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A B S T R A C T

Electric vehicle brake rotors demand lightweight, high thermal conductivity materials with good resistance to
wear, creep, salt corrosion, and thermal fade, all of which present challenges to the traditionally used cast iron.
In this work, we investigated the braking performance of recently developed high-temperature aluminum alloys
in both cast and 3D printed forms, that possess excellent microstructural and mechanical stability at elevated
temperatures. Three aluminum alloys, Al-6Cu-Mn-Zr, Al-9Cu-Mn-Zr, and Al-Ce-Ni-Mn-Zr and a reference cast
iron were tested on a sub-scale brake tester against a commercial brake pad material over a range of sliding
speeds between 2 and 15 m/s. The performance of these alloys was evaluated for wear resistance, friction behav-
ior, temperature elevation, and surface morphological change. Although all three candidate alloys had lower
wear-resistance than cast iron, Al-Ce-Ni-Mn-Zr showed a significantly reduced wear rate in comparison to the Al-
Cu-Mn-Zr alloys. Moreover, Al-Ce-Ni-Mn-Zr alloy had the most consistent friction behavior at all sliding speeds
and good fade resistance, as the coefficient of friction did not dramatically decrease with temperature rise but
stayed within a desirable range of 0.35–0.50 instead. The superior wear resistance and braking performance of
the Al-Ce-Ni-Mn-Zr alloy were attributed to its higher hardness, and high temperature yield strength and creep
resistance compared with the Al-Cu-Mn-Zr alloys. The results suggest that the braking performance of these alu-
minum alloys could be further enhanced by increasing the hardness and forming a more stable transfer layer on
the sliding surface.

1. Introduction

Structural materials used in the braking system play a critical role in
ensuring safety for ground-based transportation systems. In rotor brake
systems, braking relies on the friction generated between the rotor and
the pad to slow down or stop the vehicle [1,2]. This process can eventu-
ally lead to undesired wear of the brake rotor, pad, and other compo-
nents [2–6]. Besides offering acceptable wear-resistance, brake system
materials must possess corrosion resistance [6,7], good thermal con-
ductivity to reduce surface temperature due to frictional heating
[8–10], and fade resistance to resist a decrease in friction at elevated
temperatures [11–13]. Gray cast iron is the most commonly used mate-
rial for brake rotors in passenger vehicles and heavy trucks due to its fa-
vorable properties such as wear-resistance, preservation of structural
integrity and mechanical properties at elevated temperatures, and rela-
tively low cost [2,6]. On the other hand, gray cast iron is higher in den-

sity, has low thermal conductivity, and is prone to corrosion, all of
which are undesirable features for brake systems [14].

In recent years, the demand for electric vehicles (EVs) has rapidly
increased mainly due to a global effort to reduce carbon emissions [15].
EVs are fundamentally different from internal combustion engine (ICE)
vehicles. That has led to design several modifications of EVs. One of the
most distinct differences between ICE vehicles and EVs is the braking
system. In EVs, most of the braking is facilitated by the electric motor
slowing down the vehicle by converting kinetic energy into electrical
energy, which is stored in the battery, in a process called regenerative
braking [15] [16]. Less frequent use of conventional braking presents
an opportunity to replace traditionally used cast iron brake rotors with
lighter alternatives. Candidate replacement materials need to possess a
combination of properties to enable reliable braking. Although regener-
ative braking reduces demand on the wear performance of the brake ro-
tors, the alternative materials need to be tribologically compatible with
the brake pad material to minimize wear and to meet the typical coeffi-
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cient of friction (COF) requirement of 0.35–0.5 [1]. Curiously, one par-
ticular challenge arises when the brakes are not being used for a long
period of time, such as during long-distance driving or when the vehicle
is not being used for several days. During these times, moisture natu-
rally builds up on brake rotors and pads. In ICE vehicles, the brakes are
used often, so the moisture evaporates before it can cause corrosion. In
contrast, EVs use regenerative braking to slow down the vehicle and
thus the brakes are used less frequently, which allows rust to build up
and potentially deteriorate both rotors and pads [7] [14] [17] [18].
Therefore, brake rotors materials used in EVs need adequate corrosion
resistance. Additionally, frictional heating generated during braking re-
quires preservation of strength, fatigue, and creep resistance at elevated
temperatures. Rotors experience thermo-mechanical fatigue due to re-
peated braking, which results in the generation of surface cracks [4]
[19]. Lastly, weight increases power consumption which essentially re-
duces the driving range. According to the National Research Council, a
10 % mass reduction can improve the fuel efficiency of a passenger ve-
hicle by 6–7% [20]. Moreover, EVs are heavier than their ICE counter-
parts because of the around 1000 pounds of batteries. Cast iron rotors
are considerably heavy and reducing weight of the EV components is a
particular strategy to increase their range.

One of the alternative materials to potentially replace the tradition-
ally used cast iron are Al alloys. Al alloys are lighter (∼3 vs ∼ 7 g/cm3),
more corrosion resistant, and more thermally conductive than cast iron.
A comprehensive study by Awe et al., compared the brake performance
of Al-SiC composite rotors to gray cast iron rotors using a dynamometer
and a vehicle test [17]. The results showed that the Al-SiC rotor had no
wear and formed a stable transfer film which is essential for lowering
the wear and friction. Additionally, the Al-SiC rotor had significantly
lower particle emission, lower surface temperature, and much higher
corrosion than the reference cast iron rotor. In a separate study by Lyu
et al., a pin-on-disk tribological characterization of an AlSiC metal-
matrix-composite (MMC) disk on a non-asbestos organic brake pad pair
showed that the disk did not exhibit any wear due to formation of a
transfer film [21]. In another pin-on-disc study by Du et al., it was
demonstrated that Al-SiC MMC forms a transfer film when sliding
against a commercial pad material which allowed improvement in the
wear-resistance [22]. Modeling efforts supported by experiments in the
work by Zang et al., showed that SiC particles in SiCp/Al composite ro-
tors cause microcracks which is induced by repeated thermo-
mechanical loading [4]. Application of plasma electrolytic oxidation
(PEO) surface treatment on Al alloy and metal composite brake rotors
has also been evaluated in the work by Gulden et al. [23]. It was
demonstrated that PEO surface treatment increases the hardness of Al
alloy and metal composites and maintains a satisfactory friction perfor-
mance. Other light-weight material systems were studied as well. In the
past, Oak Ridge National Laboratory (ORNL) evaluated the feasibility
of applying titanium alloys as brake rotor materials [13,24,25]. Com-
prehensive brake testing characterization showed that although the
braking performance of Ti alloys did not outperform cast iron, the
wear-resistance was significantly improved by applying thermal
sprayed coating. However, a disadvantage of Ti alloys is their low ther-
mal conductivity which results in very high surface temperatures. It
should be noted that the performance of rotor materials greatly de-
pends on the compatibility with the pad material. Brake pads could be
metallic, semi-metallic, ceramic or organic and usually contain differ-
ent friction modifiers, binders and fillers. Composition of a commercial

pad material is typically proprietary which makes developing and de-
signing brake rotor materials more challenging.

