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The emission of airborne particulate matter from a train brake depends on the formulation of its friction material.
This study investigates the emission and properties of wear particles from train brake friction materials based on
straight or resorcinol-modified novolac phenolic resin and nitrile or styrene butadiene rubber used as binding
ingredients. The wear particles are generated by a pin-on-disc tribomachine inside an aerodynamic chamber,

counted and collected using aerosol measurement techniques, subjected to microscopic and elemental analysis. It
has been found that the modification of novolac phenolic resin with resorcinol has no considerable effects on the
emission of wear particles and their properties. By contrast, replacing styrene butadiene rubber with nitrile
butadiene rubber leads to a significant decrease in the emission of 0.1-10 pm wear particles.

1. Introduction

Airborne wear particle emission from transport vehicles constituted
essential research topic since the beginning of the 21st century. Pas-
senger cars are considered as the main contributor of wear particulate
matter because of their quantitative predominance (Kukutschova and
Filip [1], Adamiec [2]). On the other hand, frequent operation of
transport vehicles in a closed or semi-closed area, such as traffic of trains
in an underground station, leads to the accumulation of wear particles in
the air within this area (Cheng et al. [3], Fridell et al. [4], Gustafsson
et al. [5]). Their concentration depends on many factors including the
underground station configuration, its proximity to the outside envi-
ronment, air conditioning system and traffic intensity (Abbasi et al. [6],
Colombi et al. [7], Carteni et al. [8], Cusack et al. [9], Cha et al. [10]).
The main sources of train-related wear particles are wheel-rail contacts
(Lee [11]) and mechanical brakes (Olofsson [12], Namgung et al. [13],
Tsybrii et al. [14], De Falco et al. [15]). The particles emitted from a
wheel-rail steel contact contain heavy metals and their oxides, whilst
the particles originating from wearing a multi-ingredient brake material
against a steel surface may additionally contain phenol formaldehyde
resins (PF), rubbers and the products of their chemical reactions
(Kukutschova et al. [16], Jara and Jang [17], Nogueira et al. [18]).
When the wear particles are inhaled, they carry the toxic substances
mentioned above into the human body, leading to respiratory,
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cardiovascular, allergic and cancerous diseases (Pope et al. [19],
Karlsson et al. [20], Bigert et al. [21]). Therefore, many international
programs and initiatives involving academic institutions and industrial
research centres aim at finding ways to reduce wear particle emissions
from trains with a particular focus on brake emissions.

Traditionally, the ingredients used to produce friction materials (FM)
for brakes are classified in four categories: binders, fillers, re-
inforcements and friction modifiers (Borawski [22]), although some of
the ingredients may perform more than one function (Jeganmohan et al.
[23]). One of the most popular binders is PF with content in range 5-35
wt% (Binda et al. [24]) because of its low cost, good mechanical prop-
erties, chemical and thermal resistivity, as well as stable tribological
properties (Tang et al. [25], Liu et al. [26], Menapace et al. [27], Fareez
et al. [28]). PF and, specifically, novolac PF (NPF) are commonly used as
binding ingredients for FM of train brakes (Shojaei et al. [29], Wasi-
lewski [30], Sawczuk et al. [31]).

The tribological properties of FM based on PF are affected substan-
tially by its content, molecular weight and modification. Nogueira et al.
[18] reported that an increase in the PF content results in a decrease in
the coefficient of friction (COF). Jara and Jang [17] and Joo et al. [32]
showed that FM with higher molecular weight PF exhibit improved
friction and wear characteristics. PF can be modified using physical or
chemical approach. The physical approach, which relies on blending
modifiers, is not very common due to a small influence it exerts on the
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molecular structure of PF (Gooch [33]). By contrast, the chemical
approach yields changes in the PF molecular structure and, accordingly,
allows obtaining FM with improved properties (Ge et al. [34]). When
developing a new FM, attention is paid to those modifications that
improve the thermal resistivity (e.g. polyamide, amine, molybdenum,
phosphorous, epoxy, vegetable oil), mechanical strength (e.g. poly-
amide, maleimide, dicyandiamide) and wear resistance (e.g. polyamide,
amine). Motawie and Sadek [35] reported that the modification of PF
with resorcinol allows improving its shear strength and coating prop-
erties. Note that not so many modified PF are used by FM manufacturers
due to high costs of their production, whilst straight PF remains the
predominant binder (Gurunath and Bijwe [36]).

