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Investigation of the eftects of SiC
reinforcement ratio in iron-based
composite materials on corrosion
properties

by H. Karabulut, M.A. Erdenz, K. Karacif?, and S. Gunduz*

Synopsis

The corrosion properties of iron-based composite materials containing graphite and silicon carbide
(SiC) reinforcement were investigated. The effects of silicon carbide reinforcement were investigated
by adding 0.5% graphite and 1%, 2%, and 4% SiC. A powder metallurgy method was used to produce the
composite samples. Iron, graphite, and silicon carbide powders were blended for one hour with a three-
axis mixer and then unidirectionally pressed under a pressure of 750 MPa. After pressing, the composite
materials were sintered at 1100°C for one hour. The corrosion properties and microstructure, density,
and hardness properties of the composite materials that can affect the corrosion properties were also
investigated. It was determined that the pore ratio and hardness of the composite material increased,
and corrosion resistance decreased, with increasing silicon carbide content.
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Introduction

Composite materials have been produced and used for many years due to their advantageous properties.
Composite materials are defined as materials that are formed to combine the best properties of two

or more similar or different groups of materials in a new material. These materials are composed of
reinforcing elements and surrounding matrix material. The main function of the matrix is to transmit
load to the reinforcing elements, and that of the reinforcing elements in the composite structure is to
carry the load. (Hull and Clyne, 1996; Balasubramanian, 2013; Saxena et al., 2017).

Although iron metal has good ductility and toughness, its mechanical properties such as hardness,
yield strength, tensile strength, abrasion resistance, and fatigue strength are quite poor. The low-strength
properties of iron and low-carbon steels limit the use of these metals. By adding carbon and various
alloying elements or hard ceramic particles to iron or cast iron, iron-based composite materials are
obtained (Wu ef al., 2019; Majumdar et al., 2008; Szklarz et al., 2018). Composite materials containing a
matrix metal are called metal matrix composites (MMCs) (Smith, Hashemi, and Prakash, 2014; Kataria
and Mangal, 2018). Metallic matrix materials are generally Fe, Al, Cu, Ti, or Co metals or alloys (Chang
et al., 2018). While copper-based metal matrix composites constitute the majority of the market by
mass, significant amounts of Fe and Ti composites are also produced (Malaya, Troy, and Sarat, 2019).
Different ceramic reinforcements such as SiC, Cr3Cz, TiC, Ti (C, N), WC, VC, CrB, and Cr203 are used
in the production of high-strength iron-based composite materials (Wu et al., 2019; Majumdar et al.,
2008; Thawari, Sundarararjan, and Joshi, 2003). One of the most powerful reinforcing elements in MMC
production is SiC particles (Wu et al., 2019). In SiC-reinforced MMCs, very high hardness, yield strength,
abrasion resistance, high-temperature oxidation resistance, and creep resistance are obtained (Wu et al.,
2019; Majumdar et al., 2008; Szklarz et al., 2018; Thawari, Sundarararjan, and Joshi, 2003; Abenojar et al.,
2002, 2003). In addition to these excellent physical properties, SiC reinforcing elements are also cost-
effective (Chang et al., 2018).
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As is known, the mechanical properties of the composites are
improved by the presence of rigid reinforcing elements. Chang
et al. (2018) reported that Ti- and Mo-coated SiC-reinforced
iron-based composites had higher hardness and flexural
strength than coated composites. There are few studies on the
corrosion properties of SiC-reinforced iron-based composite
materials. In some of these studies, SiC particles were added
to the structure by a powder metallurgy method, while in
others liquid production methods or SiC-containing composite
surface coating methods were used (Wu ef al., 2019; Majumdar
et al., 2008; Szklarz et al., 2018; Thawari, Sundarararjan, and
Joshi, 2003; Abenojar et al., 2002, 2003). In a study by Wu et al.
(2019), phase transformations, microstructure, hardness, and
corrosion behaviour of Si Creinforced 316 L stainless steel matrix
composites were investigated. It was reported that the grain size
of the solidification microstructure was reduced by the addition
of SiC, and the hardness increased due to solid-solution and
second-phase hardening. Solid-solution strengthening by C and
Si originated from the decomposition of SiC. With the addition of
SiC, a-(FeCrNi) phases were precipitated out of the y-(FeCrNi)
phases and the inherent characteristic of a-(FeCrNi) was hard.
The corrosion resistance decreased with increasing SiC ratio.