Nevertheless, the braking performance of Al alloy and composite ro-
tors could be enhanced by improving their high temperature resistance.
In recent years, a series of high temperature aluminum alloys has been
developed which demonstrated exceptional microstructural and me-
chanical stability beyond 300 °C [26–33] which makes them promising
candidates for rotor materials in EVs. These alloys are cast Al-Cu-Mn-Zr
[27,30–32] and additively manufactured (AM) Al-Ce-Ni-Mn-Zr
[26,28,33]. Al-Cu alloys are commonly used in automotive engines due
to their strength, good castability, and relatively low cost [34–36].
Strengthening mechanism in Al-Cu alloys is facilitated by metastable θ′
(Al2Cu) precipitates [37], however, temperatures above 250 °C lead to
transformation and coarsening of the metastable precipitates, which re-
sults in the softening of the alloy. In cast Al-Cu-Mn-Zr alloys, the addi-
tion of Mn and Zr has been shown to stabilize the microstructure and
improve the coarsening resistance at temperatures up to 350 °C, which
consequently increased the hardness and strength [27,30,31]. Chal-
lenges of AM Al-alloys are coarsening of strengthening phases and grain
structure refinement which cause a low creep resistance [38]. Emerging
eutectic systems such as Al-Ce have good printability and they also ex-
hibit high temperature coarsening resistance of their strengthening
phases [33,39,40]. In Al-Ce-Ni-Mn-Zr alloys, the improved mechanical
properties due to formation of strengthened microstructures have been
linked to the rapid solidification enabled by AM [26] [28] [33].

This work investigates the potential of advanced high temperature
Al-6Cu-Mn-Zr, Al-9Cu-Mn-Zr, and Al-Ce-Ni-Mn-Zr alloys as brake rotor
materials. Evaluation was based on drag-type sliding friction and wear
data from a custom-made sub-scale brake tester using a commercial
brake pad material designed for Al alloy rotors. In addition to wear and
friction measurements, frictional heating and microstructural analyses
were performed on the rotor and pad sliding surfaces.

2. Materials and methods

2.1. Rotor materials

Cast aluminum alloys were fabricated in the form of multiple chill
plate castings at Wolverine Bronze, MI. Two copper concentrations
(6 wt% and 9 wt%) were studied in the cast alloys to make two Al-Cu-
Mn-Zr alloys whose compositions are shown in Table 1. The dimensions
of the cast plates were approximately 50.8 × 152 × 229 mm. Rotors
with a diameter of 125.4 mm and thickness of 6.35 mm were machined
from the plates with a final surface finish of <0.1 μm. The rotors were
solution treated at 540 °C for 5 h, quenched in 80 °C water, and then
aged at 240 °C for 5 h prior to brake testing.

Additively manufactured (AM) Al-Ce-Ni-Mn-Zr rotors, Fig. 1a, were
fabricated using laser powder bed fusion (LPBF) with sieved powder in
the size range of 20–63 μm (Beehive Industries) with an EOS M290 ma-
chine, using 370 W power, 1300 mm/s scanning speed, 0.19 mm hatch
spacing, and 30 μm layer thickness. Oversized rotors were printed on a
170 °C preheated build plate under an Ar atmosphere, with the axis of
rotors oriented along the build direction. The AM rotor specimens were
subsequently machined and finished to the same dimensions and a simi-
lar surface finish as the cast rotors.

All brake rotors were polished with a fly cutter on a HAAS milling
machine using a custom-made adjustable steel cutter with a carbide in-
sert. The final roughness of the polished rotors is shown in Table 2.

Table 1
Composition of rotor materials in %wt.
Rotor material Cu Si Zn Fe Ni Mn Zr Ti Ce Al

Al-6Cu-Mn-Zr 6.23 0.068 0.063 0.077 – 0.471 0.157 0.084 – bal.
Al-9Cu-Mn-Zr 8.86 0.095 0.077 0.057 – 0.426 0.161 0.068 – bal.
Al-Ce-Ni-Mn-Zr 0.075 – 0.11 4.5 0.40 0.76 8.3 bal.
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Fig. 1. a) Image of the AM rotor fabricated from the candidate Al-Ce-Ni-Mn-Zr alloy. SEM images of a) heat-treated cast Al-6Cu-Mn-Zr, b) heat-treated cast Al-9Cu-
Mn-Zr, and c) as-printed AM Al-Ce-Ni-Mn-Zr.

Table 2
Properties of the brake rotor materials used in this study.
Rotor material Vickers hardness (HV0.1) Density (g/cm3) Roughness (Ra) (μm)

Al-6Cu-Mn-Zr 105.8 ± 8.1 2.9 0.08 ± 0.02
Al-9Cu-Mn-Zr 120.9 ± 8.7 2.8 0.09 ± 0.01
Al-Ce-Ni-Mn-Zr 171.1 ± 7.6 2.9 0.17 ± 0.06
Cast iron 340.8 ± 28.7 7.1 0.17 ± 0.01

The SEM images revealing the microstructures of the Al-Ce-Ni-Mn-
Zr, Al-6Cu-Mn-Zr and Al-9Cu-Mn-Zr rotors are shown in Fig. 1b,c,d, re-
spectively. The dominant grain boundary phases (white) in Al-Cu-Mn-
Zr alloys are Al2Cu with some Al7Cu2Fe, Fig. 1b and c. Al-Ce-Ni-Mn-Zr
consists mainly of Al27Ni6Ce3 with minor amounts of Al11Ce3 phases.
More information about the grain structures and phases of these alloys
can be found in Refs. [32,33].