The role of fillers in FM consists in filling up the space between other
ingredients. There are various fillers like rubber, vermiculite, perlite,
barium sulphate and cellulose (Borawski [22]). Among the rubbers used
as filling and binding ingredients for FM of train brakes, nitrile buta-
diene rubber (NBR) and styrene butadiene rubber (SBR) should be
mentioned (Shojaei et al. [29], Wasilewski [30]). Added in their
powdered form, NBR and SBR enable improving the mechanical,
vibrational, chemical and tribological properties of FM (Akshay et al.
[37], Liu et al. [38]). Surojo et al. [39] found that an increase in the NBR
content leads to higher elastic modulus and flexural strength and a lower
wear rate, which is explained by the capability of NBR to strengthen the
adhesion between the FM matrix and other ingredients (N. Bijwe and J.
Bijwe [40]). On the other hand, Tamayo et al. [41] and Saffar and
Shojaei [42] found that the addition of SBR to FM results in a reduction
in the mechanical properties and wear resistance yet an increase in COF.
Furthermore, the addition of 2.5 wt% NBR and 2.5 wt% SBR improves
the frictional behaviour in brake fade (Jeganmohan et al. [23]). NBR
and SBR are also added in the form of nanopowders, which allows
improving the tribological properties even to a greater extent (Liu et al.
[38]). It should be noted that excessive content of rubber in FM may
have negative effects, too. For example, Mutlu et al. [43] reported an
increase in the wear rate for FM containing 15 wt% of waste tyre dust.

Despite a large number of studies investigating the influence of PF
and rubber ingredients on the mechanical, thermal and tribological
behaviour of FM, studies devoted to the effects of PF and rubber in-
gredients on the emission of wear particles are still scarce. Nogueira
et al. [18] mentioned that the influence of the PF content on the wear
particle emission is complicated since its increase leads to a higher
mechanical integrity of FM and simultaneously a larger contact area.
Joo et al. [44] investigated the wear particle emission from FM based on
PF and its modifications at elevated temperatures. Their experiments
showed that the modification of PF with aromatic ring, silicon or acryl
leads to a reduction in the emission of particles below 2.5 pm, whereas
alkyl-modified PF exhibits a more intensive particle emission compared
to straight PF. Song et al. [45] investigated the influence of PF curing
conditions on the brake particle emission. An artificial neural network
intended for optimising the curing conditions was developed. There are,
however, no previously obtained experimental data available on the
particle emission effects of NPF and resorcinol-modified NPF (RNPF).

The present study investigates the concentration, size distribution,
morphology and elemental composition of airborne wear particles
emitted from train brake FM based on NPF or RNPF and NBR or SBR
binders in relation to the mechanical properties of FM and wear
mechanism.

2. Experimental
2.1. Friction materials

Three experimental FM were produced in the form of brake linings
by a multistage technological process intended for production of train
brake linings. The technological process includes dry mixing of the in-
gredients, seasoning and milling of the mixture, hot moulding and
curing. Pin samples of 8 mm diameter and 8 mm height were milled out
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from the brake linings by a 6040T4D milling machine. Their friction
surfaces remained unaltered during the milling. Disc samples measuring
60 mm in diameter and 6.5 mm in thickness were S235JR steel. The
roughness of the friction surfaces of the disc samples was Ra 2.5.

The formulations of FM are shown in Table 1. The first FM denoted as
Mgnpr/npr contains 11.2 wt% RNPF and 11.2 wt% NBR binders. The
second FM denoted as Mypg/npr differs from Mgypr/nsr by the replace-
ment of RNPF with NPF. In the third FM denoted as Mgxpr/spr, SBR is
used instead of NBR. The other ingredients in the studied FM are iden-
tical and include steel fibre, graphite, mineral fibre, calcium carbonate,
stibnite, vulcaniser and hardening agent. Note that the formulations of
FM are similar to those used for commercial linings of train brakes.

