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Abstract

In present work, the Fe/Ti-15wt.%Cu-based metal matrix composites with three different
Fe/Ti weight percent ratios (i.e., 40/25, 25/40, 5/60) and constant additions of non-metallic
additives (i.e., 5 wt.% graphite, 5 wt.% SiC, and 10 wt.% ZrO2) were investigated. An in-
novative and ecologically friendly approach for laboratory preparation of the experimental
composite materials was based on the secondary utilization (recycling) of the waste Ti-chips
(turnings) from conventional machining operations. The material mixtures for the fabrication
of the studied composites were prepared by common powder metallurgy pre-operations fol-
lowed by final material processing using spark plasma sintering (SPS). The microstructure
of the SPS-fabricated composite materials consisted of sintered grain matrix with various
amounts and distribution of Ti-chips. The friction and wear behavior of the composites was
analyzed from performed tribological measurements employing “ball-on-disc” test method.
The results showed that the coefficient of friction was mostly decreasing with increasing the
sliding speed and the amount of Ti-chips in the composites. The lowest abrasion wear rate
exhibited the composite with 40 wt.% of Ti-chips thanks to its optimal microstructure with
appropriate hardness and beneficial wear mechanisms characteristics.

K e y w o r d s: metal matrix composite (MMC), Ti waste reuse, microstructure, friction and
wear behavior

1. Introduction

Friction composites represent the key components
in automotive, railway, and aerospace brake systems
[1, 2]. Reliable operation of individual components
made of friction composite materials depends on a se-
ries of required properties, such as stable friction coef-
ficient, sufficient wear and fade resistance, small wear
to the counterparts, low noise and vibration, etc. [3–
7]. Moreover, key issues addressing criteria for assur-
ing low cost and environmentally friendly production
and operation of considered components are still of
great interest in continuing research and development.
Friction composites are designed as multi-ingredient
composite materials for achieving required parame-
ters. More kinds of ingredient materials are generally
used to prepare friction composites. These additive
materials can be generally categorized into four classes
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of matrix reinforcements, e.g., fibers, binders, property
modifiers, and fillers [8–11]. A great variety of the used
ingredients plays an important role in maintaining sev-
eral material properties, such as thermal resistance,
physical, mechanical, tribological, and other specific
properties of individually designed friction compos-
ite materials [12–14]. An ideal braking pad material
should be able to provide not only high friction co-
efficients but also good wear resistance during brak-
ing [15, 16]. The copper-based powder metallurgical
materials are known to possess excellent mechanical
properties and thermal conductivity [16–20]. However,
due to limited raw materials resources and issues re-
lated to environmental protection, manufacturers and
researchers are permanently looking for new materials
and their combinations to produce composite mate-
rials with desirable functional properties and minimal
effects on the environment and human health. One of
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the possible approaches for materials design is focused
on the fabrication of new composites using as additive
ingredients also some waste material from other man-
ufacturing processes, e.g. from machining operations.
The use of industrial waste materials as additives in
the manufacture of various products has been attract-
ing growing interest from researchers in recent years
and is becoming common practice [21]. The continued
depletion of natural resources throws new light on the
potential use of some industrial wastes and natural
sub-products as fully-fledged alternative raw materials
[22, 23].
In present work, three experimental SPS-fabrica-

ted Fe/Ti-15wt.%Cu-based metal matrix composites
with different amounts of waste Ti-chips (Fe/Ti weight
percent ratios) and other constant amounts of non-
metallic additives (5 wt.% graphite, 5 wt.% SiC, and
10 wt.% ZrO2) were investigated. The Ti-chips were
used as additive material because of well-known ben-
eficial properties of titanium including its excellent
strength, high elastic modulus, very good wear, chem-
ical and thermal resistance. All these material prop-
erties are very promising for many applications, e.g.,
in structural materials, friction materials, and wear-
resistant parts working in severe operating conditions.
Thus, the main aim of this work is to examine the
use of Ti-chips as an alternative additive material in
experimental metal matrix composites for demanding
friction applications. The produced composite mate-
rials were characterized in terms of their microstruc-
ture, friction, and wear behavior. The obtained results
from tribological tests are discussed concerning mate-
rial microstructure and wear mechanisms characteris-
tics.