2.2. Brake pad materials

Typically, brake pad materials are designed and formulated for wear
and friction compatibility with a specific brake rotor material. The pro-
prietary composition of commercial pad materials makes it very chal-
lenging to find a suitable match for candidate rotor materials. Efforts
were made to find a compatible brake pad for the Al alloy rotors in this
study. Over 15 commercial brake pad materials with varying com-

pounds, including ceramic, metallic and graphite composites from dif-
ferent vendors were acquired and tested to look for compatibility be-
tween the brake pad and rotor materials. Based on the wear perfor-
mance testing of the brake pads and the Al alloy rotors, Wilwood Purple
Compound Brake Pad 150–13335K (Wilwood Engineering, Camarillo,
CA, USA) was selected for this study. According to the manufacturer,
this composite metallic compound brake pad was designed for Al rotors
and is also compatible with iron and steel rotors. Squared block speci-
mens with a 12.7 × 12.7 mm contact surface were cut from the brake
pad using a bandsaw, Fig. 2a. The contact surface was polished with sil-
icon carbide paper in the sequence of 240, 400 and 800 grits to a final
arithmetic average surface roughness Ra of ∼0.2 μm. The brake pad
samples were then sonicated with isopropanol for 15 min prior to test-
ing. Optical imaging, Fig. 2b and scanning electron microscopy (SEM)
coupled with energy dispersive spectroscopy (EDS) elemental mapping,
Fig. 2c and d, were conducted on the sliding surface of the pad to deter-
mine its composition, however, the exact compounds and formulation
are unknown.

2.3. Vickers hardness

The hardness of the rotor materials was determined with a Vickers
microindenter (Buehler, Model 1600−6305) at a 100 g-f load (HV0.1)
on a polished surface. At least five measurements were taken to deter-
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Fig. 2. Commercial brake pad material used in this work. a) Image of a sample cut from an actual brake pad, b) Optical microscopy image of a polished surface be-
fore testing, and c) EDS elemental spectra of the d) SEM image with corresponding EDS elemental mapping. *The sample was coated with Au to make the samples
conductive for SEM imaging and EDS elemental mapping.

mine the mean and standard deviation hardness values shown in Table
2.

2.4. Surface roughness

The Ra was measured on a polished surface of the rotor material us-
ing a roughness tester with a contact stylus (Mahr Perthometer M2,
Göttingen, Germany). The mean and standard deviation of the Ra val-
ues were calculated from three successive measurements taken at dif-
ferent locations of the rotor surface.

2.5. Thermophysical property measurements

The thermal conductivity of the Al-alloys was determined according
to the ASTM standard E1461 using the laser flash technique. The spe-
cific heat capacity was measured using differential scanning calorime-
try (Netzsch DSC 404C, Burlington, MA, USA) following the ASTM
E1269. The measurements were taken at an interval of 50 °C from
450 °C to 50 °C for Al-Cu-Mn-Zr alloys and from 350 °C to 50 °C for Al-
Ce-Ni-Mn-Zr alloy.

3. Brake testing procedure

3.1. Small-scale brake tester

Sliding friction and wear experiments were performed on the ORN-
L’s sub-scale brake tester (SSBT) which had been used in the past to test
brake performance of titanium-based brake rotors [13,24,25], Fig. 3.
This equipment enables drag-type sliding contact between a brake pad
and a rotor over a range of contact loads and sliding speeds. In this ap-
paratus, the rotor is mounted to a 10 hp, 3-phase, variable-speed motor.
A 12.7×12.7 mm square faced specimen cut from a brake pad is at-
tached to a load head that consists of a pneumatic actuator to apply a
normal load and a load cell to measure the tangential force. The SSBT is
also equipped with an infrared (IR) sensor for in-situ measurements of
the rotor temperature from the wear track during sliding. The tempera-
ture measurements using the IR sensor depend strongly on the materi-
al’s emissivity. Prior to testing, the emissivity of all rotor materials was
calibrated by heating the rotor on a hot plate to a temperature above
100 °C. During cooling, the temperature of the rotor’s wear track was
monitored with a surface thermocouple. Simultaneously, the IR temper-
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Fig. 3. SSBT apparatus. a) Image of the SSBT setup, b) Schematic of a sliding contact between the pad specimen and the rotor.

ature readings were taken from the wear track and the emissivity con-
stant was adjusted to match the thermocouple temperature. The data
acquisition was done with LabView™ software.

3.2. Brake testing protocol

The tests were performed at a constant load of 160N (equivalent of
∼ 1 MPa contact pressure) and at four sliding speeds: 2, 6, 9.6, and
15 m/s which correspond to the vehicle’s speeds of about 19, 57, 91.3,
and 142.6 km/h, (11.9, 35.7, 57.1, and 89.2 mile/hr) respectively. Five
repetitive drags were performed at each sliding speed, Fig. 4a. During
each drag, the pad specimen was loaded against the rotating rotor for
20 s. The pad specimen was then unloaded momentarily for 10 s and
then loaded again. After five consecutive drags, the rotor was allowed
to cool for a duration of 1 min and the test procedure was repeated for a
different sliding speed. The brake testing protocol is illustrated in Fig.
4b. The procedure consists of seven steps. Each step represents a spe-
cific sliding speed at which five drags were performed. The test protocol
started with a sliding speed of 2 m/s, then increased to 6, 9.6, and
15 m/s, followed by decreasing 9.6, 6, and 2 m/s sliding speeds. The
completion of this test procedure resulted in a total sliding distance of
5020 m (hereafter referred to as 5 km). A fresh (unworn) set of the
brake rotor and pad was used at the beginning of the test protocol. The
entire test procedure was then repeated using the same set of the rotor
and pad with worn surfaces, yielding a total sliding distance of

10,040 m (hereafter referred to as 10 km). The wear performance of the
rotor and the pad was evaluated after completion of each testing proto-
col while the COF and the rotor temperature were measured in-situ.