The original friction surfaces of the pin and disc samples were ana-
lysed using scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX). Table 2 presents the averaged elemental
compositions of the friction samples, whilst Fig. 1 shows the EDX maps
of the original friction surface of an exemplary pin sample. Comparison
of Table 1, Table 2 and Fig. 1 for the pin samples suggests that iron
originates from the steel fibre; silicon, aluminium and magnesium
originate from the mineral fibre; and calcium originates from the cal-
cium carbonate powder.

Table 3 presents the mechanical properties of FM including the
density, elastic modulus (UIC 541-4), compression strength (PN-EN ISO
604:2006), shear strength (PN-92/S-47041), bending strength (PN-EN
ISO 178:2006) and HRX hardness (UIC 541-4). According to the pre-
sented data, Mpp/ngr and Mgnpr/spr €xhibit similar mechanical prop-
erties, whereas Mgypr/npr iS characterised by higher hardness and
strength.

2.2. Pin-on-disc tribomachine

The present study was conducted using an experimental set-up built
on the basis of a T-11 pin-on-disc tribomachine, as shown in Fig. 2. A
dead weight pressed the pin sample against the disc sample. The disc
sample was mounted on a disc sample support. The friction radius was
20 mm. The friction force was measured by an HBM S2 sensor with the
resolution of 0.01 N. COF y was calculated as the ratio of the measured
friction force to the known load on the pin sample. The temperature T of
the pin sample was measured by a K-type thermocouple. The thermo-
couple was installed in a 0.6 mm diameter blind hole parallel to the pin
sample axis. The initial distance between the thermocouple measuring
junction and friction surface was 1 mm. The thermocouple signal was
sampled by a Graphtec GL7000/GL7-HSV data logger with 1 Hz fre-
quency and 0.01 °C resolution. The mass wear Wgc and wpi, of the
respective disc and pin samples was measured by a Radwag XA 210.4Y.A
analytical balance with the resolution of 1075 g.

2.3. Airborne wear particle measurement system
The studied friction pair was isolated from the environment by an

Table 1
Friction material formulation, wt%.

Ingredient Friction material
Mgnpe/Ner — Mnprnr - Mrapr/ser

Resorcinol-modified novolac phenol 11.2 11.2

formaldehyde (RNPF)
Novolac phenol formaldehyde (NPF) 11.2

Nitrile butadiene rubber (NBR) 11.2 11.2

Styrene butadiene rubber (SBR) 11.2
Steel fibre 30 30 30

Graphite 16.1 16.1 16.1
Mineral fibre 14.7 14.7 14.7
Calcium carbonate 12.6 12.6 12.6

Stibnite 3.2 3.2 3.2
Vulcaniser and hardening agent 1 1 1
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Table 2
Elemental compositions of the friction samples, wt%.

Element Pin sample Disc sample
MRnpE/NBR Mnpr/NBR MRNpF/sBR

C 45.8 41.6 45.3 0.17

(0] 16 8.64 11.7

Mg 0.5 0.29 0.32

Al 1.4 0.97 1.09

Si 2.75 1.83 1.93 0.6

S 2.8 2.68 2.75

Ca 10.7 8.74 9.29

Mn 1.4

Fe 20.1 35.3 27.7 97.2

Cu 0.55

aerodynamic chamber. The volume inside the aerodynamic chamber
was 0.55 L. The room air was supplied by a Bambi PT50D compressor
through a 50 L receiver and a TSI Filtered Air Supply 3074B filter to the
aerodynamic chamber inlet. The inlet airflow was adjusted at 12 L/min
using an RFL-B-3/8 needle valve and a TSI Flow Calibrator 4048. Wear
particles emitted from the friction contact were transported by the
airflow inside the aerodynamic chamber to its outlet. The air coming
from the outlet was sampled and analysed by TSI Optical Particle Sizer
3330 (OPS), TSI NanoScan SMPS Nanoparticle Sizer 3910 (SMPS) and
Dekati PM10 Cascade Impactor (CI) with respective airflow rates 1, 0.75
and 9.75 L/min.

OPS counts aerosol particles with optical diameter 0.3-10 pm and
classifies them into 16 groups at 1 Hz frequency. SMPS counts
0.01-0.42 pm aerosol particles based on the electric mobility and per-
forms their classification into 13 groups at the frequency of one particle
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Table 3
Mechanical properties of the friction materials.

