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Abstract

In this study, the chemical compositions of high-silicon lamellar graphite cast irons commonly used in truck
brake discs and the effects of applied heat treatments on their friction and wear behaviors were investigated.
For this purpose, samples with two different chemical compositions (first with 2.43 C and 4.5 Si; second
with 2.5 C and 4.2 Si) were produced, and homogenization annealing was applied at 900°C for 30, 45, and
60 minutes followed by air cooling. Hardness, tensile testing, and wear testing were performed on the heat-
treated samples. Wear tests were conducted at room temperature and dry sliding conditions (20 N load, 250
mm sliding distance, and 200 mm/min sliding speed) using a ball-on-disk wear apparatus against 52100
bearing steel. The increase in homogenization heat treatment time resulted in an increase in hardness and
tensile strength values for both lamellar graphite cast iron grades. The wear test results indicated that both
the chemical composition and the duration of applied heat treatment influenced the friction coefficient and
wear volume losses. Since high friction coefficient and low wear volume losses are desired in brake discs,
it was determined that the best result among the compared samples was achieved in the sample produced
with a chemical composition of 2.5 C and 4.2 Si, and then homogenized at 900°C for 30 minutes.
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Yiiksek Silisli Lamel Grafit Dokme Demir Kamyon Fren Disklerinin Siirtiinme ve
Asinma Davranisi

Oz
Bu calismada, kamyon fren disklerinde yaygin olarak kullanilan yiiksek silisli lamelli grafitli dékme

demirlerin kimyasal bilesimleri ve uygulanan 1sil iglemlerin siirtiinme ve asinma davraniglari iizerindeki
etkileri arastirilmistir. Bu amagla iki farkli kimyasal bilesime sahip (birincisi 2,5 C ve 4,2 Si; ikincisi 2,43
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C ve 4,5 Si) numuneler {iretilmis ve 900°C'de 30, 45 ve 60 dakika homojenizasyon tavlamasit ve ardindan
havada sogutma yapilmugtir. Isil iglem gérmiis numunelere sertlik, gekme testi ve aginma testleri uygulandi.
Asinma testleri, oda sicakliginda ve kuru kayma kosullarinda (20 N yiik, 250 mm kayma mesafesi ve 200
mm/dak kayma hizi) disk {izerinde bilyali aginma aparati kullanilarak 52100 rulman c¢eligine karsi
gerceklestirildi. Homojenizasyon 1si1l iglem siiresinin artmasi, her iki lamel grafitli dokme demir kalitesi
i¢in sertlik ve ¢ekme mukavemeti degerlerinde artisa neden olmustur. Asinma testi sonuglari, hem kimyasal
bilesimin hem de uygulanan 1sil islem siiresinin siirtiinme katsayisini ve asinma hacmi kayiplarini énemli
Olciide etkiledigini gostermistir. Fren disklerinde yiiksek siirtiinme katsayisi ve diisiik asinma hacmi
kayiplari istendiginden, karsilastirilan numuneler arasinda en iyi sonucun 2,5 C ve 4,2 Si kimyasal bilesimi

ile iiretilip daha sonra 900°C’de 30 dakika siire ile homojenlestirilen numunede elde edildigi belirlendi.

Anahtar Kelimeler: Yiiksek silisli grafitli dokme demir, Fren diski, Siirtiinme, Asinma

1. INTRODUCTION

Cast irons are alloys of Fe-C, where iron (Fe) is the
primary constituent, and they may additionally
incorporate other elements like carbon (C), silicon
(Si), manganese (Mn), chromium (Cr), nickel (Ni),
sulfur (S), phosphorus (P), and nitrogen (N). Within
cast irons, there exist carbon crystals known as
graphite. The microstructural characteristics of cast
irons, including the shape and distribution of
graphite, as well as the microstructure of the metal

matrix, are contingent upon the chemical
composition, casting procedure, and cooling
circumstances [1-3]. Graphite is part of the

microstructure of cast iron and according to this
structure cast irons are classified into different
types. Gray cast iron, white cast iron and ductile
cast iron are classifications based on graphite
structure. Gray cast irons have a lamellar graphite
structure, white cast irons have a lamellar structure
and ductile cast irons have a spherical graphite
structure.

