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Abstract Semi-interpenetrating network composites

containing 40 vol.% ceramics (5Al2O3�8SiO2) and 60

vol.% Al-alloy were fabricated in place of cast iron

available for automotive brake rotors. The friction and

wear performances of brake pads dry sliding against the

composites were measured using a SRV testing machine.

The test procedures include friction fade and recovery, load

sensitivity at 100 and 250�C, and wear. The friction was

found to increase first and then decrease with increasing

temperature, followed by the inverse recovery upon cool-

ing. Wear showed an incremental tendency over a wide

temperature range. For loads from 40 to 160 N, the friction

decreased at 100 and 250�C. At load below 128 N, the

former friction was inferior to the latter while at load above

128 N the friction exhibited an inverse tendency. Wear

mildly increased with load at 100 �C and decreased dra-

matically at 250 �C. SEM and EDS investigations revealed

that the worn pad surfaces at 250 �C were covered by more

tribofilms, including more coke and graphite with friction-

reducing action as well as fewer compounds (corresponding

to Si and Al) with friction-increasing action in comparison

with those at 100 �C. The compression of the tribofilms

contributed to a large decrease in the friction and wear with

increasing load. However, at 100 �C E-glass fibers exposed

at the worn surfaces inhibited the excessive wear of the pad

despite lack of more tribofilms. Their glossy surfaces

decreased the friction. The proposed friction models

explain some friction and wear behaviour better.

Keywords Brake pad � Semi-interpenetrating network

composites � Friction � Wear

1 Introduction

Al-alloy is widely attractive for the aerospace, automobile,

electron and electric fields with good features of low

density, high thermal conductivity and easy-machining

[1, 2]. Nevertheless, it is unable to be applied solely to

automotive brake rotors in spite of its light weight. This

necessitates higher hardness, wear-resistant materials with

the combination of it to remedy its performance deficien-

cies. Taking into account the fact that high hardness

materials such as SiC and Al2O3 are easy to do damage to

brake pads, mullite crystals (3Al2O3�2SiO2) or the corre-

sponding ceramics is relatively ideal for the friction

applications since pure mullite have moderate hardness.

Seen from a materials viewpoint, the development trend of

advanced new-style automotive brake rotors is to achieve

light-weight, high mechanical properties, steady-state

friction level and moderate wear. Lightweight components

mean greater payload and the additional costs are readily

justified. Many experimental studies have been conducted

on the ceramic particle-reinforced aluminum metal matrix

composites (Al-MMCs) to obtain light-weight brake rotors

over the past several decades [3]. A crucial issue con-

cerning poor wetness between the ceramic particles and

Al-alloy was raised although various Al-MMCs have suc-

cessfully been fabricated. One of the interesting results of

this work is the difficulty in attempting to employ large
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amounts of ceramic particles which are blended into mol-

ten Al-alloy. In order to lessen the impact of the wetness-

dependence and promote the integral structure strength for

the composites, a honeycomb-like mullite ceramic preform

produced by general methods instead of the ceramic par-

ticles was immersed into a molten Al-alloy bath in the

present investigation. The Al-alloy was infiltrated into non-

interconnected open porosity of the preform under

squeezing action through a die in such a manner that a

composite toughened by Al-alloy was synthesized when

cooled to room temperature. The type of semi-interpene-

trating network ceramics/Al-alloy composites can easily

hold higher ceramic contents.

In the case of brake pads, the friction level is of primary

significance, wear resistance being of secondary one.

Considerable attention should be focused on the frictional

performance assessment relevant with temperature and

load since speed had less influence on friction [4, 5]. In this

article, we elaborate on the fabrication of brake pads and

semi-interpenetrating network ceramics/Al-alloy compos-

ites. A test schedule was developed to determine friction

levels and wear. The pad dry sliding against the composites

was measured in an area contact mode on a SRV testing

machine to make a fair comparison of the influence of

different temperatures and loads on friction and wear. SEM

was utilized for the worn pad surface characterization and

EDS analysis for determining the ingredients and contents

of the surface. The friction models were proposed to ana-

lyze the results from the tests.