3.3. Wear quantification

The volumetric wear rate calculation procedure is illustrated in Fig.
5. After completion of the brake testing protocol, the wear track of the
rotor materials, Fig. 5a, was scanned with a 3D white-light optical pro-
filer (Veeco Wyko™ NT9100, USA) to determine the worn surface
topography, Fig. 5b. The height data were then averaged to produce a
mean worn surface profile (i.e., the mean cross-sectional area), Fig. 5c.
The worn volume of the rotor was determined by multiplying the mean
cross-sectional area by the perimeter of the circular wear track. The
worn volume was then normalized by the applied load and the sliding
distance. The wear performance of the rotors was also expressed as
mass loss by multiplying the calculated worn volume by the rotor’s den-
sity. The wear performance of the brake pad material was based on a di-
rect measurement of the mass loss after each round of a brake testing
protocol. The mass of the pad was measured at the beginning of the test
and after completion of each of the two testing procedures using a scale
(Sartorius Analytical BL-210S, Germany).

Fig. 4. Brake testing protocol. a) COF vs time of 5 consecutive drags performed at each sliding speed. b) Braking performance evaluation consisting of seven steps.
Each step is composed of five consecutive drags.
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Fig. 5. Wear characterization for the rotor. a) Optical image of a wear track section depicting the measurement region in red, b) 3D worn surface topography, c) Aver-
age 2D worn surface profile determined from b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

3.4. Microstructural characterization

The worn surface morphology and the elemental analysis of the ro-
tor and the pad was conducted with SEM-EDS (Hitachi S4800, Japan
and FEI Nova 200). The brake pad samples were coated with Au to
make the sample surface electrically conductive to prevent charging ef-
fects. The worn surface morphology was also studied using an optical-
3D laser confocal microscope (VKX-3000, Keyence, Osaka, Japan).

3.5. Frictional heating calculation

Frictional heating parameter Φ (W/m-K), which is a measure of the
rotor track temperature change per unit of frictional work, was deter-
mined from in-situ measurements of the rotor temperature and COF as
(13):

(1)

where, ΔT (°C) is the average temperature change per drag and W (J) is
the frictional work at a constant sliding speed. W can be expressed as
the sliding distance x (m) times the frictional force Ff (N), where Ff is
equal to the μ (COF) times the normal force Fn (N). Final value of Φ was
then determined as an average Φ calculated at each sliding speed.

4. Results

4.1. Thermal conductivity

The thermal conductivity of the three Al alloys at 50–450oC is
shown in Fig. 6. The thermal conductivities of the Al-6Cu-Mn-Zr and Al-
9Cu-Mn-Zr alloys are very similar over the measured temperature range
and are higher than that of the Al-Ce-Ni-Mn-Zr alloy. For all three al-
loys, the thermal conductivity increases with increasing temperature.
The thermal conductivity of both Al-Cu-Mn-Zr alloys shows higher sen-
sitivity to temperature which ranges from ∼150 to ∼200 W m−1 k−1. On
the other hand, the thermal conductivity of Al-Ce-Ni-Mn-Zr alloy is in a
range of ∼110–∼125 W m−1 k−1 and is insensitive to the temperature
change from 300 to 350 °C. The values at 100 °C of the measured ther-
mal conductivity and specific heat are summarized in Table 3.

4.2. Frictional and temperature behavior

The analysis of the friction and temperature measurements was per-
formed for the second round of 5 km sliding tests after the surface of the
rotor and pad material were pre-worn. Fig. 7 depicts detailed results il-
lustrating the in-situ measurements of both the COF and the rotor sur-
face temperature throughout the entirety of the testing protocol of the
Al-Ce-Ni-Mn-Zr rotor.

Fig. 6. Thermal conductivity of the Al-alloy rotors as a function of temperature.

Table 3
Summary of the thermal properties of the rotor materials based on the ther-
mophysical property measurements and the brake testing results.
Rotor
material

Thermal conductivity
at 100 °C (W m−1k−1)

Specific heat
capacity at 100 °C
(J g−1 K−1)

Peak
temp.
(°C)

Avg. frictional
heating (°C J−1)

Al-6Cu-
Mn-Zr

158 0.90 144 1.0 × 10−3

Al-9Cu-
Mn-Zr

156 0.89 120 1.0 × 10−3

Al-Ce-Ni-
Mn-Zr

120 0.79 143 1.2 × 10−3

Cast iron 32-52[41,42] 0.49–0.52[43] 212 1.5 × 10−3

1 Step 1, speed 2 m/s: the COF reached ∼0.4 in each of the five
drags and the temperature slowly increased from the room
temperature to ∼35 °C.

2 Step 2, speed 6 m/s: the COF dropped to below 0.4 and remained
constant for each of the five drags while the temperature increased
more rapidly from 31 to 68 °C.

3 Step 3, speed 9 m/s: the COF remained consistently slightly
below 0.4 and the temperature increased by 50 °C–104 °C. The
temperature change per drag, ΔT [°C], is also significantly higher
than that at 2 and 6 m/s sliding speeds.

4 Step 4, speed 15 m/s: the temperature increased from 77 °C to
143 °C which was the highest measured rotor temperature
throughout the testing protocol. The ΔT was also the highest ∼21°.

6
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Fig. 7. In-situ monitored friction and surface temperature profiles at different sliding speeds for the Al-Ce-Ni-Mn-Zr rotor against Wilwood Purple pad material. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

However, the COF was unaffected and remained consistent,
slightly below 0.4.

5 Step 5, speed 9 m/s: decreasing the sliding speed from 15 m/s
resulted in a slight increase in the COF which was a little bit above
0.4. The temperature of the rotor kept increasing with drags and
reached a peak at 133 °C.

6 Step 6, speed 6 m/s: the temperature change from first to fifth
drags and the ΔT were less significant, only ∼10 °C. The COF
remained unaffected, ∼0.4.

7 Step 7, speed 2 m/s: in the final step of the test protocol, the
temperature dropped from 93°, at the beginning of the first drag, to
86° at the end of fifth drag. ΔT was unchanged.