2. Experimental materials and methods

The exact chemical composition of commercial
friction materials is not commonly available in the
open literature. Therefore, our material philosophy
has been conceived with respect to the desired fric-
tion and wear characteristics, expected to be obtained
through an appropriate combination of selected mate-
rial ingredients for the preparation of environmen-
tally friendly friction composite materials. Specifically,
three different Fe/Ti-15wt.%Cu-based metal matrix
composite materials were produced by spark plasma
sintering (SPS). Their chemical composition in wt.%
is reported in Table 1.
The experimental Fe/Ti-15wt.%Cu-based mate-

rials (Table 1) were designed with respect to their an-
ticipated material properties, e.g., high thermal con-
ductivity and reduced fading behavior. These proper-
ties give rise to the assumption of reliable performance
of the studied materials for application in truck, air-
craft, and train pads. The following raw materials

Ta b l e 1. Composition of experimental materials in wt.%

Material/sample 25Ti 40Ti 60Ti

Ti-chips 25 40 60
Fe 40 25 5
Cu 15 15 15
ZrO2 10 10 10
SiC 5 5 5
graphite 5 5 5

Fig. 1. “Fibers-like” Ti-chips used as a key scaffold mate-
rial for the preparation of experimental friction composite

materials.

were used for laboratory SPS preparation of our ex-
perimental composites: unsorted waste Ti-chips (pu-
rity: 98%, supplier: pkchemie – kovyachemie.cz, 2
% of impurities may include: Fe, Al, V, Ni, and oil
from machining), commercial powders of Fe (purity:
99.9%, grain size: 45 µm, grade: ASC 100.29, supplier:
Höganäs AB Sweden), Cu (purity: 99%, grain size:
75 µm, supplier: Sigma Aldrich), ZrO2 (purity: 99%,
grain size: 5 µm, supplier: Sigma Aldrich), β-SiC (pu-
rity: 99.9 %, grain size: 0.5µm, supplier: HC Starck),
graphite (synthetic, grain size: 20 µm, supplier: Sigma
Aldrich). The “fibers-like” Ti-chips are expected to
act like a key scaffold material enhancing friction and
wear performance of the investigated composite mate-
rials. The reinforcement by “fibers-like” Ti-chips, pro-
duced by turning operations, can be achieved by var-
iously sized and shaped chips (see Fig. 1). The antic-
ipated function of the Ti-chips is to be the limitation
of fade experience and enhancement of braking effec-
tiveness. During the braking, there is an occurrence of
friction-related heat generation, the used copper ad-
dition within the experimental composites is respon-
sible for increasing their thermal conductivity. Thus,
the more efficient cooling of the brake components,
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as well as considerable improvement of their braking
efficiency, can be possibly obtained.
The addition of ceramic powders, such as ZrO2

and SiC, aims at hardness and friction behavior im-
provement. The desired coefficient of friction (COF)
of brake materials has to be in a range of 0.3–0.7 in
dry friction systems. The ceramic abrasives ZrO2 and
SiC improve the cold friction behavior, i.e., increase
the friction level and also control the wear on the
counter-face due to their fracturing as brittle ceramic
materials. On the other hand, the graphite acts like a
lubricant lowering the friction level via building-up of
friction films. It also plays a role in the improvement
of corrosion resistance and like an anti-noise agent on
the friction surface.
For each experimental material composition, the

