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Abstract

The tribological and mechanical properties of various cast irons with different contents of carbon and silicon are studied. The Brinell
hardness or every cast iron was measured and their wear resistance was calculated according to ASTM G99 standard, "Standard Test
Method for Wear Testing with a Pin-on-Disk Apparatus. These results were related to microstructure, composition and casting processes
of the cast irons. The best wear behaviour was experienced by the cast irons with spheroidal graphite and a ferrite matrix in their
microstructure. At the same time, the cast irons with the lowest wear resistance are those that have flaky graphite and a purely ferrite
matrix in their microstructure. In addition, various casting processes have been tested in order to determine their influence on the
appearance of spheroidal graphite.

Keywords: High-alloy graphitic irons; silicon; wear.

Influencia del silicio en el comportamiento al desgaste de las
fundiciones tipo “Silal”

Resumen

En este trabajo se ha evaluado la influencia del contenido de silicio en la resistencia frente al desgaste y en las propiedades mecanicas de
diferentes fundiciones con alto contenido en silicio del tipo Silal. Para ello se ha variado el contenido en carbono y en silicio de las
muestras, evaluando posteriormente la modificaciéon en la dureza, determinada mediante la escala Brinell, y en el comportamiento
tribologico, estudiado mediante ensayos de desgaste normalizados Pin-on-Disk. Todo ello se ha complementado con un estudio
metalografico para determinar la influencia de la microestructura en las propiedades analizadas. Se ha determinado que el mejor
comportamiento al desgaste lo presentan aquellas aleaciones cuya composicion y proceso de colada garantizan el grafito esferoidal frente
a las que lo presentan con estructura laminar. Adicionalmente, se ha experimentado con diferentes procesos de colada para la fabricacion
de las fundiciones para determinar su influencia en la aparicion del grafito esferoidal.

Palabras clave: Fundiciones grises de alta aleacion; silicio; desgaste.

pass so that they themselves are oxidized internally.
Consequently, if it is heated beyond eutectic transformation
temperature, the percentage of free graphite increases. This

1. Introduction

Among cast irons, there are ferritic cast irons with

medium and high silicon content, known as Duriron and
Silal, respectively. As well as being resistant to heat, the
latter does not experience swelling when it is heated
repeatedly or subjected to temperatures as high as 850°C. A
point to bear in mind is that it swells during casting because
the graphite flakes are porous. These pores let oxidant gases

in turn may lead to a significant increase in its volume when
ordinary grey cast irons are used.

Silal-type cast irons present a ferrite microstructure with
graphite that is stable up to eutectic transformation
temperature. Consequently, its capacity to resist oxidation
at temperatures of 850°C is very high and the problem of
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swelling is avoided. If these cast irons present spheroidal
graphite, their behaviour can be improved even more [1].

On the whole, its composition has a silicon content
between 5.5 and 7%, while the carbon content usually does
not exceed 2.3%. The silicon dissolved in the ferrite
weakens it so that its toughness and mechanical resistance
are low. It has little resistance to thermal shock, although it
performs better than grey cast irons.

Its mechanical properties and resistance to oxidation can
be improved by adding magnesium to spheroidize the
graphite. This step raises its tensile resistance by 20% while
greatly improving its toughness. A further addition of
molybdenum boosts its creep resistance. These cast irons
tend to be used for oven racks or ashtrays, along with steam
turbine components for continuous or intermittent work at
temperatures ranging from 650 to 825°C.

By partially substituting silicon for aluminum in
percentages of between 4 and 6%, it is possible to make it
more resistant to oxidization at high temperatures and
increase its mechanical strength. However, alloys with
aluminum are difficult to produce because that metal has a
strong oxygen affinity [2-8].

The silicon content for the cast iron Duriron is higher
than that of Silal: between 12 and 16%. This high content
means that it has a ferrite microstructure due to the
alphagenic characteristics of the silicon. It also means its
carbon content is lower than that of Silal. It is extremely
resistant to dry corrosion from acid oxidants but it is much
more fragile than Silal. Very hard and difficult to
manipulate mechanically, Duriron is also inferior to Silal in
terms of its tensile strength and thermal shock resistance.

Resistance to corrosion is improved with the addition of
molybdenum, but this is not the case with its mechanical
properties. Duriron is used to make components that have
to withstand electrochemical corrosion [9-15].