The supplementary materials contain the same detailed analysis of
the in-situ COF and temperature measurements for Al-6Cu-Mn-Zr (Fig.
S2), Al-9Cu-Mn-Zr (Fig. S3), and cast iron (Fig. S4). These in-situ stud-
ies of all four rotor materials are summarized in Fig. 8 which shows a
relationship between the average COF and ΔT as a function of sliding

Fig. 8. Average COF and temperature increase per drag at all sliding speeds determined from the in-situ measurements for: a) Al-6Cu-Mn-Zr, b) Al-9Cu-Mn-Zr, c) Al-
Ce-Ni-Mn-Zr, and d) cast iron.
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speed and a range of desired COF for braking which is 0.35–0.5. Both
Al-Cu-Mn-Zr alloys show very similar trends. The highest average COF
was measured at the lowest sliding speed of 2 m/s (steps 1 and 7 in Fig.
8, S2, and S3). In step 1, the COF reached ∼0.50 and ∼0.47 for Al-6Cu-
Mn-Zr and Al-9Cu-Mn-Zr, respectively. In both alloys, the COF de-
creased with increasing sliding speed and dropped below 0.35 at the
sliding speeds of 9.6 and 15 m/s (steps, 3, 4, 5 and 6). In step 7, the COF
recovers to ∼0.5 as observed in step 1 for the same 2 m/s sliding speed.
The measured temperatures showed similar trends as observed with Al-
Ce-Ni-Mn-Zr rotor, however, the peak temperature of the Al-9Cu-Mn-Zr
reached ∼120 °C while the peak temperatures of Al-6Cu-Mn-Zr and Al-
Ce-Ni-Mn-Zr rotors were higher, ∼144 and ∼143 °C, respectively.

Very different behavior of the COF was observed with the cast iron
rotor, Fig. 8 and Fig. S4. The COF, peak temperature and ΔT at individ-
ual sliding speeds were much higher than the Al alloys, except the COF
at 2 m/s which was comparable to Al-9Cu-Mn-Zr. The lowest COF was
measured in step 1 at 2 m/s, which was slightly below 0.4. The COF
then kept increasing with increasing sliding speed and temperature in
steps 2, 3 and 4. At the highest sliding speed of 15 m/s in step 4, the
COF reached ∼0.48 which is near the upper limit of the desired COF
range, and the peak temperature was 205 °C. In step 5, the speed de-
creased to 9.6 m/s, however, the COF increased to ∼0.55 and the peak
temperature reached as high as 212 °C although the ΔT was lower. As
the sliding speed decreased in steps 6 and 7 the peak temperature de-
creased while the COF stayed constant.

The highest frictional heating parameter Φ was determined for cast
iron rotor, ∼1.5 × 10−3 (°C/J). Al alloy rotors had considerably lower

values of Φ, Table 3. The lowest Φ was calculated for Al-Cu-Mn-Zr ro-
tors, Φ ∼1.0 × 10−3 (°C/J) while Al-Ce-Ni-Mn-Zr had Φ of
∼1.2 × 10−3 (°C/J).

4.3. Wear performance

The worn surface morphology of each rotor material after comple-
tion of 10 km of sliding is shown in Fig. 9. All three Al alloy rotors show
clear signs of abrasive wear with grooves along with the direction of
sliding. Abrasive wear is less noticeable on the sliding surface of the
cast iron rotor. This observation is supported by the worn surface pro-
files of the rotors. After 5 and 10 km of sliding, the surface of the Al al-
loy rotors has a very high roughness with deep grooves, while the worn
surface of the cast iron rotor is much smoother, Fig. 10. The measured
Ra of the worn regions was higher for the Al-Cu-Mn-Zr rotors, Ra ∼2.86
and ∼2.46 μm for 6Cu and 9Cu, respectively, than for the Al-Ce-Ni-Mn-
Zr rotor, Ra ∼1.75 μm. The roughness of the cast iron sliding surface
was Ra ∼0.22 μm which is only a slight increase from the unworn sur-
face with Ra ∼0.17 μm.

Abrasive wear was also observed on the worn surfaces of the pad
material tested with Al alloy rotors, Fig. 11a–c. Scratches are aligned
with the direction of sliding similarly to those on the worn surfaces of
the Al-alloys in Fig. 9. Brake pads tested with Al-Cu-Mn-Zr alloys ap-
pear to have more pronounced abrasive wear than the pad tested with
Al-Ce-Ni-Mn-Zr alloy. On the other hand, the worn surface of the pad
material tested with cast iron showed only minor signs of abrasion, Fig.
11d.

Fig. 9. Optical images of the worn sliding surfaces after 10 km of sliding. a) Al-6Cu-Mn-Zr, b) Al-9Cu-Mn-Zr, c) Al-Ce-Ni-Mn-Zr, and d) cast iron.

Fig. 10. Average worn rotor surface profiles of selected sections of sliding surfaces after 10 km of sliding. a) Al-6Cu-Mn-Zr, b) Al-9Cu-Mn-Zr, c) Al-Ce-Ni-Mn-Zr, and
d) cast iron.
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Fig. 11. Optical images of the worn sliding surfaces of the pad material after 10 km of sliding against a) Al-6Cu-Mn-Zr, b) Al-9Cu-Mn-Zr, c) Al-Ce-Ni-Mn-Zr, and d)
cast iron.

The mass losses of the rotors after 5 km and 10 km of sliding showed
significant differences in the wear performance of the Al-Ce-Ni-Mn-Zr
and Al-Cu-Mn-Zr alloy rotors, Fig. 12a. The Al-Ce-Ni-Mn-Zr rotor had
notably lower wear than the Al-Cu-Mn-Zr alloys. The mass loss of the
Al-6Cu-Mn-Zr alloy after 5 km of sliding was 0.169 g and increased by
∼2 times to a total of 0.320 g after additional 5 km of sliding. The mass
loss of the Al-9Cu-Mn-Zr alloy after a total of 10 km of sliding was
0.255 g which is 1.8 times higher than the mass loss after 5 km of slid-
ing, 0.142 g. The increase in the mass loss of the Al-Ce-Ni-Mn-Zr alloy
rotor was the lowest, from 0.093 to 0.110 g which is only 1.2 times.
Moreover, its total mass loss after 10 km of sliding is 2.9 and 2.3 times
lower than that of the Al-6Cu-Mn-Zr and Al-9Cu-Mn-Zr alloys, respec-
tively. The cast iron rotor had no measurable wear after 5 km of sliding
and had a low mass loss of ∼0.013 g after the additional 5 km of sliding.
The wear rates normalized by load and sliding distance of the Al alloys
are shown in the Supplementary Fig. S1.