2 Experiment Preparation and Test Method

2.1 Test Materials and Specimens

The honeycomb-like ceramics used as reinforcement

frameworks were purchased from Beijing Jingrui Chu-

angye Superhard Materials Co., Ltd. The average pore

diameter was about 1 mm (Fig. 1a). Obviously, its irreg-

ular circular shape was formed through ceramic body

deformation during the sintering process. EDS (INCA300,

Oxford Co.) analysis showed that the ceramics mainly

consisted of 26.70 wt% Al, 21.71 wt% Si and 48.72 wt%

O, simply denoted as 5Al2O3�8SiO2 (Fig. 1b). Phi-rho-z

method was used to correct the influence of the testing

specimen substrate. X-Ray powder diffraction analysis

revealed that there were merely mullite crystals, but no

alumina crystals detected in the ceramics (Fig. 1c). This

means that all the alumina has been converted into mullite

crystals and the remainder should be dissociative silicon

dioxide. The used Al-alloy had the following chemical

composition except Al (in wt%): 5.1–6.1 Zn/2.0–3.0

Mg/1.2–2.0 Cu/0.16–0.30 Cr/0.15 Mn/0.50 Fe/0.50 Si.

It was placed in a crucible and heated to 50 �C above its

liquidus temperature, the ceramic frameworks to 400 �C,

and extrusion mould to 300 �C to avoid the Al-alloy excess

cooling when mixing. The preheated ceramic frameworks

were placed into to the preheated extrusion mould, and

then the melted Al-alloy was poured into the ceramic

frameworks. Semi-interpenetrating network ceramics/

Al-alloy composites were fabricated through squeezing at a

pressure of 70 MPa for the duration of 30 s, where the

ceramic matrix remains with a crosslinked network struc-

ture but Al-alloy has no mutual bonding. Specimens of

5.0 mm 9 8.0 mm were cut from the composites and

ground to a thickness of approximately 7.0 mm before

polishing by the SiC abrasive papers up to 1,000 grits and

then a silk cloth under flowing-water conditions. They were

estimated to consist of 40 vol.% ceramics and 60 vol.%

Al-alloy through calculation. The average density was

2.7 g cm-3. The surfaces before and after tests were pho-

tographed using SEM (LEO 1530 VP, Germany) and the

photographs are shown in Fig. 2a and b, respectively.

The investigated brake pad materials consisted of 10/30/

2/12/6/12/3/13/12 by wt% of copper fiber/E-glass fiber/

wood fiber/elastomer modified phenolic resin (containing

HEXA)/coke/graphite/chromite/barite/red iron oxide, respec-

tively. E-glass fibers and copper fibers instead of traditional

steel wool fibers were used to escape severe damage caused

to counter materials [6]. Wood fibers were selected on the

basis of their good dispersive capacity to ameliorate the

compatibility of E-glass fibers with the binder resin. Their

mixing process is similar to our earlier work in Ref. [7].

The brake materials were moulded on a moderate-tonnage

press at a pressure of 60 MPa and temperature of 150 �C

for 5-min duration. The semi-manufactured goods were

cured in a laboratory oven at 180 �C for 8 h. The average

density of finished products was 2.34 g cm-3, with 33 HB.

Specimens of 16 mm 9 18 mm were cut from the products

and ground to a thickness of approximately 7.2 mm before

polishing by the fine SiC abrasive papers up to 1,000 grits.

2.2 Test Equipment and Procedure

Friction and wear tests were performed on a SRV testing

machine (Optimol Instruments Prüftechnik GmbH). Test

frequency, stroke, load, temperature and duration can be

preset. Friction force is measured continually by a sensor.

The friction coefficient is automatically calculated and

recorded throughout the test. Also, wear can be measured

through a sensor and recorded but the measurement error is

relatively large. The current employed method is the

weight loss one later in Sect. 2.3. Figure 3 gives a typical

oscillation test chamber. A new set of holder was specially

designed and fabricated to be suitable for area contact

testing in view of the difficulty in machining some ceramic
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and hard-alloy specimens, etc. (Fig. 4). It consisted of a

quasi-cylinder, a fixing framework and other components.

In this experiment, the semi-interpenetrating network

composites were employed as an upper specimen and the

brake materials as a lower specimen. During installation,

the upper specimen was placed into the quasi-cylinder

holder and then fixed in a clamp. The lower specimen into

the framework and then fastened firmly by two screws to

the framework. The upper and lower specimens need to be

renewed when worn off with thickness below 6.9 mm. Test

stroke and frequency were, respectively, selected as 1 mm

and 80 Hz in all cases. The loads of 40, 80, 120 and 160 N,
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equivalent to 1, 2, 3 and 4 MPa, respectively, were applied

by a servo system exerted on the quasi-cylinder holder.

