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This study explores a common parameter that is used to describe the energy input into a friction pairing in pin-
on-disc investigations, the pv-value. The impacts of multiple sliding speed, v, and contact pressure, p, combi-
nations were investigated while keeping their product, the pv-value at a constant level. The chosen tests for this
study consisted of steady-state drag braking applications on a small-scale test bench. The actual contact area on
the friction material’s surface was measured after the tests and correlated to the steady-state temperature, T, that
was reached during testing. The tribological interface showed sensitivity towards the different sliding and
loading conditions including a shift in oxidising states of the iron contents of the friction couples. The sliding and
loading conditions were reversed after the transition of oxidising states in order to investigate their impact. The
results show that the oxidising states dynamically react to the operating conditions, but the overall frictional
performance of the system can remain at an altered level due to enduring changes in the actual contact area and

the thermal response of the friction couple with the transition in oxidising states.

1. Introduction

The driver of an automotive vehicle can reduce driving speed by
pressing their foot on the brake pedal. This serves to dramatically in-
crease brake line pressure which in turn presses brake pads against a disc
that is rigidly connected to each wheel. Friction at the sliding interface
between disc and pad causes the vehicle to slow down, depending on the
applied pressure.

In today’s vehicles which are still mainly powered by internal com-
bustion engines, the friction brake is the main system used for deceler-
ation, meaning that it is used quite frequently and with considerable
power output. The automotive sector, however, is shifting its focus more
towards electric vehicles in an effort to reduce global exhaust emissions.
Projection shows that a global share of electric vehicle sales could reach
16% in 2025, rising as high as 90% for some larger markets by 2040 [1].
These particular vehicles have the advantage of recuperation, meaning
that they can use the electric motors as generators to decelerate the
vehicle; this also serves to harvest energy for charging the batteries.
This, together with the prospect of autonomous vehicles will likely lead
to reduced friction braking power requirements in the medium to longer
term [2]. Consequently, the temperatures that are typically reached at
the friction interface could be significantly lower. One of the challenges
of this is that reduced brake disc temperatures can result in a higher
corrosion risk, depending on the friction couple employed [3].
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An issue with studying the effects of future load profiles through
vehicle testing or full-size inertia dynamometer testing is that they are
extremely time-consuming and costly. To circumvent these issues, first
screenings are often carried out on smaller-scale tribometers. Two of the
dominant parameters that are adjustable on most tribometers are: (i) the
nominal contact pressure, p, between the brake disc and pad and (ii) the
sliding speed, v. These two parameters are often represented as a
product, the so-called pv-value. Past research has reported pv-values
representing real braking conditions in the range of 0.3-24 MPa m/s
[4-6]. A third important tribological parameter is the interface tem-
perature, T, but this is highly variable and difficult to measure in a high
friction contact such as a friction brake.

Research has also shown that the tribological processes taking place
at the pad-disc sliding interface are very sensitive to the above-
mentioned controllable p-v parameters. It is therefore reasonable to as-
sume that the friction coefficient will change with varying sliding speed
and normal load.

Eriksson et al. [7] observed the processes in the sliding interface
using a glass brake disc and described the general contact situation as
follows [8]. As the brake pad comes into contact with the brake disc
(first bodies), debris is formed by the wear of the two bodies. More wear
resistant constituents of the pad will start protruding forming first
contact sites and carrying the load. These are also called the primary
contact plateaux. The wear debris travels through the sliding interface
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(third body) until it ends up in front of a primary plateau where it is
stopped. As more wear debris starts piling up in front of the primary
plateau, it is compacted and agglomerates to a flat patch sometimes
called the secondary plateau. These plateaux (primary and secondary)
separate the two first bodies from another and carry the load as well as
accommodate the velocity difference. Their size and distribution can
vary with sliding speed, contact pressure, temperature and brake pad
composition. The areas of real contact are even smaller than the contact
plateaux as these are irregularly appearing small points of contact
within the plateaux.