The wear performance of the pad material had similar trends as
those of the corresponding Al alloys, Fig. 12b. The mass losses of the
pad material tested with Al-Cu-Mn-Zr alloys after 5 and 10 km of slid-
ing rotors were similar and notably the highest. In both alloys, the mass
loss of the pad was almost 0.5 g after 5 km of sliding and increased to
above 0.8 g after the additional 5 km of sliding. The mass loss of the
pad tested against the Al-Ce-Ni-Mn-Zr rotor after 5 km of sliding was
0.21 g which is 50 % lower than that against the Al-6Cu-Mn-Zr alloys.
The mass loss increased only by 20 % after the additional 5 km of slid-
ing. The mass loss of the pad when tested against the cast iron rotor was
the lowest, 0.03 and 0.05 g after 5 and 10 km of sliding, respectively.

5. Discussion

5.1. Frictional behavior and frictional heating

Rapid decrease in friction from 2 m/s to higher sliding speeds in
both Al-Cu-Mn-Zr alloys as illustrated in Fig. 8, could be due to a combi-
nation of insufficient pad material replenishment and surface oxidation.
The purpose of the material transfer from the brake pad to the rotor is
to maintain the friction coefficient around the middle of the required
range of 0.35–0.5. It is hypothesized that at a relatively low speed of
2 m/s, sufficient wear debris from the pad remains at the contact inter-
face to form a stable transfer film leading to a sliding pair of similar ma-
terials (pad-on-pad). However, at higher sliding speeds, most wear de-
bris fall off the sliding interface due to increased vibration and a
rougher surface which prevents the formation of a stable transfer film.
At this stage, the rotor—pad sliding interface (a pair of dissimilar mate-
rials) likely results in a lower friction coefficient. This hypothesis can be
supported by the friction behavior observed in Step 1 and Step 2 in all
three aluminum alloy rotors. In step 1 during the first 20 s testing pe-
riod (first drag), the friction is lower due to the initial pad – rotor slid-
ing interface. However, as the number of drags increases, wear debris
from the brake pad accumulates on the rotor's sliding surface, resulting
in an increased friction. In Step 2 at 6 m/s sliding speed, friction drops
after the first drag because the wear debris from the pad cannot remain
on the rotor's sliding surface due to a higher vibration. The friction re-
mains consistently low until Step 7 where the sliding speed is reduced
to 2 m/s. At this slower sliding speed, wear debris from the pad can

Fig. 12. Wear performance represented in mass loss after 5 and 10 km of sliding. a) The rotors of three Al alloys compared with cast iron and b) The corresponding
pads.
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once again accumulate on the sliding surface of the rotor causing the
friction to recover to a similarly high level observed in Step 1. On the
other hand, in the cast iron rotor, friction increases with the sliding
speed which can be explain by a gradual formation of the transfer film.
Surface oxides generated at higher sliding speeds and temperatures
may also explain the decrease in friction in the tested aluminum alloys.
Although the large size of the rotors prevented more detailed surface
chemistry analysis using techniques such as X-ray diffraction (XRD), the
composition of the brake pad suggests that the surface oxide could be
carbon-rich oxides and a mix of metal oxides. One could argue that the
decrease in friction performance could also be associated with low fade
resistance, which is typically observed at higher surface temperatures.
However, in both Al-Cu-Mn-Zr alloys the COF already rapidly de-
creased at 6 m/s, at which the maximum surface temperature did not
exceed 70 °C, which implies that the decrease in the braking perfor-
mance is not associated with a low fade resistance.

The differences in the friction behavior are more pronounced in
both Al-Cu-Mn-Zr alloys than in Al-Ce-Ni-Mn-Zr alloy which shows
more consistent COF over the entire range of sliding speeds. The im-
provement in the frictional stability in Al-Ce-Ni-Mn-Zr alloy could be
due to higher oxidation resistance or, as mentioned above, due to better
coverage of a transfer film on the sliding surface. To better understand
the rotor/pad system resistance to fade, we examined the relationship
between the COF and the rotor temperature at the highest 15 m/s slid-
ing speed for five consecutive drags which is shown in Fig. 13. In all
three Al alloy materials, the temperature increased with increasing
drags, however, the COF remains consistent which suggests an excel-
lent resistance to fade. This behavior was also observed in the reference
cast iron. It can be concluded that despite the mutual wear of the Al-Ce-
Ni-Mn-Zr rotor and the pad, the frictional performance is in a desired
range at all sliding speeds and the braking effectiveness does not de-
crease at elevated temperatures.

Frictional heating parameter (Φ) described how effectively the ma-
terial dissipates the energy during sliding. As expected, the calculated Φ
values and measured peak temperatures show a correlation with the
thermal conductivity, Table 3. Although both Al-Cu-Mn-Zr have the
similar thermal conductivity and Φ values, the Al-6Cu-Mn-Zr had no-
tably higher peak temperature. This could be explained by a higher COF
at all sliding speeds.

Fig. 13. Comparison of the average COF and temperature per drag for five con-
secutive drags at 15 m/s sliding speed for the three Al alloy rotors in compari-
son with the cast iron rotor.