These values are comparable to routine automobile brake

pressures. All the testing procedures were operated by a

data acquisition system of a computer.

2.3 Test Method

Based on the preliminary test observations, a test schedule

was developed to determine friction levels and wear. It

consists of friction fade and recovery, load sensitivities at

100 and 250 �C, as well as temperature and load depen-

dence of wear. Test procedures began with a running-in of

at least 20-min duration at a load of 30 N and temperature

lower than 90 �C on the SRV testing machine until the

apparent contact area between the pad and the composites

surpassed 95%. This was followed by a fade run at a load

of 40 N where the test temperatures were allowed to rise

from 100 to 300 �C. Each temperature test lasted 10 min.

At 50 �C intervals, the average friction reading was taken

as representative for posterior 5-min duration. During the

recovery part of the test the pad was allowed to cool, where

the load was applied and friction readings were taken

similar to the fade test. The relevant properties of the pad

under investigation are given in Fig. 5.

Subsequently, the load sensitivity tests were conducted,

where the pad was applied for 10 min at a preset load and

temperature. The average friction reading was taken. The

tested initial load of 40 N was increased to 160 N in steps

of 40 N at 100 and 250 �C, respectively. Each load test

began with new pad materials and all the materials were

also submitted to the same running-in as above. The rele-

vant properties of the pad are displayed in Fig. 6.

Finally, the wear tests were carried out. Tested tem-

peratures were altered from 100 to 300 �C and loads from

40 to 160 N at 100 and 250 �C, respectively. Each wear

test was started with new pad materials and lasted 1 h after

the initial running-in so that there was sufficient weight

loss generation for comparison. Each test pad was weighed

before and after testing, and then each weight loss was

expressed as the specific wear rate according to the

calculation of the following formula

k ¼ Dm

tlfPd
ð1Þ

where k is the specific wear rate of the pad (mm3 N-1

m-1), Dm is the pad weight loss (kg), d is the pad density

(kg m-3), P is the applied load (N), l is the oscillation

stroke (mm), f is the oscillation frequency (Hz) and t is the

total test time (s). The test results under study are shown in

Figs. 7 and 8, respectively.

3 Results and Discussion

3.1 Friction Model

The quasi-circular Al-alloy and the surrounding ceramics at

the horizontal surface for the composites before tests exhibit

light and deep grey colors, respectively (Fig. 2a). The two

different colors resulted from some mixing materials that

smeared two materials’ surfaces. During the initial friction

stages, both should rub with the countersurface together,

generating a resultant friction coefficient. Nevertheless, the

abrasive modes were absolutely distinct when they came in

direct contact with hard particles or fibers. The former was

more easily worn away to form lowlands, while the latter

edges were more rapidly abraded than their centers due to

the absence of Al-alloy supporting. This abrasive action

eventually made the ceramic centers slightly protrude from

the surface. The corresponding SEM photograph for the

composites after tests demonstrates that the aforementioned

analysis is true (Fig. 2b). A protrusion of the ceramics bore

Fig. 2 Semi-interpenetrating network ceramics/Al-alloy composites

a before testing b after testing
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main loads, protecting nascent Al-alloy from abrasion in

situ, especially, serving as abrader for the pad material due

to their high hardness. The speed of the Al-alloy abrasion

was reduced consumedly, thereby suggesting that the upper

specimen abrasion is expected to be trivial.

The lowlands started to collect various entering wear

debris as the friction proceeded, which was forced to

accumulate into tribofilms and even further to develop a

transfer layer that covered a whole friction surface. Some

tribofilms were accumulated and the other expulsed until

they were in equilibrium with respect to the accumulation

and expulsion between the two partners. The original

equilibrium was broken and then new equilibrium was

established once the friction conditions (temperature, load,

stroke and/or frequency) were altered. Similarly, the so-

called lowlands occurred on the pad surface [8]. E-glass

fibers were considered a chief supporting ingredient to

suppress the abrasion with their highest hardness and per-

centage in the pad material. Numerous grooves were found

at the composites surfaces along the frictional direction

(Fig. 2b). The groove width is approximately 0.01 mm,

being close to E-glass fiber diameter. The groove length is

approximately 1 mm, being equal to the test stroke. This

denotes E-glass fibers abraded the composites to form the

long, shallow grooves, which features two-body abrasions.