Rhee et al. [9] investigated different high-copper and copper-free
friction material formulations sliding against a cast iron disc. The au-
thors observed a generally decreasing friction coefficient for increasing
nominal contact pressure over a broad range of sliding speeds although
the friction coefficient sometimes also increased with increasing pres-
sure under certain sliding speeds.

Wahlstrom et al. [6] performed steady-state drag braking tests on a
small-scale tribometer using a low-metallic friction material and a cast
iron rotor. Their results show a decreasing friction coefficient with
increasing nominal contact pressure for slow sliding speeds (1 m/s) and
the opposite behaviour at higher sliding speeds (3 m/s). The authors
reasoned that below a threshold temperature (around 200 °C in this
case) increasing the nominal contact pressure will increase the wear
debris formation and create a thicker tribofilm (contact plateaux) which
in turn will decrease the friction coefficient [10]. Above the threshold
temperature, thermal degradation of the resin will cause a disruption of
the tribofilm, increasing the friction coefficient. The same trend of
decreasing friction coefficient was observed when increasing the sliding
speed and this was also linked to an increase in the wear debris
formation.

Ostermeyer et al. [11] conducted experiments on a purposefully
designed tribometer using a full-scale disc together with scaled friction
material specimens. For a series of braking applications lasting up to 10 s
each, the authors also found a decrease in the friction coefficient with
increasing speed as well as with increasing nominal contact pressure.
The contact plateaux, however, were found to decrease with increasing
speed and increase with increasing nominal contact pressure. The au-
thors also observed a decrease in loose wear debris on the brake pad
surface and identified a trend of increasing friction coefficient with an
increased appearance of the loose wear debris areas. The authors
concluded that there must be another load carrying patch other than the
ones Eriksson et al. [7] identified and proposed the mechanism to be a
self-locking of the particles.

Gramstat [12] investigated the dynamic situation of the contact
plateaux on a global scale using a glass brake disc and found a generally
decreasing brake torque with an increase in the contact plateaux size.
The author also identified that the wear debris travelling through the
interface can make a significant contribution to the contact area and
found a general trend of increasing braking torque with an increase in
the areas of wear debris travel. The effect of decreasing braking torque
with increasing contact plateaux area could therefore be explained by
Gramstat’s observation that the increase in contact plateaux area actu-
ally reduced the total contact area.

One of the most important tribological processes that take place
during braking, in the case that one or both counterparts contain iron, is
an accelerated corrosion process more specifically called tribo-
oxidation. This accelerated oxidation of iron is caused due to the heat
generated by the friction force. Fig. 1 shows this oxidation cycle
generalized for metals [13]. The heat from the friction process and ox-
ygen from the surrounding air play a key role in the oxidation of iron
which can form different kinds of oxides. It is more specifically the flash
temperatures at the points of real contact that determine which oxida-
tion state is reached. Iron oxidises in the form of haematite (a-FeyO3)
usually up to temperatures of 450 °C. The next highest oxidation state,
magnetite (Fe3O4), forms predominantly at a temperature range be-
tween 450 °C and 600 °C. The very highest oxidation state, wiistite
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Fig. 1. Cycles of metals in friction materials.

(FeO), is formed at temperatures above 600 °C [14]. These trans-
formations however are only observed if enough oxygen is in the sur-
rounding environment.

