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Abstract The effects of alumina (Al2O3) as an abrasive

on brake friction performance and friction layers of non-

metallic brake friction materials were evaluated. Five

experimental compositions containing from 0 to 14.6 vol%

alumina were tested (Al2O3—0, 3.4, 5.6, 9.0, and

14.6 vol%). The experimental results indicated that alu-

mina enhances friction coefficient and improves wear

performance. The formation and development of friction

layers were characterized using X-ray fluorescence spec-

trometry and scanning electron microscopy with energy

dispersive X-ray analysis. Phenomena of baryte film and

transferred iron-containing film formed on the friction

surfaces were observed. Baryte films were detected on

specimens containing from 0 to 5.6 vol% alumina. Iron-

containing films were detected on surfaces of all alumina-

containing specimens but not on the material without alu-

mina. The role of abrasive in nonmetallic friction materials

was studied in relation to formulation, friction perfor-

mance, and friction surfaces.

Introduction

Commercially available phenolic bound friction materials

for automobile brakes can be classified into semi-metallic

[1], nonasbestos organic (NAO) [2], and ceramic types [3].

NAO friction materials are one of the important types of

modern friction materials used in brakes. They are com-

posed mainly of organic and mineral fibers. Most NAO

formulations contain fewer amounts of metal fibers (steel

wool) and they are called as low-metallic NAO. Some

other NAO formulations do not contain steel wool and they

are designated as nonmetallic. Organic and mineral fibers

(aramid pulp, oxidized polyacrylonitrile fiber, acrylic,

cellulose, carbon, glass and slag fibers, wollastonite) are

utilized in NAO formulations. The fillers used in NAO

friction materials are abrasives, lubricants, space fillers,

and functional fillers. The used abrasives including alu-

minum oxide (Al2O3), zircon (ZrSiO4), zirconium oxide

(ZrO2), and silicon carbide (SiC) have higher Mohs hard-

ness values of about 7–9. Graphite, coke, MoS2, and Sb2S3

are often used as lubricants. Baryte (BaSO4), calcium

carbonate (CaCO3), and calcium hydroxide (Ca(OH)2) are

utilized as space fillers to cut down the costs. Mica and

vermiculite can be used as functional fillers to reduce the

noise. Rubber or cashew-modified phenolics are currently

used in NAO formulations as binders.

With the rapid development of automobile industry, the

brakes require environmentally friendly friction materials

with higher and stable friction coefficient l and low wear

rate, vibration, noise, and costs. To realize these require-

ments, combinatorial friction materials research (CFMR)

has been developed. CFMR includes a combinatorial

approach to screen raw materials [4–6], a Golden Section

approach to optimize the friction performance [7], and

investigations on the relationships among compositions,
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friction layer characteristics, and friction performance [8].

Compared with the traditional classification of raw mate-

rials, the combinatorial approach classified the raw

materials into group I and group II according to their wear

resistance. Alumina, steel wool, aramid pulp, graphite,

coke, MoS2, powder rubbers, and phenolic resins have

good wear resistance and they belong to group I [9]. Fur-

thermore, the ingredients in group II can be classified into

subgroups II-A and II-B according to their wear resistance

by combinations of each ingredient of group I with a

component of group II. For example, mixture of alumina

(group I) with brass and copper chips (group II) is classified

into group II-A, and this combination has good wear

resistance. Next examples of group II-A are mixtures of

graphite (group I) with brass, copper chips and potassium

titanate whisker (group II) or combination of aramid pulp

(group I) with potassium titanate whisker, wollastonite,

vermiculite, baryte, mineral and slag fibers (group II).

By using the CFMR methodology, the NAO formula-

tions without metals were designed with the ingredients of

group I including alumina, aramid pulp, graphite, nitrile

butadiene rubber (NBR), and phenolic and the ingredients

of group II-A including mineral fiber with silica and alu-

mina content, wollastonite, and baryte. The role of alumina

in the NAO formulations and its effect on friction perfor-

mance were studied.