Property Pin sample Disc sample
MRNpE/NBR MnpE/NBR MRgnpr/sBR
Density, g/cm® 2.4 2.3 2.4 7.8
Elastic modulus, GPa 1.3 1.0 1.1
Compression strength, MPa 61 41 40
Shear strength, MPa 15 13 11
Bending strength, MPa 22 19 19
Hardness 77 HRX 62 HRX 66 HRX 124 HB
Filter Needle Flow Disc Thermocouple
x valve calibrator / [sample
i s ()
M N Load 2%\
O
|
BN
=g [
. _ Outlet
Pin sample
holder

Pin sample

\ Compressor  Disc sample

support

Aerodynamic
chamber

Fig. 2. Experimental set-up.

o JERE 172 [O K

o i 72

Fig. 1. EDX maps of the original friction surface of the pin sample Mgnpg/nBr-
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size distribution per minute. The particle concentrations in no/cm>
measured by OPS and SMPS are denoted by Cops and Cgyps, respectively.
CI collects aerosol particles with aerodynamic diameter ranges >10 pm,
2.5-10 pm and 1-2.5 pm on aluminium foils for further SEM/EDX
analysis.

2.4. SEM/EDX analysis of the friction samples and collected wear
particles

SEM analysis was performed using an ultra-high-resolution analyt-
ical system Thermo Scientific Scios 2 Dual Beam FIB-SEM with accel-
eration voltage 2 kV and magnification up to 30000 x. EDX analysis was
conducted using a NORAN System 7 energy dispersive full range X-ray
microanalysis system with 20 kV voltage and 10 kV elemental range.

2.5. Friction conditions

Before starting the test, the aerodynamic chamber, components of
the tribomachine inside the aerodynamic chamber, connection tubes
and CI components were carefully cleaned. New pin and disc samples
were air-blown, SEM/EDX analysed, weighed and installed in the tri-
bomachine. New foils were installed in CI. The tribomachine, data
logger, analytical balance, OPS and SMPS were systematically cali-
brated. The filter efficiency was ensured by checking that Cops equals
zero and Csyps is below 100 no/cm® (noise level) in the absence of
friction. After the test, the worn friction samples were carefully
dismantled, air-blown and weighed. The worn friction samples and CI
foils were then subjected to SEM/EDX analysis. The influence of un-
controlled factors was minimised by performing the experimental pro-
cedures in a similar manner by the same operator.

There were six friction regimes (FR) differing in the contact pressure
(0.66, 1 MPa) and sliding speed at the friction radius (0.6, 1.2, 1.8 m/s).
Three tests were carried out in each FR to estimate the test-retest
repeatability. The test duration was 2 h. The environment temperature
was 22 + 2 °C and the relative humidity was 35 + 5%.

The typical results obtained during a single test are shown in Fig. 3.
During the first hour of the test, a running-in of the friction pair occurred
with unpredictable changes in COF p and particle concentrations Cops
and Csyps and increasing pin sample temperature T. The frictional
behaviour stabilised gradually, and it was almost steady for the second
hour of the test. Accordingly, the measured quantities u, T, Cops and

H 7,°C
T
F 100
0.5
H - 80
0.4 1
F 60
0.3 4
- 40
0.2 1
0.1 - - 20
0 T T T 0
0 30 60 90 min
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Csmps were averaged over the second hour of the test to be characteristic.

It is important to mention that the contact pressure in 1 MPa order is
typical for train brakes and comparable to the values used in a Kraus-
type machine study by Joo et al. [44] and a full-scale dynamometer
study by Saffar and Shojaei [42]. As regards the sliding speed, its
maximum value of 1.8 m/s limited by the tribomachine characteristics is
substantially lower than those in a train brake and corresponds to the
lowest value used in a sub-scale dynamometer study by Wang et al. [46].
Thereby, FR of the present study simulate very mild speed and tem-
perature conditions.