In cases where the tribo-oxidation takes place under reduced oxygen
conditions (often found in lubricated contacts), magnetite has been re-
ported to form at temperatures as low as 150 °C [15]. Hinrichs et al. [16]
subjected a full-scale brake system to moderate-to-high loading condi-
tions (AK-Master) and reported magnetite to be the primary iron oxide
formed during the braking process. Verma et al. [17] utilised a
small-scale system under drag braking operation and moderate loading
conditions; they found haematite to be the predominantly formed oxide.
Alemani et al. [18] conducted tests, also using a small-scale system,
including the collection and analysis of the airborne wear debris during
testing. The authors found airborne wear debris consisting of haematite
and elemental iron under light loading conditions and wear debris
consisting of haematite and magnetite during higher loading conditions.
Noh et al. [19] introduced iron and iron oxide particles to the sliding
interface of a scaled dynamometer system. The authors found the
highest friction oscillations when Fe;Og particles were introduced and
attributed this to the high static friction coefficient of this oxide. Davin
et al. [20] investigated the effect of reduced oxygen in the atmosphere
on the sliding conditions of a brake system using a small-scale setup.
They found that, as the oxygen content in the atmosphere is reduced, the
number of secondary contact plateaux (which largely consisted of iron
oxide) reduces without changing their chemical content. The study,
however, did not investigate the specific oxidation stage of the iron
oxide.

Qi et al. [21] conducted experiments applying different thermo-
couple methods to record the temperatures during braking. Using an
open hot junction thermocouple embedded into the friction material,
the authors reported the temperature recorded by this thermocouple
was 225 °C higher than that measured by a rubbing thermocouple
located on the disc surface. The authors interpreted this temperature
discrepancy to reflect the difference between the local contact temper-
ature and the global disc temperature (background temperature).

The work presented in this paper focuses on investigating the reac-
tion of a brake friction couple (including the friction, wear and contact
characteristics) to a broad variation of contact pressure and sliding
speed. From the known literature, most previous studies which have
investigated the effects of varying these parameters have changed either
or both parameters but have not kept their product, the pv-value, con-
stant. Since for constant pad geometry and coefficient of friction, the pv-
value is a measure of the rate of energy input (or power) of the tribo-
system, testing at constant pv-value will be an additional consider-
ation in this work.
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2. Material and methods

The tests for this study were carried out on a benchtop tribometer
(Bruker Universal Mechanical Tester TriboLab) with a pin-on-disc type
setup (Fig. 2). The samples consisted of a commercial copper-free low-
metallic friction material with the plan dimensions 30x10 mm and
10 mm initial thickness. The brake disc was made from grey cast iron
(EN GJL 250) and has a diameter of 100 mm and a solid thickness of
10 mm. The surface of the disc was prepared using 320 grit sandpaper
before testing to remove any larger machining marks [22]. The normal
and friction forces were measured simultaneously with a single force
sensor (Bruker DFH-50 G 500 N =+ 0.005 N). The friction coefficient was
directly calculated from the two force output signals. The temperature of
the brake disc was measured on the disc surface immediately adjacent to
the friction track using a rubbing thermocouple (TC Brake Disc Rubbing
Thermocouple 850 °C =+ 2.5 °C). The temperature of the friction mate-
rial samples was measured using an embedded thermocouple (TC
Embedded Brake Pad Thermocouple 250 °C + 2.5 °C).

A constant pv-value of 0.76 MPa m/s was chosen to simulate mild
sliding conditions [23]. Starting from the lowest speed-highest pressure
combination, the speed was then doubled, and the load was halved for
each of the following three tests. The controlled parameters for each test
condition are listed in Table 1. The range of sliding speeds at the brake
friction interface was 1.31-10.45 m/s which corresponds to vehicle
speeds of about 12-100 km/h, covering the typical range of everyday
driving speeds. The range of nominal contact pressures at the brake
friction interface was 0.58-0.07 MPa which corresponds to brake line
pressures of about 1.4-11.8 bar, covering the range from pressures
observed in electric vehicles up to those seen under mild braking in
conventional vehicles [3]. Each test had a duration of 120 min which
was sufficient for the system to reach steady-state conditions. Further-
more, enough time was given for the system to cool back down to room
temperature in between each test. The friction couple was subjected to a
running-in application at a nominal contact pressure of 0.05 MPa and a
sliding speed of 5.5 m/s (0.275 MPa m/s) for 30 min before the first test.
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Table 1
Range of operating conditions for the tests.

