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Abstract: The aim of our research was to indicate the suitability of metallurgical slags (two blast
furnace slags and one steel furnace slag) as the components of Cu-free friction materials. The base
mixture consisted of nine components including phenolic resin, graphite, tin sulphide, steel and
aramid fibers, iron powder, a mixture of barite with calcite, and vermiculite. To this base mixture, the
slags with a particle size below 0.1 mm were added individually in the amount of 20 wt.%. A base
friction mixture with alumina in the amount of 20 wt.% represented the reference. Samples for the
friction-wear tests were produced in the form of pins by hot press molding. The prepared pins were
tested using a pin-on-disc tester in a drag mode at the pressure of 1 MPa and a constant sliding speed
of 1.51 m/s for 90 min. The samples with slags exhibited slightly lower values of steady-state friction
coefficient compared to the reference composite with alumina, and at the same time produced lower
wear particle emissions. The particle concentration was reduced for the samples with slowly cooled
blast furnace and steel furnace slag. The results obtained indicated steel furnace slag as a promising
component of Cu-free friction composites.

Keywords: slags; recycling; friction composites; friction coefficient; wear; emissions

1. Introduction

Undoubtedly, the circular economy is one of the most important strategies toward
sustainability connected to the saving of natural resources as well as toward the zero-waste
manufacturing approach. With sustainability in mind, it is pivotal for current studies
to focus on replacing primary raw materials with secondary sources. The nature and
characteristics of industrial wastes depend on the utilized raw materials and the processing
method. Most of the generated waste is disposed of in landfills, which could lead to
soil pollution and an overall environmental imbalance [1]. Due to its possible negative
environmental effects and the continued unavailability of sites for its disposal, the option of
landfill utilization is steadily decreasing. Furthermore, the waste management legislation
in the European Union stresses the decrease and reusing of generated waste or using only
appropriate methods of disposal that may not affect the environment and humans [2,3].

The metallurgy industry is responsible for the production of a large portion of this
industrial waste. The main kinds of these materials are metallurgical slags, sludge, and
dust. Depending on the character of the waste, different methodologies of utilization are
adopted. Different kinds of slags are produced from metallurgical processes or simply
as a residue from the incineration process, and can be classified as ferrous, non-ferrous,
and incineration slags. Slags are rich in important metals and have already been used in
various applications; their possible utilization was comprehensively summarized in a book
chapter published by Piatak [4]. Ferrous slags are produced mainly in blast and steel slag
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furnaces and are already used in building and road construction, but also, for example,
during fertilizer production [5]. The blast furnace slag is predominantly composed of
aluminosilicates and calcium silicates [6]. Moreover, steel slags contain a significant portion
of Fe-based phases, predominantly oxides, followed by various phases based on CaO,
MgO, and MnO, among other constituents [7]. The slags are thermally stable and require
minimal pretreatment to be used in specific applications, making them valuable sources for
substituting base raw materials, especially in the building industry [8,9].

Friction materials used for car brake linings are required to meet a wide range of
requirements such as a stable and permissible friction coefficient, low system wear, thermal
stability, desirable tribological properties in a varying range of working conditions, produce
low noise and vibration, and they have to also be environmentally friendly [10,11]. The
request for environmental friendliness of friction composites connected to wear particles
released during the friction process has led several authors to comprehensively summarize
this issue [12,13]. The production of wear particles during the friction process of composites
designed for brake pads is affected by the wear mechanism. The detailed characterization of
the wear mechanism in the case of friction composites designed for brake linings is difficult
in comparison to the situation when the samples under investigation are of a small number
of components and are usually ascribed to the combination of oxidative, adhesive, and
abrasive wear mechanisms as reported in the paper published by Kukutschova et al. [14].
To reveal the processes occurring on the friction surface, which reflects the wear mecha-
nism, the utilization of the advanced characterization techniques including scanning and
transmission electron microscopy and methods of chemical and phase analysis is necessary,
as evident, for example, from papers published by Osterle et al. [15], Filip et al. [16], and
recently of Giinen et al. [17].