Szklarz et al. (2018) added SiC particles to Fe Co Cr Mn Ni
alloy powders by mechanical alloying to investigate the effects
of SiC reinforcement on the electrochemical properties of the
composites. It was reported that with the addition of SiC, the
mechanical properties of the composite were improved and the
corrosion properties deteriorated (Szklarz et al., 2018). Abenojar
et al. (2002, 2003) investigated SiC reinforcement in iron-based
316L stainless steel composite and the effects of sintering media
during production. They reported that with increasing SiC
content the hardness and abrasion resistance of the composite
increased and corrosion resistance decreased. Ramesh, Srinivas,
and Channabasappa (2009) produced iron-based SiC-reinforced
composites by laser sintering. They observed an increase in micro-
hardness and a decrease in density with increasing SiC content.
Volumetric wear rate decreased with increasing SiC content.

Fe-based composites are used for many applications. Some
examples in the literature include composites for biodegradable
implant applications (Malgorzata, 2018), AC magnetic properties
(Kolldr et. al., 2010), anti-friction composites (Babets, Vasil’ev, and
Ismailov, 2012), composites with very good abrasion resistance
(Hulin, Haiping, and Jianhong, 2019), intermetallic-ceramic
composites combining the properties of ceramics and metals
(Kopec, Jozwiak, and Kowalewski, 2021), increasing the strength
of metal materials (Zemtsova et. al., 2020), and use as anode in
lithium-ion batteries (Uzunov et. al., 2007).

Most of the works on SiC-reinforced iron-based composites
are related to the mechanical properties. There are few studies on
the corrosion properties of these materials. Stainless steel matrix
composites are generally used in a limited number of studies on
corrosion of SiC-reinforced iron-based composite materials. In
this study, we report on the hardness properties of iron-based
composite materials with different amounts of SiC ceramic
reinforcement that were produced by a powder metallurgy
method.

Experimental studies
Materials and method

Iron-based composite materials containing 0.5% graphite and 1%,
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2%, and 4% SiC were produced. The average grain size of the SiC
powders used as reinforcing elements was 8 pm. The Graphite-
UF4 powders had a particle size below 20 pm, and the average
grain size of the iron powders used as a matrix material was 100
pm. Zn stearate was used as a lubricant in all mixtures. Table I
shows the chemical composition of the iron-based composite
materials used in the experimental studies.

Although SiC reinforcement powders improve the
hardness and wear resistance of the composite material, the
electrochemical behaviour of SiC differs from that of the iron
matrix material. Therefore, a galvanic couple is formed between
iron matrix and SiC reinforcement, and the corrosion behaviour of
the composite material is greatly affected.

The powders were weighed to 0.0001 g with a RADWAG
AS-60-220 C/2 precision scale in the ratios given in Table L. The
weighed powders were mixed with a three-axis mixer without
a ball for one hour. The homogeneously blended powders were
compacted at a pressure of 750 MPa to form cylindrical specimens
32 mm in diameter and 10 mm thick. Sintering of the samples was
carried out in a 90% nitrogen 10% hydrogen atmosphere at 1100°C
for one hour. The density of the composites was determined using
the Archimedes method and the hardness tests were carried out
by applying a 1 kg load using a Shimadzu microhardness device.
Hardness measurements were taken from five points for each
sample and the average value accepted as the hardness result.

