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Abstract

Copper—alumina composites of the interpenetrating networks type are interesting materials for many applications because
of their properties. On the base of preliminary investigations and practical works, in order to obtain a material with high
resistance to friction wear as well as good dissipation of heat generated during work, it was decided that a developed material
would be prepared on the base of the Cu—Al,O; composite, with a graded composition. In this paper, we present the developed
method of manufacturing dense copper—alumina FGMs, using ceramic preform with a graded porosity infiltrated with molten
copper. The article also presents the full characterization of the obtained materials and mainly the impact of microstructure
on the useful properties. The produced gradient material of a Cu—Al,O; brake disk underwent tribological tests under condi-
tions resembling real conditions. These disks also went through a series of abrasive wear trials at different operation stages.
In comparison with the reference material (i.e., grey cast iron), the obtained gradient materials are characterized by a lower
degree of wear when retaining a similar coefficient of friction value due to the ceramic phase addition. Additionally, it was

found that using the copper-based gradient material guarantees faster heat dissipation from the contact area.

Keywords Composites - Interpenetrating network materials - Functionally gradient materials - Brake disc

1 Introduction

Metal-ceramic composites have been widely applied in
industries, like aerospace, automotive, and in many others
[1]. In [2], this is explained by their high ratio of strength
to mass and specific stiffness as well as excellent thermal
conductivity and excellent wear resistance. The automotive
industry needs improvement related not only to improved
driving comfort and safety, but also to increased efficiency of
fuel consumption and emission standards, which translates
into a reduction in the weight of vehicles by using such com-
posites [3]. Therefore, it seems that an important aspect is
the improvement in wear resistance at elevated temperatures

< Agata Strojny-Nedza
agata.strojny @itme.edu.pl

I Research Network LUKASIEWICZ, Institute of Electronic
Materials Technology, 133 Wélczyniska Str., 01-919 Warsaw,
Poland

Institute of Fundamental Technological Research, Polish
Academy of Sciences, SA Pawinskiego Str., 02-106 Warsaw,
Poland

3 CREF, Centro Ricerche Fiat, Strada Torino 50, Orbassano,
Italy

Published online: 03 July 2020

as well as the improvement in mechanical properties. Wan-
nasin [4] suggests that interesting material solution is inter-
penetration network composites (IPCs). Composites with a
high ceramic phase content are usually obtained by infil-
tration (under pressure or non-pressure) of porous ceramic
preforms with liquid metal. In [5], it was reported that com-
posites of the type of interpenetrating phases of ceramics
and metal IPCs with given functionality (e.g., high thermal
conductivity) and increased bending strength, resistance to
cracking and abrasion as well as resistance to temperature
are interested. In [6] the authors obtained Al,0;—Cu com-
posites by infiltration of porous preforms by copper and,
based on tests of their properties, stated that these materials
have very good thermal, electric, and mechanical properties.
The materials used in brake rotors should absorb and dis-
sipate the heat generated during braking. Therefore, when
designing brake discs, it is very important to prevent exces-
sive temperature increase in its working elements. Ceramic
and metal composite materials are characterized by high
resistance to thermal shocks, necessary, for example, when
the brake disk contacts the water [7]. In another work [8], it
is confirmed that good mechanical and tribological proper-
ties provide the properties of ceramics and the addition of
metal raises, among others, the value of thermal conductivity
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Fig.1 SEM micrograph of alu-
mina powder (a) and rice starch
powder (b)
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and increases resistance to cracking. Sobczak suggests that
composite brake discs could potentially have a longer life-
time and also be lighter than the typical grey iron disc, an
important feature for reducing fuel consumption [9]. Rein-
forced aluminum composites have been introduced as disc
materials [10, 11]. The developed technology of manufactur-
ing interpenetrating phase composites as well as composites
with a composition gradient offers ample opportunities of
their application in solutions where the main factor is wear
as well as heat generation in working conditions [12, 13]. An
increased resistant to abrasive wear, in addition to increasing
the material’s life span, also influences the elimination of the
possibility of occurrence of toxic wear products that pollute
the natural environment [14]. The main point of this work
was to develop a gradient material Cu—Al,O; with interpen-
etrating network structure in view of potential application of
these composites in the automotive industry. The purpose
of the proposed structure of a gradient composite was to
maximally reduce local tensile stress in the ceramic phase
and on the metal/ceramic phase boundary that occurs inside
FGM layer, while at the same time obtaining high values of
technical parameters resulting from the combination of the
properties of metal and ceramics. The developed technology
of FGM material manufacture was also to ensure material
stability in heightened and variable temperature, as well as a
stable friction coefficient in conditions similar to real condi-
tions (conditions similar to those of a working brake disc).

