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Abstract

The possibility of reusing waste metals as alternative raw materials for producing mate-
rials for friction applications was investigated. The Ti-matrix composites containing 40 wt.%
of waste Ti with fixed powder additions of 25 wt.% Fe, 10 wt.% ZrO2, 5 wt.% SiC, 5 wt.%
graphene nanoplatelets (GNPs), and 15 wt.% of alternative additions of waste metallic mate-
rials, namely MgAl CuZn, Al, were prepared by mechanical milling and mixing of powders
and subsequent compactization using spark plasma sintering (SPS) technique in vacuum at
process parameters 1000°C and 50 MPa for 10 min. As confirmed by microstructural and
tribological analyses, all studied composites exhibited satisfactory average hardness values
(220-350 HV 5) and coefficient of friction (0.5-0.7). Obtained results on wear resistance indi-
cated that among all the currently studied composites, the developed metal-ceramic composite
40Ti-25Fe-15MgAl-10ZrO2-5SiC-5GNPs has the most promising potential to be applied for

intended friction applications.
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1. Introduction

Brakes are mechanical devices used to slow down,
stop moving, or prevent motion [1, 2]. Materials for
friction applications represent two surfaces pressed
together. During this process, friction occurs. This
movement converts kinetic energy into heat, electrical
energy, and potential energy, which can be stored for
later use. Also, the kinetic energy from braking can be
transformed into the energy of a rotating flywheel. The
brake performance of a vehicle is determined by the
tribological properties between the brake system and
braking pad [3-5]. The exact chemical composition of
commercial friction materials is not commonly avail-
able in the freely available literature. Friction compos-
ites can be manufactured from different types of mate-
rials. They are designed as so-called multi-ingredient
composite materials with the addition of reinforce-
ments [6-8]. These play an important role in achieving
high friction coefficients and good wear resistance dur-
ing braking. Friction composites can be characterized
by the main component as semi-metallic, non-asbestos
(NAO), low-metallic NAO, and ceramic. NAO, also
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called organic, is made from organic fibers like carbon,
rubber, glass or Kevlar with high-temperature resis-
tance. Low-metallic NAO is made from organic matter
with the addition of 10-30 wt.% of copper or steel wool
to increase thermal conductivity. Semi-metallic brake
pads are from 30-65 wt.% metallic. It is a mixture of
shredded copper, iron dust and steel wool with fric-
tion modifiers. Unfortunately, these are louder, with
low efficiency at low temperatures. Ceramic brake
pads are quiet and clean, with excellent braking ef-
fects. They tend to produce less dust and other par-
ticles as they wear down in time. They can be used
in a wider temperature range and driving conditions,_
Although they have fine copper fibers to help increase
friction and heat conductivity, there are some limita-
tions. They tend to be expensive. Moreover, ceram-
ics and copper cannot absorb as much heat as other
materials. This often results in more intensive wear
of braking components. Ceramic brake pads are un-
suitable for extreme driving conditions, e.g., freezing
climates. Metallic brake pads consist of 30-70 % met-
als like copper, iron, steel or other composite alloys.
These are combined with graphite lubricant and other
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fillers. The compounds offer their advantages for dif-
ferent situations. Metallic brake pads offer improved
braking performance in a much wider range of tempe-
ratures and conditions. Metals are good heat conduc-
tors and do not compress like organic brakes. There-
fore, there is a need for less pressure to affect stop-
ping ability. But there are also some disadvantages.
They tend to be louder than ceramic brake pads and
also produce more brake dust [9]. The main friction
composite parameters we must focus on are working
temperature, friction coefficient, wear resistance, cor-
rosion resistance, etc., during friction [10, 11]. Nowa-
days, increased interest is focused on criteria guar-
anteeing low-cost and environmentally friendly pro-
duction. Due to depleting natural raw materials re-
sources and environmental protection requirements,
manufacturers and researchers are permanently look-
ing for new materials and their combinations to pro-
duce composites with desirable functional properties
and minimal effects on the environment and human
health [12]. One of the possible approaches for friction
composite design is focused on using waste materials
from other manufacturing processes, e.g., machining
operations, as additive ingredients [13]. Among other
things, safety requirements, the long life of the brake
parts, and high comfort (dynamic and acoustic as-
pects) are not lacking interest [14-16]. Possible metal-
lic waste materials for use in such applications can
be, for instance, titanium, aluminum, copper, stainless
steel, or any commercial non-ferrous metallic mate-
rials, e.g., MgAl, CuZn, etc., in the form of chips, fibers
or powders. Titanium can be used due to its excel-
lent strength, high elastic modulus, wear resistance,
and chemical and thermal resistance. Aluminum re-
places iron and other metals due to its low weight,
high strength, and corrosion resistance. Copper and
its alloys have various uses that reflect their versatile
physical, mechanical, and chemical properties. Cop-
per has high thermal conductivity and good corrosion
resistance. Stainless steel in the form of sawdust is
highly corrosion-resistant. CuZn alloys have good re-
sistance to corrosion in the atmosphere, sea water, and
overheated steam. The cost of copper-based alloys is
generally higher than that of steels but lower than
that of nickel-based alloys. MgAl alloys are light and
possess good mechanical strength and thermal con-
ductivity. All these materials are promising for a wide
range of use, e.g., friction materials, structural mate-
rials, wear-resistant parts, etc. Previous experiments
on adding Ti machining waste in the form of fibers or
chips into Cu-Fe based metal matrix composite, with
the addition of ZrOs, SiC, and graphite, resulted in a
beneficial effect on friction coefficient (COF). But it is
necessary to focus on ensuring higher microstructure
homogeneity of the prepared composites, e.g., by using
high-energy ball milling [17]. The brake performance
is affected not only by individual components but also