Corrosion tests were carried out using a potentiodynamic
(electrochemical) method. A 3.5% NaCl solution was used as the
corrosion medium. In the corrosion cell, SiC-reinforced iron-
based composite samples were used as the working electrode
(anode), platinum plate as the counter-electrode (cathode),
and a saturated calomel electrode (SCE) as the reference
electrode. The composite working electrodes were cold-moulded
with resin on the surfaces so that a surface area of 1 cm> was
exposed and in contact with the corrosion environment. Before
each electrochemical measurement, the exposed surfaces of
the samples were cleaned by sanding and all measurements
were performed on the surfaces with the same properties.
Electrochemical corrosion tests were carried out in two stages. In
the first stage, polarization curves were obtained between -1.5 V
and 0.2V, i.e. from the cathodic region to the anodic region and
back to the cathodic region at a scan rate of 0.1 V/s. The purpose
was to examine the general corrosion behaviour of the composite
material, the immunity, and passivation and corrosion zones. In
the second stage, Tafel polarization curves were obtained through
scanning potentials between -1.5 V and -0.4 V at 0.002 V/s scan
rate. The corrosion potential (E_,,), corrosion current density
(I,.), and corrosion rates of composite samples were determined
from these curves.

Table I

Chemical composition of composite samples (mass
fraction)

Graphite SiC Fe
Composite 1 0.5 1 Balance
Composite 2 0.5 2 Balance
Composite 3 0.5 4 Balance
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Results and discussion

The microstructure and analyses of the phases of the iron-
based composite sample are shown in Figure 1. The structure
consisted of ferrite and perlite phases and SiC particles. In the
SEM micrograph, the lamellar grains are the perlite phase, the
flat grains are the ferrite phase, and the dark particle is the SiC
reinforcing element. The EDS results also confirm this view. In
the micrograph spectrum 2 is a SiC reinforcement particle, and
spectrum 3 is a pore. It is thought that the high iron content at
point 2 is due to the contact of the spectrum with the interface.

Table II shows the density and hardness values of the samples
after sintering. Theoretical densities of the mixed powders were
calculated using the mixing rule. The density of each component
making up the composite was calculated separately and summed.
It is known that in powder metallurgy production, after sintering,
as a result of the combination of powders by diffusion the density
of the material increases. This increase depends on the original
density, compaction pressure, and other factors. There can be
a significant increase in density if there is significant amount of
porosity prior to sintering. Although the densities of the samples
after sintering were close to each other, it was observed that the
density of the composite material decreased with an increase
in SiC reinforcement content. The density of the iron-based
composite material containing 1% SiC reinforcement was
7.3468 g/cms, decreasing to 7.1727 gf/cms with a SiC content of 4%.
The relative density of the composite material decreased from
94.36% t0 93.80% when the SiC reinforcement ratio was increased
from 1% to 4%.As the SiC content increased, the pore ratio
increased and accordingly the density of the composite material
decreased slightly. It is believed that the increase in the pore ratio
is a result of the increase in the hardness of the composite mixture
powders with the increase in the ratio of hard and high-strength
SiC reinforcing elements and consequently the weakening of the
compressibility of the mixing powders during pressing.

With increasing SiC content, the hardness values of the
composite materials also increased. The hardness of the iron-
based composite material containing 1% SiC reinforcement was
110 HV. The hardness values increased to 235 HV and 281 HV
when the SiC reinforcement content was increased to 2% and 4%
respectively. SiC is a ceramic-based material with high hardness
and wear resistance, which when added to the composite structure
improves the hardness of the material . Various studies of different
iron-based SiC-containing composite materials produced by
different manufacturing methods have shown enhancement of the
mechanical properties such as hardness and wear resistance (Wu
et al., 2019; Szklarz et al., 2018; Abenojar et al., 2002, 2003; Ramesh,
Srinivas, and Channabasappa, 2009; Pelleg, 1999).

Polarization curves and Tafel polarization curves of composite
materials obtained in a 3.5% NaCl medium are shown in Figures
2 and 3. Corrosion data obtained from Tafel polarization curves

2021 A
SE MAG: 3000 x HV: 15.0 kV- WD: 9.5 mm

Mass percent (%)

Spectrum C Si Fe
x 5.74 0.57 93.69
2 14.01 65.12 20.87
3 18.14 Q.59 81 .27
4 11 .59 0.39 88.03
5 4.14 0.72 95.14

Mean wvalue: 10.72 13.48 75.80

Sigma: 5.80 28.87 31.19

Sigma mean: 2.0 12.9%% A3.95

Figure 1—SEM image and EDS analysis of the SiC-reinforced iron-based
composite material

is given in Table III, and surface SEM images of the samples after
corrosion in Figure 4.

