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Abstract

The paper presents an evaluation of the microstructure of a newly developed cast iron—ceramic composite intended for modern braking
systems, such as brake discs or brake drums. The composite matrix is grey cast iron with flake graphite (EN-GJL-150), commonly used for
brake disc production. The reinforcing phase is a porous ceramic composed of 70 wt.% SiC and 30 wt.% ALOs, intended to enhance the
crystallization process and facilitate graphite nucleation in the pearlitic matrix. Microstructural investigations were carried out using digital
optical microscopy and scanning electron microscopy (SEM). The results show that reinforcement of the matrix with ceramic particles
significantly alters the microstructure of the investigated cast iron. Microstructural analysis of the EN-GJL-150 + SiC + Al:Os composite
revealed a previously unreported phenomenon of nucleation occurring at the cast iron—ceramic phase boundary. Consequently, the general
assumptions of Riposan’s theory concerning the role of oxide micro-inclusions and complex manganese sulphides of the (Mn,X) S type in
the nucleation and crystallization of graphite precipitates were confirmed. At the same time, it was found that in the case of in situ cast iron—
ceramic composites (GJL-150 + SiC + Al20s), this theory should also account for the beneficial role of ceramic particles in promoting a
uniform distribution of type A graphite flakes, which nucleate on the surfaces of these particles within the interfacial transition zone. Thus,
the nucleation role of oxide micro-inclusions (the first stage of Riposan’s theory) could be assumed by SiC and Al.Os particles (Fig. 6),
which provide substrates for the heterogeneous nucleation of (Mn, X) S sulphides. The microstructure of such a composite may have a
beneficial effect by reducing the wear of friction components in braking systems and decreasing environmental dust emissions from wear
products, as required by new European Union regulations, e.g., the EURO 7 standard.
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1. Introduction shapes, good machinability, high vibration damping capacity, and
relatively low cost [3-5]. Driven by increasing customer
requirements and the need to maintain market competitiveness
through high-quality cast iron products, the production process is
undergoing continuous development. For these reasons, it is crucial
that the graphite formation process is well understood and fully
controlled. Graphite nucleation depends on the presence of various
substrates in the alloy [6-8], which influence the mechanical

Despite increasing quality requirements, traditional grades of
cast iron are still widely used in many major industrial sectors,
particularly in transport and power engineering [1, 2]. Among these
materials, grey cast iron plays an important role due to its numerous
advantages, such as the ability to produce castings with complex
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properties; these properties can be further improved through heat
treatment [9, 10]. Among the main additives in cast irons are those
that promote graphite nucleation, such as silicon, manganese, and
trace amounts of calcium, aluminium, strontium, barium, and
zirconium [11-14]. Their absence or insufficient content causes
cast iron to crystallize in a metastable manner, either partially or
completely [15, 16]. The role of these additives is to ensure a
constant and sufficiently high number of particles that promote
graphite formation in the alloy, i.e., so-called heterogeneous
nucleation substrates. This ensures stable conditions during the
nucleation and growth of graphite flakes, leading to improved
service properties of cast iron.

There are many hypotheses concerning graphite nucleation in grey

cast irons [17, 18]. One of the best-known is Riposan’s theory [19-

21]. In simplified form, it assumes a three-stage model of graphite

formation:

1. formation of oxides in the alloy (most often with diameters
up to ~2 pum), based on strongly deoxidizing elements (e.g.,
Al, Zr),

2. crystallization of complex sulphides ((Mn,X) S) - usually
with sizes up to ~5 um, which nucleate on the oxides from
stage 1,

3. Influence of modifying elements (e.g., Ca, Sr), which
enhance the ability of (Mn,X) S sulphides to nucleate
graphite due to good crystallographic matching with
graphite.