2 Experimental procedure

2.1 Preparation of ceramic slurry and porous
preform

Ceramic porous preforms were fabricated using the tape
casting technique. Commercially available aAl,O; powder
(Almatis, grain size 4.8 pm) was used to prepare slurry mix-
ture and next ceramic green bodies as individual foil and
compacted preform (Fig. 1a). The ceramic slurry, consisted
of aluminum oxide powder, binder, plasticizer, surfactant,
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Fig.2 Rheology of ceramic slurry for the different composition

Table 1 The values of dynamic viscosity of slip masses at a shear
rate of 100 1/s

0% RS 10% RS 20% RS 30% RS 40% RS

Dynamic viscosity 0.113 0.083  0.058 0.055 0.034

(Pa/s)

and pore-forming agent, was mixed using ball mill. The rice
starch (RS) powder (Remy, grain size 5.0 pm) was used as a
pore-forming agent (Fig. 1b). The mixing process was con-
ducted at RT in air using rotational speed 300 rpm, mixing
time 90 min, and BPR 3:1.

The quantitative and qualitative composition of the slur-
ries needed for the preparation of ceramic foils was selected
based on the results of research on their rheological prop-
erties and on the basis of macroscopic observation of the
obtained foils. The obtained results of the shear stress
dependence on shear rate showed that the slurries possess a
small hysteresis loop and thus low values of the thixotropy
coefficient, which indicates their stability over time (Fig. 2).

The obtained values of dynamic viscosity for various
compositions of slip masses for a shear rate of 100 1/s are
presented in Table 1.

The viscosity of the slurry is significantly impacted
by the concentration of the solid phase; the higher the
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concentration, the higher the viscosity [15]. With the addi-
tion of rice starch, the amount of the liquid phase added
to the mass (in order to liquify it) increases, and thereby
the concentration of the solid state decreases. Another very
important factor impacting the viscosity value is the dis-
tribution of particle size in the slurry. The viscosity of the
slurry, where an appropriate fraction of smaller particles
is present alongside larger particles (polydisperse slurry),
is lower than when powder is used that consists of large,
uniform particles (monodisperse slurry).The doctor blade
technique [16, 17] was used to ceramic foil casting prepa-
ration process. The obtained foils were dried for 24 h at
the room temperature and finally removed from the surface
of the belt. The thickness of the foils was in the range of
0.2-0.3 mm. Finally, the ceramic foils were cut and stacked
to prepare gradient preforms with different amounts of rice
starch. Then, a lamination process was conducted using an
external pressure of 40 MPa at the temperature of 100 °C in
a metal form. Four-layered gradient preform (FGM), con-
sisted of over forty individual foils, was prepared, as shown
in Fig. 3. It was assumed that the first and last layers would
form the thickest layers in the FGM material. Such a selec-
tion of the composition of the gradient material is the result
of its intended function. When selecting the composition
of a gradient material, achieving the planned goals was the
principle followed. The material prepared for a brake disc
demonstrator was to fulfill two basic functions above all,
i.e., to be resistant to abrasive wear (the inner side of the
disc should contain a larger amount of the ceramic phase) as
well as to dissipate heat efficiently that would be generated
while the disc is working (the outer side of the disc with a
higher volume fraction of copper, characterizing by high
thermal conductivity). As a reference sample, an un-graded
demonstrator preform (UD) that consisted of 40% RS foils
was prepared.