Test Sliding Speed Normal Nominal Contact Pressure
Condition (m/s) Load (MPa)
(N)
1 1.31 174 0.58
2 2.62 87 0.29
3 5.24 45 0.15
4 10.47 21 0.07

After each test, the friction material samples were analysed using an
optical measuring system (Bruker Alikona InfiniteFocus) to capture the
contact plateaux on the friction material surfaces based on the image
segmentation method that was introduced by Neis et al. [24]. The
method is based on the principle that the protruding contact plateaux
present a smoother, flatter surface than the surrounding lowlands [25]
so they can be detected using light microscopy [26]. Fig. 3 shows an
example of how the plateaux area is obtained. The top image visually
displays a friction material’s surface after testing using ring light illu-
mination. The middle image shows the contact plateaux under high
contrast to the lowlands using coaxial illumination and the bottom
image shows the segmented surface which is used for obtaining the
contact area. Single images were taken using an objective with 5x
magnification, then image stitching was performed before segmenta-
tion. This ensured that the surface characterisation captured the entire
friction material area. Chemical information of the friction material
surfaces was obtained using Raman spectroscopy (Renishaw inVia). The
mass loss of the friction material samples, and brake disc was measured
using analytical balances (Mettler Toledo XP 205 with a resolution of
10 pg for the friction material and My Weigh iBalance iM01 with a
resolution of 0.01 g for the brake disc). An overview of the conducted
tests is given in Table 2.

Fig. 2. Experimental Setup.
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Fig. 3. Example of image segmentation method showing a friction material’s
surface under ring light illumination (top), coaxial illumination (middle) and
after segmentation.

Table 2
Summary of all conducted tests.
Test Comments
1.1 - After conducting the run-in procedure, succession through all test
4.1 conditions 1-4 using same friction material and brake disc surface
4.2 - Execution of test condition 4 then 3 (reversed order) using same friction
3.2 material and brake disc surface
3.3- Repeat execution of test condition 3 using same friction material and
3.5 brake disc surface
3.6 - Repeated execution of test condition 3 using virgin friction material and
3.8 resurfaced brake disc to include measurement of wear and pad
temperature following run-in procedure
4.3 - Repeated execution of test condition 4 using virgin friction material and
4.5 resurfaced brake disc to include measurement of wear and pad
temperature following run-in procedure
3.9- Execution of test conditions 3 then 4 with 2 h cool-down in-between using
4.6 virgin friction material and resurfaced brake disc to include disc
temperature measurement on the rubbing track following run-in
procedure
3. Results

Fig. 4a shows the evolution of the friction coefficient for the initial
series of tests (designated tests 1.1-4.1). From test 1.1 (highest load and
lowest sliding speed) to test 3.1, there is a noticeable trend of decreasing
friction coefficient (0.56-0.47) once steady-state conditions have been
reached. Test 4.1 (lowest load and highest sliding speed) however shows
an irregular behaviour with the friction coefficient for test 4.1 being, on
average, the highest for all tests (0.62). The mean friction coefficients
(Mean COF) of the steady-state region of each test are listed in Table 3.
Since the disc temperature takes longer to settle to a steady state than
the friction coefficient, the mean disc temperature was calculated from
6000 s onwards until the end of the test.

The disc temperature development is shown in Fig. 4b. As with the
friction coefficient, there was a decreasing trend from test 1.1-3.1 with
the temperature reaching 217 °C for test 1.1 compared with 159 °C for
test 3.1. The highest friction recorded for test 4.1 however, did not result
in a correspondingly high disc temperature and in fact, the temperature
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(162 °C) for this low pressure, high speed test reached a value close to
test 3.1.(159 °C).

