed of
deoxidizing elements such as Si, Al, Ca, Ti,
Zr, Ba, and Sr. These particles act as
substrates for the nucleation and growth of
MnS inclusions. Once MnS inclusions have
formed, graphite preferentially nucleates and
grows along crystallographic planes that
minimize lattice distortion, leading to the
development of eutectic cells (29).

For this reason, inoculation is a critical
process in iron foundries, as inoculating
agents are added to increase the number of
graphite nucleation sites, reduce
undercooling, and promote the formation of
a favorable microstructure (29). In addition
to inoculation, conditioning materials may
also influence the microstructure through
their impurity content and their contribution
to the final chemical composition of the melt.
Dwulat and Janerka (34). suggested that the
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quality of conditioning materials, including
their impurity content, may affect the
formation  of  microinclusions  that
subsequently act as graphite nucleation sites.

Therefore, SEM characterization of the
impurities (ash) in metallurgical graphite,
electrode graphite and metallurgical coke
was carried out in order to determine their
main constituents. The results obtained are
shown in Figures 3, 4 and 5.

ES
=
5

~_ o,

>

\\\-ﬁ 50 pm
Figure 2. SEM images of the different irons: a) Gl1,
b) GI2, c) GI3.

The analysis revealed that the impurities
were primarily composed of O, Si, Al, Ca,
and Fe, elements commonly associated with
heterogeneous nucleation phenomena in gray
cast irons. These oxide-based particles can
act as preferential substrates for MnS
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precipitation during solidification.
Therefore, the higher MnS inclusion density
observed in GI3 is likely associated with the
combined influence of the higher impurity
content and sulfur contribution of the
metallurgical coke, together with the

resulting lower Mn/S ratio. Under these
conditions, a greater number of effective
MnS nucleation sites could be generated,
favoring graphite nucleation and contributing
the

to the refinement of
microstructure.

pearlitic

El wt%. at%. El wt%. at%.
C 7220 83.05 Ca 120 044
c O 1503 1298 Fe 884 219
Mg 063 036
Al 113 055
Si 078 0.38
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% Al P 011 003
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Figure 3. SEM and EDS images of metallurgical
graphite ash.
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Figure 4. SEM and EDS images of graphite
electrode ash.
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Figure 5. SEM and EDS images of metallurgical
coke ash.

Smaller interlamellar spacing resulting from
a finer pearlitic microstructure improves
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corrosion resistance by promoting a more
uniform distribution of microgalvanic pairs
(35).

Figure 6 shows images of fine pearlite in the
different gray irons. The interlamellar
spacing of fine pearlite ranged from 120 to
260 nm. The average interlamellar spacings
were 173 £ 4.2 nm for Gl1, 193 + 3.8 nm for
Gl2, and 170 £ 3.5 nm for GI3, as
summarized in Table 3. These values are
comparable to those reported by Siswanto et
al. (36), who observed a reduction in pearlite
interlamellar spacing from 203 to 169 nm by
increasing the Cu content from 0.3 to 0.4
wt.%, indicating that variations in alloy
chemistry can significantly influence pearlite
refinement. Likewise, in the present study,
the smaller interlamellar spacing observed in
GI3 is interpreted as the result of the
combined influence of the selected
preconditioning material and the associated
differences in chemical composition. In
particular, the higher sulfur content and the
lower Mn/S ratio favored the formation of a
greater density of MnS inclusions, which
promoted graphite  nucleation  during
solidification, while the slight variation in
carbon equivalent may also have contributed
to the eutectic solidification behavior and the
subsequent pearlitic transformation.
Therefore, the refined pearlitic
microstructure observed in GI3 should be
interpreted as the consequence of the
combined metallurgical conditions generated
by the selected preconditioning material
rather than the effect of a single isolated
variable.
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Table 3. Interlamellar spacing of fine pearlite in the
different gray iron systems.

. Average interlamellar
Gray iron .
spacing (nm)
Gl1 173+4.2
GlI2 193+ 3.8
GI3 170+ 3.5

4.1.2 Corrosion resistance analysis

The polarization curves obtained from
potentiodynamic tests conducted in a 3.5
wt.% NaCl solution are presented in Figure
7. The anodic and cathodic branches were
analyzed using the Tafel extrapolation
method to determine the corrosion potential
(Ecorr) and corrosion current density (Icorr),
the values of which are summarized in Table
4. The gray irons investigated exhibited
Ecorr values ranging from —0.689 to —0.761
V, which are typical for ferrous materials of
this type (17).
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Figure 6. SEM images of fine ealtic microstructure a) Gl1, b) GI2 and ¢) GI3.

e
0.0 —6n
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-1.4 i aad, . .
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
Icorr (Alcm?)
Figure 7. Polarization curves for G11, GI2, and GI3.