K OMgnpr/ner OMype/ner O Menpr/ser

0.5 4 ‘I‘
]L H -H
—I—_I_-]-
0.4 4™
L3

0.3 4

0.2 4

0.1 4

0 T T T T T
0.66 MPa 0.66 MPa 0.66 MPa 1 MPa 1 MPa 1 MPa
0.6m/s 12m/s 18m/s 06m/s 12m/s 18m/s
Fig. 4. Coefficient of friction y depending on the friction regime.
no
cm3
C
10000 4 SMPS
1000 Cops

100 4

10 A

1 T T T
0 30 60 90 min

Fig. 3. Typical results of a single test (Mypg/npr, 1 MPa x 1.2 m/s).
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3. Results
3.1. Friction and wear

Fig. 4 shows the measured COF p. The bars show average values,
whilst the line segments indicate + standard deviation intervals. It is
seen that the entire range of variation of y is 0.35-0.5. FM exhibit similar
values of p in all FR, except for the mildest FR of 0.66 MPa x 0.6 m/s.
Here, replacing NBR with SBR, i.e. Mgnpr/nBr—Mrnpr/spr, Tesults in
smaller p.

Fig. 5 shows the measured pin sample temperature T. As presented, T
is about 50 °C in the mildest FR of 0.66 MPa x 0.6 m/s, whilst it reaches
a value of about 160 °C in the heaviest FR of 1 MPa x 1.8 m/s. Thereby,
T does not exceed 160 °C in all FR. Noticeably, the pin sample Mgnpr/ssr
is heated to a higher temperature compared to the other FM, except for
the mildest FR of 0.66 MPa x 0.6 m/s, which correlates with the smaller
value of y for this FR, as mentioned above.

Fig. 6 presents the measured mass wear wgisc and wpi, of the
respective disc and pin samples. In general, wyisc and wyi, become larger
with increasing contact pressure or sliding speed. It can be seen that the
pin sample wear wypj, increases as NBR is replaced with SBR, i.e.
Mgnpr/NBr—>Mrypr/ser. The disc sample wear wg. decreases with
Mgnpr/nBR — Mnpr/NBR O Minpr/NBR—MRnpr/ser in the heavier FR, except
for the heaviest one of 1 MPa x 1.8 m/s where the scatter in the
measured values is too large to draw a specific conclusion.

3.2. Worn surfaces

Fig. 7 shows the SEM images of the worn surfaces of the pin and disc

T,

OMgrnee/ner OOMype/ngr - OO Mrupe/sBr - s

K v

125
+H ":FP
100 T

-
ik
H

50 o
25 1
0 T T T T T

0.66 MPa 0.66 MPa 0.66 MPa 1 MPa 1 MPa 1 MPa

06m/s 12m/s 18m/s 0.6m/s 12m/s 18m/s

Fig. 5. Pin sample temperature T depending on the friction regime.
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samples. Primary plateaus of 100 pm order size can be distinguished on
the worn surfaces of the pin samples. These plateaus are covered with
numerous ploughing grooves. The worn surface of the disc sample is also
covered with ploughing grooves, as shown on the example of the disc
sample in pair with the pin sample Mypg/npr-

Fig. 8 shows the EDX maps of the worn surface of an exemplary pin
sample Mgnpr/spr- EDX analysis reveals a significant content of iron in
the primary plateaus. Additionally, the mineral fibre in the form of sil-
icon, aluminium, magnesium and oxygen elements and the calcium
carbonate powder can be identified.

3.3. Emission of airborne wear particles

Fig. 9 illustrates the measured particle concentrations Cops and Csyps
in logarithmic scale. The order of magnitude of Cops varies between 10
no/cm® in the milder FR and 10° no/cm? in the heavier ones. The dia-
gram of Csyps is qualitatively consistent with that of Cops. It can be seen
that replacing NBR with SBR, i.e. Mgnpr/ngr—Mrnpr/ser; leads to an
increase in both Cops and Csyps. On the other hand, no distinct trend is
observed in response to the change Mgnpr/nsr—Mnpr/Nsr- Note that due
to the measurement sensitivity of SMPS, the concentration data below
102 no/em® are not reliable.

Merging the measurements from OPS and SMPS allows finding the
particle size distribution in size range 0.01-10 pm. Fig. 10 shows the
OPS and SMPS distributions obtained for the studied FM, eliminating the
SMPS concentrations below 10 no/cm?. It is shown that the fine wear
particles (0.1-2.5 pm) predominate with a distinct global peak at 0.15
pm indicated by SMPS and two local peaks at 0.5 and 1.6 pm indicated
by OPS. The replacement of NBR with SBR, i.e. Mgnpr/nBr —MrnpF/sBr,
results in higher particle concentrations in size range 0.1-10 pm, which
is in line with Fig. 9.