The sintering process of ceramic preforms was divided
into two stages [18]. The organic additives’ burnt-out pro-
cess was conducted at a temperature of 1100 °C with the
intermediate stop at temperature 600 °C. The heating rate
was as follows: 0.8 °C/min for RT-600 °C and 2.0 °C/min
for 600-1100 °C heating range. It was assumed that mini-
mum open porosity in the ceramic preforms to be infiltrated
with liquid metal should be 30%. This is a critical value of
material porosity at which infiltration may occur (the classic

Fig.3 The composition of (a)

problem in percolation theory). This is related to the occur-
rence of an infinite cluster, i.e., a channel (with complicated
geometry) from one side of the sample to the other [19].
The targeted porosity (30%) in the ceramic preforms was
obtained at the sintering temperature of 1670 °C and 60 min
sintering time. During the organic component burnout,
open channels of pores were created. It was found that the
ceramic preform porosity is higher than the added amount
of pore agent (rice starch) due to inherent pores present in
the ceramic. Consequently, all of the FGM layers had some
additional porosity that contributed to the total porosity.

2.2 Fabrication process of Cu-Al,0; composites
and FGM Cu-Al,0,

Fabrication process based on infiltration technique was made
at Institute of Materials and Machines of Slovak Academy
of Science (IMSAS) in Bratislava, Slovakia. The squeeze
casting process of the graded and ungraded preforms with
molten copper was conducted at 1280 °C using 10 MPa pres-
sure for 90 s. Before the infiltration process, porous preforms
were preheated to about 700 °C. The turbulent filling process
may cause the formation of copper oxides film, which can
negatively influence on the composite properties. The pro-
cess conditions should limit the possibility of cracks forming
in the ceramic preform because of thermal shock. In the first
stage of the copper infiltration process, the threshold capil-
lary resistance of the porous ceramic has to be overcome
by the pressure used. Next, the infiltration process occurs
in a stable way until the open pores in the ceramic structure
are fully filled up. Photographs of infiltrated demonstrators
of a brake disc are shown in Fig. 4. Additionally, for basic
materials properties measurements the non-graded compos-
ite materials were performed. Cu—Al,O; composites with a
different volume fraction of the ceramic phase in the range
of 30-50 vol% were prepared.

When liquid metal is poured into a ceramic preform, it
is subject to forces that cause high tensions in the preform.
The proper mechanical strength of the preform ensures
that it keeps its initial shape in the process of pressure
infiltration. It is therefore crucial to manufacture porous
materials that can withstand the forces acting upon them
during infiltration so that no microcracks occur in the vol-
ume of the material (preform) that could result in breakage

(b)

graded samples for a demonstra-

tor brake disk (a) and laminated 0%RS 4.0 mm (12 single foils)
samples (b) 10%RS | 1.6 mm (7 single foils)
20%RS 1.6 mm (7 single foils)
30%RS 1.6 mm (7 single foils)
40%RS 3.0 mm (9 single foils)
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Fig.4 Photograph of infiltrated copper—alumina demonstrator (a): gradient (FGMD) (b) and un-gradient (UD) (c)

and therefore destruction during the exploitation of the
material. The applied parameters of the process ensured
complete infiltration of the ceramic preforms, and no
destruction of ceramic preforms during the process was
observed.

2.3 Microstructure, mechanical, and thermal
analysis methods

The microstructures of materials were examined using
AURIGA CrossBeam Workstation SEM. The Vickers hard-
ness (HVS) measurements were performed with a diamond
indenter using DuraScan-20 Struers apparatus. ZWICK
1446 testing machine was used to determine the bending
strength of the composites. The test was made in a three-
point bending mode, the displacement speed of 1 mm/min,
and the head load of 10 kN. LFA457/Netzsch was used to
estimate the thermal conductivity.