The performance of this type of casts iron on corrosion
and high temperature conditions is well known, but there is
little information about their tribological behaviour.
Therefore, the purpose of this work is to evaluate their
response to wear taking into account the composition and
microstructure, in particular the presence of spheroidal
graphite. Furthermore, different casting processes of these
alloys have been tested to determine the best way to get this
kind of graphite.

2. Experimental methods

This study was conducted on ten distinct castings
prepared in the Pilot Foundry Plant at the Escuela Técnica
Superior de Ingenieros Industriales of the Universidad
Politécnica in Madrid. In each of these, the carbon and
silicon contents were varied. The carbon content was varied
between 1.5 and 2.7%, where as the silicon content was
between 3.3 and 9.3%. The influence of silicon content on
wear was evaluated in a wider range than usual composition
for these alloys while the content of carbon was maintained
within the usual range. The casting process was also
changed from one alloy to another. Nickel magnesium was
added in all the cases except in Casting 4 in which
magnesium chloride was added. The amount of nickel

magnesium in Casting 1 was five times less than in all other
cases. The amount of Ni-Mg added was 2.7 % of the total
weight of the castings in all cases except in the case of
Casting 1, which was 0.5 %. On the other hand, the amount
of MgCl, added in the Casting 4 was 3.7 %. For all ten, the
carbon and silicon contents were determined. The former
was analyzed with a Leco CS-300 device, while the
procedure from UNE 7-028-75 “Determining silicon
gravimetric analysis in silicon and cast irons” [16] was
followed to test the silicon content. Moreover, the hardness
was tested for all ten, applying the Brinell scale and using a
Hoytom tester with 2.5 mm diameter ballpoint indenter and
an applied load of 187.5 kg [17].

Pin-on-disk tests were carried out to measure the wear
resistance for each according to the mass loss caused by
the casting process. These were informed by the
procedure in ASTM G99 “Standard test method for wear
testing with a pin-on-disk apparatus” [18]. Before doing
these tests, it was necessary to prepare the surface of each
sample so that the roughness was more uniform among all
ten cast irons. By decreasing the roughness to minimum
levels, the surface finish would not influence the results
of the wear tests. With this surface preparation, the
average roughness Ra in all ten samples was below
1.5pm. The samples were collected from the central part
of the casting specimens, disposing the ends as they are
the zones most susceptible to heterogeneities. A
profilometry study of the samples surface was performed
by making multiple passes in different directions. This
permitted to discard the presence of porosity and surface
defects that alter the results.

The following parameters were used. The tungsten
carbide pin had a 4 mm diameter and a hardness of 7SHRC.
The samples were subjected to a load of 10N and each test
included 1000 m of linear wear at a speed of 0.25m/s. The
track radius on the surface was 8§ mm. All tests were done at
ambient temperature. The friction coefficient was also
determined throughout the testing.

A minimum of three valid tests were performed for each
simple. The Pearson coefficient was used to assess the
accuracy of the results. This coefficient determines the
relationship between the deviation of data and their mean.
Values of this coefficient higher than 0.20 were discarded.
Once the preparatory steps had been taken, the
metalographic study of each cast iron was performed with
an etching agent made up of 70% alcohol, 20% de nitric
acid and 10% hydrofluoric acid, and an immersion time of
five seconds per sample. Micrographies were taken of all
ten samples.

3. Results

Table 1 offers data on the carbon and silicon content for
each sample.

In Table 1 it is possible to observe that the carbon
content in the samples falls between 1.56 and 2.71%. The
lowest figure corresponds with Cast Iron 5, while highest is
for Sample 4. In terms of the silicon, the values have an
interval between 3.35 and 9.11%. At the lowest end of the
scale is Sample 6 and, at the other end, is Sample 9.
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Table 1.
Carbon and silicon content for each cast iron
C Si
Sample [%] [%]
Nl 2.05 6.22
Ne2 2.03 4.66
N°3 2.02 6.62
N° 4 2.71 5.29
N°s 1.56 6.76
N° 6 2.33 3.35
N7 2.09 6.92
N° 8 2.31 5.94
N°9 1.82 9.11
N° 10 2.39 5.33

Source: The authors

e -
Figure 1. Microstructure of Cast Iron 1(top left), Cast Iron 2 (top right) and

Cast Iron 3 (below) X200.
Source: The authors

Fig. 1 shows the micrographies of Cast Iron 1, 2 and 3.
For the Cast Iron 1, it is possible to notice that the
microstructure consists in spheroidal graphite (despite five
times less nickel magnesium was used in casting) on a
ferrite-pearlite matrix.