The shape of graphite in the structure is very
important. Because the mechanical properties of
cast irons vary depending on their chemical
composition and graphite structure [4-6]. Although
these alloys can be produced at low cost, the ability
to achieve mechanical properties close to steels has
made cast irons a popular material group used in a
variety of industrial and engineering applications.
Gray cast irons are used in a wide variety of
applications. Examples include automobile engine
parts, pipe fittings, construction materials, valves,
pump housings, machine construction, brake linings
and many other industrial and structural
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applications. Gray cast irons are low cost, well
machinable, highly wear resistant and can be used
in a variety of applications. However, cast irons also
have some disadvantages, such as low strength and
brittleness. Therefore, it is important to select the
right type and apply appropriate heat treatments
depending on the application requirements [2,3].

For this purpose, many studies have recently been
carried out on the production of high silicon
lamellar graphite cast irons. As the name suggests,
this type of cast iron contains high amounts of
silicon and lamellar (sheet-like) precipitated
graphite [3]. Silicon is the alloying element that
improves the mechanical properties of cast iron
because it inhibits carbide formation and promotes
graphite formation. It also improves wear resistance
and provides resistance to oxidation. The lamellar
precipitation of graphite gives lamellar graphite cast
iron good vibration damping ability, high
compressive strength [4-6], but also contributes to
stress concentration and crack formation, thus
affecting its mechanical properties [4]. The wear
resistance of cast iron can be adversely affected by
the undesirable characteristic resulting from the
graphite morphology, particularly during dry
sliding wear at high applied loads [7].

In the ferrite structure, silicon, one of the elements
dissolved, enhances the hardness of ferritic gray
cast iron [8]. The presence of silicon leads to an
increase in the hardness of cast iron by promoting
the formation of harder ferrite [8]. Nevertheless,
silicon also induces the coarsening of graphite,
causing a reduction in the hardness of cast iron [9].
An increase in ferrite formation corresponds to a
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decrease in wear resistance, while enhanced
graphite formation contributes to increased wear
resistance [10]. This phenomenon involves the
equilibrium between hardness attributed to ferrite
influence and graphite influence, as well as the
equilibrium between wear rates associated with
ferrite and graphite influences.

While carbon is the most important element
affecting the structure of cast irons, high levels of
silicon also cause significant changes in the
structure. In addition to increasing the fluidity of
liquid cast iron, silicon has a significant effect on
the carbon equivalent with C, and P. Based on the
carbon equivalent (CE = %C + (%Si + %P) / 3), this
means that every 1% of silicon in the chemical
composition will shift the eutectic point in the Fe-C
equilibrium diagram of the alloy to the left by 0.3%.
This means that cast iron compositions with a C
content below 4.3% can solidify like a cast iron with
a supra-eutectic composition. However, as the
amount of silicon in the structure increases, the
tensile strength of the cast iron decreases due to the
decrease in the amount of austenite in the structure.

Although high silicon lamellar graphite cast iron
can be produced with silicon in addition to iron and
carbon, when cast irons used in industrial
applications are examined, it can be seen that many
different elements such as Cr, Mn and Cu are
included in the structure besides these elements.
There are reasons for adding these elements to the
structure. Cr, being a strong carbide former, reduces
the amount of graphite in the structure even when
added in small amounts and may trigger freckle
formation. Cu, on the other hand, in the range of
0.5-2.5% in liquid cast iron reduces freckle
formation, while thinning the graphite structure and
increasing its fluidity in the liquid state. However,
if present in high proportions, Cu can cause
embrittlement and especially edge cracks due to
hydrogen sickness, which can cause major
problems in casting. Mn, on the other hand, is not
only a strong austenite former like Ni, but also an
element that minimizes the negative effects of
sulfur, as it enables sulfur, which causes brittleness
in cast irons, to form the MnS compound primarily
instead of FeS, so it is one of the elements that must
be present in cast irons [11].
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Due to the above-mentioned properties, high silicon
lamellar graphite cast iron is a preferred material
type, especially in heavy industry and engineering
applications [12-15]. High silicon lamellar graphite
cast irons are especially used in applications
requiring high wear resistance [15]. Such cast irons
are used in industrial pump parts, valve bodies,
truck brake linings, medical devices and many other
sectors. However, it is important to make sure that
the grade and processing method chosen is suitable
for the requirements of the application [13].