Measuring the contact plateaux on the friction materials surface after
each test revealed a trend of increasing predicted plateaux areas from
test 1.1 to test 3.1, as shown in Table 3. The average friction power was
calculated from the steady-state regions of each test by multiplying the
friction force with the sliding speed (at the mean friction radius). Plot-
ting the average friction power against the contact area (Fig. 5) shows a
decrease of 20.75 W with an increase in the plateaux area of 18.2% for
tests 1.1-3.1. However, the highest friction power was reached during
test 4.1 with an average of 140 W, an increase of over 33 W, while the
plateaux area had actually decreased by 5.7% from that measured for
test 3.1.

Fig. 6 shows the surface of the friction material captured with a
digital camera after test 3.1 (Fig. 6a) and test 4.1 (Fig. 6b). Up to test 3.1,
the friction material surface looks typical for a low-metallic friction
material after operation by virtue of it being dark in colour. In contrast,
the friction material surface appears very reddish after test 4.1. Raman
investigations of the spectrum (Fig. 7) show that for the friction material
surface used in test 3.1 (Fig. 7a), the peak intensity of magnetite (Fe3O4)
occurs at 680 cm™! with two disordered graphite (C) peaks seen at
1366 cm™! and 1596 cm™}; this is consistent with the findings from
[27]. The friction material surface from test 4.1 (Fig. 7b) shows a
different spectrum. Peaks at 229 em™}, 289 cm™), 407 cm ™! as well as
the very broad peak at 1318 cm™! are typical for haematite (FeyOs3)
[28].

Test conditions 3 and 4 were then repeated in reverse order (desig-
nated tests 3.2 and 4.2 respectively) meaning that test condition 4 was
carried out before test condition 3 this time to investigate whether the
previously observed oxidation states and the friction coefficients would
alter. Fig. 8 shows that the friction coefficient (Fig. 8a) for test 4.2 settled
to around 0.6 as it did in the previous test whereas test 3.2 showed a
different behaviour than before with the friction coefficient remaining at
0.6 as for test 4.2. The disc temperatures in Fig. 8b show that test 4.2
again settled at around 160 °C as in the previous test but test 3.2 this
time settled at around 195 °C (36 °C higher than before).

Test condition 3 was then repeated three times to see if this change in
the friction coefficient was consistent. Fig. 9 shows that for the three
repeats, designated tests 3.3, 3.4 and 3.5 respectively, the friction co-
efficient remained at a near identical level. Table 4 again lists the mean
of the coefficients of friction, as well as the mean disc temperature for
this new set of repeat tests. The disc temperatures of test 3.2 and all
repeats settled within + 4 °C of 198 °C, demonstrating their consistency
between tests.

To obtain further information about the wearing conditions and the
division of the frictional heat between the two parts of the friction
couple, two new friction material samples were prepared by drilling
holes into the back side to accommodate a thermocouple. Both samples
were subjected to the standard running-in application before performing
three cycles of either test condition 3 or 4 respectively. The three cycles
were run successively to generate measurable wear, with the friction
material and disc being weighed before and after the three test cycles.
Fig. 10 shows the friction coefficient (Fig. 10a), disc temperature and
pad temperature (Fig. 10b) of the three further repeat cycles of test 3
(designated 3.6, 3.7 and 3.8). The mean friction coefficient was again
around 0.6 and the measured disc temperature was 191 °C. The pad
temperature reaches a steady state at 135 °C, approximately 56 °C lower
than that of the disc. The results of the test 4 repeats (designated 4.3, 4.4
and 4.5) are shown in Fig. 11. The friction coefficient average was 0.65,
the brake disc temperature was 171 °C and the pad temperature was
137 °C resulting in a disc-pad temperature difference of 34 °C. The pad
temperatures for both test conditions 3 and 4 remained at a near iden-
tical level, showing only a difference of 2 °C while the average disc
temperature for the three repeat cycles of test condition 3 was 20 °C
higher than for the repeat cycles of test condition 4.

The mass loss accumulated over the three repeat cycles of test
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Fig. 4. a) friction coefficient and b) disc temperature evolution for tests 1.1-4.1.

