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Abstract: Aluminium matrix composites (AMCs) represent an important group of high-performance
materials. Due to their specific strength and a high thermal conductivity, these composites have
been considered for the large-scale production of brake discs. However, preconditioning the friction
surfaces is necessary to avoid severe wear of both the brake discs and the brake linings. This can
be achieved through controlled friction against commercially available brake-lining materials and
the formation of transfer or reactive layers (tribosurfaces). Homogeneous tribosurfaces allow for
nearly wear-free brake systems under moderate brake conditions. In this work, preconditioning
was carried out with a pin-on-disc tester, aiming for the fast creation of homogeneously formed and
stable tribosurfaces. The influence of surface microedges perpendicular to the direction of friction
on the machined AMC surfaces on the build-up speed and homogeneity of the tribosurfaces was
investigated. The microedges were generated using ultrasonic-vibration-superimposed face turning.
Thereby, the vibration direction corresponded to the direction of the passive force. For research
purposes, the distance of the microedges was changed by varying the cutting speed and feed. The
experiments were carried out using AMC disc specimens with a reinforcement content of a 35%
volume proportion of silicon carbide particles. Machining was realised with CVD-diamond-tipped
indexable inserts. The evaluation of the generated surfaces before and after preconditioning was
achieved using 3D laser scanning microscopy and scanning electron microscopy. It was demonstrated
that ultrasonic-vibration-superimposed face turning effectively generated microedges on the AMC
surfaces. The results show that larger distances between the microedges enhanced the formation
of stable tribosurfaces. Thus, the tribosystem’s steady state was reached quickly. Therefore, the
benefits of AMC-friction-surface microstructuring on the generation of tribosurfaces under laboratory
conditions were proven. These findings contribute to the development of high-performance AMC
brake systems.

Keywords: aluminium matrix composite; brake disc; pin-on-disc test; preconditioning; surface
integrity; tool geometry; tribology; turning; ultrasonic vibration; wear

1. Introduction

The automotive industry represents one of the largest industrial sectors in the world.
The demand for more sustainability, e.g., the responsible use of resources and a reduction in
emissions, impacts this field significantly. Thus, in addition to decreasing the consumption of
fossil fuels, weight savings through lightweight construction and materials are also in focus.

J. Manuf. Mater. Process. 2024, 8, 32. https://doi.org/10.3390/jmmp8010032 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp8010032
https://doi.org/10.3390/jmmp8010032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-4622-219X
https://orcid.org/0000-0002-3437-0996
https://orcid.org/0000-0001-6478-9168
https://orcid.org/0000-0002-7355-793X
https://orcid.org/0000-0002-7958-957X
https://orcid.org/0000-0002-7396-8413
https://orcid.org/0000-0002-2390-9159
https://doi.org/10.3390/jmmp8010032
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp8010032?type=check_update&version=2


J. Manuf. Mater. Process. 2024, 8, 32 2 of 19

Brake discs are automotive components that can be substituted with lightweight ma-
terials [1]. However, since these safety-relevant components convert the kinetic energy
of the automobile into thermal energy through friction during the braking process, spe-
cific material properties are demanded. While grey cast iron is used conventionally as
a well-tested and reliable brake disc material, the above-described current requirements
set aluminium matrix composites (AMCs) as alternative materials into the spotlight [2,3].
AMCs are characterised by a lower density and a higher corrosion resistance in comparison
to grey cast iron. Furthermore, their thermal conductivity is higher [4]. In a friction pairing
with conventional brake-lining material, AMCs show a braking behaviour similar to grey
cast iron due to a comparable friction coefficient of 0.2–0.5 [5,6]. However, studies have
shown that, after the finish-machining of AMC surfaces, further steps are necessary for their
application as brake discs in vehicles. Specifically, a defined running-in of the brake discs
has to be guaranteed, which can only be ensured by preconditioning the AMC friction sur-
face to generate a tribosurface. This surface condition is supposed to prevent local pressure
and, thus, significant temperature differences on the brake disc [7,8]. Natarajan et al. [9]
investigated the friction and wear behaviour of AMCs against automotive brake-lining
material. They found that the specific wear resistance of AMCs was higher than that of grey
cast iron. Grupta et al. [10] examined the frictional wear of AMC pins with a reinforcement
content of a 5–15% mass proportion in contact with a steel disc under test conditions similar
to those used for automotive brake discs (sliding distance of 500 m–3000 m; sliding velocity
of 1.6 m/s; pressure of 0.2 MPa, 0.6 MPa, and 1.0 MPa). It was observed that an increase
in the percentage of reinforcement resulted in a reduction in the pin wear of 28–52%. A
blackish so-called tribosurface was formed on the AMC’s friction zones, which acted as
protection and improved the AMC’s wear resistance [7]. Eriksson et al. [11] reported that
the performance of the AMC discs crucially depended on the formation of a tribosurface
with a thickness in the range of 5–10 µm. For a wear-free condition of the brake disc, a
minimum thickness of the tribosurface is required.