The friction materials for automotive braking applications can be classified into low-
metallic, semi-metallic, and non-asbestos organic (NAO) types. Essentially, friction ma-
terials are made up of four categories of constituents: binders, reinforcements, fillers,
and friction modifiers [18]. Binders help to hold all the components of friction material
together [19], whereas the phenolic resin-based binder is the most commonly used. Rein-
forcements such as Cu and steel fibers provide strength and behave as primary contact
plateaus, which helps in the formation of compacted and extended secondary contact
plateaus, as proved, for example, by Lee et al. [20]. The utilization of Cu fibers is extremely
restricted due to their adverse effects on human health and the environment [21]. Friction
modifiers can be divided into lubricants and abrasives. Lubricants such as graphite, tin sul-
fides, molybdenum disulfide, and their relevant combinations effectively reduce wear and
smooth and stabilize friction traces in a wear system [22]. Cho et al. [23] have explained that
the appropriate addition of lubricants results in reduced vibration and noise produced by
the stick-slip phenomenon at the mating interface. Alternatively, abrasives such as alumina,
silicon carbide, magnesia, and zirconia are known to increase and stabilize the friction
coefficient and remove the pyrolyzed film formed on the mating counterface, effectively
eliminating negative wear [24]. It is widely known that the predominant constituent of
the secondary contact plateaus is Fe oxides, which promote desirable friction and wear
characteristics. Space fillers are inexpensive and abundant materials, and their role is
to occupy a substantial volume of friction composites. Several research studies showed
that the selection of space fillers affects the final behavior of friction composites. Park
et al. [25] studied the effect of barite, calcite, and calcium hydroxide as the space fillers on
the production of the wear particles and the authors observed that the utilization of barite
led to the production of a higher amount of wear particles due to the increased abrasion of
the brake disc.

The utilization of waste materials from different industrial processes in the formulation
of friction composites represents the prospective approach towards their valorization. Re-
cently, Wahlstrom et al. [26] and Matéjka et al. [27] tested alkali activated granulated blast
furnace slag (GBFS) as a component in the formulation of friction composites designed for
car brake applications. Both authors confirmed that alkali activated GBFS behaves as an
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abrasive. Erdogan et al. [28] studied the utilization of slags from a blast furnace, converter,
and the slag from ferrochromium production as the fillers in epoxy composites. The authors
found that epoxy composites reinforced with slags show comparable or even better tribolog-
ical performance compared to epoxy composites filled with alumina. Wang et al. [29] tested
blast furnace slag as the filler in phenolic resin-based friction composites designed for car
brake application. The added amount of slag used ranged from 13-43 wt.%; the friction-wear
performance test conducted on the speed friction tester revealed the best behavior for the
samples with the highest amount of slag. Sathyamoorthy et al. [30] tested the effect of red
mud, fly ash, and steel slag as fillers in non-asbestos organic friction composites and indi-
cated that composites with fly ash are the most promising for light commercial vehicles and
passenger cars. Rajan et al. [31] prepared friction composites based on phenolic resin filled
with slag waste in amounts ranging from 50-65 wt.%. By evaluating the friction-wear prop-
erties obtained during the tests based on the ECE R 90 protocol, the authors observed the
effect of the increasing amount of slag on different parameters. The composites with higher
slag content performed better with respect to the friction coefficient, fade phenomenon,
and friction stability, while the composites with lower slag content showed the best friction
recovery and lower wear rate.

As is evident, there are only a few scientific papers dealing with slag as a component of
friction composites dedicated to brake lining applications, and the often vague description
of the slags makes it difficult to understand which of the slags was used for the preparation
of friction composites. This study focuses on the friction and wear behavior of Cu-free
friction composites containing three types of metallurgical slags. Two types of slags were
collected from a blast furnace and differed in their cooling process. The third type of slag
was produced in a basic oxygen steelmaking furnace. The friction mixtures were produced
‘in-house” with the minimum constituents to highlight the role of the slag addition and
were compared to the formulation that contains alumina. The friction-wear performance
tests were conducted on a pin-on-disc tribometer. To the best of our knowledge, our paper
is the first report addressing the effect of metallurgical slags as components of Cu-free
friction composites on the concentration of released wear particles.

2. Materials and Methods
2.1. Materials
Granulated blast furnace slag (GBFS), blast furnace slag (BFS), and steel furnace slag

(SFS) were used as the admixtures of the friction composites. The images of these slags are
shown in Figure 1.

Figure 1. Images of as received slags; (a) GBFS, (b) BFS, (c) SFS.

