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ABSTRACT 
Worawat Songkitti : Investigation of On Road Particulate Matter Characteristics 

from Brake Wear Mechanisms. Doctor of Engineering (Mechanical Engineering), 

Major Field: Mechanical Engineering, Department of Mechanical Engineering.  

Thesis Advisor: Associate Professor Ekathai  Wirojsakunchai, Ph.D.  

Academic Year 2021 

 

Particulate Matter (PM) is one of the world’s most problematic 

pollutants. It has been found out that PM emission levels are very high during 

traffic congestion. Many literatures suggested that PM emitted during braking 

sequence from vehicles are considered high and could be the major cause of this 

issue. Many studies regarding to PM from brake wear were done in the brake 

dynamometer that might not represent real-world driving scenarios. Various studies 

of on road non-exhaust PM measurement were mostly focused on driving cycles. 

Parametric studies to identifying factors that affect brake wear during real-world 

driving scenarios are still needed for more investigations. The current study focuses 

on fundamental understanding of particulate matter characteristics from brake 

mechanisms. A PM sampling device is attached on the left front wheel of the tested 

vehicle. This device is specifically designed to mimic PM sampling setup in the 

laboratory environment. PM measurements including mass and number of size 

distributions are monitored during the braking sequence. Parametric studies on 

brake wear PM characteristics and  morphology, including driving behavior, 

temperature of brake pad, payloads (weight of additional mass on vehicle), and type 

of vehicles (passenger car and SUV) are observed. Based on experiments, it is 

found out that the pattern of PM emissions observed by number of size distributions 

from brake wear is consistent with driving behavior as suggested in many 

literatures. Increasing payloads results in higher amounts of PM emissions (with 

increasing around 97%). PM emissions are also observed to be significantly 

increased at the brake temperature of 130°C the amounts rise 120% in hot test as 

compared with the cold test. Based on PM size distribution from brake wear, 64% 

of total PM emissions are considered as PM1. In terms of chemical composition in 

both cold and hot tests, Oxygen, Carbon (mostly organic) and Nitrogen come 

from binder and reinforcement. While in the hot test, the additional metal 

components come from fillers and abrasive are found. Furthermore, when the 

temperature rises above 230°C (only in passenger car), Pt and Zn from disc brake 

are the additional fall-out. In terms of morphology, spherical shape particles are 

found in the cold test while rough-surface particles are found in the hot test.  
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INTRODUCTION 
 

 Air quality is a large concern in the world. Particulate Matter (PM) is one of 

the world’s most problematic pollutants in terms of harm to human health.  PM is 

often divided into PM10 and PM2.5, which represent particles with a diameter of less 

than 10 µm and 2.5 µm, respectively.  Traffic is one of the main reasons why PM 

levels are too high, and it is the primary source of PM in urban areas.  One of the 

strategies being adopted in many countries to improve air quality is incentivizing the 

electrification of passenger cars.  The switch to EVs has been proposed as a solution 

to air pollution, offering zero emissions and promising cleaner air for everyone.  

However, when modelling the impact of EVs on air quality, (Soret, Guevara, & 

Baldasano, 2014), (Kuenen, Visschedijk, Jozwicka, & Denier van der Gon, 2014) 

found that fleet electrification would not significantly reduce PM emissions due to the 

importance of non-exhaust emissions.  Vehicles emit PM not only through their 

exhaust but also through non-exhaust sources, such as brake wear is caused by the 

friction between the brake pad and disc brake, tyre wear and road surface wear are 

caused by the friction between the tyre thread and road surface, and resuspension of 

road dust is caused by the diffusion of air current underneath and behind vehicles.  

Report contribution of brake wear is 42% to the non-exhaust PM emission of all part 

of vehicle (Jens Wahlström, 2009). 

 Non-exhaust emissions tend to contain mostly PM10, but a significant 

proportion of the emissions contains fine PM2.5 as well.  The chemical characteristics 

of non-exhaust PM emissions vary per source, but are mainly made up of heavy 

metals such as zinc (Zn), copper (Cu), iron (Fe) and lead (Pb), among others (A. 

Thorpe & Harrison, 2008).  One of the most important non-exhaust traffic-related 

source is considered to be brake wear, Several studies can be found in the scientific 

literature concerning the relationship existing between wear mechanisms in disc 

brakes and relevant emissions of airborne PM (Kukutschová et al., 2009), 

(Kukutschová et al., 2010), (W. Österle, Prietzel, Kloß, & Dmitriev, 2010), (Jens 

Wahlström, 2011), (Jens Wahlström, Olander, & Olofsson, 2010), (Lawrence et al., 

2013), but all these studies doesn’t measure the brake wear particles while driving.  

During forced deceleration, vehicle brake linings are subject to large frictional heat 

generation and associated wear.  This mechanically induced wear generates brake 

lining particles which are subsequently released to the environment.  It was already 

hypothesized that PM emissions from brake wear were highly influenced by vehicle 

weight, as stated in past studies (Garg et al., 2000), (Barlow, 2014).  They focused on 

measuring non-exhaust PM emissions between passenger cars and Light Duty 

Vehicles (LDV). Their result showed that LDV emitted more brake wear PM than 

passenger cars (Luekewille et al., 2001).  Driving behaviors, the frequency and 

severity of braking events, should be an important determinant of brake temperature 

and wear.  Because brake wear only occurs during forced decelerations, the highest 

concentrations of brake wear particles should be observed near busy junctions, traffic 
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lights, pedestrian crossings, and corners. (Grigoratos & Martini, 2015) found that the 

mass of friction material lost per stop increased with an increase in brake temperature, 

though in all cases the percent of total wear detected as airborne PM was higher for a 

brake temperature of 100°C than for a brake temperature of 400°C.   
Based on previous literature it can be concluded that, the main factors 

contribute to PM emissions are: 1.) weight of vehicle (payloads), 2.) driving 

behaviors, 3.) brake temperature, and 4.) types of vehicles to which effect brake wear.  

This study was focused on investigating brake wear particles emitted from vehicle(s) 

during braking sequences.  The tests were performed using a PM sampling device that 

mimic the PM sampling system (commonly used in an engine laboratory).  This PM 

sampling device was directly attached on to a moving vehicle nearby the left front 

wheel.  PM mass and size distributions were measured.  Driving behavior, 

temperatures of brake pad to find the effect of braking temperature in cold tests (less 

than 130°C) and hot tests (above 130°C) on brake wear characteristics and 

morphology, as well as payloads were varied to investigate PM emission fluctuations 

from brake wear during on-road driving conditions.  The outcomes of this research 

are, first, identifying factors that affect PM formation from brake wear PM emission, 

second, understanding the physical and chemical properties of PM from brake wear, 

and finally, gaining fundamental understandings of PM formation mechanism from 

brake wear PM emission. 
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OBJECTIVE 
 

1. Determine the effective method for real-time measurement of PM from brake 

wear during real word driving cycle. 

2. Investigate relationships of PM characteristics among braking behaviors, 

payloads, and brake temperature. 

3. Gain fundamental understandings of PM formation from brake wear 

mechanism. 

 

SCOPE OF WORK 
 

1. Testing brake wear PM emissions from semi-metallic brake in internal 

combustion engine vehicles whose weights are under 2,000 kilograms. 

2. Testing on close road. 

3. Testing in Real world Driving Cycle (RDC) and ISO 21994:2007 standard. 
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LITERATURE REVIEW 
 

 

Non-Exhaust PM Emissions 

 

 Particulate Matter (PM) refers to very small particles of solid or semi-solid 

material.  Particles with a diameter larger than 50 microns (µm) tend to fall and settle 

on the ground.  Those smaller than 50 microns are suspended in the air.  The particles 

can be divided into the following groups: 

• TSP: Total Suspended Particulate. Particles between 0.1 and 50 

microns in diameter. 

• PM10: Particulate matter with diameters of 10 microns or less. 

• PM2.5: Particulate matter with diameters of 2.5 microns or less. 

• PM1: Particulate matter with diameters of 1 micron or less. 

• PM0.1: Particulate matter with diameters of 0.1 micron or less. 

 Both PM10 and PM2.5 can be breathed into the lungs causing health effects.  

PM2.5 will penetrate deeper into the alveoli of the lungs than PM10.  Particulate matter 

can reduce lung function and cause lung disease such as emphysema, bronchiectasis, 

pulmonary fibrosis, and cystic lungs.  Long term effects can also lead to lung cancer 

(Barlow, 2014). 

 It has been known that vehicle emit PM by exhaust and non-exhaust sources.  

Exhaust PM emissions are mainly made up of PM2.5 and contain a variety of 

hydrocarbons, which can contribute to respiratory disease or lead to increased 

incidence of cancer (Kagawa, 2002).  Non-exhaust emissions initiate from brake 

wear, tyre wear, road surface wear and resuspension of road dust.  There are several 

toxicological studies that have found links between non-exhaust emissions and 

adverse health effects, such as lung-inflammation and DNA damage (Cassee, Héroux, 

Gerlofs-Nijland, & Kelly, 2013). 

 Up until the early 1990s, road transport emissions were dominated (80% - 

90%) by exhaust emissions (Kuenen et al., 2014); but over time, PM10 tends to 

decrease as depicted in Figure 1A (in Netherlands 1990 – 2015).  The trend as shown 

for the Netherlands, with the brake-even point between exhaust and wear emissions 

around the year 2012 as depicted in Figure 1B (in Norway and Switzerland 2000 - 

2014).  As can be seen in Figure 1A, since 1990 the exhaust emission reduction 

strategies have been extremely successful and currently wear emissions dominate over 

combustion emissions. 
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Figure 1 PM10 emission from road transport exhaust and wear: (A) in Netherlands; 

(B) in Norway and Switzerland 

Source: (Denier van der Gon et al., 2018) 

 In order to put this decrease in emissions into perspective, the average PM10 

and PM2.5 emissions of passenger cars must be determined.  As we know, passenger 

cars emit PM through exhaust and non-exhaust pathways. 

 1.) Exhaust emissions 

  Since PM emission standards for vehicle exhausts have become 

increasingly strict and now all new diesel passenger cars are fitted with a diesel 

particulate filter (DPF), (Bergmann, Kirchner, Vogt, & Benter, 2009) found that DPFs 

are very effective at reducing PM emissions, lowering the emitted mass of PM by 

99.3%.  This has resulted in greatly reduced particle emissions from diesels in the last 

ten years (Europe-ICCT, 2018).  From the announcement by the European 

Commission (EU, 2007), it was stated that new diesel and other petrol vehicles must 

comply with the EURO 6 standards within the next decade.  The EURO 6 standards 

allow almost zero PM emissions from vehicles (as depicted in Table 1).  However, 

PM emissions is beyond the current scope of this research study. 
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Table 1 EURO 6 standards 

Emissions Petrol Diesel 

CO 1.0 g/km 0.5 g/km 

THC 0.1 g/km - 

NMHC 0.068 g/km - 

NOx 0.06 g/km 0.08 g/km 

HC + NOx - 0.17 g/km 

PM 0.005 g/km 0.005 g/km 

PN 6.0 x 1011 /km 6.0 x 1011 /km 

Source: (RAC, 2019) 

 2.) Non-exhaust emissions 

  Non-exhaust particulate emissions come from several sources.  The 

most significant are:  

• Brake wear, from the use of the vehicle’s brakes. 

• Tyre wear, from the interaction of the tyres and road surface. 
• Road surface wear, from the wearing of the road surface 

• Resuspension, due to the particulates lying on the road being 

disturbed by the wake of the vehicle 

 Further studies consider brake wear separately and report contributions of 
brake wear is 42% to the non-exhaust PM emission of all of part vehicle as depicted 

in Table 2.  Therefore, this research focuses on brake wear emission.  

Table 2 Emission inventories on average brake wear, tyre wear and exhaust for 

passenger cars. 

Emission 

Source  

 PM10 (mg/vkm)  PM2.5 (mg/vkm) 

Gasoline EURO 6  Diesel EURO 6  Gasoline EURO 6  Diesel EURO 6 

Brakes 9.3 9.3 2.2 2.2 

Tyres 6.1 6.1 2.9 2.9 

Exhaust 3.1 2.4 3.0 2.4 

Source: (Simons, 2013) 

 Numerous studies have investigated the brake wear emission phenomena.  

There are various methodologies to perform this task.  The next chapter will explain 

methods for measuring brake wear emissions. 
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Methods for determining brake wear emissions 

 

The most common methods are: 

• Estimation: emission factors can be estimated based on national statistics 

of brake use, average weight lost per brake, and average distance before a 

brake needs to be replaced.  Some manufacturers also provide information 

on the rate of wear on brakes, which can be used to estimate emission 

factors.  Examples of studies that use this method are those by (Legret & 

Pagotto, 1999), (Barlow, 2014). 

• Laboratory measurements: laboratory measurements usually use a circular 

road simulator and weighted wheels, with or without brakes to test tyre, 

brake, and road wear.  Alternatively, tests can be done on a track in a wind 

tunnel to more closely simulate reality.  Examples of studies which use a 

road simulator are (Cadle & Williams, 1978), (K. Kupiainen, Tervahattu, 

& Räisänen, 2003), (K. J. Kupiainen et al., 2005), (Bukowiecki et al., 

2010), (Dahl et al., 2006), (Gustafsson et al., 2009), (Sakai, 1995) and 

(Sanders, Xu, Dalka, & Maricq, 2003) used a wind tunnel and track, while 

(Chow et al., 1994) used a resuspension chamber to investigate the 

composition of road dust. 

• Roadside and tunnel measurements: it is possible to calculate exhaust and 

non-exhaust emission factors by measuring PM levels near a road or at the 

inlet and outlet of a tunnel, comparing this to the background levels of PM 

and apportioning the difference to exhaust and non-exhaust sources by 

analyzing the chemical composition of PM.  Examples of tunnel studies 

are those by (Lawrence et al., 2013).  Roadside measurement studies were 

done by (A. J. Thorpe, Harrison, Boulter, & McCrae, 2007), (Sjöberg & 

Ferm, 2005). 

• Mobile on-board measurement: mobile on-board measurement is done by 

attaching sampling devices directly onto a moving vehicle or in a trailer 

behind a moving vehicle. This type of study was performed by (Fitz & 

Bufalino, 2002), (Bukowiecki et al., 2009), (Nicolas et al., 2009), 

(Mathissen, Scheer, Kirchner, Vogt, & Benter, 2012) and to determine 

resuspension emission factors.  This method can be measuring the PM 

while real driving, therefore this method by direct sampling brake wear 

will be adopted in this research study.  