5.2. Wear performance

All Al alloys showed lower wear-resistance than cast iron. Compared
with Al-Cu-Mn-Zr alloys, Al-Ce-Ni-Mn-Zr shows a notable improvement
in wear-resistance, especially after testing on the pre-worn rotor sur-
face. The improved wear-resistance of Al-Ce-Ni-Mn-Zr alloy could be
due to several factors, including mechanical properties, alloy composi-
tion, manufacturing process, or compatibility with the pad material. It
is hypothesized that the superior wear resistance and braking perfor-
mance of the Al-Ce-Ni-Mn-Zr alloy are related to its improved mechani-
cal properties. The hardness measurements showed that the Al-Ce-Ni-
Mn-Zr alloy, which is 1.6 times harder the Al-6Cu-Mn-Zr alloy, exhib-
ited approximately 1.8 times less mass loss after 5 km of sliding. In ad-
dition to the improved hardness, previous characterization of these al-
loys showed that the AM Al-Ce-Ni-Mn-Zr have higher creep resistance
and yield strength at 300 °C than cast Al-Cu-Mn-Zr alloys [28,33].
Moreover, the reported yield strength at 300 °C of AM Al-Ce-Ni-Mn-Zr
is 176 MPa [33] while the yield strength of cast Al-Cu-Mn-Zr at 300 °C
is 105 MPa [31]. Brake testing conducted in this work demonstrated
that the surface temperature of these alloys can reach up to 150 °C. The
improved high temperature yield strength and creep resistance of the
Al-Ce-Ni-Mn-Zr alloy could be responsible for maintaining a lower wear
rate and a stable COF during the brake testing. It is hypothesized that
addition of Ce and Ni as alloying elements enabled preservation of
hardness and strength of the AM Al-alloy rotor at high temperatures
during brake testing and essentially positively impacted its wear and
friction properties. Previous studies demonstrated that, in additive
manufacturing processes, the improved mechanical properties of Al-Ce-
Ni-Mn-Zr alloy are enabled by rapid solidification [26,28,33]. The Ce-
rich and Ni-rich intermetallic phases formed at high solidification rates
improve the coarsening resistance and creep and tensile properties at
elevated temperatures [33].

In Al-Cu-Mn-Zr alloys, Cu did not provide the same benefits at Ce
and Ni in the Al-Ce-Ni-Mn-Zr alloy. Previously, Cu had been shown to
improve castability, but not creep resistance [31]. Hardness testing con-
ducted in this work suggested that a higher concentration of Cu in-
creased the hardness. The improvement in the wear resistance of the Al-
9Cu-Mn-Zr compared with the Al-6Cu-Mn-Zr alloy could be correlated
to the improvement in the hardness. Additionally, Cu additives are used
in tribological applications to reduce friction and wear [44] [45] which
could have also contributed to the lower mass loss of the Al-9Cu-Mn-Zr
rotor. Nevertheless, Cu-based Al-alloys tested in this work do not seem
to be ideal for brake applications.

Al-Ce-Ni-Mn-Zr showed a significant improvement in wear-
resistance after the second round of testing. It is hypothesized that this
improvement is facilitated by formation of a stable transfer film after
the first round of testing, which could be due to several factors. The
higher hardness and yield strength of Al-Ce-Ni-Mn-Zr could decrease
the initial wear and reduce the surface roughness, which could be bene-
ficial in forming the transfer film from the pad material. Additionally,
the composition of Al-Ce-Ni-Mn-Zr alloy could be more compatible
with the composition of the brake pad, which could have contributed to
the formation of a more stable transfer film. However, the optical im-
ages revealed the formation of a patchy discontinuous transfer film on
all three Al alloys and cast iron, which was deduced from the observa-
tion of darker patch-like regions on the sliding surface, Fig. 9. To vali-
date this claim, we performed SEM-EDS analysis of the sliding surface
of Al-Ce-Ni-Mn-Zr after 10 km of sliding. The elemental mapping re-
vealed discontinuous “patchy” regions composed of elements such as
Ba, Ca, S, Si, and Cu, Fig. 14. These elements were also identified in the
pad material, Fig. 2., which suggests the pad material transferred to the
surface of the rotor during sliding. SEM-EDS analysis of the sliding sur-
face of the brake pads tested with Al-Ce-Ni-Mn-Zr and Al-6Cu-Mn-Zr ro-
tors shown in the Supplementary Figs. S5 and S6, respectively, also re-
vealed a metallic transfer on the pad surface. In both cases, elemental
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Fig. 14. SEM images and EDS elemental maps of the wear track on the Al-Ce-Ni-Mn-Zr rotor after 10 km of sliding.

maps show regions with higher concentration of Al than the unworn
pad in Fig. 3. The elemental maps of the sliding surface of the pad tested
with the cast iron rotor in Supplemental Fig. S7 show a uniform cover-
age of cast iron, however, the intensity peak is rather small which sug-
gest that the metallic transfer was less significant than with the Al alloy
rotors.

Since the transfer film was not fully formed, it is plausible that some
other mechanism enabled a significant improvement in the wear-
resistance of the Al-Ce-Ni-Mn-Zr rotor after the second round of testing.
A comparison of the worn surface profiles in Fig. 10 showed that both
Al-Cu-Mn-Zr rotors have different shapes of the worn surface profiles
after 5 km vs 10 km of sliding, which indicates that a conforming con-
tact between the rotor and the pad has not been established yet and the
wear process is still in the transient run-in period. On the other hand,
the worn surface profiles after 5 km vs 10 km in Al-Ce-Ni-Mn-Zr have
almost identical shape and there is a very small difference in the worn
depth. This observation implies that the rotor-pad interface has reached
a conforming contact and the worn surface recesses at a steady-state
rate which is much lower than the recession rate in the run-in regime.
When the wearing surface topography reaches a steady-state condition,
the wear continues at a constant lower rate than the transient run-in pe-
riod, which has been demonstrated numerically in other studies
[46–49].

The wear performance of the pad material is also essential for evalu-
ating the rotor-pad compatibility. While material removal of the pad is
needed to enable formation of a transfer film, excessive wear is not ac-
ceptable. Despite the relatively high wear of the Al alloy rotors, an un-
expectedly high wear also occurred in the pad material. Curiously, for
the rotor-pad materials studied here, the softest and least wear resistant
Al-Cu-Mn-Zr rotor materials resulted in the highest wear of the pad ma-
terial. This phenomenon may be difficult to interpret since the precise
composition of the commercial brake pad material is unknown. One
plausible explanation can be deduced from the morphology of the worn
surface. The roughness of the sliding surfaces of both Al-Cu-Mn-Zr ro-
tors is much higher than that of Al-Ce-Ni-Mn-Zr. The prominent sharp
ridges, as observed in the average worn surface profiles in Fig. 10a and
b, acted as stress concentrators and increased the local contact pres-

sures during sliding which could have led to increased material removal
of rotor-pad interface. This hypothesis is also supported from the analy-
sis of the worn surfaces of the cast iron rotor-pad pair in which both
sliding surfaces had only minor signs of abrasion Figs. 9d and 11d.