In the first step, the as received BFS and SFS slags were grounded using a jaw crusher
to obtain a fraction with particle size less than 1 mm, the GBFS did not undergo this step.
Subsequently, the slags were ground using a vibrational mill for 5 min and sieved to obtain
a final fraction of less than 0.1 mm. The chemical composition of the slags obtained using
X-ray fluorescence analysis is shown in Table 1.



Lubricants 2022, 10, 219 40f17
Table 1. Chemical composition of the slags GBFS, BFS, and SFS (wt.%).
Slag CaO Si02 A1203 MgO MnO Fe203 P205 SO3 LOI
GBFS 46.7 34.8 6.54 8.38 0.893 0.206 - 1.21 0.29
BFS 429 36.6 8.79 7.22 0.838 0.357 - 1.48 —0.58
SFS 33.1 7.09 1.72 2.84 7.19 45.39 1.69 0.24 —0.48

Studied slags were tested as the components of two different types of friction material
formulations. The first composition named ‘Basic Composition’ (BC) constituted only the
essential ingredients in a typical formulation of friction material. This composition was
selected to observe the role of given slags on the friction-wear and emission behavior. Four
different types of BC were produced, as shown in Table 2.

Table 2. Constituents of BC with different slags and Alumina (wt.%).

Specimen Code Name

Component
BC + Alumina BC + GBFS BC + BFS BC + SFS

Phenolic Binder 8 8 8 8
Graphite 10 10 10 10
Tin Sulfide 10 10 10 10
Barite and Calcite 25 25 25 25
Vermiculite 10 10 10 10
Steel Wool 5 5 5 5
Iron Powder 5 5 5 5
Aramid Fibers 7 7 7 7
Alumina 20 0 0 0
GBFS 0 20 0 0
BFS 0 0 20 0
SFS 0 0 0 20

The constituents of the slags are similar to the abrasives used in a typical friction
material composition; with respect to this fact, the first BC constituted of alumina and
was considered as a reference to the other three BCs, which contained three types of
given slags, added individually in the same amount (20 wt.%) as alumina (Table 2) in
reference. Figure 2 shows the morphology of the constituents of BC. This high addition
of alumina and slags was intentionally carried out to prove the functionality of slags in
copper-free formulations.

The different formulations of friction materials were tested in the form of pins. Pins
were produced through a standardized procedure. In the first step, all the constituents in
Table 2, except steel wool, were continuously mixed for an hour on a TURBULA® mixer
(WAB group, Germany). Additionally, steel wool was added after step 1 and the mixture
was mixed for an additional 10 min. The two-step procedure was conducted to ensure
that the steel wool would not clump or form agglomerates due to prolonged mixing. The
well-mixed powders were then subjected to a hot-pressing procedure. The powders were
tap pressed in a tool steel cylindrical mold and hot pressed on a BUEHLER® Pneumet I
(Buehler, Lake Bluff, IL, USA) hot mounting press at 100 MPa, 150 °C, and at a holding
time of 10 min. Lastly, the green body was subjected to post-curing treatment in a generic
muffle furnace at 200 °C for 4 h. On average, the height and diameter of the pins were
8 and 10 mm, respectively. Regardless of the formulation of friction materials, the apparent
density of the pins, as evaluated from the knowledge of the volume and weight of the pins,
ranged between 2.4-2.6 g/cm3.

The discs of diameter 60 mm and thickness 6 mm were machined from real pearlitic
grey cast iron brake discs. The microstructure and properties of the discs are shown in
Figure 3 and Table 3, respectively.
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Figure 2. SEM images showing the morphologies of the constituents of the BC; (a) phenolic resin,
(b) graphite, (c) tin sulfide, (d) barite and calcite, (e) vermiculite, (f) steel wool, (g) iron powder,
(h) aramid fibers, (i) alumina.

Figure 3. Microstructure of the pearlitic grey cast iron counterface.

Table 3. Properties and composition of the pearlitic grey cast iron counterface.