2.4 Application tests

The prepared demonstrators of a brake disc (gradient
(FGMD) as well as un-gradient (UD) underwent tests of
tribological properties in CRF in Turin. Application tests
were conducted that consisted in testing the friction wear
resistance of the prepared demonstrators. Steel with cop-
per and zirconium additives was used as the material of the
counter-sample. Wear tests of the disc brake demonstrators
were conducted in various conditions (tests under applica-
tion near conditions). In the first work cycle, varying loads
were adopted with a constant rotation speed of the disc in
dry lubrication conditions; in the second cycle, water was
used as the lubricant for wet lubrication conditions; in the
last cycle, changing conditions were adopted, i.e., changing
rotation speed of the disc and varying pressure (Fig. 5).

@ Springer

3 Results and discussion
3.1 Characterization of ceramic, porous preforms

The obtained porous ceramic preforms were subjected to
characterization of their physical and mechanical proper-
ties. In order to determine the porosity of ceramic preforms,
pore size distribution tests were performed on a porosimeter
(Fig. 6). In addition, porosity measurements were made via
the Clemex television image analysis method. The obtained
results of porosity and average pore sizes in ceramic pre-
forms are presented in Table 2. The total porosity of FGM
layers varied from 30% to approximately 50%, as controlled
by the amount of RS added. It should be noted that 0% RS is
not equivalent to zero porosity. The sintering tests of Al,O;
powder (in analogous process conditions) with no rice starch
addition indicated the presence of some amount of inherent
porosity in ceramic structure.

Based on the analysis of the graph of pore size distribu-
tion, it can be stated that the volume fraction of the rice
starch addition strongly influences on the amount, size,
and shape of open pores in the ceramic preform. Figure 7
presents the SEM micrograph of a porous ceramics with
a porosity of about 50% (40% RS). Channel pores can be
seen in the photographs, with a cross section under 2 pum,
distributed uniformly throughout the volume, which makes
it possible to infiltrate liquid metal into the preforms.

Figure 8 presents the micrograph of a bridge connecting
ceramic aAl,O; grains that was formed during the sinter-
ing of the preform. Surface analysis of element distribu-
tion (EDS) has shown that properly selected parameters of
burning the organic additives have ensured the purity of the
chemical composition of the preform.

Based on the performed observations and EDS analysis,
taking into account quality analysis, it can be concluded that
the connections between the ceramic grains of aluminum
oxide have the same chemical composition as their surface.
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Mechanical and thermal measurements of ceramics with
different amounts of porosity have also been conducted. The
values of hardness as well as three-point bending resistance
were determined, and tests of heat conductivity as a function
of temperature were conducted. The obtained results for pre-
forms with varying shares of pores are presented in Table 3.

The hardness measurement had an error result-
ing from the lack of a clear impression of the hardness
meter’s indenter. The lower hardness was characterized
by a higher relative measurement error (~7%), while for
higher hardness, the measurement error was ~2%. Hard-
ness tests using the Vickers method provide important
data regarding the strength of the porous ceramics and

Time [s]

the possibility of its being damaged in reaction to exter-
nal loads (e.g., during the infiltration with liquid metal).
The results of bending resistance of porous ceramic pre-
forms have shown that the lowest resistance of 43 MPa
was found for preforms with the highest porosity, i.e.,
50% and that this value is approximately 50% lower than
the resistance of the preform with porosity ~30%. This
is an important clue for the selection of technological
parameters of the infiltration process. The conducted tests
of heat conductivity have confirmed an adverse impact
of the porosity on the thermal properties of those materi-
als. The ceramic by itself has a low thermal conductivity
(for Al,O5 thermal conductivity is about 20-30 W/meK);
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Fig.6 Pore size distributions of porous ceramic preforms with differ-
ent amounts of rice starch (RS)

additionally, the presence of pores results in a significant
drop in this value. (The pores form a sort of barrier for
the heat transfer within the material.)