Table 1. Experimental composites composition (wt.%)

Composite components Al* A2** AJHH*
Ti 40 40 40
Fe 25 25 25
MgAl 15 - -
CuZn - 15 -
Al - - 15
ZrO2 10 10 10
SiC 5 5 5
GNPs 5 5 5

*A1l — 40Ti-25Fe-15MgAl-10Zr0O2-5SiC-5GNPs
**A2 — 40Ti-25Fe-15CuZn-10Zr0>-5SiC-5GNPs
*** A3 — 40Ti-25Fe-15A1-10Zr0»-5SiC-5GNPs

by manufacturing process and parameters, which is
considered the second source of heterogeneity [18].

In the present work, experimental SPS-fabricated
Ti-Fe metal matrix composites with the addition of Al,
CuZn, MgAl, graphene nanoplatelets (GNPs), ZrOa,
and SiC were studied. The main aim of this work
was to examine the use of selected alternative metal-
lic waste materials incorporated into the Ti-Fe metal
matrix to determine their use in friction composites
concerning the required tribological properties and
to highlight the possibilities for recycling these waste
materials in materials for friction applications.

2. Experimental materials and methods

Our experimental materials represent the combina-
tion of metal-matrix (Ti, Fe) with the addition of ce-
ramics (ZrO2, SiC) and waste metallic materials (Al,
CuZn, MgAl). The addition of 5wt.% of GNPs was
used to enhance the friction behavior. The exact com-
position of our three experimental composites in wt.%
can be seen in Table 1. Three different mixtures of
Ti-Fe-based metal matrix composite materials were
produced by spark plasma sintering (SPS). The ex-
perimental composites (Table 1) were designed with
regard to their required properties, e.g., high thermal
conductivity and reduced fading behavior.

The characteristics of raw materials used to pre-
pare investigated composites are given in Table 2.

Figure 1 shows the morphologies of the four input
waste materials before adding them into the UFO disc
mill. The waste Ti exhibits variously sized and shaped
chips morphology, as shown in Fig. 1a. The MgAl ex-
hibits irregular morphology, variously sized chips and
shavings (see Fig. 1b). Figure 1c shows the morphol-
ogy of CuZn powder with the average particle size of
35 um. Figure 1d shows the spherical Al powder with
a particle size of around 50 um.