Di Chemical Composition, wt.% Hardness Thermal Specific
15¢ Mn Si Sn P S Fe [HV 30] Conductivity (W/mK) Heat (J/gK)
Pearlitic
Grey 340 050 200 011 015 0.05 Rest 245+ 6 52 0.447

Cast Iron
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2.2. Pin-on-Disc Testing and Emission Analysis

Pins and discs were tested on a pin-on-disc (PoD) tribometer (Ducom Instruments,
India). Before each trial, the discs were polished with a SiC 180 grit paper and cleaned with
acetone multiple times to remove any dust, scales, grease, or impurities. A fresh disc was
always used for a new test. Pin-on-disc testing was conducted at room/ambient testing
conditions (22 °C and relative humidity between 40-45%). The selected parameters for the
PoD test replicated mild braking conditions: contact pressure of 1 MPa (79 N) and sliding
velocity of 1.51 m/s (600 rpm for a wear track diameter of 48 mm) [32,33]; the sampling
rate was 1 Hz. All the trials included a 30 min run-in followed by a 90 min continuous
drag test. The run-in duration ensured the proper conformance of the pin and disc surface
before the own 90-min long tests. All the tests were conducted four times (always with a
new friction pair) to check the repeatability of the results.

Figure 4 shows the PoD testing apparatus with the attached particle collection equip-
ment. Air is taken from the laboratory using a fan and circulated through a High-Efficiency
Particulate Air (HEPA) filter to eliminate any dirt specks and impurities, thus introducing
clean air inside the PoD chamber. The air velocity was maintained at 11.5 m/s as indicated
as an optimum velocity in our previous paper [34]. Before the beginning of any trial, air
cleanliness was strictly inspected and maintained close to 1-2 #/cm?.

Closed chamber Air to OPS

Particl ¥

[ ——O— < Ambientair

= Weights
HEFPA filter
Figure 4. Testing PoD apparatus setup.

A TSI® (TSI Incorporated, Shoreview, MN, USA) Optical Particle Sizer Spectrometer
OPS model 3330 was used to obtain the particle number concentration and was connected to
the enclosed PoD chamber (Figure 4). The OPS model measured the particle concentration
for particle sizes between 0.3-10 um. The apparatus measured and recorded particle
concentration of up to 3000 #/cm3, with a self-controlled sampling flow rate of 1 L/min;
the sampling rate was 1 Hz.

The friction coefficient (CoF) and total particle concentration profiles and magnitude
were directly obtained from the corresponding software attached to the PoD and OPS,
respectively. The specific wear coefficient of the pins was calculated by weighing the pin
before and after each test (using an analytical balance with a precision of 10~ g), and using

the following equation:
14
Ki= ——= 1
a (F . d) ( )
where V is wear volume loss (m3); F is load applied (N); d is sliding distance (m).
The disc wear track trends were procured from a stylus profilometer, obtained perpen-
dicular to the wear track from a transverse profile.
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2.3. Characterization of the Slags, Materials, and Worn Surfaces

The morphology of the slag particles and the characteristics of the worn pin and disc
surfaces were investigated using Scanning Electron Microscope, SEM (JEOL IT300, JEOL,
Akishima, Japan), attached with Energy Dispersive X-ray Spectroscopy (EDXS; Bruker,
Billerica, MA, USA) system. Furthermore, EDXS maps of the chosen elements on the
worn pin surfaces were obtained to inspect the distribution of the alloying elements. To
validate the maps, a total of six measurements were taken at multiple locations on different
specimens. The slags were also subjected to X-ray Diffraction (XRD, Italstructures IPD3000
powder diffractometer with an Inel CPS120 detector, Erice, Italy) analysis to obtain their
respective phase composition.

3. Results and Discussions
3.1. Characterization of the Metallurgical Slags

Figure 5 presents the diffraction patterns of the slags used for the modification of
BC formulation, the powders obtained after the sieving of mechanically treated slags as
described in Section 2.1. The presence of the diffuse peak in the region 2540 °2Theta
indicates that the GBFS contains a significant amount of amorphous phase, with the calcu-
lated amount 90.77% and the only crystalline phase indicated with XRD was akermanite
(CapMg(5ipOy)). The BES and GBFS are by-products obtained during the pig iron produc-
tion and show a chemical composition closely similar as evidenced in Table 1. In contrast
to GBFS, BFS shows a crystalline character documented by the presence of intensive sharp
peaks in its XRD pattern (Figure 5), which also belong to akermanite (Ca,Mg(Si,O7), PDF
card No. 01-087-0046); other minor crystalline phases identified in BFS were quartz (SiO,,
PDF card No. 01-085-0865) and pseudowollastonite (CaSiO3z, PDF card No. 01-080-9543).