3.2 Characterization of Cu-Al,0; composite

Composite materials obtained via infiltration of the porous
preforms have undergone characterization. The detailed
microstructural observation (by SEM), confirmed by the
elements surface distribution (by EDS), has shown the com-
plete filling of porous preforms with copper (Fig. 9). Further-
more, no significant structural defects were observed in the
obtained composites, just porosity below approximately 5%,
localized to areas within the ceramic phase (enclosed poros-
ity resulting in the stage of preform manufacturing, as well
as tear-outs occurring in the material during its machining).

Table 2 Porosity of ceramic preforms measured by mercury porosimetry and by Clemex

Alumina preform Average size of pores (nm)  Total porosity (%) Open porosity (%) Closed porosity (%)  Total porosity
POROSIMETER POROSIMETER CLEMEX CLEMEX (%) CLEMEX

0%RS 857.1 30.0 253 1.4 26.7

10%RS 1102.2 355 31.6 1.2 32.8

20%RS 1328.3 44.2 39.1 1.8 40.9

30%RS 1559.8 46.1 432 0.8 44.0

40%RS 1693.7 50.0 452 1.1 46.3

Bold values indicate total porosity (%) which was included in further research

Fig.7 SEM micrographs of alu- (a)
mina ceramic preform (40%RS) R S
after sintering; metallographic
section of the preform surface
a-b; breakage structure of the
preform c—d
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Fig.8 SEM micrograph (a) and an EDS analysis (a—b) of the surface distribution of the elements of the breakage structure of the ceramic pre-

form manufactured out of aluminum oxide

Table 3 Mechanical and

. Preform  HardnessHV10  Bending Thermal conductivity (W/m-K)

thermal properties of porous strength

ceramic preforms (MPa) 50°C 100 °C 200 °C 400 °C 600 °C
0%RS 310 89.2+5.5 133+1.2 114+£21 9.1+23 63+24 4.6+28
10%RS 170 75.1+8.5 1.6+1.5 89+29 72+18 49+20 37x12
20%RS 58 68.4+6.3 9.2+0.8 81+14 6515 45+£3.1 34x26
30%RS 27 50.7+7.5 85+2.5 7616 6.0+£20 42+22 3.0£32
40%RS 12 43.2+4.5 8.0+1.8 7.1+£22 58+12 4.1x12 28+3.1

In addition, the conducted microstructural analysis via a
scanning microscope does not indicate the occurrence of an
intermediate phase between the copper and the aluminum
oxide, created after the pressure infiltration process. One
of the hypotheses suggested in the literature that has been
confirmed in the case of using the copper direct bonding
technique is the creation of non-stoichiometric compounds
on the boundaries of Cu—Al,O; composite grains—alu-
minum—copper spinels. Observations were also made
regarding the possibility of aluminum spinel and copper
oxide occurrence within the structure, which significantly
impact the thermal and mechanical properties of compos-
ites. Even though their presence results in increased hard-
ness and resistance to cracking, on the other hand it sub-
stantively lowers the ability to heat dissipation generated
via friction. It should be noticed that the most important
factors for materials dedicated to brake disc application are
good tribological properties and high thermal conductivity.
In order to accurately observe the Cu/Al,O; boundary in
Cu—Al,O; composites, tests were conducted via a transmis-
sion electron microscope. The results of those observations
are presented in Fig. 10.

TEM tests have confirmed the good bonding of the
ceramic phase with the copper matrix, and the observation
of the metal/ceramics boundary has shown no occurrence
of new components. The conducted pressure infiltration

process in an autoclave has ensured an oxygen-less atmos-
phere, with oxygen being the initiating agent of the forma-
tion of spinel compounds within the composite structure.