Moreover, the results of studies [19-21] indicate that this model of

graphite nucleation requires the addition of strongly deoxidizing

elements, such as Al and Zr, into the liquid cast iron, which form a

large number of very small micro-inclusions. Additionally, a low

sulphur content (up to approximately 0.07 wt.%) is required to
allow the crystallization of complex (Mn,X) S-type sulphides,

along with residual Al (0.001-0.003 wt.%) [20]. This allows a

reduction in the degree of supercooling (AT) and the attainment of

an appropriate number of eutectic cells in modified cast irons. A

lower AT promotes the solidification of a favourable eutectic

structure with randomly oriented, evenly distributed type A

graphite flakes [20].

This theory, although very interesting, does not address the
strengthening of the matrix with other additives, such as ceramic
particles. According to extensive study results [22], the phenomena
occurring during the solidification of cast iron indicate the potential
for combining the iron matrix with advanced technical ceramics.
The possibility of producing multi-phase materials based on iron is
one of the most interesting challenges in modern materials
engineering. The interaction between liquid cast iron and ceramic
particles, such as aluminium oxide (A1203) or silicon carbide (SiC),
results in a combination of the advantageous physicochemical
properties of cast iron and ceramics.

This is mainly related to low wettability, small differences in
thermal expansion and thermal conductivity, and a high vibration
damping coefficient [22]. Additionally, the formation of nuclei on
the ceramic surface is also beneficial, as it strengthens the bonding
of the integrated phases in metal matrix composites (MMCs),
where the reinforcement, e.g., in the form of particles or fibres, is
distributed throughout the matrix to achieve optimal mechanical
properties [11].

Therefore, a more detailed understanding of graphite nucleation
in grey cast iron containing ceramic particles as a reinforcing phase

is crucial. This need arises mainly from the pursuit of improving
the performance of cast iron castings used, for example, in braking
systems. A controlled microstructure of such castings ensures the
production of components capable of absorbing and rapidly
dissipating high levels of kinetic energy while meeting stringent
environmental standards. It should also be taken into account that
non-exhaust emissions, originating mainly from brake and tyre
wear, will soon be subject to mandatory limits. The introduction of
particulate matter (PM) emission limits imposed by European
Parliament regulations under the Euro 7 standard [23] requires a
radical change in brake system design. This requirement will apply,
among others, to grey cast irons, in which the microstructure will
determine the achievement of the required service properties, such
as resistance to abrasive wear.

2. Scope and aim of investigations

The aim of the study was to analyse the microstructure of the
phase boundary region of a cast-iron composite reinforced with
ceramic particles consisting of SiC and AlOs. To achieve the
assumed objective, the scope of the study included:

o  the development of a concept for melting and casting a GJL-
150 grey cast iron composite reinforced with ceramic
particles,

o microstructural analysis (LM; SEM),

o  proposing a graphite nucleation model for EN-GJL-150 cast
iron reinforced with ceramic particles

3. Research materials and methodology

Commercial EN-GJL-150 cast iron, used for the production of
brake discs and brake drums, was selected for the study. The cast
iron, modified with the Elkem SuperSeed inoculant (0.15-0.25%),
was poured at a temperature range of 1430-1450 °C into a sand
mould with dimensions of 300 x 300 mm and a mould cavity
measuring 150 x 100 x 20 mm. In the central part of the moulding
box, a porous insert was placed, characterized by an open porosity
of 10 ppi (pores per inch). Its purpose was to enable the formation
of a cast iron-ceramic particle composite. The proportion of
reinforcing particles (70 wt.% SiC and 30 wt.% ALOs) was selected
based on industrial practice [24] and previous studies [25]. The
technology for producing cast iron-ceramic composites, in which
the reinforcing phase is a ceramic foam made of SiC and AL>Os with
an activated surface, was presented in studies [26].

Light microscopy (LM) microstructural studies were
conducted using a Leica MEF-4M optical microscope (Leica
Microsystems GmbH, Wetzlar, Germany) and a VHX-X1 digital
microscope (Keyence International, Mechelen, Belgium). SEM
studies were carried out using a Tescan MIRA scanning electron
microscope (Tescan Brno, Brno, Czech Republic). The
investigations were performed on polished and etched
metallographic specimens, using nital and Stead’s reagent.