8

6
6 | 57

N4 56,7
U
67 1,7'}.? g |°
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, 6 /
s 71076 INUALE Jase s ] e fe SFS
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Figure 5. XRD analysis of the slag particles GBFS, BFS, and SFS. (1—akermanite, 2—quartz,
3—pseudowollastonite, 4—wdistite, 5—magnetite, 6—brownmillerite, 7—Xkirschteinite, 8—lime,

9—periclase, 10—mayenite).

The higher content of amorphous phase in the case of GBFS is a result of its fast cooling
during the granulation process of the molten slag, performed using a sprinkling of water over
the molten slag [35]. Moreover, the comparatively higher content of well crystalline phase
akermanite observed in the case of BFS is the result of slow cooling of the molten slag during
which the crystallization process is promoted; for example, Kang et al. [36] showed the cooling
rate 50 °C/min as the limit for the formation of the BFS with an almost totally amorphous
structure. Unlike GBFS and BFS, in the case of SFS, various phases are observed, mainly
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wistite (Fep 9440, PDF card No. 01-074-1885), magnetite (Fe30,4, PDF card No. 01-085-7332)
brownmillerite (Cay(Fe,Os), PDF card No. 01-076-8615), kirschsteinite (CaFeSiOy, PDF card
No. 00-011-0477), akermanite (Ca;Mg(Si,Oy), PDF card No. 01-087-0046), lime (CaO, PDF card
No. 01-074-1226), periclase (MgO, PDF card No. 01-075-1525), and mayenite (Ca;pAl14Os,, PDF
card No. 01-077-5127). The high content of iron oxides in SFS is promising with respect to
secondary plateaus formation during the friction process [37], which is the crucial parameter for
the stability of the friction coefficient, as well as for the production of wear particle emissions.

Figure 6 shows the morphology of different slags—GBFS in Figure 6a,b, BFS in
Figure 6¢,d, and SFS in Figure 6e,f. The images reflect the character of the slag parti-
cles after their crushing, grinding, and sieving below 0.1 mm. At higher magnification
(Figure 6b,d,e), the particles are observed to have sharp edges, which could be attributed
to their crushing during the milling. Regardless of the amorphous character of GBFS, the
morphology of the particles of this slag (Figure 6b) is closely similar to the character of
the particles of crystalline BFS (Figure 6d). Moreover, the shape of the particles of SFS
(Figure 6f) appears more irregular. Even Figure 6a,c,e shows almost identical particle size
distribution, compared to Figure 6b,d,f, a higher difference in sizes of smaller and bigger
particles is observed for SFS slag. The magnified image of SFS particles shown in Figure 6f
demonstrates the heterogeneous character of the particle, where the white areas observed
on the surface of bigger particles indicate the presence of iron reach phases encased in a
grey-appearing matrix composed of calcium, aluminum, and silicon oxide-based phases.
Such a complex character of SFS particles is typical of slags that originated in the BOF
processes. The SFS usually contains a significantly higher content of iron, whereas this
statement is strongly supported by the chemical composition of used slags presented in
Table 1. X-ray diffraction revealed the presence of four different iron reach phases—wistite,
magnetite, brownmillerite, and kirschsteinite (see Figure 5), whereas the mentioned shiny
appearance particles represent iron oxides.

Figure 6. SEM images of slag particles (a,b) GBFS; (c,d) BFS; (e f) SFS.
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From Figure 6, a relatively broad particle size distribution can be noted for all slag types
and to better understand the trends of the particle size distribution, a generic sieve analysis
was conducted on 100 g of slag powders. Figure 7 shows the particle size distribution of

all slags.
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@ c
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Figure 7. Particle size distribution (a) GBFS and BFS; (b) SFS.

For GBFS and BFS (Figure 7a), the particle size was the same, the dominant size
between 45-100 um, closely followed by 25-45 pm. Although the slag was sieved through
a sieve with mesh 100 um after the grinding, a small portion of the particles with a size
between 100-200 um was also observed, comprising particles of irregular shape with
a dimension in one direction greater than 100 pm. The SES sieve analysis, shown in
Figure 7b, was also similar to GBFS and BFS with higher content of particles of sizes between
45-100 pm, followed by the particles with dimensions between 25-45 pm. In general, the
particle size of the studied slags is typical of the abrasives used in friction composites [38].
Matéjka et al. [39] tested the effect of the size of SiC on the friction wear performance of
the low-metallic friction composite. The authors observed that SiC particles with higher
size exhibit a higher friction coefficient, but at the same time a higher wear rate, and vice
versa, the SiC abrasives with smaller particle size show a lower but more stable friction
coefficient and a lower wear rate. From this point of view, abrasives with a broader particle
size range would be a good compromise for both friction and wear performance, and the
slags tested within this research are promising.