 (Farwick zum Hagen et al., 2019) tests of brake wear by using On-road 

vehicle measurements (direct sampling) were investigated during on-road driving 

with a midsize passenger car on a closed test track.  The setup was customized for 

testing at the left front brake of a midsize passenger car.  For stable flow conditions, 

the air flow of the system was driven constantly by blower at the end of the transport 

line.  The high negative pressure of the blower (stand-alone specification: 1,100 Pa at 

250 m³/h) was roughly estimated in order to properly compensate the pressure drop 
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along the capturing cone and the transport line, as sketched in Figure 2, ambient air 

from the vehicle underbody was sucked in at the front wheel.  The air passed the dust 

shields before flushing the brake.  The aerosol was then routed through a swivel joint 

connecting the rotating cone on one side to a stationary hose (d = 38 mm, l = 1.4 m) 

on the other side.  The hose was routed in a horizontal U-bend and later expanded to a 

larger diameter hose (d = 100 mm, l = 5 m) that minimized particle losses.  It was 

further routed over the hood along the right A-pillar onto the vehicle roof entered the 

passenger cabin at the right rear window and was connected to the sampling tube (d = 

100 mm, l = 0.6 m) in the trunk of the car.  This tube was positioned in front of the 

blower and was used for aerosol sampling and continuous monitoring of the air 

velocity inside (air velocity transducer, TSI 8455).  The aerosol was sampled in the 

center of the tube with an isokinetic adjusted probe considering an estimated setup 

flow of 89 m3/h (Paul Baron, Pramod, & Klaus, 2011).  The probe was connected via 

a flow splitter to an Aerodynamic Particle Sizer (APS, TSI 3321; sampling rate: 1 Hz; 

particle size range (aerodynamic): 0.5-20 µm; number of channels: 52), DustTrak 

(DT, TSI 8533; sampling rate: 1 Hz) with PM10 impactor upstream, and an Engine 

Exhaust Particle Sizer (EEPS, TSI 3090; sampling rate: 10 Hz; particle size range 

(electrical mobility): 5.6 – 560 nm; number of channels: 32).  Downstream of the 

blower, the aerosol was routed out of the passenger cabin.  For PM background 

monitoring a second DT device was used sampling at the left rear window. 
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Figure 2 (a) Dust capturing cone at left front wheel. (b) Test car with measuring 

setup. (c) Schematic Chart of measurement setup 

Source: (Farwick zum Hagen et al., 2019) 

 It can be summarized from above literature reviews that there are numerous 

details on measurements of PM from brake wear system due to complexity of the PM 

formation/generation.  The following chapter will discuss on the PM 

formation/generation mechanism. 
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PM formation from brake wear mechanism 

 

 The materials used in the production of brake pads can be classified in terms 

of different criteria.  The most important one is the role the substance plays in the 

process of braking.  Based on this criterion there are binders, additives, fillers, and 

abrasives (Figure 3) (Xiao, Yin, Bao, Lu, & Feng, 2016), (Gujrathi & Damale, 2015), 

and (Aza, 2014).  

 
Figure 3 Brake pad friction material structure: 1 - binder, 2 - reinforcement, 3 - filler, 

4 - abrasive 

Source: (Borawski, 2020) 

 The binder is the flue that hold all the components of the pad.  This substance 

must be characterized by high and stable coefficient of friction, resistance to high and 

rapidly changing temperatures and low mass (the binder usually makes up 

approximately 20% of the pad volume) (Bijwe, 1997).  Also, the material must not 

react with any other component of the pad, as this might lead to changes in overall 

material characteristic or cause delamination of the composite and greatly limit the 

efficiency of the braking system.  The binder is usually made from epoxy or silicone 

resin (Chan & Stachowiak, 2004). 

 The reinforcement is a fibrous material (one or more) which improves the 

binder’s mechanical properties (increasing its strength).  Different types of 

reinforcement materials have a significant impact on the durability and resistance of 

the brake pad.  Therefore, the selection cannot be random.  In the past, asbestos was 

an excellent reinforcement fiber.  However, due to its harmful properties (Lemen, 

2004), it was necessary to find a replacement which today is no problem at all, since 

there is a whole range of materials which can be used successfully to this end 

(Ikpambese, Gundu, & Tuleun, 2016) and (Ganguly & George, 2008)). 
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 Fillers are used to filling up the empty spaces between the other components 

of the brake pad.  They can make up for up to 10% of the brake pad volume, which is 

why using the right substance is so important.  Most common fillers include 

vermiculite, perlite, mica, barium sulphate, and calcium carbonate, due to the 

substances resistance to high temperature, lack of reaction with other components of 

brake pads, and low price (Y. C. Kim, Cho, Kim, & Jang, 2008). 

 Abrasives are used for modifying (increasing or decreasing) the coefficient of 

friction.  Additives such as steel, cast-iron, flame-resistant oxides and silicates or 

quartz, due to their hardness, are used for increasing the coefficient of friction 

between the brake pad and disc and therefore increasing the operating life of the pad.  

Additionally, the effect is reinforced by the adhesion with the disc material, especially 

in terms of metals.  The substances also create contact zones, which are the main 

friction areas in the pair of elements (Eriksson, Lord, & Jacobson, 2001), (Mitsumoto, 

2017).  Unfortunately, due to friction in the contact areas, excessive temperatures are 

generated.  This may lead to destruction of the pad’s structure and lead to separation 

of its components.  That is why lubricants are used, which usually improve the 

thermal conductivity of the pad.  Lubricants improve the removal of energy from the 

contact area and prevent the friction elements from overheating (S. J. Kim, Cho, Cho, 

& Jang, 2007), (Gudmand-Høyer, Bach, Nielsen, & Morgen, 1999) and (Szpica, 

2019).  The most common lubricants are metallic sulphates (such as copper or tin) and 

graphite.  Their lubricity depends on the content in the pad (approximately 10% of 

volume yields the best results) and the size of lubricant particles (Dmitriev, Öesterle, 

& Kloss, 2011). 

 There are two main brake system configurations in current use: disc brakes, in 

which flat brake pads are forced against a rotating metal disc, and drum brakes, in 

which curved pads are forced against the inner surface of a rotating cylinder.  Disc 

brakes tend to be used in smaller vehicles (passenger cars and motorcycles) and on the 

front wheels of light-duty trucks.  Traditionally, drum brakes tend to be used in 

heavier vehicles, although disc brakes are increasingly used in newer heavy-duty 

vehicles.  Disc brakes, in which flat brake pads are forced against a rotating metal disc 

(Figure 4), during forced deceleration, vehicle brake linings are subject to large 

frictional heat generation and associated wear.  This mechanically induced wear 

generates brake lining particles which are subsequently released to the environment.  

In other words, the frictional contact between the disc and the pad generates particles 

of various sizes.  During a braking event, the caliper acts mechanically on the pad, 

which slides against the disc and transforms vehicle kinetic energy into thermal 

energy.  Apart from the mechanical abrasion, vehicle brakes become subject to large 

frictional heat generation with subsequent wear of linings and rotors.  It is estimated 

that front brakes have to provide approximately 70% of total braking power and 

therefore have to be replaced more frequently than rear ones.  The majority of car 

braking systems consist of frictional pairs made of a disc, a pad and a caliper.  Figure 

4 depicts a disc brake assembly with a single-piston floating calipers and a ventilated 

rotor (Jens Wahlström, 2009).  It is therefore no surprise that front brake linings have 
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to be replaced more frequently than rear brake linings.  It has been estimated that front 

disc brakes last for around 35,000 miles (56,000km) under normal usage, while rear 

brakes can be expected to last around 70,000 miles (112,000 km) (Garg et al., 2000).  

During a brake's lifetime, 80% of the friction material will have worn away.  Finally, 

some disc-brake systems require the pads to be in low-pressure contact with the rotor 

in order to ensure robust brake performance.  This leads in higher particle release in 

the environment (Söderberg, Sellgren, & Andersson, 2008). 

 
Figure 4 Graphic representation of a disc brake system. 

Source: (Jens Wahlström, 2009)  

 While most of the brake wear deposits either on road or vehicle sites (Kumar, 

Pirjola, Ketzel, & Harrison, 2013), about 35 – 55% becomes airborne (Garg et al., 

2000), (Harrison, Jones, Gietl, Yin, & Green, 2012).  (Sanders, Dalka, Xu, Maricq, & 

Basch, 2002) even report airborne fractions of 50 – 70% escaping the wheel, while 

about 15 – 25% remains on wheel. 

 Typically, the regular vehicles have four common brake pad types: (AZUMA, 

2020), (Auto, 2019). 

• Semi-Metallic; with long-term durability and excellent heat transfer 

capability: - semi-metallic is the most common brake pad type widely 

used in different vehicles.  It is made of steel wire or wool, graphite or 

copper, and friction modifiers. This type of brake pad contains 30 – 

65% metallic compositions.  It creates more noises, wears down rotors 

faster, and underperforms at low temperatures. 

• Non-Asbestos Organic (NAO); fibers, high-temperature resins, and 

filler materials are used in the making of this brake pad type.  If 

compared to the semi-metallic type, they are softer and create less 

noise; but deteriorate faster and create more dust.  These types of brake 

pads are sometimes listed as organic or NAO. 

• Low-Metallic NAO; these brake pads are made of organic materials 

with 10%-30% metal such as steel or copper in the mix.  Though they 

https://carfromjapan.com/article/car-maintenance/common-types-of-brake-pads-know/
https://carfromjapan.com/article/car-maintenance/common-types-of-brake-pads-know/
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create more noise and brake dust, their braking and heat transfer 

capabilities are excellent. 

• Ceramic; these brake pads are generally the most expensive, but are 

cleaner and produce less noise than other materials.  Ceramic brake 

pads last longer than semi-metallics as well.  (Auto, 2019) says 

ceramics outperform organic pads. 

 Overview of the published brake wear studies trying to quantify direct brake 

emissions generated mainly by a brake dynamometer (Table 3) clearly shows 

impossibility to make a comparison of quantity of brake wear emissions, as there are 

several variables (testing device, testing procedure, sampling conditions, brake 

materials, etc.) and no recommended approach for generation, measurement and 

expression of brake wear emissions is clearly defined. 
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Table 3 Overview of Studies Quantifying the Airborne Fraction of Direct Brake Wear 

Particulate Emissions 
Reference Pads Type of 

Testing 

Testing Procedure Particle 

Quantification 

Output 

(Garg et al., 

2000) 

SM, 

NAO 

BD Wear Test-General Motors 

BSL-035 (Deceleration 

2.94 m/s2, max. speed 50 

km/h, temperatures 100, 

200, 300, and 400˚C) 

Mass of filters 

(TSP sampling, 

size resolved by 

MOUDI) 

Overall average: 

4.6-12.1 mg of 

PM10/mile/vehicle 

3.4-8.9 mg of 

PM2.5/mile/vehicle 

1.9-5.0 mg of 

PM0.1/mile/vehicle 

(Sanders et 

al., 2003) 

LM, 

SM, 

NAO 

BD Urban driving program 

(deceleration < 1.6 m/s2, 

max. speed 90 km/h) 

Mass of filters 

(TSP sampling, 

size resolved by 

MOUDI and 

ELPI) 

̴ 8 mg of 

TSP/stop/brake 

(LM) 

̴ 2 mg of 

TSP/stop/brake 

(SM) 

 ̴ 2 mg of 

TSP/stop/brake 

(NAO) 

(Hagino, 

Oyama, & 

Sasaki, 

2015) 

NAO BD Own urban driving 

program (deceleration < 

3.0 m/s2, max. speed 60 

km/h) 

Mass of filters 

(DustTrak + 

impactor) 

0.006-0.016 mg of 

PM10/braking/ 

wheel 

(Hagino, 

Oyama, & 

Sasaki, 

2016) 

NAO BD • Wear test-JASO C427 

(deceleration 

2.94 m/s2, max. speed 50 

km/h) 

• Japanese exhaust 

emission/fuel economy 

tests (JC08/JE05) (max. 

speed 90 km/h) 

Mass of filters 

(DustTrak + 

impactor) 

0.04-1.4 mg of 

PM10/km/vehicle 

0.04-1.2 mg of 

PM2.5/km/vehicle 

(Perricone 

et al., 2017) 

LM, 

NAO 

BD Modified wear test (SAE J 

2707) (max. deceleration 

3.92 m/s, max. speed 100 

km/h, initial rotor 

temperature 100 -200˚C) 

Mass of filters 

Number 

concentration 

(ELPI + 

cascade 

impactor) 

14.5-46.4 mg of 

PM10/stop/brake 

(LM) 

8.5-9.2 mg of 

PM10/stop/brake 

(NAO) 

8-91 x 1010# of 

PM10/stop/brake 

(LM) 

153 x 1010# of 

PM10/stop/brake 

(NAO) 

(Nosko & 

Olofsson, 

2017) 

LM PoD Own testing program 

(contact pressure 

0.5-1.5 MPa, deceleration 

0.8-1.6 m/s) 

Calculation of 

volume 

concentration 

based on size 

distribution 

(FMPS, OPS) 

̴ 200 mg of 

PM10/m3 

Source: (Kukutschová & Filip, 2018) 

(BD, brake dynamometer; LM, low-metallic; NAO, non-asbestos organic; PoD, pin-

on-disc; SM, semi metallic; TSP, total suspended particles.) 
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 (Sanders et al., 2003) and (Garg et al., 2000) also conducted dynamometer 

measurements with SM (Semi-Metallic), LM, and also NAO brake materials typically 

used for midsize and full-size cars as well as the full-size trucks. (Sanders et al., 2003) 

used an open disc system, while the measurements by (Garg et al., 2000) were carried 

out in a closed chamber.  Dynamometer testing simulated regular on-road braking 

events “typical for urban driving,” i.e., speed from 90 to 0 km/h (Sanders et al., 2003) 

and from 50 to 0 km/h (Garg et al., 2000), deceleration below 1.6 m/s2 (Sanders et al., 

2003) and 2.94 m/s2 (Garg et al., 2000) and, importantly, the data generated for the 

particle mass and the particle number distributions, as well as the chemical 

composition of direct wear debris, were compared with the on-vehicle brake particle 

measurements (Sanders et al., 2003).  The number distribution was dominated by 

particles larger than 200 nm in diameter, which is not in agreement with the discussed 

pin-on-disc studies (Nosko, Olofsson, Metinoz, & Alemani, 2015), (Nosko & 

Olofsson, 2017) and later dynamometer study (Kukutschová et al., 2011), which 

detected particles down to 10 nm in diameter.  (Sanders et al., 2003) estimated the 

major difference between LM and NAO pad formulations in number concentration of 

wear particles with LM formulation generating two to three times larger number of 

wear particles than SM and NAO (Figure 5).  By comparison of final pad and rotor 

mass, (Sanders et al., 2003) observed that when LM brake pads are used, 60% of the 

wear debris comes from the rotor and 40% from the pads.  Because rotors are 

contributing to direct brake wear, observations regarding the presence of iron in wear 

debris, as the most dominant metallic element, are consistent in numerous studies 

(Garg et al., 2000), (Kukutschová et al., 2011), (Werner Österle et al., 2014), (Sanders 

et al., 2003) and (J Wahlström, Söderberg, Olander, Olofsson, & Jansson, 2010).  The 

elements detected by (Sanders et al., 2003) with the highest frequency and in the 

highest amounts were Fe, Cu, Si, Ba, K, and Ti.  However, they did not observe any 

difference in distribution of elements among studied size fractions, i.e., coarser and 

finer fractions were of similar elemental composition. 
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Figure 5 Number versus mass distributions of brake wear particles generated from 

low-metallic, semi-metallic, and non-asbestos organic (NAO) brake pad materials. 