Subsequently, measurements were conducted of the den-
sity and porosity, using the Archimedes method, as well as
measurements of the thermal properties of composite mate-
rials with a different volume fraction of the aluminum oxide.
Table 4 presents the basic properties of Cu—Al,O; composite
materials after infiltration process with a designed porosity
(0%RS—40%RS).

The measured thermal conductivity values of the
obtained composites are slightly below the expected val-
ues. It is assumed that the thermal conductivity of copper
is 396 W/(m-K), sintered Al,O5 above 20 W/(m-K); there-
fore, the obtained results should be within the above-listed
boundaries. As the share of the metallic phase increases,
an increase in thermal conductivity of composites can be
observed, which reaches the value of 179 W/(m-K)) for mate-
rial containing 46% vol. of copper in the composite. The
increase in the volume fraction of the Al,O; in the composite
causes decrease in the materials thermal conductivity. It is
caused by the increase in the value fraction of phase with a
lower value of thermal conductivity. For the highest share of
aluminum oxide in the composite (Cu-Al,O; (0%RS)), the
lowest thermal conductivity value was recorded at 107 W/
(m-K). The reason why lower thermal conductivity values

@ Springer
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Fig. 9 SEM micrograph as well
as EDS surface distribution

of elements of the Cu—Al,0O;
composite resulting from
infiltrating with copper preform
with porosity ~40%; white—Al,
blue—O, red—Cu

Fig. 10 The microstructure
(TEM) of the aluminum oxide—
copper grain boundary, as well
as quality analysis of elements
in the nano-area

occur compared to those expected might be due to the poros- The conducted measurements of the thermal properties
ity present in the composite structure. The visible lowering  have key importance for the possibility of using such materi-
of thermal conductivity resulting from porosity is observed  als in heat-dissipating systems.

in the case of the Cu—Al,0; composite (20% RS) (Table 4).
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Table 4 Physical and thermal

. Ceramic preform
properties of Cu—-Al,O;

Composite Cu—-Al,04

composites obtained via Preform Porosity (vol.%) Amount of Cu Porosity Density (g/ 2 at 50 (W/mK)
infiltration of porous ceramic (vol.%) (vol/.%) cmd)
preforms with varying porosity

0%RS 29.5 26.6 2.9 52 107

10%RS 33.0 32.0 1.0 55 121

20%RS 41.7 39.1 2.6 5.6 144

30%RS 444 39.5 49 5.6 140

40%RS 48.9 45.7 32 6.1 179

3.3 Application tests

The prepared demonstrators of disc brakes (gradient
(FGMD) as well as un-gradient) underwent wear resistance
tests for varying conditions of the friction process. For refer-
ence materials, discs were used that were manufactured out
of grey iron, currently used as braking discs (CID). Prior to
the tribological tests, the demonstrators were examined to
determine the quality of their surfaces. The surface rough-
ness parameter R, was determined (average arithmetic
deviation of the profile). As shown in Fig. 11, the highest
roughness parameter was found for the demonstrator that
was a gradient material (FGMD), but the differences were
not significant.

Tests of abrasive wear of the demonstrators of brake discs
were conducted in various friction cycles. In the first work

Fig. 11 Graphical illustra-
tion of the roughness profiles
of the surfaces of the stud- {um])
ied demonstrators, with the
determination of the ampli-
tude parameter of roughness
Ra; a Ra (CID)=0.53 um, b
Ra (FGMD)=1.20 um, ¢ Ra
(UD)=0.37 um

cycle of the demonstrators of brake discs, varying loads
were assumed, with a constant rotation speed of the disc at
2000 rpm, in dry lubrication conditions. The friction coef-
ficient measurement results and the temperature changes of
the surface of tested disc demonstrators for the selected val-
ues of the loads used are presented in Figs. 12, 13.

For the lowest value of load (100 N), the friction coef-
ficient of FGMD sample was 0.25, stable in whole time of
test and similar to the literature data [20]. During the test,
which used the load of 316 N, the composite disc (UD)
was destroyed after approximately 180 s. During the fric-
tion, an increase in temperature of the disc was recorded
up to approximately 250 °C, after which the disc cracked,
which led to its exclusion from further research. For other
two materials tested (FGMD and CID), the obtained values
of CoF were similar.