powder mixture was dry-mixed in 3D Turbula mixer
(WAB AG, Switzerland) for 30min. Before mix-
ing with other ingredients, the as-received Ti-chips
were ultrasonically cleaned in perchloroethylene. The
mixed composite powder was loaded into a graphite
mold with an inside diameter of 20 mm. The SPS ma-
chine (HP D 10SD, FCT Systeme, Germany) was used
to perform the sintering of prepared mixtures in a vac-
uum (5 Pa). A pulsed direct electric current was ap-
plied with the pulse duration of 15 ms and 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 up in low vacuum condition
(10 Pa). The sintering temperature was 1000◦C, heat-
ing rate 100◦Cmin−1, dwelling time 10min, and ap-
plied pressure 50MPa. The bulk density was measured
using the Archimedes method and the overall com-
posite hardness was determined according to Vickers
hardness method at 98 N loading for 10 s per mea-
surement. After the SPS processing, the sintered discs
were ground and polished to their final thickness of
4 mm and diameter of 20 mm.
The microstructure of the sintered composites was

analyzed using a scanning electron microscope (SEM)
Tescan Vega-3 LMU, equipped with an energy disper-
sive X-ray spectrometer (EDXS) Bruker XFlash De-
tector 410-M for elemental chemical composition anal-
ysis. The friction and wear behavior of the compos-
ites was studied by using a tribometer HTT by CSM
Instruments in the air at room temperature employ-
ing a common “ball-on-disc” technique. The tribolog-
ical partner for each tested material was a polished
ball with 6 mm diameter, made of conventional bear-
ing steel, corresponding to the counter-part material
in real brake systems. The applied load was 3 N, the
sliding speed was in the range from 0.1 to 0.3 m s−1,
and the sliding distance was 500m. The morphology
of worn surfaces and wear mechanisms was analyzed

Fig. 2. Defining characteristics of the SPS process used for
fabrication of studied composites: (a) temperature-force
loading cycles and (b) shrinkage curves of individual com-

posites.

using confocal 3D Optical Profiler (PLu neox, SENSO-
FAR) and the SEM microscope (Tescan Vega-3 LMU).

3. Results and discussion

3.1. Sintering behavior and microstructure

Figure 2 shows the defining characteristics of the
sintering process used for the production of inves-
tigated composite materials. The sintering tempera-
ture and force loading cycles during the experimental
SPS processing are presented in Fig. 2a. The recorded
shrinkage curves of creating composites are shown in
Fig. 2b.
The SPS process characteristics were confronted

with the measured densities and hardness values of
produced composite materials (see Table 2). It can be
pointed out that the obtained densities are inversely
proportional to the magnitude of observed shrinkage
behavior. This observation is likely related to the in-
creasing heterogeneity of produced composites with
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Ta b l e 2. Densities and hardness of experimental composite materials

Material/sample 25Ti 40Ti 60Ti

Apparent density (g cm−3) 5.70 5.14 4.53
Relative density (%) 88.2 79.6 70.1
Hardness HV10 250 ± 49 465 ± 53 451 ± 78

an increasing amount of Ti-chips due to their “fibers-
-like” morphology and thus their imperfect mixing
with other ingredients during the pre-preparation of
the experimental materials within the used mixing
equipment. Due to the same reason, the hardness val-
ues of prepared composites exhibit certain scattering
behavior.
Figures 3 and 4 show the SEM micrographs and

corresponding EDXS elemental maps, respectively, of
the investigated Fe/Ti-15wt.%Cu-based metal matrix
composites.
Figure 3 indicates the increasing porosity of stud-

ied composites with an increasing amount of Ti-chips.
This observation correlates well with the data al-
ready presented in Table 2. The obtained elemental
maps indicate the overall distribution of individual
microstructural constituents (Fig. 4). It is visible that
the produced experimental composites contain vari-
ous amounts of Ti-chips as a major scaffold material.
Because of high melting points of individual compos-
ite constituents (Table 1) and the used rapid sinter-
ing conditions (Fig. 2a), the eventual solid-state phase
transitions among individual constituents are assumed
to be limited to only very small interaction volumes.
Nevertheless, the detailed phase analysis of individual
microstructural interfaces is out of the scope of the
present investigation and is the subject of our subse-
quent studies.