Experimental

Raw materials

Raw materials used for our experiments are listed in

Table 1. Alumina as a major component with the average

size of 100 mesh was used as an abrasive, graphite as a

lubricant, NBR and modified phenolic resin as a binder,

and baryte as a filler. To reinforce friction composites,

several fibrous materials were chosen: aramid pulp, wol-

lastonite, and mineral fiber with the chemical compositions

of SiO2 (42.3 wt.%), Al2O3 (17.2 wt.%), CaO (15.4 wt.%),

MgO (6.1 wt.%), Fe2O3 (4.0 wt.%), and C (5.7 wt.%).

Formulations and preparation of friction materials

Following volume fractions of Al2O3 were selected: 0, 3.4,

5.6, 9.0, and 14.6 vol%. Designed formulations of friction

samples are listed in Table 2. The prepared friction com-

posites were marked as Al-x, where x represents volume

fraction of Al2O3 in the formulations. The volume of the

phenolic binder fraction was kept constant, but the other

components were proportionally decreased with the

increase of alumina from 0 to 14.6 vol%. All raw materials

were mixed using Electrolux EBR100 blender for 2 min.

The mixture was pressed by a JFY60 device made by Jilin

Wanda Mechanical Co, Ltd. at a temperature of 165 �C,

pressure of 25 MPa, and duration of 6 min. The friction

materials were post-treated at 120 �C for 60 min, at 150 �C

for 60 min, and at 180 �C for 120 min.

Tests of friction performance

Friction performance of studied materials was tested based

on China National Standard GB5763-1998 (brake linings

for automobiles) by a JF151 friction tester (Jinlin Wanda

Mechanical Co. Ltd, Fig. 1) with a constant speed of

7.54 m/s and constant load of 0.98 MPa. The disk made of

cast iron (grade HT250 with Brinell hardness in the range

Table 1 Raw materials used

for experiments
Raw materials Trademark Manufacturer

Aramid pulp Twaron 1099 Teijin Twaron GmbH

Mineral fiber 4025Y Bejing Hengnian Tech Trade Co. Ltd

Wollastonite Needle Type Astron Chemical (Yingkou) Co. Ltd

Graphite Mg-20 Changzhou Wujin Special Fibers Co. Ltd

Baryte (BaSO4) 80% Zaoyang Wulian Co. Ltd

Alumina (Al2O3) B211-G Zibao China Aluminum Industry Group

NBR powder P650 Guangzhou Asia Rubber Co. Ltd

Phenolic resin 6818 Jinan Shengquan Hepworth Chem Co. Ltd

Table 2 Relative content (in vol%) of raw materials in the designed

samples used

Raw materials Samples

Al-0 Al-3.4 Al-5.6 Al-9 Al-14.6

Twaron 23.6 22.55 21.87 20.82 19.09

Mineral fiber 9.0 8.60 8.34 7.94 7.28

Wollastonite 2.2 2.10 2.04 1.94 1.78

Baryte 23.6 22.55 21.87 20.82 19.09

Graphite 9.0 8.60 8.34 7.94 7.28

NBR 9.0 8.60 8.34 7.94 7.28

Phenolic 23.6 23.6 23.6 23.6 23.6

Al2O3 0 3.4 5.6 9.0 14.6
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180–220) was used as a rotor and a friction composite

sample of size 2.5 9 2.5 9 0.6 cm3 as a stator. Two same

samples were tested in parallel. The data of both friction

coefficient measured during heating process (fade, lf) and

volume wear rate (V) were obtained after 5,000 rotations of

the disk at each temperature of 100, 150, 200, 250, 300,

and 350 �C. Fade is a temporary reduction of the braking

effectiveness due to loss of friction between the braking

surfaces, resulting from heat. V was calculated by the

formula V ¼ 1
2pR� A

n �
d1�d2

fm
in cm3/(N m), where R is the

distance between the specimen center and the center of

rotating disk (0.15 m), n is the number of rotations (5,000),

A is the specimen area (2.5 9 2.5 cm2), d1 is the average

thickness of a specimen before experiment (cm), d2 is the

average thickness of a specimen after experiment (cm), and

fm is the average force of sliding friction (N). The friction

coefficient data measured during cooling process (recov-

ery, lr) were obtained after 2,000 rotations of the disk at

each temperature of 300, 250, 200, 150, and 100 �C. Once

the brake lining cools, it should repeatedly recover its

original friction coefficient—this is termed as recovery.