Source: (Kukutschová & Filip, 2018) 

 They account for 20 – 40% of the lining material and are made of modified 

phenol-formaldehyde resins.  Reinforcing fibers provide mechanical strength and 

structure to the lining.  They usually account for 6 – 35% (by mass) of the lining 

material and can be classified as metallic, mineral, ceramic or organic.  They mainly 

consist of copper, steel, brass, potassium titanate, glass, organic material and Kevlar.  

Fillers are used in order to improve thermal and noise pad properties and also reduce 

the manufacturing cost.  They usually consist of inorganic compounds (barium and 

antimony sulphate, magnesium, and chromium oxides), silicates, ground slag, stone 

and metal powders and account between 15 and 70% (by mass) of the lining material.  

Lubricants influence the wear characteristics of the lining.  They can be inorganic, 

metallic or organic.  Graphite is usually employed, but other common materials 

include ground rubber, metallic particles, carbon black, cashew nut dust and antimony 

trisulphide.  They usually make up 5 – 29% by mass of the brake lining.  Abrasives 

are used in order to increase friction, maintain cleanliness between contact surfaces 

and limit the buildup of transfer films.  They typically account for up to 10% by mass 

of the lining.  Aluminum oxide, iron oxides, quartz and zircon are the most common 

abrasive constituents (Grigoratos & Martini, 2014), (Eriksson et al., 2001).  The 

proportions of the abovementioned components vary according to the type of lining 

and the manufacturer.  

 The microstructure of brake wear is shown in Figure 6, particles of different 

sizes generated as a result of brake wear tests performed in the laboratory 

(Kukutschová et al., 2011). (Jens Wahlström, 2011)  provided a simplified visual 

explanation of the model which is given in Figure 7.  It has been shown that a 
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transparent disc is moving from left to right.  Some of the wear particles pile up 

against the contact plateaus and create secondary plateaus.  A flow of wear particles 

in the gap between the pad and disc wear the lowlands of the pad through three-body 

abrasion, the plateau surface is covered by a nanocrystalline third body formed by the 

wear particles and that this third body is mainly made of iron oxides (Werner Österle 

& Urban, 2006).  The third body differs in structure composition and properties from 

the two first bodies, pad and disc in our case (Werner Österle & Dmitriev, 2014). 

Much detailed work has been published on this field by several researchers (G. 

Ostermeyer, 2014), (G. P. Ostermeyer & Müller, 2008) and (G. P. Ostermeyer, 2007). 

 
Figure 6 SEM images of brake wear particles (left<56nm, middle PM2.5, right PM10) 

Source: (Kukutschová et al., 2011) 

 
Figure 7  Illustration of the contact situation between the pad and disc 

Source: (Jens Wahlström, 2011) 

 The metal contents of brakes determined in three studies (Brewer, 1997), 

(VROM, 1997), (Legret & Pagotto, 1999) are presented in Table 4.  The results show 

that significant amounts of copper (up to 1.4% by mass) and iron (up to 4% by mass) 

can be present.  Other metals, notably calcium, sodium, and zinc, are also prominent 

and Table 5 reported metal concentrations in the brake linings of new passenger cars 

(less than four years old), older passenger cars (using replaced brake disc, drums and 

brake linings not originally fitted to the vehicles), heavy goods vehicles and buses, 

The results show that significant amounts of copper (up to 14% by mass) and iron (up 

to 40% by mass). 
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Table 4 Metal content of brake linings 

 
Source: (Brewer, 1997) 

Table 5 Mean metal concentrations in brake linings 

 
Source: (Westerlund, 2001) 

 Chemical composition of brake wear particles should be considered when 

trying to fully characterize them and assess their possible adverse effects on human 

health.  Several epidemiology studies have correlated adverse health responses with 

the presence of specific chemical species like carbonaceous material and trace 

elements (heavy metals) in the ambient PM (Kelly & Fussell, 2012), (Ostro, 

Broadwin, Green, Feng, & Lipsett, 2006).  Table 6 provides an overview of the 

concentrations of the most common elements found in brake wear dust and PM. 

 

 

 

 

 

 

 

 

 

 



19 

 

Table 6 Trace element concentrations found in emitted brake wear dust. 

 
Source: (Grigoratos & Martini, 2014) 

 List of key tracers used by various researchers over the last decade for 

identifying brake wear is given in Table 7.  Almost researcher suggests that to 

consider Cu and Fe. 

Table 7 Overview of most common key tracers used for brake wear emission 

calculation 

Reference Tracer 

(Sternbeck, Sjödin, & Andréasson, 2002) Ba, Cu, Sb 

(Adachi & Tainosho, 2004) Ba, Ce, Cu, Fe, La, Sb, Ti, Y, Zr 

(Sanders et al., 2003) Ba, Cu, Fe, Sb, Si, Zn 

(Uexküll, Skerfving, Doyle, & Braungart, 2005) Cd, Cu, Pb, Sb, Zn 

(Iijima et al., 2007) Ba, Cu 

(Iijima et al., 2008) Sb 

(Kukutschová et al., 2011) Cu, Cd 

(Harrison et al., 2012) Cu, Fe, Mo, Sb, Sn, Zn, Zr 

(Kwak, Kim, Lee, & Lee, 2013) Cu, Mo, Sb 

(Gietl, Lawrence, Thorpe, & Harrison, 2010) Ba, Cu, Fe, Sb 

(Keuken, Denier van der Gon, & van der Valk, 

2010) 

Cu 

(Amato et al., 2011) Cu, Cr, Fe, Sb, Sn, Zn 

(Apeagyei, Bank, & Spengler, 2011) Cu, Ba, Fe, Mo, Ti, Zr 

(Duong & Lee, 2011) Cu, Ni 

(Song & Gao, 2011) Sb, Cu, Fe, Pb 

(Harrison et al., 2012) Sb, Cu, Fe, Pb 

(Lawrence et al., 2013) Ba, Cu, Fe, Mn, Ni, Pb, Sb 

(Varrica, Bardelli, Dongarrà, & Tamburo, 2013) Sb 

Source: (Grigoratos & Martini, 2014) 

 It is obvious that results from the studies on brake wear vary as each study was 

performed on the various factor(s) contributing to brake wear PM emissions. 
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Effects of braking behavior on brake wear PM emissions and braking 

temperature 

 

 Braking behaviors are effect to brake wear as depicted in Figure 8.  The half 

face parabola relationship between PM2.5 and deceleration, higher deceleration affects 

to higher PM2.5 emission rate. 

 
Figure 8 Brake wear PM2.5 emission rates for light duty vehicles as a function of 

deceleration rate 

Source: (U.S. Environmental Protection Agency, 2014) 

Several demographic characterizations of brake wear particles, given in 

Figure 9, the size distribution of wear particles in the continuous, low-speed tests is 

shown in Figure 9(a).  There are two peaks in the frequency plots.  The first peak 

occurs around 350 nm for all nominal contact pressures.  The particle size at which 

the second peak in frequency occurs becomes bigger as the pressure increases.  The 

particle size for the second peak is 2, 7, and 15 µm for 0.125, 0.375, and 0.625 MPa 

pressure, respectively.  The use of discontinuous contact conditions did not affect the 

size of sub-micron wear particles, as shown in Figure 9(b).  However, it tended to 

reduce the particle size at which the second frequency peak occurs.  Figure 9(c) 

shows the size distribution of wear debris for high-speed tests.  As in previous tests, 

the first peak occurs around 350 nm.  The location of the second peak is 3, 5, 6 µm for 

0.75, 1.0, and 1.25 MPa pressure, respectively. 
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Figure 9 Size distribution of wear particles generated during the (a) low-speed, 

continuous tests (sliding speed = 0.275 m/s); (b) low-speed, discontinuous tests 

(sliding speed = 0.275 m/s) and (c) high-speed tests (sliding speed = 5 m/s). 

Source: (Mosleh, Blau, & Dumitrescu, 2004) 

 It is reasonable to assume that the accumulation modes (50 – 1,000 nm) and 

coarse modes (>1,000 nm) of comparable prominence.  Two aspects of these data are 

intriguing.  First, coarse mode particle sizes are strong functions of brake styles; 

indeed, continuous braking and high contact pressures seems to facilitate growth or, 

rather, to favour agglomeration over fragmentation.  The accumulation modes, by 

contract, were relatively indifferent to braking style.  Secondly, accumulation modes 

are according to classical notions of aerosols that is stem from material disintegration. 

Conjecturally, frictional heating brought about decomposition, and the resulting 
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emission of some unknown vapour, the nucleation of which formed nanoparticles and 

the agglomeration of which formed the accumulation modes.  Measurements of 

particle composition pointed to the brake pad as the parent material for these 

accumulation modes. 

 Scanning electron microscopy (SEM) of wear particles collected from 

continuous tests showed large particle agglomerates.  These agglomerates consist of 

sub-micron and micron-sized particles in a variety of shapes. Figure 10 are SEM 

micrographs of wear particles agglomerates generated during low and high-speed 

tests. 

 
Figure 10 Wear particles of (a) low-speed continuous tests (contact pressure = 0.125 

MPa, sliding speed = 0.275 m/s) and (b) high-speed tests (contact pressure = 0.75 

MPa, sliding speed = 5 m/s) 

Source: (Mosleh et al., 2004) 

 The relationship between driving cycle (braking behaviors) and PM from 

brake pad as shown in Figure 11, shows an example time series for vehicle speed and 

mass concentrations (mg/s/wheel) of PM10 and PM2.5 during typical JC08 and JE05 

test cycle experiments (runs #1 and #10). Run #1 for each vehicle corresponded to a 
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cold start for the exhaust test, which resulted in lower PM emissions compared with 

run #10, which corresponded to a hot start.  There were no significant differences in 

the peak emission patterns and large peaks of brake wear particles appeared during 

the highway-driving mode between 1040 and 1230 s for JC08 and between 1410 and 

1840 s for JE05.  However, the details of the emission patterns varied between 

different brake assemblies.  The time-resolved emission profiles for PM10 and PM2.5 

were similar, particularly for vehicle III, which had almost similar levels of PM10 and 

PM2.5 emissions.  This suggests that both fine particles (> 2.5 µm) and coarse particles 

(2.5 – 10 µm) significant components of break wear particles. 

 
Figure 11 Time series profiles of brake wear particle mass emissions: (a) vehicle I; 

(b) vehicle II; and (c) vehicle III. 

Source: (Hagino et al., 2016)  

 The time series pattern of vehicle I was roughly similar to vehicle II.   Two 

peak types were found, one during the application of a braking force and one during 

wheel rotation.  The first was obtained during a braking event (Figure 11) and 

indicated that brake wear particles were derived from the collision and friction 

between the disc and the pads.  The second type was obtained during a rotor rotation 

and acceleration event (Figure 11) and these data suggest that brake wear particles 
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can also be derived from the detachment of wear particles from the surface of the 

brake and grooves.  This was probably caused using a disc brake assembly with an 

open (not sealed) configuration (Iijima et al., 2008). 

 It is well known that the driving cycle (braking behavior) are consistent with 

the brake temperature.  The recorded disc temperatures on the front left brake disc 

during the novel cycle are shown in Figure 12.  The time-weighted, averaged brake 

temperature of the front discs was 50°C and the maximum temperature was 129°C.  

The timeweighted, averaged rear discs brake temperature was 43°C and the maximum 

temperature was 131°C.  The mean ambient temperatures during testing were between 

9 °C and 15 °C at a relative humidity between 50% and 90%.  

 
Figure 12 Top: Proposed novel brake cycle schedule (velocity vs time). Bottom: 

Brake disc temperature (front left) 

Source: (Mathissen et al., 2018) 

 It is possible that the high temperature generated during braking can cause 

some of brake pad materials fall-out.  The next chapter will discuss on effects of 

braking temperature on brake wear PM emissions. 
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Effects of braking temperature on brake wear PM emissions 

 

 High brake power resulting in high friction initiate to high brake temperature 
are consistent with Figure 13, shows comparatively the tribological behavior of 

materials M1, M2 and M6 as the test temperature was externally increased from room 

temperature to 300 °C.  The expected transition from mild to severe wear occurred at 

disc temperatures between 180°C and 250°C, depending on the material, this testing 

is done by brake dynamometer.  The composition of M1, M2 and M6 as shown in 

Table 8. It is clear that M1 consists of the highest amount of hard abrasives (Al2O3 

and SiC) accompanied by mild abrasives (MgO and (Fe, Mg)Cr2O4).  The M1 

formulation is considered to have the most abrasive character while the abrasive effect 

of this friction material is balanced mainly by the presence of graphite and metal 

lubricants SnS2.  M2 friction material consists of obviously high amounts of ZrO2 and 

low amounts of Al2O3 and the abrasive character of this formulation is balanced 

mainly by the presence of graphite, K2Ti6O13 and also BaSO4.  The M6 formulation is 

the typical one for non-asbestos organic (NAO) friction materials.  

 
Figure 13 Specific wear rate for M1, M2 and M6 materials from pin-on-disc tests as a 

function of the disc temperature (external heating) 

Source: (Perricone et al., 2018) 
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Table 8 The composition of brake pad 

 
Source: (Perricone et al., 2018) 

 (Verma et al., 2016) tested the relationship of temperature and pin/disc brake, 

the experiment set up as in the Figure 14.  The tests were carried out with a laboratory 

high temperature pin-on-disc rig, at the following controlled disc temperatures, 

starting from room temperature (25°C), 170°C, 200°C, 250°C and 300°C. A test was 

also conducted at 350°C but stopped before completion, the other conditions of the 

tests were: sliding speed of 1.31 m/s (corresponding to 500 rpm), applied pressure of 

2 MPa and actual sliding distance of 4000 m, for a total duration of 50 min per test.  

The results are shown in Figure 15. 

 
Figure 14 Schematic closed loop feedback high temperature wear test setup. 

Source: (Verma et al., 2016) 
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Figure 15 Specific wear behavior of pin and cast-iron disc at different temperatures. 