Figure 2 shows the behaviour of the cathodic and anodic
potentials in the polarization curves for the iron-based composite
materials containing different ratios of SiC. There are three
regions in the polarization curves. Low potential ranges are
the immunity zone. There was no corrosion of the composite
material in this region. With increasing potential the curve
enters the passivation zone. Although the potential increased
in this region, the current density did not change. Corrosion
resistance is imparted by the oxide film formed on the surface of
the material in this region. The passivation zone in iron-based
SiC-reinforced composite samples covers a very narrow range.
This is attributed to the deterioration of the integrity of the
passive film by the SiC reinforcement. The third region starts
with the potential increasing to higher values. This region is the
corrosion region, where the current density suddenly increases. At
a SiC reinforcement content as low as 1%, the increase in current
density took more positive potentials, such as -0.750 V, whereas
where SiC content was higher, at 2% and 4%, the increase in

Table I
Density and hardness values for SiC-reinforced iron-based composite materials
SiC ratio Experimental density Theoretical density Relative density Hardness value
(We.%) (g/ems) (g/cms) %) (V1)
Composite 1 1 7.3468 7.7856 94.36 110
Composite 2 2 7.2909 7.7392 94.20 235
Composite 3 4 7.1727 7.6464 93.80 281
The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 122 JUNE 2022 319 «
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Figure 2—Polarization curves for (a) 1%, (b) 2%, and (c) 4% SiC-reinforced iron-based composite materials in a 3.5% NaCl medium
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Figure 3—Tafel polarization curves for SiC-reinforced iron-based composite materials in a 3.5% NaCl medium

current density was in some negative values, around -0.850 V. The
fact that the current density increased to more positive potentials,
and that metal dissolution started at more positive potential
values, is an indication of the material’s resistance to corrosion.

In addition, at the highest potential value in the anodic direction,
-0.2'V, the current densities were approximately 20 mA.cm?

for the 1% SiC composite , 25 mA.cm for the 2% SiC composite,
and 30 mA.cm for the 4% SiC composite. In other words, with
increasing SiC content with the current density at the most anodic
potential applied, metallic dissolution also increased.

» 320
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According to the corrosion current density and corrosion
rate values obtained from the Tafel polarization curves, corrosion
current density and corrosion rate increased when the SiC content
of the composite material increased. As seen in Table III, the
corrosion rate was 0.0944 mm/a with 1% SiC reinforcement,
0.1125 mm/a with 2% SiC, and 0.4302 mm/a with 4% SiC
reinforcement. When the SiC reinforcement content increased
from 1% to 2%, the increase in corrosion rate was small, whereas
when the reinforcement content increased to 4% a four-fold
increase in corrosion rate was observed.

The Journal of the Southern African Institute of Mining and Metallurgy
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Since SiC ceramic particles in the structure have high
hardness, high strength, and high abrasion resistance, they
improve weak properties of the composite material. However,
the SiC particles have different electrochemical properties from
iron matrix and disrupt the electrochemical homogeneity of the
structure. SiC particles form cathodic regions in the composite
material, while the iron matrix forms anodic regions. As the SiC
ratio increases, the cathodic regions and cathode-anode interfaces
increase in the composite material structure, while anodic
regions decrease. The decrease of anodic zones and increase of
cathodic zones (small anode area, large cathode area) accelerates
dissolution in the anodic zones. As a result of the decrease in
the anodic area, the current density at the anode increases. The
reinforcement-matrix interfaces, which are the cathode-anode
interfaces, are sensitive areas in the corrosion of composite
materials because these interfaces have a more irregular atomic
structure and the atomic defect density is high in these regions.
This situation can be attributed to the fact that the iron matrix-
SiC ceramic interface provided sites for active dissolution,
leading to local weakness of the passive films. Similar results were
obtained in a study on SiC-reinforced stainless steel composite
materials (Wu et al., 2019).

As a result of the increase in hardness with increasing SiC
content, the compressibility of the composite powder mixture
during pressing decreased. This led to an increase in the pore ratio
and a decrease in the density of the material. Pore-type structural
defects are main factor that reduces the corrosion resistance of
the material. It is considered that the increase in hardness and
pore ratio with increasing SiC content is another factor effective
in decreasing corrosion resistance.