Evaluation of friction surfaces

Friction surfaces of samples after friction tests were

examined using scanning electron microscope (SEM) with

energy dispersive X-ray analyzer (EDX). SEM micro-

graphs were obtained with Philips Scanning Electron

Microscope XL 30 using backscattered electrons at an

operating voltage of 25 kV. Electron microprobe analyses

(EMA) were performed in points or areas marked on the

micrographs. For the correct quantitative analysis, it is

necessary to have polished samples; however, to study

friction layers it is not possible to perform this sample

treatment. Therefore, analyses results are not presented in

quantitative form, but only identified phases and other

major elements are mentioned.

Differences between chemical composition of friction

surfaces after friction tests and original material (bulk

material) were examined using EMA and X-ray fluores-

cence spectrometry (XRF). EMA was performed at 509

magnification; it means that an area of approximately

2.5 9 2.0 mm2 was analyzed in one measurement, and the

depth of analyzed sample is approximately 1–2 lm. Three

different areas on each friction surface (friction layer—FL)

and three on the backside of every sample (bulk material—

BM) were analyzed. Similar measurements were made

using XRF method (X-ray energy-dispersive spectrometer

SPECTRO X-LAB). Area in diameter of approximately

10 mm was analyzed in one measurement. The depth of

analyzed material estimation is difficult because of its

heterogeneity but it is much higher than in the case of

EMA. The depth of analyzed material is approximately

1 mm. To express the changes of selected elements con-

centration during friction process, the ratio of elements

concentration in friction layer to their concentration in

original material (FL/BM) was calculated. Dependences of

FL/BM on alumina volume concentration in original fric-

tion materials are presented graphically.

Results and discussion

Effects of alumina on friction performance

The effects of alumina on lf and lr are shown in Fig. 2a

and b. The values of lf and lr are enhanced by the addition

of alumina into the friction formulations. When the content

of alumina is 0 (Al-0) and the testing temperature is

350 �C, lf is low (=0.158). However, with the increasing

Fig. 1 JF151 friction tester
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alumina content, the values of lf of the friction materials

increase.

To evaluate quantitatively the complex and nonlinear

relationship among friction coefficients lf and lr compo-

sition, and temperature, following formulae based on fuzzy

comprehensive evaluation method were utilized [10]:

Dl� ¼

P5

i¼1

Ni � lf�lrj jmax� lf�lrj ji
lf�lrj jmax� lf�lrj jmin

þ N6

n
ð1Þ

N ¼

1:00; l 2 ½0:40; 0:50�
0:75; l 2 ½ð0:35; 0:40Þ [ ð0:50; 0:55Þ�
0:50; l 2 ½ð0:30; 0:35Þ [ ð0:55; 0:60Þ�
0:25; l 2 ½ð0:25; 0:30Þ [ ð0:60; 0:70Þ�
0:00; l 2 ð0:00; 0:25Þ [ ð0:7;XÞ½ �

8
>>>><

>>>>:

9
>>>>=

>>>>;

ð2Þ

where Dl* is defined as a friction stability; i = 100, 150,

200, 250, and 300 �C, respectively, Ni is the weight at i

temperature, and N6 is the weight at 350 �C and can be

directly obtained from Eq. 2. The ranges of both lf and lr

at a certain temperature allowed by GB5763-1998 are

0.25–0.65 at 100 �C, 0.25–0.70 at 150 �C, 0.25–0.70 at

200 �C, 0.25–0.70 at 250 �C, 0.25–0.70 at 300 �C, and

0.20–0.70 at 350 �C, respectively. If any one of the lf and

lr values are out of the range, then Dl* \ 0. It means the

friction material does not meet the requirement of

GB5763–1998 testing procedure and cannot be used as

brake pads to automobiles. The friction testing results show

that lf (at temperature 350 �C) of Al-0 sample is equal to

0.185, so Dl* \ 0. Within the allowed region, the larger

the Dl*, the best the friction stability.

The evaluated friction stability is shown in Table 3.

Sample Al-5.6 has the best friction stability among the

formulations and this means little effect of friction tem-

perature on friction coefficient.