During the braking, friction-related heat genera-
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Table 2. Characterization of raw materials used for the preparation of investigated composites

Raw material Size and form Purity Supplier
Ti Variously sized and shaped 98 % Ti, impurities: Fe, Al, V, Ni, Pkchemie-kovyachemie.cz
chips and oil from machining
Fe Powder with 45 pm grain 99.9 % Fe, grade: ASC 100.29 Hoganids AB Sweden
size
MgAl Variously sized chips and 89.5-91 % Mg, 7.5—- 9 % Al, about Pkchemie-kovyachemie.cz
shavings 1 % of impurities: Zn, Mn, Cu
CuZn Powder with 35 um average Cu > 70 %, Zn stabilized > 30 % Pkchemie-kovyachemie.cz
grain size
Al Powder with 50 um average min. 99.4 % Al, max. 0.11 % Si, Pkchemie-kovyachemie.cz
grain size max. 0.07 % Cu
ZrOq Powder with 5 pm grain 99 % ZrO4 Sigma Aldrich
size
SiC 3-SiC powder with 0.5 pm 99.9 % SiC HC Starck
grain size
GNPs Synthetic with 20 pm grain Sigma Aldrich
size

Fig. 1. Morphologies of input waste materials used for SPS fabrication of investigated composites: (a) Ti-chips, (b) MgAl
alloy chips and shavings, (c) CuZn powder, and (d) Al powder.
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tion occurs. Copper addition within the experimental
composites is responsible for increasing the thermal
conductivity. CuZn, in addition to it, has very good
corrosion resistance. Thus, the more efficient cooling
of the brake components, as well as considerable im-
provement of their braking efficiency, can be possi-
bly obtained. Titanium has been added due to its
very good wear and chemical and thermal resistance.
Adding Al is helpful where high strength at a low
weight is required. MgAl alloy is lighter and stronger
and provides better heat conduction. The addition of
ceramic powders, such as ZrOs and SiC, aims to im-
prove hardness and friction behavior. The optimal co-
efficient of friction (COF) of brake materials has to be
0.3-0.7 in dry friction systems. The ceramic abrasives
ZrO5 and SiC improve the cold friction behavior.

On the other hand, the graphene nanoplatelets
(GNPs) act like a lubricant lowering the friction level
via the building-up of friction films. It also improves
corrosion resistance and is like an anti-noise agent on
the friction surface. For each experimental composite
composition, the powder mixture was added into the
so-called UFO disc mill (WAB AG, Switzerland) for
2 x 5 min. Before mixing with other ingredients, the
Ti-chips were ultrasonically cleaned in perchloroethy-
lene. The mixed composite powder was loaded into
a graphite mold with an inside diameter of 20 mm.
The SPS machine (HP D 10SD, FCT Systeme, Ger-
many) was used to sinter prepared mixtures in a vac-
uum (5Pa). A pulsed direct electric current was ap-
plied with a pulse duration of 15 ms and a pause time
of 3 ms throughout all sintering experiments. The tem-
perature was measured using a top pyrometer focused
inside a hole in the punch at a distance of 4 mm from
the sample. The mold/punch assembly was wrapped
in a graphite insulating foil and placed in the SPS.
The powder was then heated in low vacuum condition
(10Pa). The sintering temperature was 1000°C, the
heating rate 100°C min—!, the dwelling time 10 min,
and the applied pressure 50 MPa. The composite sam-
ples were sintered as discs with a diameter of 20 mm
and thickness of 4 mm. All the ceramic discs were
ground, followed by polishing with a series of SiC
abrasive papers down to 3 um. After these processes,
they were polished with diamond paste to smooth
the surface. The apparent density was measured as
a ratio between the apparent volume and dry mass
of prepared samples. Microhardness was determined
according to the Vickers hardness method at 500g
loading for 10s per measurement. The microstruc-
ture of the sintered composites was analyzed using
a light optical microscope Olympus GX 71 and scan-
ning electron microscope (SEM) Tescan Vega-3 LMU,
equipped with an energy dispersive X-ray spectrome-
ter (EDXS) Bruker XFlash Detector 410-M for area-
elemental chemical composition analysis. Also, scan-
ning electron microscopy (SEM, JEOL JSM-7000F,