Table 3
Results for tests 1.1 — 4.1.

Test No. (MPa, m/s) Mean Mean Disc Temp Contact Area
COF Q) (%)
1.1 (p = 0.58, v=1.31) 0.56 217 19.3
2.1 (p = 0.29, v=2.62) 0.51 188 28.2
3.1 (p = 0.15, v=5.24) 0.47 159 37.5
4.1 (p =0.07, 0.62 162 31.8
v=10.47)

conditions 3 and 4 is displayed in Fig. 12. For test condition 3 (tests 3.6,
3.7 and 3.8), where magnetite is the dominantly formed oxide, all the
friction couples total mass loss (0.158 g) came from the pad (0.178 g),
with the brake disc actually gaining mass (—0.02 g) throughout the tests,
indicating a material transfer occurred from the pad to the disc. For test
condition 4 (tests 4.3, 4.4 and 4.5), where the dominantly formed oxide
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is haematite, the friction couples mass loss (0.217 g) originates pre-
dominantly from the disc (0.14 g), with the pad contributing only 35%
to the total mass loss (0.077 g).

The accumulated mass loss was related to the accumulated friction
work in order to obtain a measure, also known as the Energy Wear
Coefficient (EWC) [29], that more closely describes the friction couple’s
wear resistance under the given loading conditions. The EWC is gener-
ally defined as, a, = V/(3_ Eq —> Eq4n) with V being the wear volume, E4
being the dissipated energy and Egy, being the threshold energy which is
required for the initial transformation of the body’s surface before wear
generation begins. The wear, in this case, was measured as mass loss, M,
and the threshold energy was assumed to be negligible. The EWC is
therefore defined as, iy = M/  E;. The EWC results, also shown in
Fig. 12, indicate a 27% increase in EWC for the three repeat cycles of test
condition 4 compared with the same cycles of test condition 3 meaning
that the wear mass per unit work done by the friction couple is higher
under these low pressure, high speed sliding conditions.
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Fig. 5. Average friction power vs. contact area.
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Fig. 6. Friction material surfaces after a) test 3 and b) test 4.

To obtain further information on the thermal effects of the transfer
layer and the cooling characteristics of the brake disc under the test
conditions 3 and 4, two rubbing thermocouples were placed on the
brake disc surface. One was on the same position (next to the rubbing
track) as in the previous tests and the other one was placed on the
rubbing track behind the friction couple. A new friction material and a
freshly surfaced brake disc were subjected to the running-in procedure
followed by repeats of test condition 3 (designated test 3.9) and then test
condition 4 (designated test 4.6). The test cycles were adjusted by
adding a two-hour cooling period where the brake disc remains spinning
at the same speed as during the braking event, but the pad is lifted away
from the disc. Fig. 13 shows the friction coefficient as well as the on- and
off-track temperature of the brake disc. For test 3.9, the mean coefficient
of friction was 0.524, the on-track temperature reached 191 °C and the
off-track temperature was 167 °C. A friction coefficient of 0.646 was
reached during test 4.6 accompanied by a visible change in oxidising
states. The temperatures reached 189 °C on the rubbing track and
164 °C next to the rubbing track. Both the on-track and off-track tem-
peratures of tests 3.9 and 4.6 are, therefore, within 3 °C of each other
with a temperature difference of around 25 °C between the on- and off-
track temperatures. Both the on- and off-track temperatures level off to

Intensity

100

200
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42 °C + 2 °C at the end of the 2-hour cooling period.