3.2. Friction, Wear, and Emissions Behavior of Friction Composites

Figure 8 shows the typical friction, emissions, and disc wear trends obtained for
prepared samples. Figure 8a presents the friction trends of BC with alumina and all slags.
In the case of BC with alumina, shown in black, the traces observe an initial increase in the
CoF magnitude, followed by a steady state from 1500 s. In the case of BC + GBFS traces,
shown in red, a steady increase in the CoF magnitude is observed until 2000 s, followed
by steady-state attainment. The BC+BFS, shown in green, attains a steady state right from
the beginning of the testing duration. Finally, the traces of BC+SFS pin, shown in blue,
observe an initial increase in the CoF trends, followed by a reduction and steady-state
attainment close to 3000 s. It is interesting to note that all three slag traces have a similar
CoF magnitude, which is slightly lower than the CoF traces with alumina, most probably
because of the lower hardness of slag particles in comparison to alumina. The different
time necessary to achieve a steady state in the case of GBFS and BFS containing composites
is most probably attributed to the different crystallinity of these slags. Akermanite, as
the major constituent of BFS, can easily undergo the fragmentation process compared to
the glassy phase, which is the dominant phase in GBFS, and thus can participate in the
formation of secondary plateaus in the early stage of PoD tests. Different frictional behavior
observed for SFS could be attributed to the complex phase character of this slag, as observed
with XRD analysis. The presence of lime and mayenite in this slag increases the basicity
of these friction composites, which is preferable with respect to a reduction in corrosion.
Really interesting is the presence of multiphase grains in SFS (Figure 6f) which indicates
that this particle would play an even more complex role during the friction process and
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this issue must be further studied. Figure 8b shows the typical emission trends of BC with
alumina and all slags. The emission traces with alumina, shown in black, initially observe
a high increase, followed by a reduction, and steady-state attainment at around 1500 s,
which corresponds also with the time necessary for the stabilization of friction coefficient
(compare Figure 8a,b). The initial increase in the CoF in the case of BC with alumina is also
accompanied by clearly observable fluctuations in the CoF (see Figure 8a), which could be
attributed to the higher abrasive character of the composite with alumina. Both the increase
and fluctuations in CoF values signalize an unstable friction process, which is connected
to high particle concentration at this initial period of the PoD test. The fluctuations are
also typical for any emission trends, as evident in Figure 8b. Moreover, for BC samples
with slags GBFS, BFS, and SFS, shown in red, green, and blue in Figure 8b, respectively,
lower fluctuations and magnitude in particle concentration were observed when compared
to BC with the alumina. The emission magnitudes of all three slags containing friction
composites are quite similar to each other. Figure 8c shows a typical disc wear profile of BC
with alumina. The downward dips of the curves on the negative Y-axis denote weatr, so the
Y-axis labeled as “Y’ shows the depth or height of given morphological features registered
in a given position (Lt) on the analyzed track. Figure 8d shows the disc wear profiles of BC
with GBFS, BES, and SFES in red, green, and blue, respectively. In Figure 8d, the disc wear
trends of all slags are quite similar to each other.
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Figure 8. (a) Friction; (b) Emission trends of BC with alumina and slags; (c) Disc wear profile of BC
with alumina; (d) Disc wear profile of BC with slags.