In the SEM images of the samples after corrosion in Figure 4,
small pits, large pits, and fractures can be seen on the surfaces of
the iron-based composite materials containing different ratios of
SiC.

Another negative effect of the reinforcement in composite
materials in terms of corrosion resistance is that it prevents
the formation of a continuous passive film on the surface of the
material (Wu et al., 2019). In metallic materials, thin, stable, and
compact structures on the surface of the material and continuous
oxide metal films form without leaving defects on the surface, and
slow down the corrosion rate. While the formation of a passive
film is more protective in pure metals, and some alloys such as
stainless steel, passive films generally do not form in the alloys to
slow surface corrosion. Likewise, a continuous passive film cannot

Table ITI

Corrosion data for SiC-reinforced iron-based composite samples

SiC content wt.%) Corrosion potential (E_ ) (mV) Corrosion current density (I_,,,) (A.cm?) Corrosion rate (mm/a)
1 -761 8.041.10°¢ 0.0944
2 -953 9.576.10°¢ 0.1125
4 -587 3.663.10° 0.4302

Figure 4—Surface SEM images of (a) 1%, (b) 2%, and (c) 4% SiC-reinforced iron-based composite materials after corrosion
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be formed in composite materials with different reinforcements,
since the passive film formed by the matrix material combining
with oxygen is interrupted in the areas which are reinforced on
the surface. In these regions, where a passive film cannot form,
corrosion accelerates due to the interaction of the matrix material
with the medium.

Conclusions

The effects of the addition of SiC in different ratios on the
corrosion properties of iron-based composite materials were
investigated. The main results can be summarized as follows

1. With increasing SiC reinforcement additions, the density
of the composite material decreased and the pore ratio
increased. The pore ratio increase was due to the increase
in the reinforcement content and weakening of the
compaction properties of the powder mixture during
production.

2. With increasing SiC reinforcement, the hardness of the
composite material increased linearly. The highest hardness
was obtained in the 4% SiC-reinforced composite material.
The increase in hardness is due to the superior mechanical
properties of the SiC reinforcing material.

3. The addition of SiC up to 2% slightly increased the
corrosion rate of the composite material, while the addition
of 4% SiC caused a large increase in the corrosion rate.

This is attributed to an increase of the cathodic regions
and decrease of the anodic regions, an increase in the
anode-cathode interfaces, increase in the porosity, and
the discontinuity of the passive film with increasing
reinforcement.

References

ABENOJAR, J., VELASCO, F., BAUTISTA, A., CAMPOS, M., Bas, J.A., and TORRALBA, J.M.
2003. Atmosphere influence in sintering process of stainless steels matrix
composites reinforced with hard particles. Composites Science and Technology,
vol. 63. pp. 69-79.

ABENOJAR, J., VELASCO, F., TORRALBA, J.M., Bas, J.A., CALERO, J.A., and MARCE, R.
2002. Reinforcing 316L stainless steel with intermetallic and carbide particles.
Materials Science and Engineering A, vol. 335. pp. 1-5.

BaBeTs, N.V,, Vasi’ev, B.N., and Ismarrov, MLA. 2012. Improvement of iron-based
composite powder material antifriction properties. Metallurgist, vol. 56,
n0. 5-6. pp. 462-465.

BALASUBRAMANIAN, M. 2013. Composite Materials and Processing. CRC Press, Boca
Raton, FL.

CHANG, R,, ZaNG, J., WaNg, Y., Yu, Y., L, J., and Xu, X. 2018. Comparison study
of Fe-based matrix composites reinforced with Ti coated and Mo coated SiC
particles. Materials Chemistry and Physics, vol. 204. pp. 154-162. doi: 10.1016/j.
matchemphys.2017.10.007

HuLIN, D., HAIPING, B., and JIANHONG, P. 2019. Effect of TiC contents
on mechanical properties and wear resistance of iron-based

ratio in iron-based composite materials

composites. Acta Metallurgica Sinica, vol. 55, no. 8. pp. 1049-1057. doi:
10.11900/0412.1961.2018.00373

Hutt, D. and CLyNE, T.W. 1996. An Introduction to Composite Materials.
Cambridge University Press, Cambridge.