Ten micrographs were taken, from which representative
images of the microstructure of the investigated cast iron with
ceramic particles were selected. The schematic diagram and the
sampling location are shown in Figure 1.
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Fig. 1. Schematic of the cast iron pouring process (a) into a mould
containing a porous insert with ceramic particles (b), and the
location of samples cut for microstructural analysis (c)

The choice of SiC and AL:O:s is based on their very high hardness
(2200-2800 HV) and thermal conductivity: 320-490 W-(m-K)™*
for SiC. However, the main reason for selecting these particles as
reinforcement is their chemical activity with cast iron.

The reactivity of SiC at casting temperatures (approximately 1430-
1450 °C) promotes wetting by the cast iron, since the contact angle
of SiC decreases below 90° at temperatures up to about 1600 °C,
where SiC diffusion into cast iron becomes very intense. In
addition, silicon is a strongly graphitizing element, which increases
the thermodynamic activity of carbon in the liquid solution and
reduces its solubility. This leads to local supersaturation of the melt
with carbon, which, being unable to remain in solution, precipitates
as numerous small graphite nuclei that remain active for a long time
after introduction into the melt. On the other hand, the advantage
of AlOs is its high mechanical and thermal stability. Once
incorporated into the composite, it serves as an architectural, stable
structural skeleton for the porous insert, resistant to geometrical
changes during solidification.

4. Results

The chemical composition of the cast iron is presented in Table
1. Representative microstructures of the EN-GJL-150 composite
with SiC and AlLO:s particles are shown in Figs. 2-6.

Table 1.
Chemical composition of EN-GJL-150 cast iron
Elemental content, wt.%*
C Si Mn P S Fe others*
3538 1517 0608 <02 0.06-009 93.0-940 Al;Sr;Zr
* - up to approx. 0.005 wt.% Al; up to 0.008 wt.% Sr; up to 0.006 wt.% Zr.
These are the elements contained in the Elkem SuperSeed inoculant.

porous ceramic (SiC + Al2Os)
in a cast iron matrix

GJL-150 as the matrix
of the composite

Fig. 2. Representative LM microstructure of the cast iron
composite reinforced with ceramic particles — unetched sample

transition zone: ceramic-
metal phase boundary

Fig. 3. SEM microstructure of the cast iron—porous ceramic
interface

Electron Image 4

Graphite A E B

type* 75%  15%  10%
o e

Size* 3 4 5

Matrix 100% pearlite

o0

* - Based on the standard PN-EN ISO 945-1: Microstructure of cast irons

— Part 1: Classification of graphite precipitates by visual analysis.
Fig. 4. SEM microstructure of the EN-GJL-150 and quantitative
analysis of graphite precipitation

b)
wt% O Mg Al Si_ S Mn
Pointl 20.0 14 185 23 206 373
Point2 - - 03 -~ 313 6838
at.%
Pointl 388 1.7 202 24 19.0 20.0
Point2 - - 04 - 434 562

Fig. 5. SEM microstructure of the EN-GJL-150 + SiC + ALO:s (a)
composite and the results of chemical composition microanalysis (b)
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5. Discussion of results

Quantitative tests of the microstructure of the developed
composites were performed in accordance with the PN-EN ISO
945-1 standard. Microstructure of cast iron - Part 1 Classification
of graphite precipitations based on visual analysis (Fig. 4). The size
of graphite flakes ranges from 3 to 5. There is no degeneration of
graphite precipitates and no presence of cementite in the transition
zone. Due to technical difficulties in digestion, quantitative
measurements of eutectic cells were not performed. In the cast iron
region, type A graphite precipitates are still present and are
uniformly distributed within the iron matrix. However, it should be
emphasized that studies on the influence of SiC and A1>Os particles
on changes in the morphology of EN-GJL-150 cast iron
microstructural constituents should be continued and are currently
at the stage of further experimental investigations.