3.4. Properties of airborne wear particles

Fig. 11 shows the SEM images of the CI foils with collected wear
particles. Particles of various shape and size ranging between 0.1 and 10
pm are present. Larger particles of 1-10 pm size have normally flaky
shape. Further, primary particles of submicron size are more rounded.
Moreover, particle agglomerations are frequently met in the form of
combination of comparable size particles or combination of a larger
particle and attached smaller ones. No qualitative differences in the
particles originated from different FM have been revealed.

Fig. 12 shows two exemplary EDX maps of the collected wear par-
ticles. These maps allow identifying 1-10 pm particles composed mainly
of iron. Further, Fig. 12a shows several 1-5 pm particles with noticeable
content of calcium. Furthermore, Fig. 12b indicates two particles con-
taining silicon, aluminium, magnesium and oxygen, whose size is
approximately 5 pm.

4. Discussion

The experimental data (see Fig. 4) show no considerable difference in
COF for the studied FM, although the variation ranges for the contact
pressure and sliding speed are narrow in the present study. Some
interesting relations can, however, be obtained for the wear character-
istics (see Fig. 6). Fig. 13 shows the values of the relative wear of the disc
sample calculated as wgisc/(Waise + Wpin). There is a decrease in the
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06m/s 12m/s 18m/s 0.6m/s 12m/s 1.8m/s 06m/s 1.2m/s 18m/s 0.6m/s 1.2m/s 1.8m/s
Fig. 6. Disc sample wear wgsc and pin sample wear wy;, depending on the friction regime.
Fig. 7. SEM images of the worn surfaces of the pin and disc samples (1 MPa x 1.8 m/s).
relative wear with the change Mgnpr/Ngr—Mnpr/NBR O MRrNpF/NBR— The dependencies of the pin sample wear wy;, (see Fig. 6) on the
Mgypr/spr in the heavier FR. This trend is most probably related to the temperature T (see Fig. 5) and specific power P are shown in Fig. 14. The
mechanical factor, specifically decrease in the hardness and strength specific power P is calculated for each FR as the product of COF, contact
properties of the pin sample (see Table 3). Jeganmohan et al. [23] re- pressure and sliding speed. On the one hand, the pronounced correlation
ported a similar decrease in the brake disc wear when replacing NBR wpin-T for all FM and FR suggests a temperature sensitivity of the wear
with SBR in the brake pad. characteristics, which was previously reported for FM based on PF/NBR
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L] — P

Fig. 8. EDX maps of the worn pin sample surface (Mgnpr/ser, 1 MPa x 1.8 m/s).
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Fig. 9. Particle concentrations Cops and Csvps depending on the friction regime.

or PF/SBR by Liu et al. [26]. The possible cause-and-effect chain may
thus have the following form: change of an ingredient in FM — changes
in the thermal properties of FM (thermal conductivity, specific heat,
density) — change in the temperature of FM — change in the integrity
and strength properties of the binding mixture — change in the wear rate
of FM. On the other hand, a significant scatter in wy, at P~ 0.83

W/mm?, corresponding to the heaviest FR, allows hypothesising a direct
dependence of the wear rate on the hardness and strength properties of
the binding mixture which, in their turn, depend on the formulation of
FM (Saffar and Shojaei [42]). In fact, the thermal and mechanical factors
described are generally interrelated.

SEM/EDX analysis of the worn surfaces of the pin and disc samples
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Fig. 10. Size distributions of airborne wear particles (1 MPa x 1.8 m/s).

(see Figs. 7 and 8) shows that the steel fibre in FM serves as the basis for
forming the primary plateaus on the friction surface of the pin sample.
The primary plateaus appear to carry the major fraction of the friction
load from the disc sample, which is supported by the presence of the
ploughing grooves on these plateaus and the friction surface of the disc
sample. Comparison of the SEM/EDX maps of the worn friction surfaces

1 um cutoff foil

pe

MNPF/NBR MRNPF/SBR

MRNPF/NBR

2.5 um cutoff foil
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to those of the original friction surfaces (see Fig. 1) allows concluding
that the mineral fibres in FM retain their integrity and are not smeared
over the friction surface.