Source: (Verma et al., 2016) 

 For temperatures up to 170 °C, a nearly constant wear coefficient is recorded, 

with values that are typical of a mild wear regime.  Above this temperature, a sharp 

change in the wear coefficient, corresponding to a sharp increase in the wear rate, 

drives the system into a severe wear regime.  As expected, no significant change in 

the wear behavior of the disc is observed over the considered temperature range.  The 

specific wear coefficient, Ka, was calculated using the following expression (1) 

(Hutchings, 1992) and specific wear volume, W, was calculated from the following 

relation, Equation (2) (Verma et al., 2016). 

     Ka = 
V

sFN
     (1) 

where V is the measured wear volume, s is the sliding distance and FN is the applied 

load.  The estimated wear rates (given by: W=V/s). 

     W = 
W1− W2

ρd
     (2) 

where W1 and W2 are the weights of the pin before and after each test respectively, ρ 

is the density of the friction material and d is the sliding distance. 
 (Vainio, 2021) observe the braking temperature to investigate a behavior of 

PN (Particle number) by brake enclosure design as shown in Figure 16.  Where the 

brake temperature reached 150°C and high PM emissions were observed as shown in 

Figure 17 (grey line is brake event, red line is brake temperature, yellow line is 

eFilter current,  blue line is ELPI+, and orange line is Condensation Particle Counter). 
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Figure 16 Brake enclosure measurement 

Source: (Hesse et al., 2021) 

 
Figure 17 PN concentration (ELPI and CPC), eFilter, brake events and brake 

temperature 

Source: (Vainio, 2021) 

 Based on the reviews, it is clear that brake temperature rises when braking 

force increases.  The following chapter will discuss about influence of payloads on 

brake wear PM emissions. 
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Influence of payloads on brake wear PM emissions 

 

 It can be hypothesized that Brake wear should be influenced by vehicle 

weight.  Research by (Garg et al., 2000) distinguishes between brake emissions from 

small cars, large cars and large pickup trucks.  They found that the brakes of large 

cars emit 55% more TSP, PM10 and PM2.5 than small cars.  Large pickup trucks were 

found to emit more than double the amount of particulates compared to small cars.  

The estimated emission factors for all other categories of vehicles (between light-duty 

and heavy-duty) were derived by linearly interpolating the rates between light-duty 

and combination heavy-duty vehicle classes by their respective weights as shown in 

the Figure 18.  This is based on a rather simple engineering hypothesis that the 

relative brake emissions are proportional to the weight of the vehicle classes relative 

to light-duty and heavy-duty vehicles.  The hypothesis is based on the assumption that 

relative mass of the vehicles is proportional to the relative energy required to stop the 

vehicles.  Figure 18 shows the relative mass of light- and heavy-duty vehicles.  The 

corresponding emission rates are in Table 9. 

 
Figure 18 Interpolated Brake PM2.5 Emission Rates by Regulatory Class Weight. 

Passenger Cars and Combination Heavy duty Trucks Define the Slope. 

Source: (U.S. Environmental Protection Agency, 2014) 

Table 9 Scaling Emission Rates to their vehicle class. 

 
Source: (U.S. Environmental Protection Agency, 2014) 
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 (Ekathai, Chalermpol, & Worawat, 2021) focuses on investigating of non-

exhaust PM emissions emitted from a Hybrid Electric Vehicle (HEV) during a 

braking sequence.  The test is done by using a PM Mobile onboard measuring 

equipment attached directly onto a moving vehicle at the spot nearby the center cap 

bore of the front wheel as shown in Figure 19. 

 
Figure 19 Measurement setup with instruments 

Source: (Ekathai et al., 2021) 

 Based on this experiment (Figure 20 and Figure 21), the additional payloads 

of 60-70 kg increase the amount of non-exhaust PM2.5 and PM10 emissions almost 

25%.  The effects of increasing payloads on PM2.5 and PM10 emissions can be clearly 

observed as a linear relationship.  However, for PM1 emissions, when increasing 

payloads, a certain cut point is observed at the payload of 130 kg.  Adding payloads 

more than 130 kg do not affect the amount of PM1 emissions. 

 
Figure 20 Effects of payloads on non-exhaust PM1, PM2.5, and PM10 emissions 

Source: (Ekathai et al., 2021) 
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Figure 21 Non-exhaust PM2.5 emissions under various payloads, with the dotted line 

indicating a linear relationship 

Source: (Ekathai et al., 2021) 

 Vehicle weight was expected to play a role in brake wear emission factors, 

since brake wear is affected by weight.  Several studies provided evidence that there 

is indeed a positive correlation between weight and brake wear emissions. 
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Influence of type of vehicle on brake wear PM emissions 

 

 (Hagino et al., 2015) investigate the airborne brake wear particles and evaluate 

the resuspension regarding PM2.5 and PM10 through real-time particle mass 

measurements using dust monitors of three vehicles.  The airborne brake wear 

particles emission was measured using a brake dynamometer (Figure 22) established 

with an engine dynamometer, an enclosure (chamber), and a constant volume 

sampling system.  This system allows measuring and investigating airborne brake 

wear particles.  The real-time mass emission measurements were performed under 

constant driving, different initial wheel speeds and acceleration/deceleration 

conditions.  Braking is deceleration the vehicle from 60 km/h to 0 km/h in 17 seconds 

and driving is acceleration the vehicle from 0 km/h to 60 km/h in 29 seconds. 

 
Figure 22 Scheme of the brake dynamometer assembly and measurement 

instruments. 

Source: (Hagino et al., 2015) 

 Figure 23 shows the temporal profiles of the vehicle speed and the mass 

concentration (mg/s) of PM2.5 and PM10 during a deceleration of 1.5 m/s2 and an 

initial speed of 60 km/h.  Three types of commercially available brake assemblies, 

widely found in Japanese two-passenger cars and trucks in 2005–2010, were used for 

the abrasion tests.  The two-passenger cars (Vehicles I  and Vehicle II) had disc brake 

systems, while the middle truck (Vehicle III) had a drum brake system. 
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Figure 23 Time series profiles of brake dust particle mass emissions obtained during 

the measurement of particle mass concentrations as PM10 and PM2.5 for vehicles I, II, 

and III. 

Source: (Hagino et al., 2015) 

For the braking event (only deceleration), the emissions for the disk brake systems 

(vehicles I and II) tended to increase with the initial speed for the same deceleration 

(e.g., 1.5 m/s2) (Figure 24 (a) and (c)).  For the same initial speed (e.g., 60 km/h), the 

mass emissions tended to increase with increasing deceleration.  Oppositely, the mass 

emissions for the drum brake system (vehicle III) tended to increase with increasing 

initial speed but showed no significant difference with deceleration.  These tendencies 

were also observed for the total (deceleration and acceleration) PM2.5 and PM10 mass 
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emissions.  For an initial speed of 60 km/h and a deceleration of 3 m/s2 (1.5 m/s2 for 

vehicle III), the mass fractions of PM2.5 to PM10 were 57% (vehicle I), 72% (vehicle 

II), and 85% (vehicle III), respectively.  The emission weight of the fine particles (2.5 

µm) was then more significant than that of the coarse particles (2.5–10 µm).  No 

significant changes were reported in previous studies, with a unimodal mass size 

distribution of brake wear particles and a mass weighted mean diameter of 2 – 6 µm 

(Iijima et al., 2007), (Iijima et al., 2008), (Sanders et al., 2003) and (Garg et al., 2000). 

 
Figure 24 Averaged brake dust emissions as PM10 and PM2.5 for each braking and 

driving event for vehicles I, II, and III. N.A: not available.  (a, b) is vehicle I.  (c, d) is 

vehicle II.  (e, f) is vehicle III. 

Source: (Hagino et al., 2015) 
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HYPOTHESIS OF RESEARCH 
 

 The research gap analysis from past literatures is as the follows: 

1.) Effects of braking behavior on brake wear PM emissions and braking 

temperature -> Braking behavior influences emissions coupled with brake 

temperature? 

2.) Influence of type of vehicle on brake wear PM emissions -> Different 

vehicle effects on brake wear when driving in real-word test? 

3.) Influence of payloads on brake wear PM emissions -> Weight of vehicle 

effects on brake wear PM emissions? 

4.) PM formation from brake wear mechanism -> The amount of Carbon 

content (IC/OC) direct measure from braking? 

5.) Effect of braking temperature on brake wear PM emissions -> Where is the 

cut-point temperature.  How does it influence for PM characteristics and 

morphology? 

It is obvious from all the above-referenced literatures that: 1.) driving cycle 

(braking behavior), 2.) braking temperature, 3.) payloads and 4.) types of vehicles 

contribute to concentration, characteristics, and morphology (chemical and physical 

compositions) of brake wear particles.  Furthermore, most of the above studies were 

performed using brake dynamometers to measure brake wear (simulation in 

laboratory).  While this research develops a new method to determine more accurate 

brake wear PM emissions from real-world driving as well as identifies factors that 

contribute to brake wear PM emissions. 

 The expected or anticipated benefit gains from this research is as the follows: 

1.) Capability to identify factors affecting PM formation from vehicle braking 

system. 

2.) Understanding the physical and chemical properties of PM from brake 

wear (from factors that found in 1.)). 

3.) Fundamental understanding(s) of PM formation mechanism from vehicle 

braking system. 
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MATERIALS AND METHODS 
 

 

Tested vehicles 

 

 This research work is performed by using two types of vehicles (passenger car 

and SUV).  All these vehicles use semi-metallic brake pad.  Details of the selected 

vehicles are as the follows: 

1. Mid-size passenger car 

 Mid-size passenger car is commonly used in Thailand.  The specification of 

the tested vehicle is shown in Table 10. 

Table 10 Specifications of Mid-size passenger car 

Parameter Index 

Engine  

Type SOHC 4 Cylinder 16 valve i-VTEC 

Capacity (cc.) 1,997 

Max. Power (kw (ps) / rpm) 114 (155) / 6,500 

Max. Torque (Nm (kg-m) / rpm) 190 (19.4) / 4,300 

Braking system  

Front Ventilated Disc 

Rear Disc 

Dimension (mm.)  

Length * Width * Height 4,870 * 1,850 * 1,465 

Ground clearance 141 

Weight (kg.) 1,525 

Wheel size 17 * 7.5J 

Tyre size 225 / 50 R17 

 

2. Subcompact crossover SUV 

 Subcompact crossover SUV in this segment typically have limited off-road 

capabilities with the majority adopting front-wheel-drive layout.  This tested vehicle 

is use internal combustion engine like a passenger car, but the weight of vehicle is less 

than passenger car with higher ground clearance.  The specification of the tested 

vehicle is shown in Table 11. 
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Table 11 Specifications of Subcompact crossover SUV 

Parameter Index 

Engine  

Type DOHC 4 Cylinder 16 valve VTi-TECH 

Capacity (cc.) 1,498 

Max. Power (kw (ps) / rpm) 84 (114) / 6,000 

Max. Torque (Nm / rpm) 150 / 4,500 

Braking system  

Front Ventilated Disc 

Rear Disc 

Dimension (mm.)  

Length * Width * Height 4,323 * 1,809 * 1,653 

Ground clearance 170 

Weight (kg.) 1,290 

Wheel size 17 

Tyre size 215 / 55 R17 
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Sampling system 

 

 The choked flow condition as a compressible fluid reaches the speed of sound 

(i.e., has a Mach number of 1), pressure changes can no longer be communicated 

upstream as the speed of which these pressure changes are propagated is limited by 

the speed of sound. In a nozzle or restriction this has the effect of isolating the 

upstream side from the downstream side at the throat. Because of this effect any 

reduction in downstream pressure will have no effect on the flow rate, as the 

increased pressure differential is not ‘felt’ upstream of the restriction.  

 The establishment of choked flow can be identified as the point at which the 

ratio of the minimum fluid pressure to inlet pressure falls below the critical pressure 

ratio in the fluid.  It should be noted that while downstream changes in pressure will 

not affect the mass flow rate when the flow is choked, changes in the upstream 

pressure may still have an effect as it will affect the local speed of sound at the throat, 

and thus change the mass flow rate at which the system becomes choked (Miller, 

1996). 

 The principal standard for direct measurement of local particle mass flux in 

most gas-solid flows is provided by the isokinetic sampling system.  The isokinetic 

sampling principle requires that the sampling probe which is aligned with the flow 

(iso axial) extracts airborne particulates at the sampling velocity matching the original 

undisturbed local flow velocity.  In practice, the isokinetic sampling is closely 

approached but almost impossible to be rigorously realized. Several problems as the 

determination of flow velocity in the presence of significant amount of particles, the 

elimination of intrusive effect of the sampling probe, the interactions between 

particles and carrying fluid, the loss of particles to the wall deposition and particle 

bounce/reentrainment in the sampling tube are frequently observed.  By these reasons, 

three types of sampling (e.g. Figure 25) can be carried out: isokinetic (sampling 

velocity=stream velocity) or two kind of an isokinetic sampling: over-sucking 

(sampling velocity>stream velocity), under-sucking (sampling velocity<stream 

velocity) (Gil, Ramos, Arauzo, & Román, 2009). 
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Figure 25 Isokinetic and non-isokinetic sampling 

Source: (Diez-Lazaro, Hitchman, & Littlejohn, 2005) 

The schematic of the current PM sampling system is shown in Figure 26. 

Brake wear particles from a semi-metallic disc brake of a test vehicles is drawn via 

the 17-inch left front wheel of the tested vehicle.  For stable flow conditions, the air 

flow of the system is driven constantly by a vacuum pump at the end of the sampling 

system.  A choked flow condition at the flow rate of 10 m3/h is chosen and met by an 

orifice of 5 mm diameter.  A cylinder chamber that has a diameter of 3 inch is 

installed to ensure the isokinetic sampling, the same velocity of the sampling point 

comparing to the required flow rate of PM measuring devices.  This sampling system 

has been under patent registered (more details are shown in Appendix Figure 1). 

  

Figure 26 Schematic of test vehicle with the current experimental setup  
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 The measurement concept is based on the Constant Volume Sampling system 

(CVS) to ensure the isokinetic sampling and choked flow conditions.  PM is collected 

downstream of the experimental setup for gravitational analysis.  Isokinetic sampling 

techniques are adopted to prevent skewed particulate concentration measurements due 

to inertial effects of particles as they enter a sampling nozzle.  The idea is to sample at 

the same velocity of the gas stream so that the streamlines in the vicinity of the nozzle 

are straight (Sloley, 2012).  Turning in the streamlines near the nozzle can cause 

heavier particles to miss the nozzle, thus skew the measured value of concentration 

(Brockmann, Lucero, Romero, & Pentecost, 1993).  For the current setup, (Ilea & 

Iozsa, 2018) found out that in the study of aerodynamic of flow around a wheel of a 

vehicle, the velocity of vehicle is about 3 times of the fluid flow velocity around the 

wheel.  Since the average velocity of the current study’s conditions is around 30 km/h, 

thus the velocity of fluid flow around the wheel should be at 10 km/h.  The area of the 

gap inside the wheel is 0.001 m2 (comes from measurement).  Therefore, the flow rate 

is chosen as 10 m3/h.  This value is based on the vehicle velocity ranging from 0 - 60 

km/h, the experimental matrix for the current study under tested driving cycle and 

ISO 21994:2007 standard. 