(a)

(CID) Ra = 0.53 pnm

(b)

(um]

(0

Oomm

7.6 15.2 22.7 30.3
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Fig. 12 The course of the coefficient of friction (CoF) as well as tem-
perature as a function of time of the dry friction process for the load
of 316 N
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Fig. 13 The course of the coefficient of friction (CoF) as well as tem-
perature as a function of time of the dry friction process for the load
of 737N

For the highest value of load used (737 N), in the dry
lubrication cycle, the disc manufactured out of a gradient
material (FGMD) had a similar temperature and friction
coefficient value compared to the disc manufactured of
grey iron (CID). It can be concluded that such a graded
structure gives a promising results both from friction and
from thermal properties.

In the next stage of tribological research, friction tests
were conducted in the conditions of wet lubrication. For
the lubricant, water was used, administered to the contact
area cyclically every 10 s. In Fig. 14, selected results of the
friction coefficient and the temperature changes of the tested
brake disc demonstrators tested in wet lubrication conditions
are presented.
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Fig. 14 The course of the coefficient of friction (CoF) as well as tem-
perature as a function of the time of the wet friction process (cyclical
administering of the lubricating agent every 10 s)
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Fig. 15 The course of the coefficient of friction (CoF) as well as tem-
perature as a function of time of the dry friction process

In the wet lubrication conditions, both discs, i.e., FGMD
and CID, had a stable course of temperature as a function of
time and had similar friction coefficient values. The subse-
quent friction test was conducted in dry lubrication condi-
tions with a variable rotation speed, i.e., 2000-4000 rpm,
and a variable load 200-300 N. The obtained results are
presented in Fig. 15. The assumed work cycle in the case of
using changing loads loosely approximated the actual con-
ditions of work of a break disc of a car moving in an urban
environment.

When analyzing the obtained results, one may note that
the demonstrator of a brake disc manufactured of a gradi-
ent material had the best dissipation properties for the heat
generated in the system. Additionally, it had a similar value
of the coefficient of friction to the demonstrator serving as
a reference material.
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Comparing the obtained friction coefficient results with
reference to the literature data, it can be stated that they
are at a similar level to the results presented in [21]. The
literature value of the friction coefficient for pure copper is
0.53 [22]. Depending on the type of reinforcement phase,
its quantity and form, as well as the counter-sample mate-
rial and friction process conditions, it may oscillate around
this value. With the increase in materials hardness, which
is caused by a high amount of ceramic phase, resistance
of movement is raising and thus increase in the friction
coefficient is observed. The outer layer in the gradient disk
that was subjected to friction tests contained about 45% of
the ceramic phase, so the obtained values of the friction
coefficient for the tested material were 0.3-0.45 in wide
range of tested loads. In the article [23] where the tribo-
logical properties of material based on copper (56% wt.)
and iron (18% wt.) doped with SiC (2% wt.) and graphite
(6% wt.) were tested, the measured value of the friction
coefficient was 0.4 and the authors suggest that this is a
very good value for the use of this material in the brak-
ing system. The authors of [24] examined material very
similar in composition and obtained a friction coefficient
value between 0.45 and 0.65. In our case under constant
speed and increasing load conditions, a slight increase in
the friction coefficient of the gradient disk was observed
from about 0.30 (at 100 N load) to 0.45 (at 737 N load).
This statement is in good agreement with results of [22].
They stated that friction and deformation occur mainly
on the copper matrix because the softening effect of cop-
per is caused by high temperature on the surface. As an
effect of friction, the wear products of copper are easy
to transfer onto counter-body and friction relationship
transforms from early copper—iron steel into copper—cop-
per friction process. The temperature plays a significant
role in the friction process and generates high level of
residual stresses. Weaker heat dissipation in the case of
a non-gradient disk was the reason for its cracking in the
initial testing phase.