Cast Iron 2 shows spheroidal graphite that is less perfect
in shape than the one in Cast Iron 1. In this case, graphite is
distributed in a large amount of particles with widely
varying sizes. That can be explained by the less silicon
content (around 1.8% lower) when carbon content is
constant. This is another case of the matrix becoming
ferrite-pearlite, with the latter in lesser quantities

The microstructure for Cast Iron 3, also has spheroidal
graphite and a ferrite-pearlite matrix.

Fig. 2-top left corresponds to the microstructure of Cast
Iron 4. In this case, the graphite is not spheroidal, but rather
flaky. Its matrix is entirely ferrite and not ferrite-pearlite, as
in the previous cases. It is the only of the ten analyzed cast
irons that shows entirely laminar graphite. This means that
the casting process with magnesium chloride addition does
not achieve the objective sought: the graphite
spheroidization. Fig. 2-top right shows the microstructure of
Cast Iron 5, with interdendritic graphite along the grain

boundary. It is the only cast iron that shows this graphite
form. Its matrix is entirely ferrite like in Cast Iron 4. The
microstructure of Cast Iron 6 is shown in Fig. 2-below. It
consists of flaky graphite, although in a smaller amount than
in Cast Iron 4. Once again, it has an entirely ferritic matrix.

Fig. 3-top left shows the microstructure of Cast Iron 7.
A spheroidal graphite with needle patterns- the more
widespread characteristic- can be observed. Its matrix is
ferrite.

As for Cast Iron 8, Fig. 3-top right presents a
microstructure formed by spheroidal graphite; it is flaky
over a ferrite matrix. In this sample, the presence of graphite
is lower than in the previous case. At the same time, Fig. 3-
below is the microstructure of Cast Iron 9. Spheroidal
graphite appears, with a martensite and austenite matrix.

The last one is Fig. 4, with the microstructure of Cast
Iron 10, composed of spheroidal graphite and a ferrite
matrix. This microstructure is similar to that of the Casting
1 and Casting 2 with the difference that the matrix is
entirely ferritic, without the presence of pearlite.

£k

5 Ca;t Iron 5 (top right)
and Cast Iron 6 (below) X200.
Source: The authors

TR ):" “'.',' ¢
Figure 3. Microstructure for Cast Iron 7 (top left), Cast Iron 8 (top right)
and Cast Iron 9 (below) X200.
Source: The authors

~
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Figure 4. Microstructure for Cast Iron 10. X200.
Source: The authors

Table 2.
Hardness values for the cast irons
Sample HB
Nel 255
Ne2 252
N°3 285
N° 4 136
N°s5 237
N° 6 229
Ne7 205
N° 8 234
N°9 329
N° 10 269

Source: The authors

Table 3.
Wear test results for cast irons
Sample Mass loss Pearson Friction
[mg] coefficient coefficient

Nel 5.39 0.06 0.49
Ne2 3.00 0.07 0.58
N°3 3.06 0.13 0.62
N°4 6.13 0.12 0.46
N°s 1.87 0.02 0.66
N° 6 54.25 0.06 0.38
Ne7 66.22 0.06 0.35
Neg 13.26 0.13 0.56
N°9 10.64 0.13 0.58
N°10 21.63 0.17 0.53

Source: The authors

The last one is Figure 4, with the microstructure of Cast
Iron 10, composed of spheroidal graphite and a ferrite
matrix. This microstructure is similar to that of the Casting
1 and Casting 2 with the difference that the matrix is
entirely ferritic, without the presence of pearlite.

Table 2 shows the hardness measurements for the
different cast irons using the Brinell scale. The value shown
is the average value of ten valid tests.

The hardness values range between 136 and 329 HB; the
lowest results correspond with Cast Iron 4 and the highest,
with Cast Iron 9.

The wear tests results of all samples can be seen in
Table 3. The table represents wear resistance as mass loss
expressed in milligrams, the variation coefficients for mass
loss and the average friction coefficients in each test.

In Table 3 the mass loss values fall between 1.87 and
66.22 mg. The lowest value corresponds to Cast Iron 5,
which also has the highest friction coefficient. The second
lowest value relates to the mass loss Cast Iron 7; its friction
coefficient was significantly lower than in the case of Cast

Iron 5.

Fig. 5 displays the friction coefficient patterns obtained
during the pin-on-disk wear tests carried out on the ten cast
irons.