 The apparatus is use in sampling system are as follows: 

1. Vacuum pump 

 The high negative pressure of the vacuum pump (DSS-6E) (placed it in the 

vehicle) is shown in Figure 27.  The specifications of DSS-6E appear in Table 12 and 

the graph of performance is shown in Figure 28. 

 
Figure 27 Vacuum pump inside vehicle 

Table 12 Specification of vacuum pump (DSS-6E) 

Parameter Index 

Normal Speed (rpm) 1,450 

Discharge Capacity (l/m) 450 

Usual Exhaust Pressure 0.5 kg/cm2 

Pipe Orifice 3/4 inches PT 

Motor Rating 3 Phase 0.75 kw 4P 
Dimension (Length * Width * Height) (mm.) 560 * 270 * 265 

Weight (kg.) 27 
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Figure 28 graph performance of DSS-5E 

 For stable flow conditions, the flow rate of the inlet tube must be equal in 

every test condition, that is, this experiment is set up to maintain choked flow 

conditions (Nertrium, 2015).  If pressure downstream of the throat (or the restriction) 

is decreased until equation (3) reaches choked flow conditions, the mass flow rate is 

constant.  Equation (4) demonstrates the mass flow rate at choked flow conditions. 

   
PT

P0
 ≤ (

2

γ+1
)

γ/(γ−1)
 = 0.528, @ γ = 1.4          (3) 

      ṁair = 
CDATP0

√RT0
 γ1/2 (

2

γ+1
)

(γ+1)/2(γ−1)
    (4) 

Where:  CD  is discharge coefficient,  

  AT  is throat area (minimum flow area or restriction area) (mm2), 

   P0  is upstream pressure (Pa),  

  T0  is upstream temperature (k),  

  PT  is pressure downstream of the throat (or the restriction) (Pa),  

  γ  is specific heat ratio,  

  R  is gas constant 

 In the current setup, the geometrical flow area of the restrictor is 19.63 mm2 

(AT) @ DT = 5 mm and flow rate is 10 m3/h.  Figure 29 indicates the choked flow 

condition by adjusting a vacuum pump until the flow rate is stable.  
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Figure 29 Choked flow condition setup in this experiment (DT = 5 mm.) 

2. Electrical System 

 This vacuum pump is a 220 Volts electrical appliance.  Therefore, installations 

of a 6,000 Watts inverter and a 200 Ah / 12 Volts battery are applied. 

3. Thermocouple type K 

 Thermocouple type K (Testo 176 T4 with 3 m Omega thermocouple wire type 

K) is installed nearby the left front disc brake to record brake temperatures during 

braking sequences as shown in Figure 30. 

 
Figure 30 Thermocouple type K setup nearby a disc brake  
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PM measuring device 

 

 PM is sampled from 3-inch cylinder chamber to DustTrak DRX Aerosol 

Monitor 8533 where real-time PM concentration is measured by the light scattering 

method and to Gilian Gilair-5 Air Sampling Pumps where PM is collected for the 

gravitational analysis.  The filter used in the current study is a Mixed Cellulose Ester 

(MCE) filter with 0.8 µm pore size and 37 mm diameters.  This type of filter is 

selected due to (Kukutschová & Filip, 2018).  This literature suggested PM size 

distributions from a Semi-metallic brake wear are mostly larger than 0.8 µm. More 

details of PM measuring device are as follow:    

1. DustTrak DRX Aerosol Monitor 8533 

 DustTrak DRX monitors (as shown in Figure 31) are laser photometers that 

simultaneously measure five size segregated mass fraction concentrations.  The 

desktop with external pump and handheld monitors are continuous, real-time, 90°, 

light-scattering laser photometers (as shown in Figure 32) that simultaneously 

measure size-segregated mass fraction concentrations corresponding to PM1, PM2.5, 

Respirable (PM4), PM10, and Total PM fractions (PM15).  They combine both particle 

cloud (total area of scattered light) and single particle detection to achieve mass 

fraction measurements. The benefit of this device is real-time mass concentration and 

size fraction readings, as well as data-logging allow for data analysis during and after 

sampling.  The selected response time of this device in the current study is 1 second. 

 
Figure 31 DustTrak DRX Aerosol Monitor 8533 
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Figure 32 Configuration for performing right-angle light-scattering measurements 

Source: (Barreda, Sanz, & González, 2015) 

 This size-segregated mass fraction measurement technique is superior to either 

a basic photometer or Optical Particle Counter (OPC).  It delivers the mass 

concentration of a photometer and the size resolution of an OPC.  Typically, 

photometers can be used at high mass concentration, but they do not give any size 

information (unless used with size selective inlet conditioners) and significantly 

underestimate large particle mass concentrations.  OPC’s provide size and count 

information; however, they do not provide any mass concentration information and 

cannot be used in high mass concentration environments.  The DustTrak DRX can do 

both.  The specifications are shown in Table 13. 

Table 13 Specifications of DustTrak DRX Aerosol Monitor 8533 

Parameter Index 

Sensor Type 90° light-scattering 

Particle Size Range 0.1 to 15 µm 

Aerosol Concentration Range 0.001 to 150 mg/m3 

Resolution ± 0.1% of reading or 0.001 mg/m3 

Flow Rate 3.0 L/min 
Time Constant User adjustable 1 to 60 seconds 

Dimension (Length * Width * Height) (mm.) 135 * 216 * 224 

 

2. Gilian Gilair-5 Air Sampling Pumps 

 The GilAir-5 (as shown in Figure 33) has one of the largest user bases of any 

air sampling pump worldwide.  This reliable 5 liter per minute air sampling pump.  

Setting the flow rate on the GilAir-5 is a simple process that requires no special 

adjustment tool, so it spend less time configuring pumps. 
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Figure 33 Gilian Gilair-5 Air Sampling Pumps 

 Automatic constant flow - the most important feature of any sampling pump is 

standard on all GilAir-5 pumps.  Flow is maintained within 5% of the initial set point, 

even with varying backpressures from flow restrictions or buildup of material on the 

filter.  GilAir-5 pumps are suitable not only for conventional pull-through sampling 

media but also for bag sampling and other pressure applications.  The specifications 

are shown in Table 14. 

Table 14 Specifications of Gilian Gilair-5 Air Sampling Pumps 

Parameter Index 

Flow Range 0.001 – 5 L/m 

Constant Flow Control ± 5% of set flow at 1 – 5 L/m 

Run time 8 hours minimum 

Flow fault If flow changes exceed 5%, fault icon 

appears. 

Dimension (Length * Width * Height) (mm.) 51 * 100 * 90 
 

 PM is collected by Gilian Gilair-5 Air Sampling Pump, using a Mixed 

Cellulose Ester (MCE) filter with 0.8 µm pore size and 37 mm diameters (as shown in 

Figure 34).  The schematic diagram of Gilian Gilair-5 Air Sampling Pumps (ASP) 

with MCE filter paper is shown in Figure 35. 
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a.)  b.)  

Figure 34 a.) MCE filter with 0.8 µm pore size and 37 mm diameters, b.) 37 mm 

filter holder 

 
Figure 35 Schematic Diagram of Gilian Gilair-5 Air Sampling Pumps with MCE 

filter paper 

 The chemical compositions, by Energy Dispersive x-ray Spectroscopy (EDS), 

of blank MCE filter paper is shown in Table 15 (Wt% is percentage by weight and 

At% is percentage by atomic).  There are Oxygen (O), Carbon (C), and Nitrogen (N) 

sorted in weight in descending orders.  All carbon component (TC) is organic carbon 

(OC) as shown in Figure 36 (by TC/OC method). 

Table 15 Chemical compositions of blank MCE filter paper 

Element Wt% At% 

C 37.11 43.49 

N 09.41 09.45 

O 53.48 47.05 
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Figure 36 Carbon component of blank MCE filter paper 

The microstructure of blank MCE filter paper is shown in Figure 37 (by 

Scanning Electron Microscope (SEM) magnifying power 20,000x).  The texture of 

filter is characterized by mesh fibers interconnected.    

 
Figure 37 Microstructure of blank MCE filter paper 
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Measurement technique 

 

 This experiment using on-road measurement sampling to analyze the PM mass 

concentration, chemical compositions, and physicals of PM from brake wear.  More 

details are as follow: 

1. PM Mass concentration 

 PM Mass concentration are measured by Gilian Gilair-5 Air Sampling Pump 

with 4.5 L/min, captured in 37 mm membrane filters to perform gravimetric analysis 

by a six-digit microelectronic balance (shown in Figure 38); [except for the tests in 

passenger car, a four-digit microelectronic balance is used] and DustTrak 8533, using 

Light Scattering Laser Photometer method with 2.25 L/min.  Mass concentration for 

both methods can be calculated by equation (5) (adapted from (Hearl, 1998)). 

 
Figure 38 Microelectronic balance 

    C = 
(W2 – W1)

V
 x 103     (5) 

Where:  C is the concentration of total particulate (mg/m³),  

  V is the air volume sampled (L) 

  W1 is tare weight of filter before sampling (mg), 

  W2 is post-sampling weight of sample-containing filter (mg) 

 Particulate matter characteristics from brake wear are further studied in their 

chemical and physical compositions.  The filter from brake wear is cut-off 1 x 1 cm at 

the center of the filter (with carbon coat), then placed onto the measuring devices, i.e., 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectrometer 

(EDS).  Parallelly, brake pad is also cut into small pieces (as shown in Figure 39) and 

analyzed. 
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Figure 39 Small pieces of brake pad 

The size distributions of brake wear PM emissions are obtained using 

DustTrak 8533 light scattering laser photometer analyzer.  This apparatus can detect 

particle sizes range from 0.1 to 15 µm and automatically segregated mass fractions 

PM1, PM2.5, Respirable (PM4), PM10 and total PM (PM15).    

2. Chemical compositions 

 The specific characteristics of brake wear PM emissions are examined in a 

Scanning Electron Microscope (SEM) equipped with an Energy Dispersive X-ray 

Spectrometer (EDS).  This EDS is capable in identifying both qualitative analysis and 

quantitative analysis chemical compositions of the collected PM emissions.  The 

operational principle of this EDS is shown in Figure 40.  Kα born from the electron 

of L layer is replace the electron of K layer.  Kβ born from the electron of M layer is 

replace the electron of K layer.  Lα born from the electron of M layer is replace the 

electron of L layer.  Lβ born from the electron of N layer is replace the electron of L 

layer and so on. 

 
Figure 40 The operational principle of this EDS 
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 Carbon compounds are known to be key components in PM.  In analyzing 

these key carbon compounds, Total Carbon/Organic Carbon (TC/OC) method (SSM-

5000A as shown in Figure 41) is used to measure the amount of Total Carbon (TC), 

Organic Carbon (OC) and Inorganic Carbon (IC), another name is EC. 

 
Figure 41 SSM-5000A 

 The principle of operation is shown in Figure 42.  The sample is delivered to 

the combustion furnace, which is supplied with purified air.  There, it undergoes 

combustion through heating to 900°C with a platinum catalyst.  It decomposes and is 

converted to carbon dioxide.  The carbon dioxide generated is cooled and 

dehumidified and then detected by the NDIR.  The concentration of TC (total carbon) 

in the sample is obtained through comparison with a calibration curve formula (1)).  
Furthermore, by subjecting the oxidized sample to the sparging process, the IC 

(inorganic carbon) in the sample is converted to carbon dioxide and the IC 

concentration is obtained by detecting this with the NDIR (2)).  The TOC 

concentration is then calculated by subtracting the IC concentration from the obtained 

TC concentration (3)). 

 
Figure 42 Principle of operation of TOC  

Source: (Shimadzu, 2021) 
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3. Physicals of PM from brake wear 

 The physicals PM from brake wear are examined in a Hitachi: SU8020 for 

SEM as shown in Figure 43.  The Scanning Electron Microscope (SEM) uses a 

focused beam of high-energy electrons to generate a variety of signals at the surface 

of solid specimens.  The signals that derive from electron-sample interactions reveal 

information about the sample including external morphology (texture).  The 

schematic diagram of SEM as shown in Figure 44. 

 
Figure 43 Hitachi: SU8020 for SEM 

 
Figure 44 Schematic diagram of SEM 

Source: (Mukhopadhyay, 2015) 

 In a typical SEM, a stream of electron beam is emitted from a cathode either 

thermionically or by electric field.  The electrons are emitted from a field emission 

cathode.  After emission, the electrons are accelerated by applying a gradient of 
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electric field.  The beam passes through two electromagnetic lenses, which are called 

condenser lens (Figure 44).  Finally, the beam passes through an electromagnetic 

scanning coil and is focused onto the sample.  The scanning coil deflects the beam in 

the x and y directions (in the plane of the sample) so that it scans in a raster fashion 

over a rectangular area of the sample surface.  When high energetic electron beam 

interacts with the sample, different types of electrons are emitted or scattered from the 

sample due to the elastic and inelastic collision of accelerated electrons with the 

electrons present near the sample surface.  The scattered electrons include secondary 

electrons, backscattered electrons, Auger electrons.  The energy is also emitted in the 

form of characteristic X-rays and visible light (cathodo-luminescence).  The 

secondary electrons are produced by inelastic scattering of incident electrons with the 

atoms of the sample.  In a typical SEM, the secondary electrons are detected by a 

detector.  An image of the sample surface is constructed by comparing the intensity of 

these secondary electrons to the scanning primary electron beam.  Finally, the image 

is displayed on a monitor (Mukhopadhyay, 2015).  
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Experimental matrix 

 

 In the current study, the variables contributing to PM emissions are as the 

follows: 

1. Tested vehicles 

 The Mid-size passenger car and Subcompact crossover SUV  in this 

experiment are use semi-metallic brake pad as shown in Figure 45 and Figure 46, 

respectively. 

 
Figure 45 Semi-metallic brake of Mid-size passenger car 

 
Figure 46 Semi-metallic brake of Subcompact crossover SUV 

 Test vehicles (Mid-size passenger car and Subcompact crossover SUV) with 

the current experimental setup are shown in Figure 47 and Figure 48, respectively. 

Disc Brake 

Disc Brake 

Brake Pad 

Brake Pad 
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Figure 47 Passenger car with the current experimental setup 

 
Figure 48 SUV with the current experimental setup 
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2. Braking behavior 

 In the current study, driving cycle of on road test conditions are observed for 

PM emissions during braking sequences.  The driving cycle is called the Real Driving 

Conditions (RDC) as shown in Figure 49 which lasts almost 4,000 second in a 

selected closed road.  These transient driving cycles are composed of both 

deceleration and acceleration phases (Hagino et al., 2015) and employed to mimic 

RDC under congested traffic areas.  Before every test, the vehicle is parked inside a 

close building overnight at room temperature.  