Netherlands) was equipped with an energy disper-
sive spectrometer (EDS) system for microstructure ex-
amination and spot elemental chemical composition
analysis. The X-ray diffraction (XRD) phase anal-
yses of investigated composites were performed us-
ing a Philips X’Pert Pro diffractometer (Panalytical
B.V., Almelo, The Netherlands) using Cu-Ka radia-
tion. The friction and wear behavior of the composites
were studied by using a tribometer HT'T by CSM In-
struments in the air at room temperature, employing
a common “ball-on-disc” technique. The tribological
partner for each tested material was a polished ball
with a 6 mm diameter, made of conventional bearing
steel, corresponding to the counter-part material in
real brake systems. The applied load was 3 N, the slid-
ing speed ranged from 100 to 300 mm s~ !, and the slid-
ing distance was 500 m. The wear resistance for indi-
vidual experimental composites at used sliding speeds
was determined by measuring the average weight loss
using analytical balance KERN ABJ 120-4M with a
nominal accuracy of & 0.0001g. The morphology of
worn surfaces and wear mechanisms was analyzed us-
ing a confocal 3D Optical Profiler (PLu neox, SENSO-
FAR). The chemical composition of composite samples
was prepared by SPS and the original recycled powder
was determined by EDXS analysis.

3. Results and discussion

3.1. Sintering behavior, microstructure,
morphology, and components distribution

Figure 2 shows the SEM-EDXS mapping of three
milled powder mixtures of friction composites. It in-
dicates that all powders were dispersed uniformly in
the titanium matrix for all the mixtures.

As shown by the EDXS results for samples Al,
A2 and A3, the large red and purple particles are
titanium. The dispersed green particles are graphene
nanoplatelets. The good distribution of GNPs in the
matrix was found in all composite powder materials.
This potentially can create an electrically conductive
grid that can enhance the sintering process. The sin-
tering curves (shrinkage vs time) of the spark plasma
sintered composites A1-A3 according to the one-step
loading cycle and sintering temperature and force vs
time are presented in Figs. 3 and 4, respectively. Dense
materials were obtained from the samples sintered ac-
cording to the one-step loading cycle. The densifica-
tion curve of the samples shows a densification behav-
ior. The densification process starts approx. at 450°C,
reached already at 750°C in the case of A3, which is
about 250°C under setting sintering temperature, and
in the case of samples A1 and A2 after reaching setting
sintering temperature at 1000°C.

The microstructures of individual sintered compos-
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Fig. 2. EDXS mapping of three milled composite powder
mixtures after milling in the UFO disc mill: (a) composite
A1, (b) composite A2, and (c) composite A3.

ites produced by SPS are shown in Fig. 5.
Light-optical microstructural analyses showed that
dense microstructures with very low porosity were
found in all sintered materials. Figure 5 indicates that
the porosity of produced SPS composites is less than
1%. The measured values of hardness and apparent

Table 3. Hardness and apparent density of studied com-
posites

Composite Hardness HV 5 Apparent density (gcm™>)

Al 310.8 + 114.3 4.568
A2 220.8 +99.9 4.832
A3 349.4 £+ 107.2 4.897
10
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Fig. 3. Sintering curves showing shrinkage vs time for stud-
ied composites A1, A2, and A3.

density of studied composites are shown in Table 3.
It can be stated that the selected sintering pa-
rameters (1000°C, 50 MPa, 10 min) of the used SPS
process for the production of studied composites were
capable of ensuring the highest possible compaction.
It is seen that the microhardness is higher for the
composites Al and A3 and lower for the composite
A2 (Table 3). Moreover, for the prepared composites,
it was observed that for the same sintering tempera-
ture, the microhardness of the sample containing Al is
slightly higher than for the samples containing MgAl
and CuZn (see Table 3). However, the measured hard-
ness values exhibit large scatter bands in all cases be-
cause the grain size of titanium particles is much larger
than the grain size of the other fine powders. Thus
the large-grain titanium vastly influences the micro-
hardness value scattering of Ti-matrix composites. It
is clear that for all composites, the apparent density
and microhardness change with the individual addi-
tive. Compared to the sample with aluminum, the ef-
fect of the use of GNPs on the microhardness of the
prepared composites is significantly greater for Al ad-
ditive than for MgAl and CuZn. This is probably re-
lated to the fact that in the case of graphene additive,
the application of pressure has a significantly greater
effect on the compaction of composite with Al than
in the case of composites with CuZn and MgAl addi-
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Fig. 4. Sintering curves showing sintering temperature and
force vs time for individual compositions: (a) composite
A1, (b) composite A2, and (c) composite A3.