In the first, the patterns correspond with Cast Irons 1, 2,
8 and 10. It can be observed the coefficient of friction
increases gradually during the test and stabilizes toward the
end. The second portrays the friction coefficient throughout
the wear test of Cast Irons 3, 5 and 9. The friction
coefficient progressively increases during the initial third of
the test and remains constant for the other two thirds. This
pattern encompasses the highest friction coefficient values
for the ten cast irons analyzed.
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Figure 4. Microstructure for Cast Iron 10. X200.
Source: The authors
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The third has the friction coefficient pattern for Cast
Irons 4 and 6. At the start of the testing, it grows rapidly,
but remains steady thereafter. The friction coefficient values
are the lowest for the ten samples. The behaviour pattern of
the friction coefficient of Cast Iron 7 throughout the wear
test can be seen in the last one, the fourth one. This
coefficient rises sharply at the outset of the testing only to
drop dramatically at its midpoint and then remain steady for
the rest of the time. After all of the results were analyzed,
the influence of the chemical composition on the
microstructure and the tribological properties of the material
can be evaluated. The measured friction coefficient is higher
in Casting 2 than Casting 1, whereas the weight loss in the
wear test is higher in Casting 1 and the hardness is similar
in both alloys. This can be explained by the distribution of
the graphite particles which came off more easily in Casting
1, leading to a friction coefficient decrease (The detached
graphite acts as a lubricant), while wear weight loss
increases. Casting 3 microstructure is similar to Casting 1,
however it has considerably higher hardness and better wear
behaviour. The Casting 4 hardness is clearly the lowest of
all the alloys tested, and the weight loss during wear is one
of the highest along with Casting 6 which also shows
laminar graphite. Furthermore, the friction coefficient of
both cast irons follows the same pattern (third curve of the
Fig. 5). This is a consequence of the graphite detachment
which decreases the friction coefficient due to its lubricant
properties.

Casting 5 is the only one that shows interdendritic
graphite which is more difficult to come off and negatively
affects to the lubricant properties of the alloy. This explains
the high value of the friction coefficient

Casting 7 is the second in silicon content, whereas its
carbon content is similar to those of Casting 1, Casting 2
and Casting 3. However, Casting 7 shows graphite mostly in
needle form and in spheroidal form in much less extent. The
friction coefficient pattern during the wear test is unique and
that indicates a large mass detachment at the beginning of
the test which acts as a lubricant and gives the lowest
friction coefficient of all, but this does not prevent the wear
of the ferritic matrix

Casting 8 has one of the highest carbon content whereas
its silicon content is medium. The microstructure is similar
to those of Casting 1 and Casting 2 except that Casting 8
shows graphite flakes in small quantities and, therefore, its
hardness is significantly lower than the other two. The same
happens with its wear resistance.

Despite the low carbon content, Casting 9 has the
highest hardness due to the presence of martensite in an
austenitic matrix. However, the mass loss values are higher
than expected. The only explanation would be that the
martensite needles were detached acting as abrasive
particles during testing.

The Casting 10 microstructure is similar to those of
Casting 1 a Casting 2 with the difference that the first one
shows a completely ferritic matrix and the other two have a
ferritic-perlitic structure. This last matrix is softer and gives
a higher weight loss during wear because resists less
abrasion and favours the graphite detachment [19].

An increase in hardness leads to a reduction in the mass

loss during the wear test. There are some exceptions, all of
these related to the cast irons that have a purely ferrite
matrix in their microstructure.

4. Conclusions

The influence of carbon and silicon content,
microstructure and Brinell hardness on wear behaviour of
ten Silal-type cast irons is studied. Ni-Mg was added in nine
of these cast iron, while only one was made from
magnesium chloride.

The casting process with magnesium chloride is not
effective to obtain spheroidal graphite and this implies
worse results in wear tests.

The best wear behaviour was obtained in the cast irons
with spheroidal graphite and ferrite matrix in their
microstructure, and with medium silicon and carbon
contents. The exception is cast iron 5 (with the lowest
carbon content of this group), which is the only one with
interdendritic graphite and experiences a weight loss
slightly lower than the others. At the same time, the cast
irons with the lowest wear resistance are those that have
flaky graphite and a purely ferrite matrix in their
microstructure. One of them is made with MgCl, and the
other one has a lower silicon content.

It has been possible to prove that, in general, while the
carbon content in these kinds of cast irons increases, so does
the mass loss.
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