Fig. 3 Schematic view of the

SRV test chamber. (1)

oscillation drive rod, (2) upper

specimen holder, (3) loading

device, (4) upper specimen, (5)

lower specimen, (6) electrical

resistance heating, (7) resistance

sensor, (8) lower specimen

holder, (9) quartz force

transducer, (10) supporting

block

Upper holder 

Lower specimen
Upper specimen

Lower holder 

Scre

Fig. 4 The original image of the designed holder
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A few wider and deeper grooves may be produced by

intermittent rubbing of E-glass fibers many times. A series

of parallel ridges appeared adjacent to the grooves whereas

abrasive indentations existed chiefly at the ceramic edges.

The simplified friction models are illustrated (Fig. 9), as

described above.

3.2 Effect of Temperature on Friction and Wear

The friction fade and recovery tests were carried out.

During the fade part of the test the friction coefficient first

increased and then fell (Fig. 5). It is well known that

temperature rise universally accelerates the thermal

decomposition of such organic compounds as phenolic

resin and wood fiber. The shear strength between the

sliding contact surfaces is reduced and so is the friction

level. Unfortunately, the experimental results are incon-

sistent with the known fact at the lower temperatures,

meaning that the thermal decomposition plays a less

significant role in the friction.

At the end of the wear tests, the worn pad surfaces were

used for the analyses of SEM and EDS with the aim of

eventually accounting for the inconsistency. The SEM

photographs through selection were listed in Fig. 10.

Notice that the worn surfaces are relatively rough with

recesses, grooves, free-rolling abrasive particles and pulled

out E-glass fibers, indicating that different regions for the

surfaces were worn down asynchronously. Two bigger

recesses exist in Fig. 10a. It is possible that the generating

wear debris was small in amount and insufficient to fill the

recesses. However, in the localized regimes the compaction

of wear debris was evolved into the contact plateaus rising

above the rest of the surface. E-glass fibers are invisible in

the plateau regimes but visible in the recess regimes,

confirming that the plateau surfaces are constituted by tiny

wear debris. Also, the analogous plateaus can be perceived

in Fig. 10b and c. Their total area recognized with the

naked eye increases in conformity with the sequence of

a–c. As in all sliding contact situation, adhesive interaction

gained in importance during the mixed friction. A high

temperature of 300 �C created more tribofilms (abrasions)

seen in a subsequent section. They were uneasy to be

compressed at the low load owing to the effect of heat

stress, and therefore the transfer layer formed in Fig. 10e

features incompact wear debris. A series of fine parallel

grooves along the frictional direction is visible over a wide

range of the surface. Their widths are close to the ridge

ones for the Al-alloy surfaces in Fig. 2b. The ridges may be

impressed into the transfer layer and then slid with the

assistance of tangential shear forces, forming the well-

defined grooves. Figure 10d exhibits transition surface

traits that the tribofilms are relatively incompact. The

friction variation can be explained in light of these obser-

vations. More tribofilms generated were entrapped between

two partners at elevated temperatures. A part of tribofilms

caused the real contact area to augment after filling in some
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recesses and grooves, but on the other hand, the transfer

layer to thicken. The former leads to an increase in the

friction coefficient, but the latter to a decrease in the shear

strength and sequent friction coefficient. This dual function

of the tribofilms contributes to the highest friction level

encountered at 250 �C.

During the recovery part of the test, more tribofilms

were accumulated at the surface after the pad was sub-

mitted to a longer period of rubbing, especially at a high

temperature of 300 �C. The frictional equilibrium was

broken as temperature fell. The expulsion of the tribofilms

was quickened that more E-glass fibers may be exposed at

the surfaces. Their glossy surfaces reduced adhesive

interactions with the high-content ceramics. The friction

level remarkably decreased and even was inferior to that

corresponding to the fade part, as given in Fig. 5. This

phenomenon displayed in tribology is defined as the

inverse recovery. Serious inverse recovery is impermissible

pertaining to automotive brake materials. EDS analysis

results revealed that the identical ingredient exhibited very

similar content at different temperatures and are not

reported here.