3.2. Tribological performance and wear
mechanisms

Tribological characteristics (i.e., the average COF
and wear rate values) of the investigated composite
materials are summarized in Table 3.
The results (Table 3) clearly show that the “40Ti”

composite material exhibits significantly lower wear
rates compared to those of “25Ti” and “60Ti” mate-
rials. Moreover, the wear rates of all individual com-
posites do not exhibit any significant variations de-
pending on the used sliding speeds (Table 3). The
friction characteristics represented by various depen-
dences of the coefficient of friction (COF) obtained
from tribological tests are shown in Fig. 5.
Figure 5a shows the dependences of average COF

values on the sliding speed for all studied compos-
ite materials. It is observed that the highest average
COF values were mostly obtained at the lowest used
sliding speed of 100mm s−1. Moreover, at this slid-

Fig. 3. SEM micrographs of studied experimental Fe/Ti-
-15wt.%Cu-based friction composites with variable
amounts of Ti-chips: (a) 25 wt.% Ti, (b) 40 wt.% Ti, and

(c) 60 wt.% Ti.
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Fig. 4. EDXS elemental maps of studied experimental
Fe/Ti-15wt.%Cu-based friction composites with variable
amounts of Ti-chips: (a) 25 wt.% Ti, (b) 40 wt.% Ti, (c)

60 wt.% Ti.

ing speed, the COF did not show any significant vari-
ations depending on the amount of Ti-chips in the
composites. On the other hand, at both higher slid-
ing speeds (i.e., 200 and 300mm s−1), the COF values
were gradually decreasing with an increasing amount

Fig. 5. Friction behavior of the investigated composites: (a)
dependence of average COF values on the sliding speed
and the amount of Ti-chips; (b) time-dependent behav-
ior of COF for “40Ti” composite tested at various sliding

speeds.

of Ti-chips in the composites. The “40Ti” composite,
exhibiting the lowest wear rates of all tested materials
(Table 3), shows at the same time highly desirable
time-dependent COF behavior at the sliding speed of
100mm s−1, i.e., achieving a stabilized COF plateau
region during the tribological testing (Fig. 5b). It
should also be noted that for the “25Ti” composite,
the COF values remain almost unchanged within the
whole range of sliding speeds (Fig. 5a). This observa-
tion can likely be put into the context of variant ther-
mal conductivity of the studied composites. It can be
reasonably assumed that with an increasing amount
of the composite ingredients with lower thermal con-
ductivity (in the present case Ti-chips), the overall
thermal conductivity of the composite is decreasing.
Consequently, the lowering of thermal conductiv-

ity of the composites with an increasing amount
of Ti-chips might cause the observed reduction of
COF values at higher sliding speeds (Fig. 5a).
On the contrary, in the case of “25Ti” compos-
ite (i.e., the composite with a lower amount of
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Ta b l e 3. Tribological characteristics of studied composites

Experimental Sliding speed Normal load Distance Coefficient of friction Wear rate × 10−5
materials (mm s−1) (N) (m) (–) (mm3 m−1 N−1)

25Ti 100 3 500 0.59 ± 0.16 12.92 ± 2.4
200 3 500 0.63 ± 0.17 11.94 ± 2.2
300 3 500 0.49 ± 0.18 12.71 ± 2.5

40Ti 100 3 500 0.61 ± 0.23 6.32 ± 1.6
200 3 500 0.34 ± 0.17 5.21 ± 1.5
300 3 500 0.44 ± 0.18 5.95 ± 1.8

60Ti 100 3 500 0.64 ± 0.25 25.53 ± 4.9
200 3 500 0.25 ± 0.03 23.45 ± 3.1
300 3 500 0.29 ± 0.11 24.86 ± 4.4

Fig. 6. SEM images from the areas including the wear tracks created after the tribological tests at 300 mm s−1 sliding
speed of the investigated Fe/Ti-15wt.%Cu-based friction composites with variable amounts of Ti-chips: (a) 25 wt.% Ti,

(b) 40 wt.% Ti, and (c) 60 wt.% Ti.