The effects of alumina on wear in examined samples are

shown in Fig. 3. Sample Al-0 shows its wear rate \ 0

(negative wear) at 250 �C. It may be caused by either gas

release or thermal expansion of friction materials. The

wear rate of friction materials with alumina is a little larger

than that without alumina. However, alumina can improve

negative wear performance.

Fig. 2 Alumina and temperature effects on a lf and b lr

Table 3 The evaluated results for both friction stability and com-

prehensive wear rate

Al-0 Al-3.4 Al-5.6 Al-9.0 Al-14.6

Dl* \0 0.45 0.50 0.39 0.44

MA [1 0.22 0.14 0.19 0.29

Fig. 3 Alumina and temperature effects on wear
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To normalize and quantitatively evaluate nonlinear wear

as a function of alumina concentration at different tem-

peratures, following formula was utilized [10]:

MA ¼

P6

j¼1

xðTÞ
SðTÞ

� �

j

n
ð3Þ

where MA is defined as the comprehensive wear rate, T is

the temperature; j = 100, 150, 200, 250, 300, and 350 �C,

respectively, and x(Tj) and S(Tj) are the determined wear

value and the maximum allowed by GB5763-1998 at

j temperature, respectively. The S(Tj) values are

S(100 �C) = 0.50, S(150 �C) = 0.70, S(200 �C) = 1.00,

S(250 �C) = 1.50, S(300 �C) = 2.50, and S(350 �C) =

3.50. If any one of the x(Tj) values \ 0 (negative wear)

and/or [1 (over the allowed value), Ma [ 1. It means the

friction material cannot be used as brake pads to automo-

biles. So within the region of 0–1, the smaller the MA, the

best the comprehensive wear rate.

The evaluated wear rates are shown in Table 3. Sample

of Al-5.6 has the best wear rate. Comprehensively, Al-5.6

shows the maximum Dl* (best friction stability) and

smallest MA (best wear), so this sample exhibits the best

comprehensive friction performance among the tested

formulations. In general, alumina as an abrasive in non-

metallic friction materials plays an excellent role in

enhancing the friction coefficient and improve wear, but its

amount needs to be optimized.

Analysis of friction surfaces and relationships between

friction layers and friction performance

Friction layers evaluation is important for the understand-

ing of correlation of the compositions with friction

performance. The basic images related to the structure of

friction layers are clear. The friction layers composed of

primary and secondary contact plateaus were characterized

by Eriksson et al. [11, 12]. The matter transfer direction of

debris to the surfaces of either disk or friction materials is

dependent upon the abrasion or adhesion [13]. The for-

mation and destruction mechanisms of friction layers were

studied and proposed by Österle et al. [14–16], Cho et al.

[17], and Ostermayer et al. [18, 19].

To understand why sample Al-5.6 has good friction

performance, the friction layers of NAO friction materials

containing alumina were analyzed, as shown in Figs. 4, 5,

6 and 7.

The friction layer of Al-0 has been investigated in detail

in our previous work [8]. This transferred iron-containing

film from the cast iron disk and baryte film formed on the

Al-0 friction surface were observed.

The characteristics of friction layer of Al-3.4 are shown

in Fig. 4. Both transferred iron-containing film (Fig. 4a,

point 1) and baryte film (Fig. 4b, area 2) were identified on

the friction layers of composites with alumina. Iron transfer

from the cast iron disk to the surface of nonmetallic friction

materials was caused by alumina because the hardness of

Fig. 4 SEM micrograph of friction surface for Al2O3-3.4 vol%

sample, tested at 350 �C, BSE, a magnification 1009, transferred

iron-containing film—point 1, b magnification 2509, analyzed area—

baryte film, other identified elements: Al, Si, Ca, Fe, and Mg

Fig. 5 SEM micrograph of friction surface for Al2O3-5.6 vol%

sample, tested at 350 �C, BSE, magnification 2009; point 1—Fe,

point 2 is a mixture of baryte and debris formed by other ingredients

(Si, Mg, and Ca)
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the abrasive is larger than that of cast iron [13]. Transferred

iron-containing film is more on the friction surface of

Al-5.6, but the baryte film is less (Fig. 5).