The wear tests were conduced. The specific wear rate

showed an incremental tendency with temperature (Fig. 7).

This is relevant with the aggravating decomposition of the

organic compounds at elevated temperatures.

3.3 Effect of Load on Friction and Wear

The load sensitivity tests were performed. The friction

coefficient is a decreasing function of load at 100 and

250 �C, respectively (Fig. 6). The worn pad surfaces were

examined and photographed using SEM after the wear

tests. The photographs at 100 �C show that damage to the

surfaces grows severer in conformity with the sequence of

Fig. 11a–d. The logical explanation of the behaviour is that

the pad abrasion is very likely to start with the resin-bon-

ded materials surrounding E-glass fibers and copper fibers

Brake Material 

Ceramics Al-alloy 

P

Brake Material

Incompact Tribofilms 

Al-alloy Ceramics

(c)

P

Incompact Tribofilms 

Compressed Tribofilms 

Brake Material

Ceramics Al-alloy 

(e)

2P

Brake Material

Al-alloy Ceramics 

(a)

Compressed Tribofilms 

Brake Material 

Ceramics Al-alloy

2P

(b)

(d)

Fig. 9 Brake material versus

ceramics/Al-alloy composites in

friction models: a prior to

friction tests, b fewer incompact

tribofilms, c more incompact

tribofilms, d fewer compressed

tribofilms and e more

compressed tribofilms. Load

increases in conformity with the

sequence of b–d or c–e. Double
headed arrows represent the

sliding friction direction
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irrespective of few wood fibers, which consisted of some

small-size particles (coke/graphite/chromite/barite/red iron

oxide). Coke may be crushed into smaller fragments and

graphite torn to pieces, whereas the latter three pulled away

intact rather than fracture due to their superior fracture

toughness. The higher the applied load the deeper the

ceramic penetration into the pad. A great penetration depth

may result in more subsurface deformation, and thus, more

small-particle detachment (abrasions). Thus the formation

of wear debris stemmed from a failure to bond with the

matrix. At a low load of 40 N, only a small number of

resin-bonded materials were removed, so few E-glass fibers

can be appreciated in Fig. 11a. Notice in Fig. 11b that

E-glass fibers are randomly scattered in different directions

and their ends are still embedded into the matrix. This is

almost the distribution mode of the original E-glass fibers,

confirming that long E-glass fibers were not easily pulled

out of the matrix. At higher load of 120 or 160 N, a rela-

tively large material removal by deformation promoted

E-glass fiber pullout or fracture from the matrix. Some

E-glass fibers failed to be broken into tiny fragments.

Those left behind at the worn surface were compelled to lie

low (Fig. 11c and d). Their glossy surfaces rubbed with the

ceramics, lowering the friction, as mentioned in a previous

section.

The SEM photographs at 250 �C are given in Fig. 12. A

comparison with the surface topographies in Figs. 11 and

12 shows the coverage of the tribofilms at 100 �C is less

intense than that at 250 �C with respect to identical loads,

which has direct relation with the difference in the pad

abrasion seen in a later section. The presence of numerous

E-glass fibers suggests the tribofilms generated have lar-

gely escaped from the worn surface (Fig. 12a). Figure 12b

shows relatively smooth and featureless surface except for

Fig. 10 SEM photographs of

brake material subjected to wear

test at P = 40 N, l = 1 mm,

f = 80 Hz and T = a 100 �C,

b 150 �C, c 200 �C, d 250 �C

and e 300 �C
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light rubbing tracks. Features of typical compacted debris

and severe matrix damage are observed in Fig. 12c.

However, the worn surface is obviously filled with the

tribofilms (Fig. 12d), where several short and parallel

grooves are present. The ceramic asperities at the edges

may be penetrated into the pad material and then ploughed

across the surface to form the short grooves. A large

amount of wear debris was eventually piled up and com-

pacted into the ridges along the sides of the grooves,

indicating that the removal of the tribofilms from the worn

Fig. 11 SEM photographs of

brake material subjected to wear

test at T = 100 �C, l = 1 mm,

f = 80 Hz and P = a 40 N,

b 80 N, c 120 N and d 160 N

Fig. 12 SEM photographs of

brake material subjected to wear

test at T = 250 �C, l = 1 mm,

f = 80 Hz and P = a 40 N,

b 80 N, c 120 N and d 160 N
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surfaces is a formidable task once they are compressed at

higher loads. This unsuccessful removal is responsible for a

reduction in the friction.