Figure 9 compares the steady-state CoF (Figure 9a), the steady-state average particle
concentration (emissions, Figure 9b), and the magnitude of pin wear (Figure 9c¢) for BC
with alumina and BC modified with slags. All of the points in Figure 9 represent an average
value obtained from four independent PoD tests and are associated with error bars showing
the variability of the average value of a given parameter. Compared to BC+alumina, the
CoF is slightly reduced for the BC specimens containing slags. The error bars connected
to the average value of steady-state CoF show almost the same magnitude for all of the
tested composites and thus characterize closely similar variability in frictional behavior
in the steady-state conditions. The lower CoF values observed for composites with GBFS
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and BFS slags are most probably connected to their lower hardness in comparison to the
hardness of alumina particles. The higher pin wear observed for SFS is related to the larger
particle size of this slag as shown in Section 3.1. and is consistent with the observation of
Sethupathi and Chandradass [40], who studied the effect of the size of zirconium silicate
and mullite as abrasives on the friction-wear performance of brake pads. The presence of
bigger particles in the SFS slag signals that the particles are more resistant to impacts of
grinding elements (note: all of the tested slags were milled under the same conditions) and
indicates a higher hardness of the SFS particles. The higher hardness of the SFS particles
is responsible for their higher abrasive character, which is further reflected in the higher
CoF value observed for BC + SFS composites compared to other slag containing samples.
For the pin wear, BCs with GBFS and BFS observed comparatively lower wear, and the pin
wear of BC with SFS is similar to BC with alumina; however, the pin wear for all specimens
is in the mild category (less than 2 x 10~14-1071> m?/N). Disc wear is not compared in this
case, as the corresponding magnitude for all samples varied in the range of 10~ m?/N,
which is significantly lower than pin wear. Figure 9c shows that the emissions are quite
reduced and appeared almost at the same level for the slag containing BC, compared to
BC with alumina. The sources of wear particle emissions during the friction process are
both the stationary pin and the rotating cast iron disc. The complex character of the SFS
particles predetermines better compatibility of the particles of this slag with the cast iron
disc and thus indicates that the BC+SFS pins are less aggressive to the cast iron disc, which
led to a decreased contribution of the disc wear to the production of wear particles.
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Figure 9. (a) Friction; (b) Emission; (c) Pin wear magnitude of BC with alumina and slags.

3.3. Analysis of BC Worn Pin Surfaces

Figure 10 shows a typical example of the worn surface of the BC pin with the cor-
responding EDXS maps of selected elements to understand the distribution of alloying
elements on the worn surface. The surface observes the presence of white regions recog-
nized through red dots Figure 10a. These are the steel fibers (evidenced by the presence of
Fe in maps) and are categorized as primary contact plateaus. The black region on the worn
surface is graphite. Another dominant region is denoted by light grey color representing
the secondary contact plateaus. From the EDXS maps in Figure 10b, the light grey mixtures
are made of Fe and O, denoting Fe oxides. The secondary contact plateaus are observed
to have a notable presence on the surface, forming compacted patches all around. The
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surface also constitutes alumina, spread evenly throughout, as seen from the Al maps
in Figure 10b.

500pm

| t—

Figure 10. (a) Worn top surface of BC; (b) Corresponding EDXS maps of selected elements on the
worn surface.

Figure 11 shows the worn surfaces of BC containing GBFS (Figure 1la-g), BFS
(Figure 11h-n), and SFS (Figure 110—u). The characteristics of the worn surface remain
similar to those of the friction surface of BC with alumina (Figure 10). However, it should
be noted that the extension of the secondary contact plateaus (light grey regions) is much
higher, compacted, and extended when compared to the specimen of BC with alumina
presented in Figure 10. Another interesting observation is the uniform spread of Ca, Si,
and Al oxides on the worn surface. When the slag and BC constituents are considered, it
can be inferred that these oxides are part of the slag composition. Additionally, in this case,
the secondary contact plateaus are predominantly made of Fe oxides. By comparing the
SEM micrographs in Figure 10a and a,h,0, a higher population of the secondary contact
plateaus and their coverage is indicated for the BC + BFS sample. The element maps of Si,
Figure 11m, and Al, Figure 11n, also show a higher occurrence of these elements on the
friction surface of the BC + BFS sample. Moreover, Figure 11j shows the lowest occurrence
of Fe on the friction surface of this sample. The lower occupancy of the friction surface with
iron could be attributed to the lower abrasion of the disc rotor. Both higher Ca together
with higher Al content, and lower iron content on the friction surface of the BC + BFS
sample also indicate the formation of a stable friction layer, which is supported by the
significantly lower spread of the particle concentration values as evidenced in Figure 9b by
the lowest extension of the error bar.
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Figure 11. Worn top surfaces of BC with slags (a-g) GBFS; (h-n) BFS; (o—u) SFS.
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To better understand the constituents of the secondary plateaus in all BC specimens,
point EDXS analyses were performed at six different secondary contact plateau sites in
multiple BC specimens. Table 4 shows the summary of the analysis. For all cases, the
secondary contact plateaus are mainly formed of Fe and O with the addition of Al, Ba, and
Sn for virgin BC. Secondary contact plateaus of BC with slag specimens consist of the same
elements as the BC+alumina sample, with the exception of manganese, detected in the case
of slag containing specimens. A higher content of Ca and Si was observed for secondary
contact plateaus of slag containing samples, whereas these elements are major constituents
of slags.