 
Figure 49 An example of the real driving conditions (RDC) in the current study 

3. Brake temperature 

 High brake power resulting in high friction can initiate high temperature of the 

brake pad.  It is possible that this can also increase brake particle wear (Perricone et 

al., 2018).  In the real driving conditions test vehicle is parked overnight, the 

measuring temperature is closed to room temperature.  The temperature is divided 

into two regions referred to as cold test (temperature nearby the disc brake less than 

130°C) and hot test (temperature nearby the disc brake more than 130°C).  

Temperature ranging is done because of the trend in particle emissions observed in 

the study (using DustTrak 8533) as shown in Figure 50.  More discussions will be 

presented in the following section. 
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Figure 50 PM emissions and temperature nearby the disc brake during normal driving 

pattern 

 The maximum, minimum, and averaged values of measuring brake 

temperature on all tests are shown in Figure 51. 

 
Figure 51 Maximum, Minimum, Averaged Temperature nearby the disc brake during 

cold and hot tests 

4. Payloads 

 Many literatures indicate that brake wear particle emissions are influenced by 

vehicle weights (Timmers & Achten, 2016).  In this experiment, the so-called “light 

total weight” of each tested vehicle included the standard factory weight plus one 

driver (70 kg body weight) and testing devices (95 kg) comparing to “the heavy total 

weight” with 200 kg additional weights ranged between (1) 1,690 and 1,890 kg, (2) 
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1,455 and 1,655 kg of Mid-size passenger car and Subcompact crossover SUV, 

respectively. 

 Figure 52 – 54 demonstrates time durations, distance, and maximum/averaged 

velocity of all tests in real driving conditions, respectively.  Each test data is presented 

in overall (cold + hot), cold, and hot tests.  Figure 52 and Figure 53 show that the 

time and distance of cold test is less than hot test because of the temperature rapidly 

reached 130°C.  Studies on time duration, distance and maximum/averaged velocity 

can be performed repeatedly (with only a minor error bar) from each test conditions. 

 
Figure 52 Time durations of all tests in real driving conditions 

 
Figure 53 Distance of all tests in real driving conditions 
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Figure 54 Maximum/averaged velocity of all tests in real driving conditions  

 PM concentration of backgrounds from this tested route is around 10 – 25 

µg/m3 measured by Dusttrak 8533 as shown in Figure 55.  They are considered 

relatively low and thus, is neglected in the current study. 

 
Figure 55 PM concentration of backgrounds from this tested route 

 The experimental procedures of this research are shown in Figure 56 (each 

testing is repeated 2 - 3 times).  Firstly, the tested vehicle is selected considering its 

ground clearance.  Secondly, the two braking behaviors (i.e., RDC and 

ISO21994:2007 standard) are performed.  Thirdly, brake tests are performed based on 

- I) light payloads (which included: 1. standard factory vehicle weight, 2. one driver’s 

body weight of 70 kg and 3. testing devices weigh 95 kg) and II) heavy payloads 

(light payloads plus 200 kg additional weight).  Lastly, studies on brake wear PM 

emission, investigating PM characteristics and morphology.  
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Figure 56 Flowchart for experimental procedures 
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RESULTS AND DISCUSSION 
 

 

Overview of Brake wear PM emissions during Real Driving Conditions (RDC) 

 

 The real-time brake wear PM emissions are measured by DustTrak 8533, 

while temperature is measured nearby the disc brake during RDC by thermocouple 

type K.  Brake wear particles are captured in 37 mm membrane filters by DustTrak 

8533 and Gilian Gil-Air 5 to perform gravimetric analysis.  PM concentrations are 

calculated based on the sampling flow rate and collection time. 

 The absolute value results of passenger car and SUV are shown in Appendix 

Table 1 - 3.  the concentration of filter can calculate by equation (5). 

Definitions:  

- Light = light payloads  

- Heavy = light payloads plus 200 kg additional weight   

- Cold = brake temperature under 130˚C  

- Hot = brake temperature above 130˚C.  

- Cold or hot filter tests are performed using ASP Gilian Gil-air5 (flow rate 

is 4.5 l/min) 

- Cold + hot filter tests are performed using TSI8533 (flow rate is 2.25 

l/min)  

Figure 57 shows real-time brake wear PM emissions in light payload 

passenger car.  The x-axis indicates a time, the blue line is a velocity related to left y-

axis, and the brown line is a PM concentration related to right y-axis.  During the first 

1,300 seconds, PM emissions are unnoticeable and can be neglected in terms of mass 

concentrations.  However, after that, PM emissions are detected and gradually 

increased.  And later at some points, they can be as high as 5 mg/m3. 
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Figure 57 An example of brake wear PM emissions during RDC of light payload 

passenger car 

 Figure 58 (heavy payloads) shows similar trends as Figure 57 (light 

payloads).  However, in after 1,250 seconds, PM emissions are detected and 

significantly increased.  And later at some points, they can be as high as 15 mg/m3.  

This trend of PM emissions corresponds to (Hagino et al., 2016). 

 

 
Figure 58 An example of brake wear PM emissions during RDC of heavy payload 

passenger car 

 Figure 59 and Figure 60 (SUV) show similar trends as Figure 57 and Figure 

58 (passenger car).  In light payloads, it can be seen from the results that the longtime 

of driving cycle have a slight effect to the PM concentration.  Most of the peak PM 
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concentration at each point is around 1 mg/m3.  While, in the heavy payload at some 

points, PM concentration can be as high as 10 mg/m3 and the average peak at each 

point are higher than light payloads. 

 
Figure 59 An example of brake wear PM emissions during RDC of light payload 

SUV 

 
Figure 60 An example of brake wear PM emissions during RDC of heavy payload 

SUV 

 From the previous results, PM concentration from brake wear emissions is 

influenced by not only driving cycle test, but also the brake temperature.  Next part 
will describe PM emissions from brake wear due to braking temperature.  
 As known, temperature of the brake pad increases with the braking time and 

frequency (from Figure 12) and thus increases the amount of brake pad material fall-

out as PM (from Figure 13 and Figure 15).  Figure 61 (red line indicates brake 
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temperature related to right y-axis) shows real-time temperature measuring nearby the 

disc brake during RDC of heavy payload passenger car and Figure 62 (red line 

indicates brake temperature related to left y-axis and brown line indicates PM 

concentration related to right y-axis) shows the relation between brake temperature 

and PM mass concentration.  It is clearly seen from the results that PM emissions are 

significantly related to the brake temperature.  At the beginning, since the vehicle is 

parked overnight, the measuring temperature is closed to room temperature.  Once the 

test is undertaken, the temperature is increased and reached 250˚C towards the end of 

the test.  The relationship between temperature and PM concentrations are shown in 

(Figure 62).  Based on this data, the brake temperature of 130˚C is chosen as the cut-

point between cold and hot tests to differentiate brake wear particle behaviors.  After 

130˚C the PM concentrations are clearly increased.  And later at some points, they can 

be as high as 15 mg/m3 when the temperature is reaches to 250˚C. 

 

Figure 61 An example of temperature measurement nearby the disc brake during 

RDC of heavy payload passenger car 
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Figure 62 An example of PM emissions and temperature nearby the disc brake during 

RDC of heavy payload passenger car 

 In the same way of light payload.  Figure 63 and Figure 64 show the 

temperature is increased and reached 220˚C towards the end of the test.  During the 

first 1,300 seconds, PM emissions are unnoticeable and can be neglected in terms of 

mass concentrations.  However, until 150˚C, PM emissions are detected and 

significantly increased.  And later at some points, they can be as high as 5 mg/m3 

(This trend is correspond to (Vainio, 2021) where the brake temperature reached 150 

°C and high PM emissions are observed). 

  

 
Figure 63 An example of temperature measurement nearby the disc brake during 

RDC of light payload passenger car 
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Figure 64 An example of PM emissions and temperature nearby the disc brake during 

RDC of light payload passenger car 

 While, in SUV both the light and the heavy payload the temperature is only 

increases to 200˚C (Figure 65 and Figure 66) that’s because the high ground 

clearance of SUV resulting in the good ventilation.  From Figure 67 and Figure 68 it 

can see that the PM concentrations in the hot test are rather than the cold test. 

 
Figure 65 An example of temperature measurement nearby the disc brake during 

RDC of light payload SUV 
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Figure 66 An example of PM emissions and temperature nearby the disc brake during 

RDC of light payload SUV 

 
Figure 67 An example of temperature measurement nearby the disc brake during 

RDC of heavy payload SUV 
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Figure 68 An example of PM emissions and temperature nearby the disc brake during 

RDC of heavy payload SUV 

 These two vehicles (passenger car and SUV) can show the PM concentrations 

measured in real-time by DustTrak 8533 and averaged to overall cold and hot tests.  

PM is classified into PM1, PM2.5, PM4, and PM10.  Including Gilian Gilair-5 Air 

Sampling Pump to perform gravimetric analysis during cold and hot tests. 

 Figure 69 and Figure 70 shows the PM concentration between cold and hot 

test of DustTrak 8533 and Gilian Gilair-5, respectively.  Results are shown into two 

different Temperatures.  Similar trend to the DustTrak 8533 and Gilian Gilair-5 is 

observed.  However, the absolute value of PM concentration between two equipment 

are significantly different due to the detection limit of microelectronic balance.  

 
Figure 69 PM concentration of cold and hot passenger car by DustTrak 8533 
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Figure 70 PM concentration of cold and hot passenger car by Gilian Gilair-5 

 Based on the data in Figure 69 and Figure 70 the amounts rise 6 – 8 times in 

hot test as compared with the cold test. 

 Figure 71 and Figure 72 shows an average of PM size distribution from brake 

wear particle concentrations (by DustTrak 8533) in the form of a pie chart for the cold 

and the hot tests condition.  It can be clearly seen that most of particles are classified 

as PM1 which is around 88% and 81%, respectively. 

 
Figure 71 PM size distribution from brake wear particles (cold test in passenger car) 
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Figure 72 PM size distribution from brake wear particles (hot test in passenger car) 

 Considering in SUV, Figure 73 and Figure 74 shows the results of the 

average PM concentrations due to cold and hot tests by DustTrak 8533 and Gilian 

Gilair-5 (Similar trend and absolute value of PM concentration between two 

equipment).  These results show the average PM concentration in hot test more than 

cold test.  

 
Figure 73 PM concentration of cold and hot SUV by DustTrak 8533 
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Figure 74 PM concentration of cold and hot SUV by Gilian Gilair-5 

 Figure 75 and Figure 76 shows an average of PM size distribution from brake 

wear particle concentrations (by DustTrak 8533) in the form of a pie chart for the cold 

and the hot tests condition.  In cold and hot tests most of particles are classified as 

PM1 which is around 64% and 57%, respectively. 

 
 

Figure 75 PM size distribution from brake wear particles (cold test in SUV) 
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Figure 76 PM size distribution from brake wear particles (hot test in SUV) 

In term of PM size distribution (Figure 71 – 72 and Figure 75 – 76), 

increasing brake temperature can cause bigger the PM.  Considering the two types of 

vehicles, PM size distribution of SUV is bigger than the PM of passenger car.  It is 

possible that brake temperature of SUV increased faster than Passenger car.  This 

assumption is obtained by SEM.    

When comparing passenger car and SUV, brake temperature of SUV 

increased faster than passenger car until 150˚C.  Thereafter in SUV, the temperature 
increased gradually to 200˚C, while in passenger car the temperature rapidly rises to 

250˚C.  The main causes of brake temperatures are mainly due to ventilation of 

vehicles (air flow passing brake pads and discs).  It is obvious that the PM 

concentration emitted from SUV is higher before 1,750 seconds; thereafter, PM 

concentration emitted from passenger car is remarkably higher. These results are 

shown in Figure 77 and Figure 78. 
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Figure 77 Comparison of Temperature between passenger car and SUV 

 
Figure 78 Comparison of PM concentration between passenger car and SUV 

 From Figure 79 and Figure 80 can be calculated to average absolute data in 

term of PM concentration and braking temperature are as the follows: 

1.) The comparison of the PM concentration between passenger car and 

SUV as shown in Figure 79.  PM mass concentration of SUV is higher 

than passenger car around 34.61%.  

2.) The comparison of the average brake temperature between passenger 

car and SUV as shown in Figure 80.  brake temperature of SUV is 

higher than passenger car around 17.27% 
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Figure 79 The comparison of PM concentration between passenger car and SUV 

 
Figure 80 The comparison of braking temperature between passenger car and SUV 

 All the above results confirm that the brake temperature play an important role 

in increasing brake wear which directly turn to be PM emissions. 
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Effect of payloads on braking PM concentration 

 

 Figure 81 shows the PM concentrations of passenger car are measured in real-

time by DustTrak 8533 and averaged to overall RDC (combining cold and hot tests).  

PM is classified into PM1, PM2.5, PM4 and PM10. Results are shown into two different 

payloads. 

 
Figure 81 PM concentration of passenger car by DustTrak 8533 

 Figure 82 shows similar data seen in Figure 81 but collected by 37 mm 

membrane filters by using DustTrak 8533 to perform gravimetric analysis.  Results 

for both light and heavy payload conditions demonstrate the effects of increasing 

payloads on higher PM emissions (Timmers & Achten, 2016).  Similar trend to the 

light scattering method is observed.  However, the absolute value of PM concentration 

between two equipment are significantly different due to the detection limit of 

microelectronic balance. 
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Figure 82 PM concentration of passenger car by gravimetric sampling method 

 Figure 83 shows an average of PM size distribution from brake wear particle 

concentrations (by DustTrak 8533) in the form of a pie chart for the light payload 

condition.  It can be clearly seen that most of particles are classified as PM1 which is 

around 86%.  Heavy payload condition yields a similar trend as shown in Figure 84. 

 
Figure 83 PM size distribution from brake wear particles (Light payload in passenger 

car) 
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Figure 84 PM size distribution from brake wear particles (Heavy payload in 

passenger car) 

 In subcompact crossover SUV.  Figure 85 show the data similar seen in 

Figure 81.  And Figure 86 show the PM concentration collected by captured in 37 

mm membrane filters by using DustTrak 8533 to perform gravimetric analysis.  It is 

found out that the additional payloads of 200 kg increase the amount of brake wear 

PM concentration almost doubled and the absolute value of PM concentration 

between two equipment are similar value. 

 
Figure 85 PM concentration of SUV by DustTrak 8533 
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Figure 86 PM concentration of SUV by gravimetric sampling method 

 Figure 87 and Figure 88 show PM size distribution of the light and the heavy 

payload, respectively.  In the light payload, 65.63% of PM emissions from brake wear 

are considered as PM1.  While, in the heavy payload half of all is PM1. 