This investigation is centered on the application of
high silica lamellar graphite cast irons in the
manufacturing of truck brake discs. The rationale
behind opting for high silica lamellar graphite cast
irons lies in their multifaceted advantages,
including notable wear resistance, a low coefficient
of friction, high-temperature resilience, effective
noise control, and the ease of casting [12,13]. In
terms of wear resistance, the elevated silica content
in these cast irons endows them with exceptional
durability, thereby mitigating the wear and tear of
brake discs subjected to friction and heat during
wheel or disc brake application [14,15].
Additionally, the low coefficient of friction
characteristic allows brake discs to smoothly
interact with brake components, facilitating
controlled braking for the driver. The high
temperature resistance of high-silica lamellar
graphite cast irons ensures the durability of brake
discs under conditions of elevated temperatures
during braking [16,17]. Addressing noise control
concerns, this cast iron variety contributes to a
quieter and more comfortable driving experience
during brake disc utilization. Moreover, the ease of
casting associated with high silica lamellar graphite
cast irons enables the production of brake discs in
diverse and intricate designs. Consequently, the
utilization of high silica lamellar graphite cast irons
in brake disc manufacturing emerges as a prevalent
choice for ensuring the production of dependable
and enduring brake system components. This
material not only enhances brake performance but
also contributes to the creation of long-lasting brake
discs, thereby augmenting overall driving safety
[14,15].
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In this study, lamellar graphite cast iron specimens
produced with two different chemical contents for
use in brake linings were subjected to
homogenization at 900°C for 30, 45 and 60 minutes
and then air cooling processes. Considering brake
lining applications, wear tests were carried out
against a 6.3 mm diameter ball of 52100 bearing
steel at 20 N load, 200 mm/sec speed and 250 m
sliding distance.

2. EXPERIMENTAL METHODS
2.1. Materials

The samples of high-silicon lamellar graphite cast
iron, with chemical compositions provided in Table
1, were melted in an induction furnace. After
necessary chemical control and modification
processes made, they were poured into sand molds
prepared in the form of a molten metal brake disc
model at 1390°C.

Table 1.%wt. chemical composition of high-silica

content lamellar graphite cast irons
(balance Fe)
Material | C Si [ Mn | Cu | Cr S
D 243 1451049 | 0.19 | 0.27 | 0.066
T 25 |42 ] 05 0.2 | 0.26 | 0.068

In order to ensure the homogeneity of the samples
produced by the sand mold casting method
homogenization heat treatment was applied. The
alloy containing 2.43 C 4.5 Si was annealed at
900°C for 30, 45 and 60 minutes and was not left to
cool in the open air. These samples are coded as D1,
D2 and D3, respectively. Similarly, the 2.5 C 4.2 Si
alloy was annealed at 900°C for 30, 45 and 60
minutes and left to cool in open air. These samples
are coded as T1, T2 and T3, respectively.

2.2. Applied Tests

After completing the heat treatment, specimens of
appropriate dimensions for hardness measurements,
tensile tests, and wear tests were extracted using a
laser cutting machine. The surfaces of the
specimens were then processed using a surface
grinding machine. Subsequently, the surface
roughness values of the specimens were measured
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using a 2D profilometer at a speed of 2 mm/s and a
length of 4.8 mm. Hardness values were determined
with a 1 kg load applied for 15 seconds. Tensile test
specimens prepared according to the TSE EN ISO
6892-1 standard from the samples after heat
treatment were subjected to tensile testing at a speed
of 2 mm/min using a Shimadzu tensile testing
machine with a capacity of 50 kN. The hardness
values obtained and the tensile strength results from
the experiments are presented in Table 2.

Table 2.Surface roughness, microhardness, and
tensile strength of the samples before the
wear process.