Particle measurements (see Fig. 9) reveal that replacing NBR with
SBR, i.e. Mgnpr/ner—Mrnpr/ser, Significantly intensifies the particle
emission, whereas there is no distinct trend regarding the change
Mgnpr/ner—Mnpr/ner- This finding can be explained by the fact that the
glass transition temperature of SBR (= — 40°C) is lower than that of PF
(=~ 140°C) and NBR (~ — 20°C) (Derakhshandeh et al. [47]). Accord-
ingly, replacing NBR with SBR leads to a decrease in the glass transition
temperature of the binding mixture. This was confirmed by Liu et al.
[26] who reported that ‘compared to the pure PF, the addition of SBR
caused the glass transition temperature of the polymer matrix material
to decrease from 150 °C to 136 °C’. Thereby, Mgnpr/spr is reasonably
expected to have lower integrity and strength properties at elevated
temperatures compared to Mgypr/nBR-

The particle size distribution (see Fig. 10) exhibits peaks located at
0.15, 0.5 and 1.6 pm. Similar peaks were reported for train brake FM in
several studies. For example, Namgung et al. [13], investigating
non-asbestos organic metro train brake pads, found a peak at 0.2 pm
(electric mobility) and another one at about 0.4 pm (optical diameter).
Tsybrii et al. [14] reported an OPS distribution for a train brake lining
material based on caoutchouc and PF exhibiting the same peak at 0.5
pm. The SEM images of the collected wear particles (see Fig. 11) show
that the 1.6 pm order particles have flaky shape, as mentioned in Section
3. On the other hand, the smaller particles with size range covering 0.15
and 0.5 pm peaks are more rounded. As regards the agglomerated par-
ticles collected on the CI foils, they could have been formed at different
stages: direct generation at the friction contact, clustering on the friction
surface, clustering in the air, settling on the foil. The true evolution of an
agglomerated particle can be hardly determined.

The EDX maps of the collected wear particles (see Fig. 12) indicate

10 pm cutoff foil

e Y8Ry

Fig. 11. SEM images of the collected wear particles.
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Fig. 12. EDX maps of the collected wear particles.

particles of different origin. The particles composed mainly of iron
originate from wearing the steel disc sample and steel fibre in FM.
Further, the micrometre-order particles with noticeable content of cal-
cium (see Fig. 12a) originate from wearing calcium carbonate powder
particles in FM. Furthermore, the particles containing silicon,
aluminium, magnesium and oxygen originate from wearing the mineral
fibre in FM. The size of such particles (see Fig. 12b) is approximately 5
pm which is comparable to the transverse size of the mineral fibres
shown in Figs. 1 and 8. Fig. 15 compares the elemental composition of
the collected wear particulate matter to that of FM (see Table 2),

considering the elements whose content exceeds 2 wt%. Expectedly, the
particles contain a large amount of iron as compared to FM. The iron
content is about 50 wt% which agrees with the results obtained by
Wahlstrom et al. [48] and Tsybrii et al. [14]. There are also noticeable
contents of calcium and silicon which are close to those in FM. Note that
silicon in the particles may also originate from wearing the disc sample
(see Table 2). These results are confirmed for all foils with 1, 2.5 and 10
pm cut-off points.

The obtained experimental data allow analysing the wear mecha-
nisms for the studied FM. It is known that at elevated temperatures, FM
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Fig. 13. Relative wear of the disc sample depending on the friction regime.

containing PF and/or rubber can emit vapours that interact with mol-
ecules of air, resulting in the nucleation of nanoparticles and their
subsequent clustering. Namgung et al. [13] reported the emission of 10
nm order particles from a metro train brake dynamometer at tempera-
tures above 70 °C. Nosko et al. [49] observed the emission of 1.3-10 nm
particles from car brake FM at temperatures above 160 °C. Ma et al. [50]
concluded that 5% of the ultrafine particles (below 0.1 pm) emitted from
car brake FM at 200 °C are of non-friction nature. Relatively low con-
centrations of ultrafine particles observed in the present study (see
Fig. 10) imply a negligible contribution of the nucleation mechanism of
particle generation.