Based on the Icorr values, the corrosion rate
can be calculated and expressed in
millimeters per year (mm/year) (37). Among
the evaluated alloys, GI3 exhibited the
lowest corrosion current density and,
consequently, the lowest corrosion rate. The
corrosion resistance followed the order GI3
> GI1 > GI2, corresponding to the inverse
trend observed for corrosion rate (GI3 < Gl1
< Gl2), as illustrated in Figure 8.
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The improved corrosion behavior observed
for GI3 is consistent with the refined
microstructure  developed under the
evaluated processing conditions, which was
characterized by the highest density of MnS
inclusions, the greatest fraction of fine
pearlite, and the smallest average pearlite
interlamellar spacing. These microstructural
characteristics are expected to reduce local
electrochemical heterogeneities and promote
a more uniform corrosion process, thereby
contributing to the lower corrosion rate
observed for this alloy (17, 37). It should be
noted, however, that this behavior cannot be
attributed exclusively to the selected
preconditioning material. As discussed in the
previous sections, the different
preconditioning materials also produced
slight variations in sulfur content, Mn/S ratio,
and carbon equivalent, which are expected to
influence the solidification behavior and the
resulting microstructure. Therefore, the
superior electrochemical performance of GI3
is more appropriately interpreted as the
combined effect of these metallurgical
variables rather than the consequence of a
single processing factor.

For comparison, A. H. Seikh et al. (18)
reported an Icorr value of 70 pA/cm? for
conventional gray cast iron, which decreased
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to approximately 7 pA/ecm?  after
austempering heat treatment, demonstrating
a significant improvement in corrosion
resistance. Similarly, Bruna et al. (17)
reported enhanced corrosion resistance
through Cu and Ni alloying, obtaining the
lowest corrosion rate of approximately 0.097
mm/year with 1 wt.% Cu. In the present
study, GI13 exhibited a corrosion rate of 0.016
mm/year. Although direct comparison
among different investigations should be
made with caution because of differences in
alloy composition, processing conditions,
and electrochemical testing procedures, the
corrosion rate obtained for GI13 is lower than
those reported in the cited studies. These
results suggest that the metallurgical
conditions developed during processing were
favorable for improving corrosion resistance

without  requiring additional alloying
additions or  post-solidification  heat
treatments.

Table 4. Quantification of potentiodynamic test
results.

Corrosion
Gray | Ecorr Icorr rate
i 2
iron V) (nA/cm?) (mm/year)

Gl1 -0.704 5.130+0.080 0.044 +0.004
GlI2 -0.689  5.380+0.080 0.046 +0.004
GI3 -0.761 1.820+0.050 0.016 +0.002
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0.05 -

Lo

0.04 |-
0.03 |-

0.02 -

Corrosion Rate (mm/year)

0.01 |-

——

0.00
GI1

Gl2 GI3

Figure 8. Corrosion rates for GI1, G12, and GI3.
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4.1.3 Microstructural after
corrosion

Figure 9 presents SEM images of the
different gray irons after corrosion testing.

analysis
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Gl1 exhibited the most severe surface
corrosion, followed by GI2, whereas GI3
showed the least damage. These observations
are consistent with the results obtained from
the potentiodynamic polarization tests.

.

4

Figure 9. SEM images of the gray irons after corrsion:Aa) Gl1, b) GI2, and c) GI3.

4.1.4 Statistical analysis of
microstructural and corrosion
results

The statistical analysis results are

summarized in Table 5. ANOVA revealed
statistically significant differences among the
Gl1, GI2, and GI3 systems for all evaluated
microstructural and electrochemical
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parameters (p < 0.05). Among the variables
analyzed, MnS inclusion density showed the
greatest differences among the evaluated
gray iron systems, followed by corrosion
current  density, indicating that the
metallurgical conditions developed during
processing significantly influenced both the
microstructural evolution and the corrosion
behavior.
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Table 5. Statistical analysis of the microstructural and electrochemical parameters.