Cooling curves were calculated for the disc in the conventional way
using the rubbing track temperature recording over the first 1000 s after
the pad was lifted from the disc (Fig. 14). Based on Newton’s law of
cooling (T; — To = (Ty —To)e(™®), the cooling curves can be displayed
through In((T; —To)/(Ta —To) ) = —bt [30] where T; is the temperature
at time t, Ty is the temperature at the time when the pad is retracted
from the disc and Ty is the temperature of the surrounding air. The
cooling coefficient, b, is given by the slope of the cooling curve which for
both tests was a straight line as expected [31-33]. The cooling coeffi-
cient equalled to 0.0008 s for test 3.9 and 0.0011 s~ for test 4.6. The
heat transfer coefficient, h, can be calculated from the cooling coeffi-
cient, b, using h = bmCp/As where m is the disc mass in kg, Cp is the
specific heat capacity of cast iron (460 J/kgK) and Ag is the brake disc’s
surface area exposed to the surrounding environment (0.008943 m?).
The heat transfer coefficient calculated by this equation was 16 W/m?*K
for test 3.9 and 22.63 W/m?K for test 4.6. The cooling power of the disc,
Q, can be estimated using Q= hAs(T; —To). At the end of the 2 h cycle,
the cooling capacity was estimated to be 19 W for test 3.9 and 26 W for
test 4.6.

4. Discussion

The friction couple reacted with a decreasing friction coefficient
during the progression through lighter loading conditions and
increasing sliding speeds for the first 3 test conditions (test conditions
1-3). The increase in the contact plateaux area alongside the decrease in
friction coefficient suggests that the total contact area is actually
reduced by the growth of the contact plateaux as Gramstat [12] sug-
gested. It is commonly observed that increasing either the sliding speed
or the nominal contact pressure leads to a decrease in the coefficient of
friction while the area of contact plateaux increases. The results suggest
that when both parameters are changed simultaneously, increasing the
sliding speed in this range of pv has a greater impact on generating more
contact plateaux area than the reduction of the nominal contact pressure
has on reducing it.

Further increase of the sliding speed and reduction of the nominal
contact pressure (test condition 4) led to a shift in oxidising states that
caused a significant change in the friction couple’s behaviour. Although
the total contact plateaux area is only slightly decreased, the coefficient
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Table 4
Mean value of the friction coefficient for repeat tests 3.2 — 3.5.

Test No. (MPa, m/s) Mean COF Mean Disc Temp
(9]

3.2 (p =0.15, v=5.24) 0.59 194

3.3 (p =0.15, v=5.24) 0.59 201

3.4 (p = 0.15, v=5.24) 0.60 200

3.5 (p =0.15, v=5.24) 0.60 196

of friction increased to a higher state than in test condition 1 but there
was no increase in the disc temperature. The reason for the increase in
friction could be due to the more abrasive nature of haematite [14]. The
visible shift in oxidising states from magnetite to haematite indicated
that the flash temperatures have dropped below the reported transition
temperature of 450 °C. The question now is, if the brake disc’s tem-
perature doesn’t rise with the increased friction power, where does the
excess energy go? It is known that the sliding speed plays a significant
role in the division of heat between the two bodies [34,35]. As the
rotating speed is doubled from test to test and the nominal contact
pressure is halved, the change of the sliding speed in terms of its nu-
merical value is greatest from test condition 3-4. In general, the faster
the rotating part of a friction couple moves, the less time there is for the
temperature distribution to be established on the moving surface [36].
For the specific case of a brake system, however, there is another effect
that takes place as the surface of the moving body (the brake disc) is
under periodically reoccurring contact. At a higher rotational speed, the
heat drag (peak disc surface temperature reached inside the friction
interface) expands over a longer distance from the trailing edge of the
pad until ultimately expanding all the way towards the leading edge of
the friction interface. This more uniform thermal distribution in the
body of the disc at high rotational speeds could favour the division of
heat towards the disc because a greater mass of the disc is being heated
to the measured maximum temperature [37,38]. In addition, since the