Fig. 16 Profilometers of the

The introducing of a cooling lubricant during tests
resulted in the friction coefficient varying within the
range between 0.5 and 0.6. Its behavior is quite similar
to the reference cast iron disc. The friction process in the
wet condition was not stable. The dynamic changes in the
materials behavior can be seen. High temperature of the
surface and presence of water can provide the surface oxi-
dation of copper and increase in friction resistance. The
raise in the coefficient of friction can be attributed to the
oxide layer formed during manufacturing process on the
surface of samples and is associated with the increase in
surface temperature due to friction process [23].

From a practical point of view, the most valuable are
the results of tests obtained in the so-called urban driv-
ing mode (at variable speed and load). Comparing the
obtained friction coefficient results of the gradient disk
with the cast iron reference material, its low and stable
value should be emphasized. In the analyzed period of the
test, the value of the friction coefficient ranged between
0.5 and 0.6 and only slightly exceeded the analogous value
for the cast iron disk. Additionally, it was found that the
gradient disc was effective in dissipation of heat.

Disc demonstrators after the friction tests underwent
wear assessment. Profilometric measurements were
made of the depth of the groove resulting from the tests
(Fig. 16). The appearance of the discs after the tests is
presented in the photograph (Fig. 17).

The representative microstructure of the surface area
after wear tests is presented in Fig. 18.

As we observed, the microstructure of the FGMD disc
surface of the grooves is very homogeneous and relatively
smooth.

There was a plastic deformation/abrasion consisting in
covering the ceramic phase with plastic copper. Slip lines are
visible along which the counter-body had travelled. This is
abrasive wear based on plastic deformation. No visible loose
wear products are pressed into the groove surface during the
wear process.

wear of the groove in demon- wm]zo _________
strators of brake discs created i | JE=
after the friction tests; a CID LY S I I D

and b FGMD

[um]
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Fig. 17 Disc demonstrators after application tests; a CID—iron disc, b FGMD—gradient disc, and ¢ UD—composite disc

Fig. 18 The microstructure (a)
and quality analysis of elements
(b) of the FGMD material
surface after wear tests

It was determined that the demonstrator manufactured of
a gradient material FGMD was not worn out after the con-
ducted friction tests. Only a slight smoothing of the surface
was observed in the area of working against a counter-sam-
ple. The brake disc manufactured of iron (reference material)
underwent some wear, and the depth of the resulting groove
was approximately 20 um (Fig. 18a). It can therefore be con-
cluded that the life span of the disc with a composition gra-
dient should be higher, compared to the discs in use today.

4 Conclusion

The latest literature reports show great interest in the use of
metal matrix composites for use in brake systems in high-
speed trains. These materials can typically withstand higher
temperatures and can be used to temperatures over 1000 °C.
Particularly, copper matrix composites are the top choices

@ Springer
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as brake materials for cars and high-speed trains due to their
attractive properties such as high thermal conductivity,
excellent tribological properties, and adaptability to work-
ing conditions [20-23]. The presented results are in line with
the global trend of research on multiphase materials. Based
on the obtained results, it can be concluded that:

e rice starch as a porous agent ensures open porosity in
ceramic preforms with a wide porosity range (from 30
to 50% by volume),

e pressure infiltration allows for obtaining graded materials
based on porous ceramic preform without any disconti-
nuities or microcracks,

e good bonding at metal/ceramics interface was obtained
with no other phases identified after the infiltration pro-
cess,

e specially designed graded structure of the Cu—Al,O;
demonstrator disc ensures high hardness of the contact
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surface (due to the high ceramic content), and effective
heat dissipation through the volume of material (due to
the high thermal conductivity of copper),

e on the one hand, the structure ensures high hardness of
the contact surface, and effective heat dissipation,

e the level of friction wear is lower in comparison with
gray iron disc, which proves the high application poten-
tial of the developed materials.
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