A particular advantage of grey cast iron is the low cost of its
castings. This also applies to the addition of porous ceramics, in
contrast to carbide powder additives, which are more expensive.
This can be achieved in various ways [6-9]; however, an innovative
approach to reinforcing the iron matrix is the introduction of
ceramic particles, such as SiC and Al2Os, as used in this study.
Such a combination of the matrix and reinforcing phase allows for
enhanced mechanical and tribological properties, as well as
improved heat dissipation (thermal conductivity of cast iron A =48-
60 W-m*-K™, whereas for SiC it is approx. 120-360 W-m™-K™,
while maintaining costs at a level comparable to traditional cast
iron melting and modification methods.

The present study focuses on the microstructural analysis of the
developed EN-GJL-150 + SiC + Al.Os composite.

The reinforcement used in this study is a porous structure of the
"ceramic foam" type, with a pore density of 10 PPI (pores per inch),
corresponding to a structure with large, open cells that facilitate the

free flow of molten metal, minimizing hydraulic resistance during
the filling of the ceramic insert. The reinforcement, with a chemical
composition of 70 wt.% SiC and 30 wt.% AlOs, determines a
series of complex reactions at the metal-ceramic phase boundary.
It should be emphasized that the introduction of a foreign ceramic
foam phase into cast iron significantly alters the crystallization
conditions. The method of composite fabrication presented in this
study leads to the combination of bulk crystallization (on
endogenic inclusions) and surface crystallization (on the
exogenous reinforcement). This results in the formation of a unique
microstructure in the transition zone (Fig. 3).

The EDS test results confirm the presence of manganese and
sulfur in the interfacial area, but this zone is not continuous along
the entire length of the connection. Its thickness (from approx. 40
to 80 um) depends on the diffusion zone of SiC grains. The positive
effect on the change in the morphology of graphite flakes is due to
the local supersaturation of the cast iron matrix with carbon and
silicon according to the reaction:

. . (1)
SiC + Fe — FeSi + C,

which play a catalytic role in the graphite nucleation process.
Aluminium oxide, a passive and stabilizing component, ensures the
mechanical integrity of the porous structure (ceramic framework)
at high temperatures. It is a material with high bonding energy and
relatively poor wettability by liquid cast iron (contact angle 6> 90°
in non-reactive systems). Its role is to form a stable reinforcing
system, typical of a composite.

Silicon carbide acts as an active (reactive) component. At the
casting temperatures of grey cast iron (1430-1450 °C), SiC is
thermodynamically unstable in contact with an iron-silicon alloy
and decomposes according to the reaction [22]:

SiCs) + Few) — FeSiw) + Cg) (2)
where:
S — liquid state; L — liquid state, g — graphite.

Reaction (2) is crucial for the formation of microstructural
constituents. The release of silicon and carbon atoms into the iron—
ceramic transition zone (Fig. 3) causes strong local supersaturation
with these elements.

Silicon, a strongly graphitizing element, increases the
thermodynamic activity of carbon, promoting its precipitation as
graphite. SiC thus acts as an “in situ” modifier. This is a desirable
phenomenon that prevents the formation of hard and brittle iron
carbides (cementite) in the interface zone.

In the studied composite system, Riposan’s theory [19-21]

must be extended to include the influence of a macroscopic
substrate in the form of a porous structure. This structure causes an
uneven crystallization front, with its geometry governed by SiC
surface diffusion.
Nucleation on concave surfaces (pockets, cracks in the ceramic
reinforcement) is energetically favoured. The porous structure, full
of microcracks and depressions on the surface of the sintered SiC
+ ALO:s particles, acts as a “geometric catalyst” for crystallization,
promoting nucleation even under conditions where chemical
wettability is insufficient. A schematic illustration of graphite
nucleation is shown in Figure 7.
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Fig. 7. Schematic illustration of graphite nucleation at the cast
iron—ceramic phase boundary in the EN-GJL-150 + SiC + Al>Os
composite

The proposed modification of Riposan’s theory therefore assumes

coexistence of two graphite flake nucleation processes (Fig. 8):

1. In accordance with Riposan’s model, deep within the metallic
matrix and away from the ceramic walls, graphite nucleates on
(Mn,X) S-type sulphides, which in turn grow on (Al,Mg)xOy
oxide microinclusions. This is confirmed by the presence of
MnS inclusions.