tives, which may be due to the enhanced reinforcing
kinetics thanks to graphene nanoplatelets dispersion
mechanisms. The results of XRD phase analyses of
individual composites are shown in Fig. 6.
3.2. Tribological behavior
3.2.1. Coefficient of friction

The dynamic friction coefficients (COF) of A1-A3

Fig. 5. Light-optical microstructures of individual studied
composites: (a) composite Al, (b) composite A2, and (c)
composite A3.

with respect to time are shown in Fig. 7 at sliding
speeds from 100 to 300 mms~! under 3 N.

When sliding a 100Cr6 steel ball against compos-
ite Al, the COF at all sliding speeds is about 0.4
at first approx. 500 s, then oscillates between 0.3 and
0.5. But at the sliding speed of 100 mms~!, the COF
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Fig. 6. XRD phase analyses of individual composites: (a)
composite A1, (b) composite A2, and (c) composite A3.

slightly increased to 0.6. It was caused thanks to adhe-
sive/abrasive mechanisms at the dry sliding without
lubricant. In general, COF can be divided into two

Coefficient of friction (-) Coefficient of friction (-)

Coefficient of friction (-)

357
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Fig. 7. Coefficient of friction vs time: (a) composite Al,

(b) composite A2, and (c) composite A3.

stages: the first stage — trial run and the second stage
— stable running. At the speed of 100 mm s~—! and with
increasing sliding time, the COF increased for A1, A2,
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Fig. 8. SEM images of tribo-tracks: (a) composite A1, (b)
composite A2, and (c) composite A3.

and A3 composites up to 0.65. As the sliding speed
increases up to 300 mm s~!, the real contact area and
asperities meshing of the friction pairs increase. Thus,
there is an apparent decrease in the friction coeffi-
cient down to approx. 0.4. This is because the higher
sliding speed results in faster surface rubbing and a
higher surface temperature. Then, the high tempera-
ture may lead to the softening of the surface, mean-

Fig. 9. EDXS maps of worn surfaces: (a) composite Al,
(b) composite A2, and (c) composite A3.

while improving the deformation ability, so the surface
roughness and friction coefficient are both decreasing
[5, 9].

3.2.2. Wear behavior

Figure 8 shows the SEM micrographs of the worn
surfaces of A1-A3 samples sliding against 100Cr6
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Fig. 10. Tribo-track profiles of sample A1 after tribological tests at various sliding speeds: (a) 100 mms™*, (b) 200 mm s™*,
and (c) 300 mms™?'.

bearing steel ball at 3N and 100-300 mm s~1!.

Discontinuous layers are observed on the worn sur-
faces of Al and A3 samples. EDXS maps of worn sur-
faces are presented in Fig. 9.

SEM images of worn samples revealed that matrix
breakage and ploughing reduced as the sliding speed
increased. This shows that adding Al and, to a lesser
extent, MgAl significantly impacts the wear properties
of A3 and A1l composites. The higher surface tempe-
rature at the higher speed of 300 mms~! (in the case
of sample A3) favors the formation of wear debris and
its adverse effects on the increased wear. In the case
of A1 and A2 composite, wear is significantly lower,
probably because there are small changes in the sur-
face performance of the materials, and it is influenced
by the mechanical roughness degree, the molecular at-
traction of the surface and interfacial strength, respec-
tively. In Fig. 10, the tribo-track profiles of sample A1l
are shown for various sliding speeds. During the tribo-
logical test, sample A3, with the addition of Al, had
major material exfoliation in the area of the tribo-
track after the tribo test at 300 mm s (see Fig. 11).
This disruption of the material during the tribological

Fig. 11. Tribo-tracks of composites A1, A2, A3 (from left
to right) after completed tribological tests at sliding speeds
100, 200, and 300 mm s~ *.

test is also documented on the COF vs time graph,
Fig. 7. The wear resistance for individual experimen-
tal composites and used sliding speeds was determined
by measuring the average weight loss. The obtained
results are summarized in Table 4.