The chemical ingredients and contents at different

regions of the worn pad surfaces were determined using

EDS to further investigate the influence of tribofilms on the

friction and wear. The relevant average data of eight test

results under the same conditions are given in Table 1. If

some trace elements were neglected, Al and Mg were

merely derived from the composites; C, Cu, S, Ba, Ca and

Fe principally from the brake materials; Si, Zn and Cr from

the two materials together. In the case of atomic percent-

age, C, Si, Fe, Al and Cu were taken into account as crucial

elements in the following investigations, since they almost

ranked in the top five among all the detected elements

regardless of O. Simple substances such as Fe, Al and Cu

are oxidized rapidly into their respective oxides, especially

at their surface layers but have inability to be converted

into other compounds in great numbers owing to the

impermanency of the actual friction process. Based on

these considerations, the possible existence forms of Cu,

Fe, Al, and Si after tribochemical reactions contain Cu2O,

CuO, Fe2O3, Fe3O4, FeO, Al2O3, SiO2, Cr2O3�Fe2O3,

5Al2O3�8SiO2, 3Al2O3�2SiO2, Na2SiO3�CaSiO3, etc. Nor-

mally, the former five are considered as mild abrasives; the

latter six as severe abrasives whereas coke and graphite,

two existence forms of C, as solid lubricants as per their

hardness magnitude [9]. Figure 13 plots the atomic per-

centages of the investigated five elements as a function of

load at 100 and 250 �C, respectively, where comparison

with the data at 100 and 250 �C shows that little has

changed about Fe content over the wide load range. Cu has

relatively low content in both cases and, in particular, the

corresponding oxides belong to mild abrasives. Therefore,

the influence of Fe and Cu on the friction and wear are

deemed to be nonsignificant. It can also be noted that Si

and Al contents at 100 �C are basically greater than those

at 250 �C, but C content exhibits an opposite tendency.

One of the reasons for the existence of high-content C at

250 �C is that the conversion of coke and graphite into CO

and CO2 through tribochemical reactions was incomplete

due to very quick abrasion. Large amounts of unreacted

coke and graphite were retained in the tribofilms. These

tribofilms should possess a better compressibility than the

ones at 100 �C since coke is a typical kind of porous

material. The lower Al content detected implies that the

tribofilms formed this way were predominantly produced

from the pad rather than the composites. This coincides

with the expected result in the friction models. The weight

loss for the composites was therefore negligible and is not

reported here.

A close look at both curves in Fig. 6 shows that the fric-

tion coefficients converged gradually to an intersecting point

and then diverged at 100 and 250 �C, where the load value is

approximately 128 N (3.2 MPa). Returning to the friction

models (Fig. 9) to facilitate understanding of the tribological

phenomena, in the case of two rubbing partners, as load

increases, so does the total area of micro-contacts [10]. This

area increase chiefly makes partial loads shifted from the

ceramics to the tribofilms. In short, the tribofilms bear the

increasing relative loads. This gives rise to a reduction in

the friction. At 100 �C, there existed fewer tribofilms and,

with them, less graphite and coke with friction-reducing

action as well as more compounds (corresponding to Si and

Al) with friction-increasing action as compared with those at

250 �C. Hence, the friction coefficient was less sensitive to

applied load. On the contrary, at 250 �C there existed more

tribofilms. This included more graphite and coke as well as

fewer compounds (corresponding to Si and Al). In the low-

load regime lower than 128 N, despite more tribofilms

generation, these incompact tribofilms were expulsed rap-

idly. Their filling action of some recesses and grooves is

identified as the primary contribution to the friction, the

friction being higher than that at 100 �C while in the high-

load regime more than 128 N the friction exhibited an

inverse tendency. Some of the reasons are that the tribofilms

obtained a stronger compression, the friction-reducing

action of graphite and coke became relatively stronger

but the friction-increasing action of the compounds (corre-

sponding to Si and Al) became relatively weaker.