Parameter Calculated F-value p-value Statistical significance
Fine pearlite (%) 57.69 6.99 x 1077 Yes (p <0.05)
Inclusions (MnS/mm2) 1445.27 4.99 x 107 Yes (p < 0.05)
Interlamellar spacing of fine pearlite (nm) 56.29 7.99 x 1077 Yes (p <0.05)
Icorr (pA/cm?) 3961.91 1.20 x 1017 Yes (p < 0.05)
Corrosion rate (mm/year) 119.35 1.20 x 108 Yes (p <0.05)

As summarized in Table 6, the GI3 system
exhibited the highest MnS inclusion density
(226 + 4.6 MnS/mm2), the largest fraction of
fine pearlite (55.35 %= 0.84%), and the
smallest interlamellar spacing of fine pearlite
(170 = 3.5 nm). These microstructural
characteristics were associated with the
lowest corrosion current density (1.82 £ 0.05
pA/cm?) and corrosion rate (0.016 + 0.002
mm/year), demonstrating the influence of the
metallurgical conditions developed during

Compared with GI2, the GI3 system
achieved an approximately 65% reduction in
corrosion rate. This improvement is
consistent with the higher density of MnS
inclusions, which  promoted graphite
nucleation and pearlite refinement during
solidification. Together with the slight
differences in sulfur content, Mn/S ratio, and
carbon equivalent discussed previously,
these factors contributed to a more
homogeneous microstructure, reducing local

processing on the resulting microstructure electrochemical heterogeneities and
and electrochemical behavior. mitigating the formation of galvanic
microcells.

Table 6. Microstructural and electrochemical parameters of the gray cast iron systems.

Gray Fine Pearlite Inclusions Interlamellar spacing of Icorr Corrosion Rate
iron (%) (MnS/mm2) fine pearlite (nm) (nA/cm?) (mml/year)
Gl1 51.00 £ 0.87 101+4.2 173+4.2 5.13+0.08 0.044 +0.004
GlI2 49.18+1.08 122 +2.7 194 +3.8 5.38+0.08 0.046 + 0.004
GI3 55.35+ 0.84 226 £ 4.6 170+ 35 1.82£0.05 0.016 + 0.002

The experimental comparison was based on
the material used for preconditioning. All
three heats followed the same melting

the overall

material, even though

chemistry. These differences formed part of
effect associated with each

the remaining

procedure, while specimen preparation, processing and testing conditions were kept
metallographic examination, and constant.

electrochemical testing were performed in

the same manner. The preconditioning One heat was produced for each

materials did not have identical compositions
or purity levels. Consequently, their addition
introduced small differences in the final alloy
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preconditioning condition. Three specimens
were prepared from every heat and used for
the microstructural and electrochemical
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evaluations. The quantitative microstructural
data were obtained from ten measurements
distributed among the three specimens. The
electrochemical values represent the mean of
five potentiodynamic polarization tests for
each condition. Since no additional heats
were produced, the measurements describe
variation within each heat but do not account
for possible differences between separate
heats prepared with the same material. The
ANOVA results in Table 5 identified
significant differences among the three
conditions and support the trends observed in
this experiment. They do not, however,
establish whether the same magnitude of
difference would be reproduced in other
heats. Future work should include replicate
heats for every preconditioning material to
assess this source of variation.

5. Conclusions

The three preconditioning materials did not
produce exactly the same alloy chemistry.
Small differences were measured in sulfur
content, carbon equivalent, and the balance
between manganese and sulfur. Since each of
these variables can affect solidification, they
were taken into account when comparing the
microstructures.

The most refined microstructure was
observed in the gray iron prepared with
metallurgical coke. Its MnS inclusion density
reached 226 + 4.6 MnS/mm2, which was the
highest value among the three conditions.
Fine pearlite accounted for 55.35 + 0.84% of
the evaluated microstructure, while the
measured interlamellar spacing was 170 +
3.5 nm. No other condition showed a larger
fraction of fine pearlite or a smaller spacing
between pearlite lamellae. These
measurements show that the microstructure
obtained with metallurgical coke was finer
than those produced with metallurgical
graphite and electrode graphite.
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The electrochemical results followed a
similar trend. The alloy produced with
metallurgical coke had the lowest corrosion
current density and a corrosion rate of 0.016
+ 0.002 mm/year. This rate was
approximately 65% lower than that measured
for the alloy produced with -electrode
graphite. The ANOVA results showed
statistically significant differences among the
evaluated conditions (p < 0.05).

The improvement observed in the alloy
produced with metallurgical coke cannot be
attributed to a single factor. Its corrosion
response was accompanied by differences in
sulfur content, Mn/S ratio, carbon equivalent,
MnS inclusion density, and pearlite
refinement. Since the contribution of each
variable was not evaluated independently,
the effect of any one of them could not be
quantified. Nevertheless, their combined
variation was associated with the
microstructural and electrochemical
differences measured among the three gray
irons.

In this experiment, preconditioning affected
more than the adjustment of carbon content.
The selected material was also related to
changes in solidification, microstructure, and
corrosion behavior. The results suggest that
an appropriate choice of preconditioning
material may help improve the corrosion
resistance of gray cast iron without additional
alloying elements or heat treatments after
solidification.
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