The friction-related generation of airborne particles (airborne wear
particles) occurs due to different wear mechanisms including abrasion,
adhesion and oxidation. The ploughing grooves on the primary plateaus
and disc sample friction surface (see Fig. 7), as well as predominantly
flaky shape of 1-10 pm wear particles (see Fig. 11), present strong pieces
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of evidence for the abrasive wear. Besides, the occurrence of wear par-
ticles (see Fig. 12b) that originate from the mineral fibres and are
comparable to their transverse size implies that a single mineral fibre
may not be gradually worn out but is fragmented into large pieces which
are subsequently detached from the binding mixture and emitted in the
form of wear particles. In a similar manner, a compact cluster of the
calcium carbonate powder (see Fig. 12a) can be detached from the
binding mixture. On the other hand, the collected submicron wear
particles of rounded shape suggest a contribution of the adhesive
mechanism (Olofsson [12]). There is lack of experimental data here to
make stronger conclusions regarding this wear mechanism.

As mentioned by Kukutschova and Filip [1], friction and wear pro-
cesses at temperatures above 300 °C are accompanied by oxidation of
chemically unstable components, including PF and rubber, and associ-
ated emission of ultrafine particles. Low concentrations of ultrafine
particles (see Fig. 10) and relatively low temperature of the pin sample
(see Fig. 5) suggest that the contribution of the oxidative wear is
negligibly small.

Summing up the obtained results, it has been shown that although
the modification of NPF with resorcinol improves the hardness and
strength properties of FM, this modification does not considerably affect
the emission and properties of wear particles. Another practically
important finding is that replacing SBR with NBR allows reducing the
emission of 0.1-10 pm wear particles through increasing the glass
transition temperature of the binding mixture. As mentioned in Section
2.5, the pin-on-disc tribomachine used in the present study simulates
substantially milder friction conditions compared to those in train
brakes. Therefore, these findings should undergo validation by brake
dynamometer experiments.

5. Conclusions

The present study investigates the concentration, size distribution,
morphology and elemental composition of airborne wear particles
emitted from train brake friction materials (FM) with binding in-
gredients in the form of novolac phenol formaldehyde resin (NPF) or
resorcinol-modified novolac phenol formaldehyde resin (RNPF) and
nitrile butadiene rubber (NBR) or styrene butadiene rubber (SBR). The
wear particles were generated under controlled conditions by a pin-on-
disc tribomachine inside an aerodynamic chamber. They were counted,
classified by size and collected using aerosol instruments based on the
optical, electric mobility and aerodynamic measurement principles. The

W .
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Fig. 14. Dependencies of the pin sample wear wp, on the temperature T and specific power P.
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Fig. 15. Elemental compositions of the friction material and wear particulate
matter collected on 1 pm cut-off foil.

morphology and elemental composition of the collected wear particles
were studied using scanning electron microscopy and energy dispersive
X-ray spectroscopy. The emission and properties of wear particles were
analysed in relation to the mechanical properties of FM and wear
mechanism.

The main findings can be summarised as follows:

e The replacement of 11.2 wt% NPF with RNPF in FM has no consid-
erable effects on the emission and properties of wear particles. By
contrast, replacing 11.2 wt% SBR with NBR in FM significantly re-
duces the emission of 0.1-10 pm wear particles, which is attributed
to an increase in the glass transition temperature of the binding
mixture and its higher integrity and strength properties at elevated
temperatures.

The particle size distribution exhibits peaks at 0.15, 0.5 and 1.6 pm.
Wear particles in the order of 1.6 pm and larger have flaky shape and
are generated via abrasive wear. On the other hand, smaller wear
particles with size range covering 0.15 and 0.5 pm peaks are more
rounded and are most probably generated via abrasive and adhesive
wear.

Most of the wear particles composed predominantly of iron originate
from wearing the steel disc sample and steel fibre in FM. Fewer wear
particles containing silicon, aluminium and magnesium originate
from detaching large fragments of the mineral fibres from the
binding mixture. Additionally, wear particles containing calcium
originate from detaching compact clusters of the calcium carbonate
powder from the binding mixture.
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