Former investigations by the authors of this paper on AMC friction surfaces showed
that the kinematic roughness generated by face turning influences the formation behaviour
of the tribosurface [12,13]. The results showed that specimen surfaces with higher values for
the roughness led more quickly to a homogeneously closed tribosurface. AMC specimens
with low surface roughness values required a longer run-in time to reach a stable friction
condition compared to friction surfaces with higher roughness values. However, AMC
friction surfaces with high roughness values strongly increased the abrasion of the brake-
lining-material pin during preconditioning.

Ultrasonic-vibration-assisted turning is characterised by a superimposition of the tool
motion with an ultrasonic vibration. A distinction can be made between one-dimensional
(1D) and two-dimensional (2D) vibration assistance by considering the direction of vi-
bration. Turning with a vibration in the cutting direction is a 1D method. In this case, a
comparatively low cutting speed vc ensures that the tool is temporarily not in contact with
the workpiece. The temporary disengagement of the tool can reduce its wear as well as
the surface roughness values and burr formation. However, the machining time increases
significantly. Zhong and Lin [14] analysed the effects of ultrasonic vibration assistance in
the cutting direction when turning an aluminium alloy and an AMC reinforced with a 20%
volume proportion of SiCp by applying single-crystal diamond tools. The authors found
that turning with vibrations resulted in scale-like surfaces. However, ultrasonic vibration
assistance led to a slight decrease in the surface roughness values of the aluminium alloy.
In the case of AMCs, ultrasonic vibration involved a stronger reduction in the surface
roughness values. Kim et al. and Bai et al. [15–17] investigated the advantages of ultrasonic
vibration assistance in AMC turning by applying cemented carbide or PCD tools. They
also found that, with ultrasonic vibration assistance in the cutting direction, a reduction in
the surface roughness values was achieved. Bai et al. [15] discovered that a reduction in the
surface roughness values was accompanied by a decrease in surface imperfections, because
the loose SiC particles were not dragged between the specimen surface and the tool flank



J. Manuf. Mater. Process. 2024, 8, 32 3 of 19

face, in contrast to turning without ultrasonic vibration assistance. Another possibility
is to turn with vibration assistance in the direction of the feed motion, which leads to
a changing feed velocity. Sinusoidal structures are generated on the workpiece surface
in the cutting direction [18]. Ultrasonic vibration superimposition in the direction of the
passive force is particularly suitable for the targeted generation of surface microstructures
(Figure 1) [19–22]. The size of the corner radius influences the width of the microstructure
and the clearance angle affects the shape in the cutting direction. The depth of the cut ap
varies periodically with the sinusoidal oscillation.
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Figure 1. Schematic representation of surface microstructuring through ultrasonic-vibration-
superimposed face turning. (a) Kinematics. (b) Dimple arrangement on surface. (c) Tool path
for Section A—A.

Nestler and Schubert [23] showed that turning an aluminium matrix composite with
ultrasonic vibration superimposition in the direction of the passive force led to regular
surface microstructures. Furthermore, the surface imperfections were reduced. One of the
most important applications for the microstructuring of surfaces is the influence of friction.
Consequently, ultrasonic-vibration-superimposed turning can be suitable for machining
AMC friction surfaces.