Surface Microhardness Tensile

Sample roughness (HY) strength

(um) (MPa)
D1 2.21 150 205
D2 2.75 170 270
D3 1.98 177 308
T1 2.66 220 307
T2 2.55 242 315
T3 2.50 255 340

Dry sliding wear tests were conducted on high-
silicon lamellar graphite cast iron samples
considering the wear conditions experienced by
brake disc. The wear test parameters involved a
computer-controlled ball-on-disk wear apparatus
(Turkyus POD&HT&WT, Turkey) against a 52100
bearing steel ball with a diameter of 6.3 mm, a
sliding speed of 200 mm/s, a load of 20 N, a wear
track diameter of 7.7 mm, and a sliding distance of
250 m. The tests were carried out at room
temperature under normal atmospheric conditions.
During the wear test, friction coefficients (COF)
were automatically recorded for each test using the
computer interface of the wear apparatus. For each
parameter, three repeated test data were averaged
using an Excel program to create COF graphs.

The width and depth of the traces formed in the
abrasion test were taken with a 2D profilometer and
optical microscope, as the average of at least 4
traces on each sample, in the 0, 90, 270 and 360°
parts of the circle. As can be seen from the optical
profilometer images given in Section 3.1, the wear
scar was evaluated to be in the shape of a half
ellipse, and based on previous studies, the wear scar
area was calculated with the following formulas.
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The wear volume and wear rates were calculated as
stated in Reference 18 using Excel and are given in
Table 3.

L=2nr (1)
V=0.25tWD 2
Wr=V/FS (3)

Where L: Circumferential length of the wear scar
(mm). V: Wear scar volume (mm3). r: Wear scar
radius (mm) W: average wear scar width (um). D:
Average wear scar depth (um). F: applied load (N).
S: Sliding distance (m). and Wr: Wear rate
(mm3/Nm).

3. RESULTS AND DISCUSSION
3.1. Friction Coefficient
The friction coefficient graphs of D1, D2 and D3

samples against 52100 bearing steel are given in
Figure 1.
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Figure 1. Friction coefficient graphs of samples
D1, D2 and D3.
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While the D1 and D2 samples maintained a stable
friction coefficient around 0.3 throughout the test, it
was observed that the D3 sample started at around
0.1 at the beginning of the test, followed a
constantly increasing trend, and exceeded the 0.3
threshold at the end of the test. This shows that the
homogeneity of sample D3 may be lower than other
samples.
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Figure 2. Friction coefficient graphs of samples
T1, T2 and T3.

While the T1 and T2 samples started around 0.1 at
the beginning of the test, reached a stable course of
about 0.45 at the end of 50 m and continued in the
range of 0.45-0.46 until the end of the test. On the
other hand, the T3 sample followed a friction
coefficient course in the range of 0.42-0.43 from the
beginning to the end of the test. This is a result of
the mechanical properties of T1 and T2 samples
being close to each other. The fact that T3 showed
more stable and a slightly lower coefficient of
friction is a result of this sample having higher
mechanical properties (hardness and tensile
strength). As a matter of fact, the sample with

1027



Friction and Wear Behavior of High-Silicon Lamellar Graphite Cast Iron Truck Brake Discs

higher mechanical properties will show better
resistance against the abrasive ball trying to sink
into it, and the ball that does not sink into the
substrate material will slide more easily [18,19].

Considering the graphs of the samples in Figure 1
and Figure 2 are compared with the studies in the
literature, it can be seen that there is fluctuation in
the friction coefficient of all the samples in this
study. The situation of a continuous change with
ups and downs has also been reported in studies in
the literature [20-27]. Fluctuation in friction
coefficient. It is related to the relationship between
the deformation occurring during the test and the
adhesive bond strength. Namely, the increasing
trend of the friction coefficient is the result of the
deformation occurring during the experiment and
the adhesion of the abraded material to the surface.
On the other hand, the decrease in the friction
coefficient is the result of adhesive welding/bond
breaking as the friction coefficient increases to high
values. In their studies, Ping and his team [20] and
Cetin et. al. [21] detected fluctuations in the friction
coefficient during wear experiments and stated that
this fluctuation was caused by the deformation that
occurred during the experiment. They stated that
graphite, which forms the matrix structure of cast
iron, forms a graphite film on the wear surface. In
this case, sliding does not occur regularly on the
contacting surfaces and the formation of a film on
the sliding surface of graphite does not prevent
adhesive contact or adhesive bonding. However,
they explained that it contributed to the bond being
formed at a minimum level.