 
Figure 87 PM size distribution from brake wear particles (light payload in SUV) 
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Figure 88 PM size distribution from brake wear particles (heavy payload in SUV) 

 High payloads are obvious that this can increase PM mass concentration.  This 

conclusion is confirmed in ISO 21994:2007 standard.  ISO 21944:2007 specifies an 

open-loop test method to determine the stopping distance of a vehicle during a 

straight-line braking manoeuvre, with the Anti-lock Braking System (ABS) fully 

engaged.  The vehicle runs at the constant speed of 60 km/h. Brake is applied to 

reduce the vehicle speed to 0 km/h within 36.7 m (More details of the ISO 

21994:2007 standard can be found in Ref. (ISO, 2007)) and the vehicle is accelerated 

(Driving) to the speed of 60 km/h again as shown in Figure 89.  This test 

commencing when the temperature nearby disc brake is ranging from 150˚C - 170˚C. 

 
Figure 89 Braking from 60 to 0 km/h under ISO 21994:2007 standard  
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 Results from two tests under the ISO 21994:2007 standard (Figure 89) of 

passenger car are found in Figure 90 and Figure 91. For the case of light payload 

(Figure 90), only one peak of real-time PM concentrations while braking is observed.  

However, for the case of heavy payload (Figure 91), there are two peaks of PM 

concentrations.  The first peak is observed during braking while the second peak 

comes during acceleration (sometimes called resuspension).  On the other hand, in 

SUV, the results are only one peak when the vehicle stop as shown in Figure 92 and 

Figure 93 (the light and the heavy payload, respectively).  This observation of 

passenger car corresponds to results found in (Hagino et al., 2015) which based on 

two tests from two passenger cars.  It is speculated that this should be the cause of 

higher PM emissions due to increasing payloads (Ekathai et al., 2021).  

 
Figure 90 Real-time PM concentrations of light payload passenger car under ISO 

21994:2007 standard test 

 
Figure 91 Real-time PM concentrations of heavy payload passenger car under ISO 

21994:2007 standard test 
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Figure 92 Real-time PM concentrations of light payload SUV under ISO 21994:2007 

standard test 

 
Figure 93 Real-time PM concentrations of heavy payload SUV under ISO 

21994:2007 standard test 

 Figure 90 – 93 can lead (by average and calculate each test) to Figure 94.  It  

shows PM mass concentration during ISO21994:2007 standard test.  The mass PM 

concentration per stop is ranging from 0.71 – 2.12 mg/m3.  Higher payloads (200 kg 

additional), the PM can be increased more than twice.   
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Figure 94 PM concentration under ISO 21994:2007 standard test 

From the previous results, amounts of brake wear PM emissions of PM 

emissions are significantly related to payloads.  These results correspond to (Ekathai 

et al., 2021).  All the tested results can be found in Appendix Figure 2 - 49. 
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Particulate Matter characteristic and morphology from brake wear due to 

braking temperature 

 

 This part is focused on the effect of braking temperatures in cold test (brake 

temperature less than 130°C) and hot test (brake temperature above 130°C) on brake 

wear PM characteristics and morphology.  The PM is collected on MCE filter 37 mm 

from Gilian Gilair-5 air sampling pump and brake pad of test vehicles to analyze the 

chemical compositions and morphology using Energy Dispersive x-ray Spectrometer 
(EDS), Total Carbon/Organic Carbon (TC/OC), and Scanning Electron Microscope 

(SEM). 

 

Characteristic and morphology of brake pad material from passenger car 

  

 The microstructure and chemical compositions of the semi-metallic brake pad 

from mid-size passenger car are shown in Figure 95 (SEM) (brake pad material 

structure is consistent with Figure 3), Figure 96 (EDS), and Table 16 (Chemical 

compositions). Figure 96 and Table 16 show the main components of brake pad, i.e., 

Carbon (C) which is distributed in black surface areas around 41.9 % by weight, 

Oxygen (O) which is spread around in brake pad about 21.15 % by weight. The metal 

components (sorted in weight in descending orders and diffuse in semi-metallic brake 

pad) are: 1.) Barium (Ba) which is used to fill up the empty spaces between the other 

components of brake pad, 2.) Iron (Fe) and 3.) Titanium (Ti) which are used to 

modify (increase or decrease) the coefficient of friction, 4.) Silicon (Si) is a fibrous 

material which improves the binder’s mechanical properties (increases brake pad’s 

strength), 5.) Copper (Cu) for improves thermal conductivity, 6.) Calcium (Ca), 7.) 

Aluminum (Al), and lastly 8.) Magnesium (Mg). 
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Figure 95 Microstructure of the semi-metallic brake pad from passenger car 

 
Figure 96 EDS of the semi-metallic brake pad from passenger car 
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Table 16 Chemical compositions of the semi-metallic brake pad from passenger car 

Element Wt% At% 

  C 41.90 63.78 

  O 21.15 24.17 

 Cu 02.04 00.59 

 Mg 00.33 00.25 

 Al 00.39 00.27 

 Si 02.38 01.55 

  S 03.11 01.77 

  K 01.55 00.73 

 Ca 01.56 00.71 

 Ba 12.80 01.70 

 Ti 05.42 02.07 

 Fe 07.37 02.41 
  

Characteristic and morphology of brake wear from passenger car 

  

The MCE filters from brake wear of passenger car are shown in Figure 97 it 

can be clearly seen that the hot test’s filter (right) has a darker appearance than the 

cold test’s filter (left) due to higher PM mass concentration.  All samples collected in 

the MCE filters are analyzed using EDS, TC/OC, and SEM.  

 
Figure 97 MCE filter (Left: cold test’s filter and Right: hot test’s filter) from 

passenger car 

 In the cold test, the chemical compositions of brake wear are Oxygen, Carbon 

and Nitrogen as shown in Figure 98 and Table 17. 
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Figure 98 EDS of cold test’s filter from passenger car 

Table 17 Chemical compositions of cold test’s filter from passenger car 

Element Wt% At% 

  C 40.32 46.79 

  N 09.80 09.75 

  O 49.88 43.46 

 

 The chemical compositions of brake wear in the hot test are shown in Figure 

99 and Table 18 with additional metal components, i.e., Iron (Fe), Platinum (Pt), 

Silicon (Si), Aluminum (Al), Magnesium (Mg) and Zinc (Zn), respectively.  It can be 

noticed that Platinum and Zinc which are found in the brake wear came from the disc 

brake, whose coating with Platinum and Zinc in the first layer for wear resistant and 

heat resistant (Aranke, Algenaid, Awe, & Joshi, 2019), (Antamba, Azanza, Reyes, 

Remache, & Ruiz, 2020). 
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Figure 99 EDS of hot test’s filter from passenger car 

Table 18 Chemical compositions of hot test’s filter from passenger car 

Element Wt% At% 

C 37.48 55.61 

N 09.43 09.88 

O 34.93 32.06 

Fe 06.90 01.03 

Zn 00.61 00.14 

Mg 01.22 00.14 

Al 02.48 00.26 

Si 03.18 00.62 

Pt 03.78 00.28 

  

 From cold and hot test filters, there are Carbon in large quantities. TC/OC 

method is used to further analyze an Organic Carbon (OC) and Inorganic Carbon (IC).  
Figure 100 shows the Total Carbon (TC), IC and OC of the cold and the hot tests. 

The total carbon quantity from TC/OC method are almost equal to amount of carbon 

from EDS (Table 17 and Table 18).  In the cold test, all carbon component is organic 

carbon. In the hot test, a carbon composition is divided to organic carbon around 38 % 

(by weight) and inorganic carbon around 0.02 % (by weight).  
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Figure 100 TC/OC of cold-hot test’s filter from passenger car 

 From the previous part (Figure 71 and Figure 72), the PM size distribution of 

the cold and the hot tests from brake wear particle concentrations in passenger car, it 

can be seen that in both the cold and the hot tests, most of particles are classified as 

PM1 (around 87.69% and 80.72%, respectively).  The PM characteristic and 

morphology from both the cold and the hot tests can be further analyze using SEM.  

 Figure 101 shows the microstructure of brake wear PM emission in 1,000x, 

5,000x, 10,000x and 20,000x, in descending orders (from top to bottom of the figure).  

It can be seen that, the particle found in the cold test is spherical in shape similar to 

the shape of carbon and oxygen (Y. Kim et al., 2014).  Whereas in the hot test, the 

texture of the PM emission is rougher (spherical covered with wavy shape) (Miler, 

2021), due to the additional metallic compositions (which are not found in PM from 

the cold test).  
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Figure 101 SEM microstructure of brake wear from passenger car (left: cold test and 

right: hot test) 
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Characteristic and morphology of brake pad material from SUV 

 

 The results of particulate matter characteristics and morphology from studies 

in SUV repeated the same finding in passenger car (from all the studies above).  The 

microstructure and chemical compositions of the semi-metallic brake pad from 

Subcompact crossover SUV are shown in Figure 102 (SEM) (brake pad material 

structure is consistent with Figure 3), Figure 103 (EDS) and Table 19 (Chemical 

compositions).  It shows the main components of brake pad, i.e., Carbon (C) which is 

distributed in black surface areas around 41.89% by weight, Oxygen (O) which is 

spread around in brake pad about 18.39% by weight. The metal components are 

Barium (Ba), Iron (Fe), Titanium (Ti), Silicon (Si), Aluminum (Al), Calcium (Ca), 

Magnesium (Mg), and Copper (Cu) sorted in weight in descending orders and diffuse 

in semi-metallic brake pad.  They are fairly like semi-metallic brake pad of passenger 

car. 

 
Figure 102 Microstructure of the semi-metallic brake pad from SUV 
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Figure 103 EDS of the semi-metallic brake pad from SUV 

Table 19 Chemical compositions of the semi-metallic brake pad from SUV 

Element Wt% At% 

C 41.89 67.92 

O 18.39 19.58 

Fe 07.37 00.72 

Cu 01.07 00.29 

Mg 01.73 01.21 

Al 02.68 00.43 

Si 03.08 01.87 

P 03.10 01.70 

S 01.47 00.78 

K 03.05 01.33 

Ca 01.69 00.72 

Ba 08.89 01.10 

Ti 05.60 02.35 

 

Characteristic and morphology of brake wear from SUV 

 

The MCE filters from brake wear of passenger car are shown in Figure 104. 

The hot test’s filter (right) has a darker appearance than the cold test’s filter (left) due 

to higher PM mass concentration. 
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Figure 104 MCE filter (Left: cold test’s filter and Right: hot test’s filter) from SUV 

 Figure 105 and Table 20 shows the chemical composition of cold test by 

EDS.  The chemical compositions of brake wear are Oxygen, Carbon and Nitrogen 

and the percentage of weight of compositions are almost like in passenger as seen in 

Figure 98 and Table 17. 

 
Figure 105 EDS of cold test’s filter from SUV 

Table 20 Chemical compositions of cold test’s filter from SUV 

Element Wt% At% 

C 41.52 48.01 

N 09.95 09.87 

O 48.53 42.12 
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 In hot test, the chemical compositions of brake wear are shown in Figure 106 

and Table 21.  The main chemical compositions which additional from cold test is 

Iron.  Also, Barium, Silicon, Aluminum and Copper are added as well.  All Brake 

wear compositions in this test are related to the compositions of brake pad. 

 
Figure 106 EDS of hot test’s filter from SUV 

Table 21 Chemical compositions of hot test’s filter from SUV 

Element Wt% At% 

C 38.85 49.32 

N 08.36 08.65 

O 40.70 40.51 

Cu 00.76 00.17 

Al 01.25 00.13 

Si 01.70 00.36 

Ba 01.82 00.19 

Fe 06.57 00.67 
 

 In respect of TC/OC, Figure 107 shows TC, IC and OC of the cold and the hot 

tests.  It can be concluded that, almost all carbon of brake wear is organic carbon due 

to the materials of semi-metallic brake is organic materials, as total organic carbon 

(Borawski, 2020). 
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Figure 107 TC/OC of cold-hot test’s filter from SUV 

 Figure 108 shows the microstructure of brake wear PM emission in 1,000x, 

5,000x, 10,000x and 20,000x, in descending orders (from top to bottom of the figure).  

Considering the particle found in the cold test is in spherical shape because there is 

not a metal component, while in the hot test the texture of the PM emission is quite 

rough due to the PM composition.  Therefore, the particle in the hot test is deployed to 

do the mapping for find a cohesion of metal component on particle (as shown in 

Figure 109). 
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Figure 108 SEM microstructure of brake wear from SUV (left: cold test and right: hot 

test) 

 Figure 109 shows PM morphology, it can be seen that a carbon is spherical 

shape, oxygen and nitrogen which is spread around in filter, they are corresponds to 
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the cold test.  However, the texture of the metal components (Fe, Ba, Si, Al and Cu) is 

quite rough that effect to the PM morphology in the hot test is spherical covered with 

wavy shape. 

 
Figure 109 Mapping of hot test’s filter from SUV 

 From this topic, it can be concluded that Oxygen, Carbon (mostly organic) and 

Nitrogen are found in the brake wear in both the cold and the hot tests.  While in the 

hot test, the additional metal components are found.  In term of shapes, PM from the 

cold test is spherical in shape (similar to shape of Oxygen and Carbon), while PM in 

the hot test is with rough surface due to metal covering. 

 Next part will describe about fundamental understanding of particulate matter 

characteristics from brake mechanisms. 
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Summarized data to identifying particulate matter characteristics from brake 

wear mechanisms 

 

 A braking system consists of a brake pad and a disc brake, the former being a 

soft polymer matrix impregnated with small, hard particles or fibers.  During braking, 

the hard particles embedded in the pad wear the disc, generating additional particles 

which play adjunctive roles in friction and wear and which, because they are loosely 

held, escape into the environment.  

 All of results in this research (calculated from passenger car and SUV) can 

point out the PM concentration in each factor as shown in Figure 110 this data range 

corresponds to what found in (Kukutschová & Filip, 2018).  It can be seen that in the 

hot test with heavy payload have a more size distribution than the others test.  The 

payload factor can increase PM1, PM2.5, PM4, PM10 and total PM is 77.49%, 85.43%, 

92.79%, 97.53% and 96.63%, respectively. While Temperature factor can increase 

PM1, PM2.5, PM4, PM10 and total PM is 117.36%, 119.04%, 122.09%, 121.71% and 

120.30%, respectively.  The average PM concentration (0.12 – 0.5 mg/m3 of PM10, 

0.1 - 0.38 mg/m3 of PM2.5, and 0.09 – 0.31 mg/m3 of PM1) and the mass PM 

concentration of brake wear per stop is ranging from 0.71 – 2.12 mg/m3 are less than 

many researchers.  Due to in the current study, conditions on PM measurement 

including driving cycle differs significantly from the literature.  For example, in some 

literatures, the tests are done at longer distances and real traffic.  The vehicle velocity 

is much higher than our study since the test is on a highway.  The driving pattern in 

the current study is chosen only based on driving in city areas. 