2. Surface-assisted nucleation (transition zone nucleation). At the
phase boundary, the reinforcement surface-rich in oxides and
carbides and characterized by a highly developed topography-
assumes the role of the oxide microinclusions from the first
stage.(Mn,X) S-type sulphides readily nucleate on the rough
ceramic surface, forming an intermediate layer on which
graphite grows directionally. This explains the very good
adhesion of graphite to the ceramic phase and the absence of a
graphite-free zone.

graphite nucleation
on ceramic

Fig. 8. Microstructure of the EN-GJL-150 + SiC + AL:Os
composite showing graphite flakes nucleating on the ceramic
particles and on (Mn,X) S-type sulphides

It should be noted that studies on the influence of SiC and AL:Os
particles on changes in the morphology of the microstructural
constituents of EN-GJL-150 cast iron, particularly with regard to

graphite nucleation, should be continued and are currently at the
stage of further experimental investigations.

It is also worth noting that the presented concept of obtaining
composites using a porous structure containing ceramic SiC and
Al:Q:s particles shows significant research potential in the field of
joining cast iron with ceramics. At this stage of the research, the
material appears to meet the required functional properties;
however, further studies should be conducted to assess its influence
on other material characteristics, such as strength, fatigue
resistance, heat dissipation, thermal shock resistance, etc.

6. Conclusions

The results of the present study allow the following conclusions
to be drawn:

1. The "foam” structure consisting SiC and Al.Os particles acts as
an active catalyst for graphite crystallization. As a result,
unfavourable cementite precipitates in the transition zone can
be eliminated, which has previously been a problem in similar
material systems. This structural integrity at the cast iron—
ceramic phase boundary is a direct result of favourable
crystallographic matching between the ceramic phase and the
newly formed metallic phases.

2. SEM images reveal a distinct phase boundary between the cast
iron and the porous ceramic structure. Importantly, no cracks,
delaminations, or gas porosity commonly observed in situ cast
composites were detected. This confirms the correct selection
of pouring parameters and adequate wettability of the ceramic
by the liquid metal. It is worth noting that at a SiC content of
70 wt.%, the ceramic phase is reactive, which promotes
chemical wetting.

3. Analysis of the morphology of graphite and the matrix in the
transition zone, as well as in the conventional matrix, reveals
the presence of a fully pearlitic structure. No fragmented or
degenerated graphite was observed, which is a common issue
when cast iron comes into contact with a foreign reinforcing
phase. In contrast, type A flake graphite with a homogeneous
distribution is visible.

4. Intensive graphite growth on the ceramic was observed.
Graphite flakes “growing” on the ceramic surface are clearly
visible (Fig. 8). This suggests that the reinforcement surface
has assumed the role of a heterogeneous nucleation site.

5. It can be stated that the reaction of cast iron with SiC locally
created a region rich in carbon and silicon, which significantly
increases the potential for graphitization. Manganese and
sulphur contained in the (Mn,X) S sulphides at the cast iron—
ceramic phase boundary represent the main modification
validating Riposan’s model.

6. A significant correlation was observed between the presence of
manganese and sulphur in the transition zone. This suggests
that the ceramic surface may have acted as a substrate for the
nucleation of sulphides (replacing the oxide microinclusions
from the first stage of the nucleation process), which in turn
initiated graphite growth. This provides evidence of the
synergistic action of endogenic and exogenic nucleation
processes.
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