The role of mineral fiber in the formation of primary and

secondary contact plateaus, like in the case of steel

wool [13], was observed, as shown in Figs. 6 and 7.

Fig. 6 SEM micrograph of friction surface for Al2O3-9.0 vol%

sample, tested at 350 �C, BSE, magnification 5009, growing edge

of debris around mineral fiber on the surface

Fig. 7 SEM micrograph of friction surface for Al2O3—14.6 vol%

sample, tested at 350 �C, BSE, a magnification 4009, area 1—

transferred iron-containing film, other identified elements Al, Ba, S,

Ca, O, Si; point 2—mineral fiber (Ca, Si, Al, Mg, O); b magnification

4009, point 3—mineral fiber (Al, Si, O), point 4—Fe

Fig. 8 Ratio between Fe (a) and Ba (b) concentrations in friction

layer and bulk material (FL/BM) determined by XRF and EMA

methods depending on alumina concentration in original material

Fig. 9 Concentration of Al2O3 in friction layer (FL) and bulk

material (BM) determined by XRF and EMA methods in dependence

to vol% of Al2O3 in original material
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Iron-containing traces and grooves parallel to the disk

rotation direction appeared on the friction surface of Al-9

(Fig. 6). More transferred iron-containing film was found

on the friction surface of Al-14.6, as shown in Fig. 7. It is

reasonable because the amount of alumina increased.

Changes of friction surface chemical composition

in comparison to original material

The modification of friction surface chemical composition

during friction tests were evaluated by the ratio of selected

elements concentration in friction layer to their concen-

tration in bulk material (FL/BM). The concentrations were

determined using EMA and XRF methods. In spite of the

very thin friction layers produced by used test procedure,

enrichment of these layers by Fe are clear. Iron concen-

tration in friction layers markedly increases with increasing

Al2O3 concentration in original material as shown in

Fig. 8a. Considering a very low concentration of Fe in

original material from natural minerals in composition

(about 0.3 wt. %), the increasing Fe concentration in fric-

tion surfaces can be caused only by transfer from cast iron

disk. The Fe enrichment of the friction layer measured by

EMA method is a little higher than when determined by

XRF method. It is probably caused by the thickness of the

analyzed material. EMA method analyzes a much thinner

layer than XRF method and enrichment of this very thin

layer is higher.

Changes of Ba concentrations in the friction layers after

friction tests are documented in Fig. 8b. The concentration

of Ba measured by XRF method slightly decreases with

increasing Al2O3 concentration in original friction mate-

rial. Other elements like S, Mg, and Si show similar

dependences. Al-0 has more baryte film but less transferred

iron-containing film and conversely Al-14.6 has more

transferred iron-containing film but less baryte film.

Changes of Ba concentration in surface layers using EMA

method are not evident. Inhomogeneities of the samples

cause higher fluctuation of obtained results.

Concentrations of Al2O3 obtained using both EMA and

XRF methods are very similar (Fig. 9). No significant

changes in alumina concentrations on friction layers in

comparison to original material were observed.

Relationships among formulations, friction

performance, and friction surfaces

The relationships among formulations, friction perfor-

mance, and friction surfaces are summarized in Table 4. It

was found that if compositions in the bulk are similar to the

surface composition of sample Al-5.6, stable l and good

wear can be obtained. Alumina plays a crucial role in

affecting friction layers. Without alumina, a baryte film

was formed. With the higher alumina content, the forma-

tion of baryte film declined and transferred iron-containing

film increased. The transition occurred near 5.6 vol% of

alumina.

Conclusions

The effects of alumina content on friction performance

were comprehensively evaluated. Alumina as an abrasive

plays a key role in enhancing the l values and in elimi-

nating the negative wear rate of the nonmetallic friction

materials. From the evaluated results of friction stability

and wear, Al-5.6 formulation is the best one. Analyzing

friction surfaces of tested samples, baryte film, iron traces,

grooves, and transferred iron-containing film were

observed. Friction layers are markedly enriched by iron,

and the iron-containing film formation with alumina con-

tent increases. A new friction mechanism related to the

formation and destruction of two types of films was pro-

posed to explain the relationships among the compositions,

friction layer, and friction performance.
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