In Fig. 12, flat patches were observed, and a slight
decrease in the depth and width of the track profile
at the corresponding axonometric plot of the A1 com-
posite.

The appearance of smooth stripes illustrates the
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Table 4. Weight loss values of studied composites for ap-
plied tribological test conditions (applied load 3 N, sliding
distance 500 m, sliding speed from 100 to 300 mm s™*)

Composite Sliding speed Average weight loss
(mms™") (8)
100 0.0035
Al 200 0.0051
300 0.0163
100 0.0369
A2 200 0.0124
300 0.0187
100 0.3245
A3 200 0.0225
300 0.1080

plastic deformation of the sample surface created in
the sliding at the slowest speed (Fig. 10a). At higher
sliding speed, the cracks caused by the fatigue effect
are propagated to the surface, thus resulting in the
micro-scale fragmentation and exfoliation of materials
(Fig. 10b). However, at the highest sliding speed, the
wear of Al composite is more moderate (Fig. 10c).
These typical properties represent the typical abrasive
wear behavior [19]. In Fig. 11, it is seen for A1 and A2
composites that there are no deep furrows on the worn
surfaces, and the edge of the wear scar is smooth and
flat, indicating that the wear resistance of A1 and A2
composites is significantly better in the comparison
to the A3 composite. Current experiments were car-
ried out at room temperature; therefore, in our future
work, it will be desirable to perform tribological tests
on the examined composites at elevated temperatures
and higher loads to assess the suitability of their appli-
cation under high temperature (up to 300°C) friction
conditions.

4. Conclusions

This work dealt with the friction properties of
metal-ceramic composites enriched by waste metal
powders and chips, namely the preparation and char-
acterization of Ti-Fe-MgAl (CuZn, Al) metals, ZrO»-
-SiC ceramics and incorporated graphene nanoplatelets
(GNPs). In the experimental part of this work, ex-
amined composite samples were prepared from recy-
cled and commercial powder components by spark
plasma sintering (SPS) at a temperature of 1000°C
and 50 MPa sintering pressure to prepare composites
with near to 100 % density (non-porous). We investi-
gated the suitability of using waste metallic materials
as an additive or enrichment of the metal-ceramic ma-
trix of materials for friction applications. We studied

um

45

40

Fig. 12. Axonometric plots of wear tracks on A1l composite

obtained from wear tests under dry sliding conditions at

various sliding speeds: (a) 100 mms™!, (b) 200 mms™*,
and (c) 300 mms™*.
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the effect of adding these waste materials concerning
their effect on sintering and, subsequently, on the tri-
bological properties of the composites. The obtained
results are summarized in the conclusions below:

1. The basis of the matrix of the studied composites
was Ti and Fe in the ratio of 40 wt.% and 25 wt.%,
taking into account the results of previous experiments
[17], where it was shown that this ratio had the most
favorable effect on both COF and wear values.

2. The sintering parameters (1000°C, 50 MPa,
10 min) of the studied composites, to ensure the high-
est possible compaction, seem to be sufficient con-
cerning the achieved values of COF, hardness and
wear resistance for the composite with the addition
of MgAl (Al sample) showing slight abrasive wear
behavior with probable micromachining or low-cycle
fatigue wear mechanism.

3. Tribological tests performed at speeds 100, 200,
and 300mms~! show that the COF values varied
with speed, peaking at about 0.65 at 100 mm s~—! and
with increasing speed, there was an apparent reduc-
tion down to about 0.4, which may have been affected
by faster surface rubbing and higher surface tempera-
ture which leads to softening the surface.

4. This study has shown that the SPS sintering
technique can be used to fabricate Ti-Fe matrix waste
metal friction composites. The obtained results on
wear resistance indicated that the 40Ti-25Fe-15MgAl-
-10ZrO2-5SiC-5GNPs metal-ceramic composite (sam-
ple Al) shows the most promising potential for de-
manding friction applications.
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