The final wear tests were conducted. The specific wear

rate as a function of load at 100 and 250 �C is shown in

Fig. 8. The latter specific wear rate exceeded the former, as

expected. Notice that the former specific wear rate merely

mildly increased throughout the test. Normally, fewer

Table 1 EDS analysis conducted on the worn brake material surface

at different temperatures and loads

Element Atomic percentage

100 �C 250 �C

40 N 80 N 120 N 160 N 40 N 80 N 120 N 160 N

C 20.20 11.91 8.52 10.75 21.53 25.71 15.10 22.84

O 42.64 46.58 46.36 42.44 39.04 42.70 47.50 40.62

Mg 1.60 2.04 1.87 1.66 1.48 1.32 1.80 1.72

Al 5.95 6.40 5.86 6.96 5.79 4.76 4.94 4.62

Si 11.64 14.69 13.50 12.32 9.18 9.58 13.58 10.87

S 1.05 0.46 1.47 0.80 1.14 1.22 1.16 0.92

Ca 3.23 4.42 4.36 3.54 2.48 2.68 4.14 3.04

Cr 0.45 0.34 0.48 0.36 0.38 0.44 0.52 0.35

Fe 9.58 5.30 7.39 6.82 6.44 6.06 7.18 5.5

Ba 2.02 1.50 2.29 2.01 1.98 1.76 2.15 1.68

Zn 1.25 1.98 2.82 4.22 3.71 1.28 0.54 2.56

Cu 2.38 4.38 5.07 8.12 6.85 2.50 1.38 5.28
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tribofilms at 100 �C were insufficient to protect the pad from

abrasion. Moreover, less graphite and coke reduced antiwear

action, and more compounds (corresponding to Si and Al)

enhanced three-body abrasive action when serving as free-

rolling abrasive particles. Following these analyses, we are

able to draw an improper conclusion that the pad wear resis-

tance markedly decreases. Accordingly, the mild increase in

the specific wear rate should be attributed to the existence of

numerous E-glass fibers shown in Fig. 11b–d. They sup-

pressed larger abrasions, as predicted in the friction models. It

can still be noted that the latter specific wear rate dropped

dramatically with the increase of load. This situation is

explicitly connected with the friction variation (Fig. 6). The

thickening of the transfer layer (or the augmentation of the

tribofilms) effectively shielded the pad from the sharp cutting

asperities. Further contributions of the tribofilms still include

the promotion of antiwear action induced by more graphite

and coke and the mitigation of the three-body abrasion

induced by fewer compounds (corresponding to Si and Al).

As far as routine brake systems with gray cast iron rotors

are concerned, the maximum allowable value of the spe-

cific wear rate is 10-4 mm3 N-1 m-1 for this type of brake

material. The current specific wear rates are found which

have partly surpassed the value. This is unacceptable in

commercial applications.

4 Conclusions

The friction and wear properties of the brake materials dry

sliding against the semi-interpenetrating network ceramics/

Al-alloy composites strongly depend on temperature, load

and, with them, tribofilms.

For a temperature range from 100 to 250 �C, the friction

rise is attributed to the increase of the real contact area

between the sliding countersurfaces relevant to some

recesses and grooves filled with the tribofilms, but with

temperature going up to 300 �C the aggravating decom-

position of the organic compounds leads to the friction

fade. The inverse recovery took place upon cooling. Wear

showed an incremental tendency with temperature.

The load sensitivity tests were performed. The friction

was found to decrease with the increase of load at 100 and

250 �C. At load levels of 40–128 N, the former friction was

inferior to the latter, since the filling action of the tribofilms

is identified as the primary contribution to the friction. At

load levels of 128–160 N, the tribofilms at 250 �C were

strongly compressed, inclusive of more graphite and coke as

well as fewer compounds (corresponding to Si and Al)

compared with those at 100 �C, inducing a large decrease in

the friction. At 100 �C the glossy surfaces of E-glass fibers

exposed at the worn surfaces decreased the friction, but

fewer tribofilms and, with them, less graphite and coke as

well as more compounds (corresponding to Si and Al)

impeded the decrease. The friction becomes less sensitive to

applied load. The wear tests were also carried out. Wear at

100 �C mildly increased with load due to the suppression

action of E-glass fibers, while at 250 �C, it dropped dra-

matically associated with the protection of more tribofilms

including more graphite and coke, and fewer compounds

(corresponding to Si and Al). The proposed friction models

incorporated with SEM and EDS analyses explain the

experimental results better.
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