Anderson [22] describes this situation from a
different perspective. He stated that it is caused by
the formation of an oxide film on the surfaces that
rub against each other during the wear process, due
to the periodic and continuous change of
temperature from the contact areas to the interior of
the surfaces in contact during friction. It has been
reported that a continuous change in the friction
coefficient occurs due to the formation of the film
and its breaking as a result of the acting forces. In
another study reporting the fluctuation in friction
coefficients [22], this situation was explained as
welding of the asperities on the rubbing surfaces
and the growth of these formations. The authors

1028

reported that since the welding and separation
process will be repeated continuously, an up-and-
down graph will occur in the course of the friction
coefficient. [20,23,24]. The continuous fluctuation
of the friction coefficients measured in the wear
tests was observed in both groups of lamellar
graphite cast iron samples. It is thought that this is
due to the microstructures not being homogeneous.
Similar findings were reported by Jang et. al. [26]
in their study on metal fiber brake discs. Because.
Lamellar graphites have a lubricating effect, which
indicates that the distribution of lamellar graphite’s
in gray cast iron can cause differences in the friction
coefficient regime of the alloy. [9,10,26].

The behavior of materials under friction conditions
is shaped depending on three main parameters [27].
These critical parameters are [21]:

1- Structure and surface properties: Factors
such as the internal structure of the material,
surface roughness, microstructure and
chemical composition are the basic features
that are effective in determining the friction
behavior.

2- Friction type and test conditions: Factors
such as the type of friction, that is, sliding or
rolling, as well as the relative speed at which
the experiment is carried out, the amount of
load applied, the method of application and
temperature, are other important parameters
that affect the friction behavior.

3- Environmental conditions and lubrication:
Conditions and lubrication surrounding
friction have a significant effect on friction.
Atmospheric conditions, humidity, degree of
pollution and type of lubrication play an
important role in determining friction
behavior.

The combination of these factors requires a
comprehensive evaluation to wunderstand and
optimize the friction performance of the material.

Additionally, as seen in Table 2, increasing the
hardness of the samples resulted in a general
decrease in the surface roughness values. However,
it was determined that such a clear trend was not
observed in the friction coefficients (Table 3). This
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means that the friction coefficient is too complex to
be associated only with hardness and surface
roughness, and that it can vary depending on the
interaction of many mechanical parameters of
materials such as hardness, elastie modulus,
fracture toughness [28]. Additionally, as the amount
of silicone increased, the hardness increased, as can
be seen in Table 2, and in parallel, there was a slight
increase in the friction coefficient values (see
Figure 1 and Figure 2). As a matter of fact, studies
in the literature have reported that as the amount of
silicon increases, the hardness values of
gray/lamellar graphite cast iron decrease, but some
increases occur in the friction coefficients [25,26].

3.2. Characterization of Wear Traces
Figure 3- Figure 8 shows the optical appearance and

2D profilometer images of the wear marks after the
wear test.

200 b
] 1
AN
0o WP { W \ i N UL
| S VY
[um]
-200
Figure 3. Illustration of wear scar width and depth

of sample D1.
As Figure 3 is examined, it is noteworthy that there

is some difference in the trace widths of the 3
samples taken from the D1 sample. This situation
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can be attributed to the fact that the 30-minute
homogenization anneal at 900°C applied to the D1
sample was insufficient. When the wear marks on
the sample are examined, deep scratches, grooves
and black areas are seen on the surface. This shows
that the dominant wear mechanism in the sample is
abrasive.

I f
fr'r h‘I /A r
A O / 1
00 O A e OO A I’.1|'I q | J Bag
i \.\r T ¥ T ‘r T 7 ol | lI
1 b | 3 T 4 0
Y i
far]
200
479

probe TKU300 LI=4.80 mm Vt=060 mm's

Figure 4. Illustration of wear scar width and depth
of sample D2.