Table 4. Point/object EDXS analysis of the secondary plateaus deposited on the worn BC pin surface
with alumina and slags.

Element BC + Alumina BC + GBFS BC + BFS BC + SFS
Wt. % Wt. % Wt. % Wt. %

Iron 432 +5.3 414+42 38.1+25 474+ 6.7
Oxygen 33.7+1.8 343+25 353+24 339 +4.1
Silicon 09404 28 +0.3 2.05£+0.8 1.7 £0.1
Tin 41+1.1 41 4+0.6 51+04 35+0.1
Barium 50+15 43+04 4.8 +0.04 41+04
Magnesium 1.8 £0.8 15402 1.7 £ 0.6 14+03
Calcium 33+1.6 8.3+0.8 84+04 48+1.2

Aluminum 59+15 0.7 +0.09 1.6 £0.3 0.37 £ 0.04
Sulfur 21+0.8 23+0.2 28 +0.1 2.0 +0.06
Manganese 0+0 0.33 4+ 0.03 0.17 £ 0.02 092 +04

3.4. Analysis of Worn Disc Surfaces

Figure 12a,b shows the worn disc surfaces paired with BC+alumina and BC+SFS,
respectively. The disc after the test of BC with alumina composite (Figure 12a) observes a
few faint scratches. However, the surface of the disc after the test of BC + SFS composite
shown in Figure 12b indicates a smoother character. The Mohs hardness of alumina abrasive
is reported as 9 and thus alumina is considered a hard abrasive. Although the steel furnace
slag exhibits a very complex phase composition, it is expected that the phases presented in
the steel furnace slag have a lower hardness than alumina and are less aggressive to the
cast iron disc. This statement is also supported by the lower CoF value obtained for sample
BC + SFS in comparison to the reference sample BC+alumina (Figure 9).

500 um v 200 um

Figure 12. Worn top surfaces of discs paired with (a) BC alumina; (b) BC+FS.

4. Conclusions

In this paper, the effect of three different metallurgical slags on friction-wear perfor-
mance and wear particle emissions during the friction test of Cu-free friction composites
was studied. In-house designed base Cu-free friction mixture was modified with granulated
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blast furnace slag, slowly cooled blast furnace slag, and steel furnace slag. The Cu-free
mixture with alumina added in the same content as the slags was used as the reference.
The character of the slags influences the friction-wear performance, as well as wear particle
emissions. The presence of alumina, as a typical hard abrasive, caused slightly elevated
values of friction coefficient when compared to the parameter obtained for the simplified
composition with slags. This fact is attributed to the higher hardness of alumina abrasive
in comparison to slag particles. Moreover, taking into account the friction performance of
the samples, the concentration of wear particles released during the test was significantly
reduced in the case of the slag containing samples. The wear rate of the pins depended
on the type of slag; the lowest wear rate of the pins was observed for granulated and
slowly cooled blast furnace slag, while the pins with steel furnace slag showed a wear rate
comparable to that of the reference pins with alumina. Low wear particle emission, but at
the same time, a higher pin wear rate obtained in the case of the samples with steel furnace
slag, implies that this friction material is less aggressive toward the cast iron disc.

In this investigation, we confirmed the usability of the selected types of metallurgi-
cal slag as mild abrasives in the formulation of Cu-free friction composites. Comparing
three types of slag, steel furnace slag was indicated as the most promising. The positive
indication of steel furnace slags as one of the components of friction mixtures evokes
the need for further studies that are focused on the tuning of the slag content in fric-
tion composites, testing the slags in multicomponent Cu-free formulations used for real
brake pad manufacturing, and testing the proposed formulations on a sub-scale and
full-scale level.

From a sustainability point of view, the confirmation of the steel slags as the suitable
component of Cu-free friction composites is important. The components of friction materi-
als are quite often of natural origin, and their substitution with steel furnace slags would
lead to their preservation. Further research will focus on the effect of the steel furnace slags
on friction-wear performance and wear particle emissions during real brake scenarios.
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