KaTaria, M. and MaNGaL, S.K. 2018. Characterization of aluminium metal matrix
composite fabricated by gas injection bottom pouring vacuum multi-stir
casting process. Kovove Materialy [Metallic Minerals], vol. 56. pp. 231-243. doi:
10.4149/km 2018 4 231

KOLLAR, P., FiZER, ., BURE s, R., and FABEROVA, M. 2010. AC magnetic properties
of Fe-based composite materials. IEEE Transactions on Magnetics, vol. 46. no.
2. PP. 467-470.

KopEec, M., JoZwIAK, S., and KowALEWSKI, Z.L. 2021. Fe-Al based composite
reinforced with ultra-fine Al2O3 oxides for high temperature applications.
Journal of Theoretical and Applied Mechanics, vol. 59, no. 3. pp. 509-513. https://
doi.org/10.15632/jtam-pl /138322

MAJUMDAR, J.D., CHANDRA, B.R., NaTH, A.K., and MANNA4, . 2008. Studies on
compositionally graded silicon carbide dispersed composite surface on mild
steel developed by laser surface cladding. Journal of Materials Processing
Technology, vol. 203. pp. 505-512

Matava, P.B., TRoy, D., and Sarar, S. 2019. Conventional and additive
manufacturing with metal matrix composites. Procedia Manufacturing, vol. 30.
PPp- 159-166. doi: 10.1016/j.promfg.2019.02.023

MALGORZATA, S.J. 2018. Design, development and validation of iron-based
composites for biodegradable implant applications. PhD thesis, Laval
University, Canada.

PELLEG, J. 1999. Reactions in the matrix and interface of the Fe-SiC metal matrix
composite system. Materials Science and Engineering A, vol. 269. pp. 225-241.

RaMmEsH, C.S., SriNtvas, C.K., and CHANNABASAPPA, B.H. 2009. Abrasive wear
behaviour of laser sintered iron-SiC composites. Wear, vol. 267. pp. 1777-1783.
doi: 10.1016/j.wear.2008.12.026

SAXENA, A., SINGH, N., KUMAR, D., and GupTa, P. 2017. Effect of ceramic
reinforcement on the properties of metal matrix nanocomposites. Materials
Today: Proceedings, vol. 4. pp. 5561-5570.

SmrrH, W.F., HasHeMmi, J., and PrakasH, R. 2014. Materials Science and Engineering.
Tata McGraw Hill Education, Gautam Buddha Nagar, Uttar Pradesh, India.

SzKLARZ, Z., LEKKI, J., BOBROWSKI, P., SzZKLARZ, M.B., and RoGaL, L. 2018. The effect
of SiC nanoparticles addition on the electrochemical response of mechanically
alloyed CoCrFeMnNi high entropy alloy. Materials Chemistry and Physics.
vol. 215. pp. 385-392.

Uzunov, L, UZuNova, S., KovacHEVA, D., VASILEV, S., and PURESHEVA, B. 2007.
Iron-based composite oxides as alternative negative electrodes for lithium-ion
batteries. Journal of Materials Science. vol. 42. pp. 3353-3357.

Wu, C.L., ZHANG, S., ZHANG, C.H., ZHANG, J.B., L1y, Y., and CHEN, J. 2019. Effects of
SiC content on phase evolution and corrosion behavior of SiC reinforced 316L
stainless steel matrix composites by laser melting deposition. Optics and Laser
Technology, vol. 115. pp. 134-139. doi: 10.1016/j.0ptlastec.2019.02.029

ZEMTSOVA, E.G., YURCHUK, D.V,, S1pOROV, YU.V., SEMENOV, B.N., Morozov, N.F.,
and SMIRNOV, V.M. 2020. Synthesis of metallic composite based on iron frame
and SiC nanostructures and its strength properties. Materials Physics and

Mechanics, vol. 46, pp.122-131. http://dx.doi.org/10.18149/MPM.4612020_12 4

» 322 JUNE 2022 VOLUME 122

The Journal of the Southern African Institute of Mining and Metallurgy