Tribology International 185 (2023) 108536

true contact areas on the friction material’s surface for test conditions 3
and 4 were not far apart (37.5% and 31.8% respectively), the fact that
the thermal conductivity of haematite is approximately double that of
magnetite over this temperature range [39], could mean that the
haematite-containing third body layer will be a less effective thermal
barrier for test condition 4. However, tests 3.9 and 4.6 (recall Fig. 13)
demonstrate that both the actual disc temperatures as well as the
on-track, off-track temperature differences are almost identical for both
tests. This, together with the results from tests 3.6-3.8 and 4.3-3.5
(recall Fig. 12) indicating no significant change in the pad’s tempera-
tures with the change in oxidising states, suggests that there is no change
in the division of heat with the change in oxidising states. Any such
change in the heat partitioning would result in an increase in the pad
material’s temperature alongside the measured increase in friction
power.

The increase in the rotational speed of the disc also impacts its
cooling rate, mainly by means of increased convection with the envi-
ronment. The increase in convective cooling with the increase in the
disc’s rotating speed accounts for an increase in cooling power of
roughly 7 W (comparing results for tests 3.9 and 4.6). However, the
increase in power input through the higher friction of test 4.6 approxi-
mates to 28 W, meaning that the observed phenomenon of largely un-
changed temperatures with an increase in friction power cannot be
explained simply by an increase in the cooling power of the disc. It is
therefore reasonable to assume that the iron oxidation process itself
could be the cause of this discrepancy between friction power and
temperature rise, but more work needs to be done to confirm this.

The wear results show that the friction material is the only contrib-
utor to the friction couple’s mass loss under the sliding conditions where
magnetite is the main oxide produced (test condition 3). This indicates
that the magnetite provides a good protection for the disc against wear
with a material transfer taking place from the pad onto the disc. The
drastic increase in the disc’s mass loss when the main oxide formed
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changes to haematite suggests that this oxide does not allow the for-
mation of a protecting surface layer for the disc which may be due to the
more abrasive nature of haematite. The finding that the contact area also
decreases slightly with the transition of the oxide states is another in-
dicator for this more abrasive role. This obviously as implications for the
amount, as well as the type, of wear debris emitted into the environment
under these high speed, low pressure sliding conditions which may be
typical for electric vehicles fitted with regenerative braking.

5. Conclusion

This study subjected a brake friction couple to different loading
conditions through varying the sliding speed and contact pressure over a
broad range while keeping their product, the pv-value, constant. The
findings indicate that tribo-oxidation of an iron-containing brake system

can produce different oxides under specific light loading conditions even
with the same pv-value. Evaluating braking scenarios through their pv-
values alone should therefore be done with caution because both pa-
rameters can have independent effects on the contact conditions; in this
study, the iron oxidising states dramatically impacted the interface
friction and temperature under identical pv-values. The unfavourable
oxidising state (FeoO3) has been found to appear at disc surface tem-
peratures as high as 189 °C and the oxidising states have been shown to
switch rapidly with a relatively small change in sliding conditions.
Some recommendations that can be drawn from this study are to
adjust the friction material formulations in such a way that fewer and
smaller contact plateaux are formed, specifically at higher sliding
speeds, in order to promote high flash temperatures at lower braking
pressures. Another approach could be through the sizing of brake sys-
tems, especially the brake disc for electric vehicles, to avoid any
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combinations of p, v and T scenarios where tribologically-accelerated
formation of haematite could take place.

Since this study was carried out with small-scaled samples, these
conclusions are only valid on a material level. Similar tests should be
carried out on a full-scale disc brake dynamometer to investigate if these
findings are also relevant on a brake system level. Further investigations
with non-iron based friction couples would give more detailed insights
and possibly reinforce the conclusion that the lower than expected brake
disc surface temperatures under low pressure higher sliding speed
conditions are caused by the transition in the oxidation process. The
particulate emissions from both cast iron and non-iron friction couples
under the different pv sliding conditions are also worthy of investiga-
tion. Such studies are possible with a modified form of the Leeds small-
scale brake tribometer described in Limmer et al. [40].
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