Whilst Figure 4 is inspected, although the trace
widths taken from the D2 sample are similar to the
D1 sample, they are closer to each other in the D2
sample. This shows that a 45-minute
homogenization anneal at 900 °C minimizes the
structural differences between the samples. This can
be easily seen from the optical appearance of the
wear marks on the sample. When the optical views
are examined, it can be seen that the abrasive lines
seen in the D1 sample are also seen in this sample,
while the black areas that occur in the form of
ruptures are not present.
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Figure 5. Illustration of wear scar width and depth
of sample D3.
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Figure 6. Illustration of wear scar width and depth
of sample T1.
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When Figure 5 is examined, it is seen that the wear
scar width is quite low compared to D1 and D2
samples. This is a result of the D3 sample having a
higher hardness value. Because. The high hardness
of the material will better resist the plastic
deformation of the ball trying to sink into it,
depending on the applied load. However, if this
hardness exceeds a certain degree, it will cause
brittleness. As a matter of fact, when the worn
surface optical images of the samples are examined,
it is clearly seen that fractures (black areas) occur in
places.

Once Figure 6 is assessed, it is determined that the
trace widths of the 3 samples taken from the T1
sample is lower and shallower than the widths of the
traces taken from the D1, D2, and D3 samples. This
is a result of the high hardness values of the T1
sample in Table 2.
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Figure 7. Illustration of the wear scar width and
depth taken from the T2 sample.

Considering Figure 7, although values close to the
wear scar widths taken on the T1 sample are
obtained, the difference between the scars being
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lower than T1 can be attributed to the fact that the
45-minute heat treatment period applied to the D1
samples obtained a more homogeneous structure
compared to the 30-minute period. However, in the
T2 sample, it is seen that the wear mechanism has
evolved into fracture adhesive rather than abrasive.
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Figure 8. Illustration of the wear scar width and
depth taken from the T3 sample.

As Figure 8 is examined, it can be seen that the wear
scar widths taken from the T3 sample is wider than
those of T1 and T2, but the wear scar depth is
shallower. This may be due to the fact that the T3
sample has the highest hardness value, and
therefore the abrasive ball, which does not sink into
the sample easily, has worn out and created a larger
contact area.

It is determined that the trace widths of the T
samples (T1, T2 and T3) with higher Si content are
lower and shallower than the widths of the traces
taken from the D1, D2 and D3 samples. This is a
result of the high hardness values of the T samples
as seen in Table 2. Because samples with higher
hardness values also have higher tensile stresses,
they better resist the abrasive ball that tries to cause
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plastic deformation on their surfaces. This results in
less penetration of the ball into the material,
resulting in lower wear scar width and depth. As a
matter of fact, Table 3 supports this claim.

Table 3. Data obtained in wear test

w < a _ <
D1 0.304 |1244.50 | 15 35.45 7.09
D2 0.331 [1304.00| 14 34.67 6.93
D3 0.262 | 926.33 10 17.59 3.52
T1 0.464 | 990.67 10 18.81 3.76
T2 0.438 [1009.00 | 12 22.99 4.60
T3 0.424 [ 1046.67 | 11 21.86 4.37

As seen in Table 3, as a result of the wear tests, the
lowest friction coefficient value was obtained in the
D3 sample as 0.262, while the highest friction
coefficient value was obtained in the T1 sample
with 0.464. on the other hand, the lowest wear
volume loss occurred in the D3 sample and the
highest wear volume loss occurred in the D1
sample.

4. CONCLUSION

In this study, the chemical contents of high-silica
lamellar graphite cast iron produced for truck brake
discs and the effects of applied heat treatments on
friction and wear volume losses were examined.
The results obtained can be briefly summarized as
follows.

1- The increase in the duration of the
homogenization process applied at 900 °C
caused an increase in the hardness values
and tensile strength values of the samples.

2- The applied heat treatment is more effective
on the friction coefficient and wear volume
rates of T1, T2 and T3 samples with lower Si
content than D samples.
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3- The lowest friction coefficient and wear
volume loss occurred in the D3 sample heat
treated at 900°C for 60 m.

4- While the wear volume losses of T samples
are close to each other, the wear volume
rates of D samples differ from each other.
This situation reveals that the applied heat
treatment is appropriate for T samples, but
different parameters should be tested for D
samples.

5- It has been concluded that the most suitable
sample in brake disc selection among the
compared samples is the T1 sample, as the
desired brake discs are required to show a
high coefficient of friction, enable stopping
in shorter distances and have a longer life
with lower wear and volume loss.
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