 
Figure 110 PM concentration in each factor 

 The schematic diagram of PM concentration and size distribution in payloads 

and brake temperature are shown in Figure 111.  The increased payloads result in 

larger PM size as well as, higher brake temperature has significant effect to larger PM 

size. 
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Figure 111 Schematic diagram of PM concentration and size distribution 

 Based on the current study, the fundamental understandings of PM formation 

from brake wear mechanism in on road measurement are as the follows: 

 The controlling factors in the PM formation of brake wear are, First, payloads 

of vehicle (i.e., heavier vehicles also have more friction to stop the vehicles).  Second, 

Braking temperature (i.e., high friction can initiate high temperature of the brake pad).  

Third, vehicles type (i.e., the ventilation of braking system).  All factors can be 

explained as follows: 

 Payloads is expected to play a role in emission factors.  Current study 

provided evidence that there is indeed a correlation between weight and brake wear 

emissions.  The impact of addition payload 200 kg has on brake wear emission factor.  

Heavy payloads are found to be 97.53% increasing brake wear PM10 concentration 

and 77.49% increasing brake wear PM1 concentration.  The increasing of payloads is 

effect to PM concentration as shown in Figure 112.  Including in ISO 21994:2007 

standard, various payloads affect to PM behavior that consistent with (Hagino et al., 

2015) in passenger car. 
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Figure 112 Schematic diagram of Increasing payload 

 Current PM emission of vehicle brake wear particles derive from constant 

driving and depend on the initial wheel speed and deceleration.  In addition, brake 

wear particles are produced under transient driving cycles with acceleration and 

deceleration.  The driving behavior has direct effect to brake temperature.  For 

example, longer driving/braking time effects on accumulation of braking temperature.  

 Brake wear products can be generated by different wear mechanisms during 

friction processes.  At temperatures under 130˚C, the PM concentration is lower and 

size distribution is smaller than when comparing with temperature above 130˚C.  The 

chemical compositions of brake wear are only: 1.) Oxygen come from oxidation of 

raw materials, such as phenolic resin, in the pad during the braking depends on the 

temperature but also on the oxygen diffusion capability through the pad (Macías, 

Lorenzana, & Fernandez, 2020).  2.) Carbon (Organic Carbon due to the materials of 

semi-metallic brake is organic materials, as total organic carbon (Borawski, 2020)) 

come from not only epoxy resin (binder) their low resistance to heat (the results of 

some researchers show that even at a temperature of 100°C), a weight loss of about 

7% can be noted (Agunsoye, Bello, Bamigabiye, Odunmosu, & Akinboye, 2018) this 

mass loss can be associated with the formation of volatiles during firing, but also 

reinforcement for supporting the structure is fallen out.  And 3.) Nitrogen (it will 

investigate this observation more in future work).  The physical of PM is spherical 

shape.   

 On the other hand, at temperature above 130˚C PM concentration is found to 

be 121.71% increasing brake wear PM10 concentration and 117.36% increasing brake 

wear PM1 concentration (calculated from passenger car and SUV) as shown in Figure 

113, the chemical compositions of brake wear are not only Oxygen, Carbon (Organic 

Carbon) and Nitrogen but also the metal components are found in brake wear, i.e.,  1.) 

Iron come from not only fillers (fly ash) in (Sugözü, 2018), the value of the 

coefficient of friction in cooperation with cast iron is constant, or even rising with the 

temperature, it reaches little more than 0.3 at operating temperatures of 200°C (low 

resistant to high temperature) that cause to when the high temperature, it easy to 

crack, but also abrasive (steel) that unfortunately, due to friction in the contact areas, 

excessive temperatures are generated.  This may lead to destruction of the pad’s 

structure and lead to separation of its components.  2.) Silicon come from fillers (fly 
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ash).  3.) Aluminum come from fillers (fly ash) and abrasives (boron) it is also 

observed that when temperatures exceed 100°C, the coefficient of friction 

significantly drops.  However, other studies have been found that it has thermal 

stability up to 200°C.  4.) Barium come from barite (fillers).  5.) Copper comes from 

abrasive.  And 6.) Magnesium.  Moreover, when the brake temperature reach to 

230˚C the compositions of disc brake are fallen out (Platinum and Zinc).  The 

physical of PM is spherical covered with wavy shape cause to size distribution are 

bigger than PM from temperatures under 130˚C although size of the most PM from 

brake wear is smaller than 1 µm. 

 
Figure 113 PM mass concentration of brake temperature 

 Considering, brake wear characteristics and morphology in each temperature 

range, it is found out that binder and reinforcement are fallen out when the braking 

temperature is low (under 130°C).  This is why only C, O and N (which are found in 

binder and reinforcement from brake pad) are found in the PM from the cold test; 

while fillers and abrasive are fallen out (metal components) when the braking 

temperature is high (above 130°C).  Furthermore, when the temperature rises above 

230°C* (only in passenger car), Pt and Zn from disc brake are the additional fall-out.  

The PM characteristics and morphology in each temperature range as shown in 

Figure 114. 

*(The brake temperature in SUV never reaches 230°C)  
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Figure 114 Schematic diagram of PM characteristics and morphology in each 

temperature range 

 In summary, high braking temperature adversely affect PM emissions from 

brake wear (at some point of braking in hot test, they can be as high as 15 mg/m3).  

This study highly suggested that designing of vehicle braking system should take 

serious consideration on its ventilation to minimize the temperature of the brake pad 

(hot brake temperature, PM concentrations can be increased more than twice).  In 

addition, minimizing the vehicle payload (with 200 kg of additional loads on the 

vehicle, PM concentrations can be increased almost twice) and the heavy braking 

behavior of the driver could also help reduce PM (from brake wear) emissions.  
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CONCLUSION AND RECOMMENDATION 

  

Conclusion 

 

 This research study focuses on fundamental understandings of PM formation 

from brake wear mechanism.  The following conclusions are made. 

1.) PM sampling system for collecting direct brake wear particles are built 

and installed at the left front size wheel of the tested vehicle.  The field 

test of real-world driving conditions can be done with repeatability.  

This system is applicable to all driving pattern and condition as it 

stabilize steering/wheel angle. 

2.) The amount of PM concentration from brake wear emissions are 

influenced by not only driving cycle test, but also the brake 

temperature.  The cut-point of brake temperature 130˚C are introduced 

in the current study. Results shows different amounts of PM emissions 

between cold and hot tests.  The amount of PM concentration from 

brake wear emissions are influenced by braking temperature with 

increasing around 120%.  Payloads significantly effects brake wear PM 

emissions. With 200 kg of additional loads on the vehicle, PM 

concentrations can be increased more than twice.  It is speculated that 

higher payloads not only increase brake wear PM emissions during 

deceleration, but also acceleration (resuspension effect). 

3.) The size distribution of 0.1 – 1 µm, 1 – 2.5 µm, 2.5 – 4 µm, 4 – 10 µm 

and 10 – 15 µm from brake wear are 63.64%, 12.1%, 9.16%, 10.3% 

and 4.8%, respectively.  In the cold tests only binder and reinforcement 
from brake pad are fallen out.  while in the hot test binder, 

reinforcement, fillers, and abrasive from brake pad are fallen out.  The 

components of disc brake are fallen out when the brake temperature 

higher than 230˚C.  PM in the cold test is in spherical shape (similar to 

shape of Oxygen and Carbon), while PM in the hot test is with rough 

surface due to metal covering.  
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Recommendations 

 

 The recommendations of this research are as the follows: 

1.) Brake wear PM emission is investigated and mainly focuses on the 

factors that affect brake wear PM emissions by on-road vehicle 

measurement.  The study is done on variable factors affecting brake 

temperature from real-world driving.  From this study, further 

observations on: 1.) brake temperature distribution, which are related 

to real-time PM mass measurement (using thermal camera on rotor), 

2.) brake wear formation (using laser diagnostics techniques) are open 

ends for further researches. 

2.) In terms of PM size distribution from both passenger car and SUV, it is 

found that PM from brake wear of SUV is larger in size due to quicker 

rising of SUV’s brake temperature (starting from 50˚C).  It is highly 

recommended that this finding shall be performed in future research 

works. 

3.) From this research, payloads of vehicles and high brake temperature 

(metal components, come from fillers and abrasive are fallen out) 

contribute to PM mass concentration.  It is recommended that further 

studies on ways and means to reduce vehicle weight and better 

ventilation of brake system shall be performed.  
4.) All findings, data and information from this research should be verified 

in simulation for predicting formulas of brake wear PM emission factor 

and/or applied to further studies for saving the resources.
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APPENDIX 
 

Patent of sampling system 

 
Appendix Figure 1 Sampling system 

 The real-time brake wear measurement consists of two parts: the first part is 

the dust collector, the dust chamber (1) is attached to the wheels by the wheel 

mounting kit (2). There is a bearing assembly (3) at the end of the chamber. It is 

connected to the lower part air duct (4), which is connected to the lower part of the 

sampling chamber (5), there are a temperature sensor (6) and the dust sampling 

chamber (7). The top part of the sample chamber (5) is connected to the top part of air 

duct (8) by the other end of the pipe is connected to the vacuum pump in vehicle. 

which has 2 tube support points, namely turning support (9) and leveling platform 

(11). The second part of the turning support set (12) is a steel plate (10) according to 

the turning angle of the vehicle, which has a support point (9) installed in the hood 

(13). The bottom of the steel plate holds the lower body (14), and a leveler (11) is 

attached to the side corner near the side mirrors of the vehicle. 
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Light#1 

 

Appendix Figure 2 Driving cycle vs brake temperature of passenger car (Light#1) 

 

 

Appendix Figure 3 Driving cycle vs PM of passenger car (Light#1) 
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Appendix Figure 4 Brake temperature vs PM of passenger car (Light#1) 

 
Appendix Figure 5 PM size distributions of passenger car (Light#1) 

Filter from TSI, cold and hot test (addition weight of filter = 0.1, 0 and 0.1 mg) 

    

Appendix Figure 6 Filter from passenger car test (Light#1) 
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Light#2 

 

Appendix Figure 7 Driving cycle vs brake temperature of passenger car (Light#2) 

 

 

Appendix Figure 8 Driving cycle vs PM of passenger car (Light#2) 
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Appendix Figure 9 Brake temperature vs PM of passenger car (Light#2) 

 
Appendix Figure 10 PM size distributions of passenger car (Light#2) 

Filter from TSI, cold and hot test (addition weight of filter = 0.1, 0 and 0.1 mg) 

  

Appendix Figure 11 Filter from passenger car test (Light#2) 
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Heavy#1 

 
Appendix Figure 12 Driving cycle vs PM of passenger car (Heavy#1) 

 
Appendix Figure 13 PM size distributions of passenger car (Heavy#1) 

Filter from cold and hot test(Addition weight of filter = 0 and 0.2 mg) 

 

Appendix Figure 14 Filter from passenger car test (Heavy#1) 
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Heavy#2 

 

Appendix Figure 15 Driving cycle vs brake temperature of passenger car (Heavy#2) 

 

Appendix Figure 16 Driving cycle vs PM of passenger car (Heavy#2) 
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Appendix Figure 17 Brake temperature vs PM of passenger car (Heavy#2) 

 
Appendix Figure 18 PM size distributions of passenger car (Heavy#2) 

Filter from TSI, cold and hot test (addition weight of filter = 0.4, 0.1 and 0.4 mg) 

   

Appendix Figure 19 Filter from passenger car test (Heavy#2)
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Light#1 

 

Appendix Figure 20 Driving cycle vs brake temperature of SUV (Light#1) 

 

 

Appendix Figure 21 Driving cycle vs PM of SUV (Light#1) 
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Appendix Figure 22 Brake temperature vs PM of SUV (Light#1) 

 
Appendix Figure 23 Size distributions of SUV (Light#1) 

Filter from TSI, cold and hot test (addition weight of filter = 0.038, 0.02 and 0.045 

mg) 

 
Appendix Figure 24 Filter from SUV test (Light#1)
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Light#2 

 

Appendix Figure 25 Driving cycle vs brake temperature of SUV (Light#2) 

 

 

Appendix Figure 26 Driving cycle vs PM of SUV (Light#2) 
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Appendix Figure 27 Brake temperature vs PM of SUV (Light#2) 

 
Appendix Figure 28 Size distributions of SUV (Light#2) 

Filter from TSI, cold and hot test (addition weight of filter = 0.034, 0.025 and 0.042 

mg) 

 

Appendix Figure 29 Filter from SUV test (Light#2)
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Light#3 

 

Appendix Figure 30 Driving cycle vs brake temperature of SUV (Light#3) 

 

Appendix Figure 31 Driving cycle vs PM of SUV (Light#3) 
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Appendix Figure 32 Brake temperature vs PM of SUV (Light#3) 

 
Appendix Figure 33 Size distributions of SUV (Light#3) 

Filter from TSI, cold and hot test (addition weight of filter = 0.055, 0.021 and 0.091 

mg) 

 

Appendix Figure 34 Filter from SUV test (Light#3)  
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Heavy#1 

 

Appendix Figure 35 Driving cycle vs brake temperature of SUV (Heavy#1) 

 

 

Appendix Figure 36 Driving cycle vs PM of SUV (Heavy#1) 
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Appendix Figure 37 Brake temperature vs PM of SUV (Heavy#1) 

 
Appendix Figure 38 Size distributions of SUV (Heavy#1) 

Filter from TSI, cold and hot test (addition weight of filter = 0.089, 0.036 and 0.126 

mg) 

   

Appendix Figure 39 Filter from SUV test (Heavy#1)  
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Heavy#2 

 

Appendix Figure 40 Driving cycle vs brake temperature of SUV (Heavy#2) 

 

 

Appendix Figure 41 Driving cycle vs PM of SUV (Heavy#2) 
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Appendix Figure 42 Brake temperature vs PM of SUV (Heavy#2) 

 
Appendix Figure 43 PM size distributions of SUV (Heavy#2) 

Filter from TSI, cold and hot test (addition weight of filter = 0.059, 0.027 and 

0.117mg) 

 

Appendix Figure 44 Filter from SUV test (Heavy#2)  
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Heavy#3 

 

Appendix Figure 45 Driving cycle vs brake temperature of SUV (Heavy#3) 

 

Appendix Figure 46 Driving cycle vs PM of SUV (Heavy#3) 
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Appendix Figure 47 Brake temperature vs PM of SUV (Heavy#3) 

 
Appendix Figure 48 PM size distributions of SUV (Heavy#3) 

Filter from TSI, cold and hot test (addition weight of filter = 0.066, 0.022 and 0.112 

mg) 

 

Appendix Figure 49 Filter from SUV test (Heavy#3)  
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