Ti-chips and thus the higher thermal conductiv-
ity), the friction-induced heat can be easily trans-
ferred from the outer material surface into the bulk
body of the composite. Therefore, the overheat-
ing of the surface of the tribological specimen is
not expected to occur and the COF is much more

stable, i.e., it shows only small variations depending
on the sliding speed (Fig. 5a). The results in Ta-
ble 3 show that among the studied Fe/Ti-15wt.%Cu-
-based metal matrix composites, the optimal tribolog-
ical performance (i.e., the lowest wear rates and sat-
isfactory COF behavior) was observed for the “40Ti”
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Fig. 7. Representative tribo-track profiles created after the tribological tests at 300 mm s−1 sliding speed of investi-
gated Fe/Ti-15wt.%Cu-based friction composites with variable amounts of Ti-chips: (a) 25 wt.% Ti, (b) 40 wt.% Ti, and

(c) 60 wt.% Ti.

composite. It can be concluded that the microstruc-
ture and chemical composition of the experimental
Fe/Ti-15wt.%Cu-based friction composites contain-
ing Ti-chips have to be properly balanced concerning
both mechanical/tribological and thermal properties
for considered brake systems applications.
The representative SEM images of individual wear

tracks created after performed tribological tests of the
investigated friction composites at a sliding speed of
300mm s−1 are shown in Fig. 6.
From Fig. 6, it is obvious that all investigated

composites show the dominant wear mechanism to be

the abrasion. The most severe abrasive wear is gen-
erally related to a so-called “micro-cutting” wear mi-
cromechanism since it is well-known to be responsible
for the most significant removal of the abraded mate-
rial from the worn material surface. From the individ-
ual images of Fig. 6 it is clear that the “40Ti” com-
posite shows the most beneficial abrasive wear char-
acteristics, i.e., the lowest occurrence of the “micro-
cutting” micromechanism on the surface of the tribo-
track (Fig. 6b). In contrast, the other studied com-
posites (Figs. 6a and 6c) show the more abraded wear
tracks that indicate the greater wear rates, following
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Table 3. The morphology of the individual wear tracks
was studied by confocal profilometry. The representa-
tive 2D visualization of the wear track profiles is doc-
umented in Fig. 7.
The size of tribo-track profile areas in Fig. 7 can be

directly correlated with corresponding wear rates (Ta-
ble 3) of individual Fe/Ti-15wt.%Cu-based composite
materials. The individual EDXS elemental maps from
the areas depicted in Fig. 6 involving the wear tracks
obtained at a sliding speed of 300mm s−1 are shown
in Fig. 8.
The recorded EDXS elemental maps (Fig. 8) show

the increased occurrence of oxygen within the wear
tracks which indicates some additional oxidation dur-
ing the tribological testing of the studied composites.
Thus it has been shown that the tribological behavior
of the studied Fe/Ti-15wt.%Cu-based metal matrix
composites is controlled by both abrasive wear and
surface oxidation processes.

4. Conclusions

The experimental feasibility of using waste Ti-
-chips for the preparation of alternative Fe/Ti-15wt.%
Cu-based friction composites via SPS technique has
been investigated. The produced metal matrix com-
posites were subjected to microstructural and tribo-
logical investigations. The obtained results can be
summarized in the following conclusions:
– With an increasing amount of Ti-chips, the

overall microstructural heterogeneity of the investi-
gated composites increases and their apparent den-
sity decreases. This behavior can likely be related to
imperfect mixing of the used “fibers-like” Ti-chips
with other composite ingredients during the pre-
preparation of the experimental materials along with
observed shrinkage phenomena during the SPS pro-
cess. Therefore, our future research needs to include a
focused investigation aiming at the homogeneity im-
provement of the experimental composites under con-
sideration.
– Friction behavior of the investigated compos-

ites was characterized by the coefficient of friction
(COF). The average COF values were mostly decreas-
ing with increasing the sliding speed and the amount
of Ti-chips in the composites. This behavior can likely
be put into the context of decreasing thermal conduc-
tivity of studied composites with an increasing amount
of Ti-chips.
– In conditions of the present study, the optimal

tribological performance has been observed for the
“40Ti” (i.e., 25Fe-40Ti-15Cu-10ZrO2-5SiC-5 graphite,
in wt.%) composite which showed satisfactorily high
average COF values and the lowest wear rates among
all currently studied metal matrix composites. How-
ever, further studies on mechanical properties (e.g.,