Formation of a fully continuous steady transfer film on the sliding
surface of the high temperature Al alloy rotors studied here could have
resulted in an optimal wear of the rotor-pad pair as observed in the ref-
erence cast iron. Although a steady transfer film was not formed in cast
iron, the significantly lower mass loss of the rotor and the pad was at-
tributed to the high hardness of cast iron. The results of this wear analy-
sis imply that the pad material is not compatible for the Al alloys stud-
ied here, however, Al-Ce-Ni-Mn-Zr alloy showed a potential to be a can-
didate light-weight brake rotor material due to remarkably improved
wear-resistance after sliding on the pre-worn surface.

A limitation of this study is that the tested aluminum alloys have
varying compositions and were fabricated using different methods, yet
their individual effects on braking performance were not studied sepa-
rately. However, based on the results it can be deduced that the compo-
sition of Al-Ce-Ni-Mn-Zr alloy combined with the rapid solidification
characteristics of the AM process contributed to the improved braking
performance. The effect of composition and process parameters will be
explored in future studies.

5.3. Potential of high-temperature aluminum alloys as brake rotor materials

The goal of this work was to characterize the braking performance
of high temperature Al alloys and to discuss their feasibility to be used
as brake rotor materials. The qualifying metrics were wear-resistance,
frictional behavior, and frictional heating in comparison to tradition-
ally used cast iron. Among all three candidate Al alloys, Al-Ce-Ni-Mn-Zr
had superior wear-resistance and frictional behavior to Al-Cu-Mn-Zr
but did not outperform cast iron. However, regenerative braking in EVs
minimizes the use of conventional braking and lessens the demand for
high wear-resistance materials, which provides opportunities for the
use of Al alloys. The frequency of applying brakes in EVs depends on
several circumstances, such as road conditions, traffic, and driving style
of an individual, nevertheless, the regenerative braking accounts for
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most of the braking in EVs [17]. The wear-resistance of Al-Ce-Ni-Mn-Zr
may be adequate to accommodate for the less frequent application of
friction-type brakes.

One of the downsides of the Al alloys studied here is their lower COF
at higher sliding speeds. Although the COF of Al-Ce-Ni-Mn-Zr stayed
within a desired range for braking, the COF of cast iron was notably
higher. During braking, weight and momentum are transferred to the
front of the vehicle which puts more braking demands on the front ro-
tors as they get hotter than the rear rotors. Moreover, the front brakes
also need to withstand higher applied forces from the brake pad. The
disadvantage of the lower COF and lower wear-resistance of Al alloy ro-
tors could be overcome by placing them in the rear end of the EV while
keeping cast iron rotor in the front.

Al alloys have a higher thermal conductivity than cast iron, which
significantly improves their thermal management. Due to higher heat
dissipation rates, the surface of the Al alloy rotors is cooler, which is de-
sirable for the braking performance. However, more heat is transferred
to the surrounding parts due to the high thermal conductivity of the
braking components, which could present challenges.

Formation of a transfer layer on the sliding surface of the rotors is
essential for achieving optimal friction and wear performance of a ro-
tor-pad pair. The Al alloys studied in this work formed only a patchy
discontinuous transfer layer which was attributed to a compatibility
mismatch between the brake pad and the Al alloy materials. However,
selection of a more compatible brake pad material may be difficult. The
brake pad material used in this work was selected based on screening
over 15 different pad materials among which several were designed for
Al alloy rotors. Designing ideal brake pad material for the studied Al al-
loy rotors was beyond the scope of this work.

Although replacing traditionally used cast iron rotors with Al alloys
presents challenges, Al materials have been successfully integrated in
various parts of the brake systems. For example, Al is used in brake ro-
tors for motorbikes which require less braking demand or as brake
calipers for lightweighting and corrosion benefits. Future work will fo-
cus on optimizing properties such as hardness and thermal conductivity
of these high temperature Al alloys and selecting more compatible pad
materials which could lead to improved wear-resistance and braking
performance.

6. Conclusions

Braking performance has been characterized on three advanced
high-temperature Al alloys using a sub-scale brake tester over a range of
sliding speeds to evaluate their feasibility as brake rotor materials.
Wear-resistance, friction behavior, and surface temperature increase of
the candidate Al alloys were compared with those of the traditionally
used cast iron. The following conclusions were made based on charac-
terization of the mechanical properties and the worn surface morpholo-
gies:

1 Additively manufactured Al-Ce-Ni-Mn-Zr showed significantly
higher wear resistance than the cast Al-6Cu-Mn-Zr and Al-9Cu-
Mn-Zr alloys, which was attributed to the higher hardness and
better compatibility with the pad material. The wear
performance of Al-Ce-Ni-Mn-Zr was notably improved when the
sliding surface was pre-worn.

2 The AM Al-Ce-Ni-Mn-Zr alloy showed promising braking
performance. The COF was within the desirable range of
0.35–0.50 at all sliding speeds, even at elevated surface
temperatures. In contrast, the COF of the Al-Cu-Mn-Zr alloys
decreased rapidly at higher sliding speeds to below the desired
range.

3 Al-Ce-Ni-Mn-Zr and both Al-Cu-Mn-Zr alloys had lower peak
temperatures and temperature rises per drag than cast iron, which
was correlated with their higher thermal conductivities. Brake

testing at the highest sliding speed of 15 m/s showed a consistent
COF for five consecutive drags, which suggests a good resistance to
fade.

4 Characterization of the sliding surfaces revealed that the
candidate Al alloys formed a patchy discontinuous transfer film. It
is hypothesized that formation of a steady fully formed transfer
layer would improve the braking performance.

5 Al-Ce-Ni-Mn-Zr demonstrated a potential to be used as a brake
rotor material for EVs, in which the conventional braking is
utilized less frequently. Although Al-Cu-Mn-Zr rotor had an
inferior wear resistance and braking performance than the
conventional cast iron rotor, its lightweight, corrosion resistance,
and improved fade resistance could have beneficial impact for
EV vehicles.
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