Fig. 8. EDXS elemental maps from the areas includ-
ing the wear tracks created after the tribological tests
at 300 mm s−1 sliding speed of the investigated Fe/Ti-
-15wt.%Cu-based friction composites with variable
amounts of Ti-chips: (a) 25 wt.% Ti, (b) 40 wt.% Ti, and

(c) 60 wt.% Ti.

from compression and fracture toughness tests) and
tribological behavior of considered friction composites
at more severe testing conditions (i.e., higher testing
loads at shorter sliding distances) are needed to judge
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on their suitability for demanding brake systems ap-
plications.
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[5] B. Öztürk, S. Öztürk, Effects of resin type and fiber
length on the mechanical and tribological properties
of brake friction materials, Tribol Lett 42 (2011) 339–
350. doi:10.1007/s11249-011-9779-5

[6] M. Kumar, J. Bijwe, Composite friction materials
based on metallic fillers: Sensitivity of µ to op-
erating variables, Tribol Int 44 (2011) 106–113.
doi:10.1016/j.triboint.2010.09.013

[7] Z. Wang, G. Hou, Z. Yang, Q. Jiang, F. Zhang, M.
Xie, Z. Yao, Influence of slag weight fraction on me-
chanical, thermal and tribological properties of poly-
mer based friction materials, Mater Design 90 (2016)
76–83. doi:10.1016/j.matdes.2015.10.097

[8] J. Fei, D. Luo, H. Wang, H. Li, J. Huang, W.
Luo, X. Duan, Effect of nano-SiO2 particles on the
carbon fabric/resin friction materials by microwave-
hydrothermal treatment, J Compos Mater 52 (2017)
245–252. doi:10.1177/0021998317705441

[9] Y. Ma, Y. Liu, C. Menon, J. Tong, Evaluation of wear
resistance of friction materials prepared by granula-
tion, ACS Appl Mater Inter 7 (2015) 22814–22820.
doi:10.1021/acsami.5b04654

[10] X. Zhang, K. Z. Li, H. J. Li, Y. W. Fu, Investigation
of the thermal property and tribological behavior of
CaSO4 whisker-modified paper-based composite fric-
tion materials, P I Mech. Eng. J-J. Eng. Trib. 231
(2017) 1583–1594. doi:10.1177/1350650117702756

[11] H. Ma, Y. Liu, L. Wang, J. Tong, J. Zhuang, H. Jia,
Performance assessment of hybrid fibers reinforced
friction composites under dry sliding conditions, Tri-
bol Int 119 (2018) 262–269.
doi:10.1016/j.triboint.2017.11.012

[12] X. J. Shen, X. Q. Pei, Y. Liu, S. Y. Fu, Tribological
performance of carbon nanotube–graphene oxide hy-
brid/epoxy composites, Compos Part B-Eng 57 (2014)
120–125. doi:10.1016/j.compositesb.2013.09.050

[13] Y. Ma, Y. Liu, S. Ma, H. Wang, Z. Gao, J. Sun,
J. Tong, L. Guo, Friction and wear properties of
dumbbell-shaped jute fiber-reinforced friction mate-
rials, J Appl Polym Sci 131 (2014) 40748.
doi:10.1002/app.40748

[14] Y. Liu, Y. Ma, X. Lv, J. Yu, J. Zhuang, J. Tong,
Mineral fibre reinforced friction composites: effect
of rockwool fibre on mechanical and tribological
behaviour, Mater Res Express 5 (2018) 095308.
doi:10.1088/2053-1591/aad767

[15] R. K. Uyyuru, M. K. Surappa, S. Brusethaug, Tribo-
logical behavior of Al-Si-SiCp composites/automobile
brake pad system under dry sliding conditions, Tribol
Int 40 (2007) 365–373.
doi:10.1016/j.triboint.2005.10.012

[16] T. Peng, Q. Yan, G. Li, X. Zhang, Z. Wen, J.
Xuesong, The braking behaviors of Cu-based metal-
lic brake pad for high-speed train under different
initial braking speed, Tribol Lett 65 (2017) 135.
doi:10.1007/s11249-017-0914-9

[17] M. Asif, K. Chandra, P. S. Misra, Development of iron
based brake friction material by hot powder preform
forging technique used for medium to heavy duty ap-
plications, J Min Mater Charact Eng 10 (2011) 231–
244. doi:10.4236/jmmce.2011.103015

[18] K. W. Liew, U. Nirmal, Frictional performance eval-
uation of newly designed brake pad materials, Mater
Design 48 (2013) 25–33.
doi:10.1016/j.matdes.2012.07.055

[19] X. Zhang, Y. Zhang, S. Du, T. He, Z. Yang, In-
fluence of braking conditions on tribological perfor-
mance of copper-based powder metallurgical braking
material, J. Mater Eng Perform 27 (2018) 4473–4480.
doi:10.1007/s11665-018-3537-x

[20] X. Zhang, Y. Zhang, S. Du, Z. Yang, T. He, Z.
Li, Study on the tribological performance of copper-
based powder metallurgical friction materials with Cu-
-coated or uncoated graphite particles as lubricants,
Materials 11 (2018) 2016. doi:10.3390/ma11102016

[21] P. Zhang, L. Zhang, K. Fu, J. Cao, C. Shijia, X. Qu,
Effects of different forms of Fe powder additives on the
simulated braking performance of Cu-based friction
materials for high-speed railway trains, Wear 414–415
(2018) 317–326. doi:10.1016/j.wear.2018.09.006

[22] M. Federici, S. Gialanella, M. Leonardi, G. Perricone,
G. Straffelini, A preliminary investigation on the use of
the pin-on-disc test to simulate off-brake friction and
wear characteristics of friction materials, Wear 410–
411 (2018) 202–209. doi:10.1016/j.wear.2018.07.011

[23] I. Sulima, Tribological properties of steel/TiB2 com-
posites prepared by spark plasma sintering, Arch Met-
all Mater 59 (2014) 1263–1268.
doi:10.2478/amm-2014-0216

http://dx.doi.org/10.1016/j.triboint.2015.05.024
http://dx.doi.org/10.1002/pc.10289
http://dx.doi.org/10.1007/s10443-011-9188-9
http://dx.doi.org/10.1088/2053-1591/aac1e0
http://dx.doi.org/10.1007/s11249-011-9779-5
http://dx.doi.org/10.1016/j.triboint.2010.09.013
http://dx.doi.org/10.1016/j.matdes.2015.10.097
http://dx.doi.org/10.1177/0021998317705441
http://dx.doi.org/10.1021/acsami.5b04654
http://dx.doi.org/10.1177/1350650117702756
http://dx.doi.org/10.1016/j.triboint.2017.11.012
http://dx.doi.org/10.1016/j.compositesb.2013.09.050
http://dx.doi.org/10.1002/app.40748
http://dx.doi.org/10.1088/2053-1591/aad767
http://dx.doi.org/10.1016/j.triboint.2005.10.012
http://dx.doi.org/10.1007/s11249-017-0914-9
http://dx.doi.org/10.4236/jmmce.2011.103015
http://dx.doi.org/10.1016/j.matdes.2012.07.055
http://dx.doi.org/10.1007/s11665-018-3537-x
http://dx.doi.org/10.3390/ma11102016
http://dx.doi.org/10.1016/j.wear.2018.09.006
http://dx.doi.org/10.1016/j.wear.2018.07.011
http://dx.doi.org/10.2478/amm-2014-0216