When turning with two-dimensional ultrasonic vibration assistance, the path of the
tool corner changes to an elliptical or diagonal line depending on the phase difference
between the two vibrations. Tong et al. [24] investigated the ultrasonic-vibration-assisted ex-
ternal turning of an aluminium alloy with cemented carbide tools. The vibration assistance
was in both the cutting direction and the direction of the feed motion. The experimental
results showed that the ultrasonic amplitude and the feed had the most significant effects on
the surface microstructure. An increase in the feed led to a marked increase in the roughness
values resulting from the kinematic surface microstructure. For large amplitudes, the time
of tool disengagement increased and the surface microstructures were more pronounced.
Furthermore, overlapping the two neighbouring elliptical paths in the direction of the
feed motion reduced the height difference of the surface, resulting in textured surfaces



J. Manuf. Mater. Process. 2024, 8, 32 4 of 19

with slightly reduced roughness values. Lu et al. [25] investigated external turning with
two-dimensional ultrasonic vibration assistance in the cutting direction and the direction of
the passive force. The specimen material used was an AMC with a 25% volume proportion
of SiCp. For the experiment, PCD-tipped tools were applied. The researchers found that the
elliptical vibration reduced the friction between the tool rake face and the chip due to better
chip breaking, which resulted in shorter chips compared to turning without ultrasonic
vibration assistance. As a consequence, the cutting force and energy were significantly
reduced, and a high-quality surface finish was achieved. Zhou et al. [26] described the
effect of two-dimensional ultrasonic vibration assistance in the cutting direction and the
direction of the feed motion in the face turning of an AMC reinforced with a 25% volume
proportion of SiCp. PCD tools were utilised in the experiments. It was found that the
surface machined with two-dimensional ultrasonic vibration assistance had roughness
values (Ra, Rz) approximately 80% lower than those of the surface machined without
vibration assistance. The evenly distributed SiC particles, which were fractured during the
cutting process, partially filled the pits and grooves on the surface.

In this study, disc-shaped AMC specimens were face-turned with a superimposition
of ultrasonic vibrations in the direction of the passive force. The aim of the ultrasonic
vibration superimposition was to generate defined microedges on the AMC surface. To
prepare these surfaces for braking applications, they were tribologically preconditioned
through dry sliding against standard brake-lining material.

2. Materials and Methods
2.1. Specimens

For the experimental investigations, field-assisted sintered AMC discs were used.
The material was AlSi7Mg (EN AC-42000 [27]), reinforced by polygonal SiC particles
with an average size of about 20 µm in a volume fraction of 35%. Both the matrix and
the reinforcement material, as well as the reinforcement shape, size, and content, were
chosen with regard to a possible use in car braking systems. Figure 2 represents the AMC
microstructure. The SiCp phase was homogeneously distributed in the aluminium matrix.
The mechanical properties as well as the production parameters are described in [28]. The
AMC exhibited a hardness of 99 ± 2 HB 62.5/2.5 and a yield strength of 179 ± 5 MPa. From
each produced disc sinter body with a diameter of 200 mm and an average thickness of
14 mm, cylindrical specimens were cut out using abrasive water jet cutting and turned to a
diameter of 55 mm and a thickness of 10.45 mm. In the tribological experiments, cylindrical
pins of a common semi-metallic brake-lining material were used as counter bodies. They
contained the elements Ba, Ca, Cu, K, Mg, Mn, S, Si, Sn, Ti, V, Zn, and Zr (comp. with
Hirsch et al. [13]).
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2.2. Cutting Tools

To machine the specimens, CVD-diamond-tipped indexable inserts of the type CCGW
09T3xx, exhibiting a sharp cutting edge, were used. The tools showed a rhombic shape
with a tool included angle of 80◦, a rake angle of 0◦, and a clearance angle of 7◦. The
alignment of the added ultrasonic sonotrode was chosen in such a way that the indexable
insert had a nominal cutting edge angle of 50◦. The corner radius of the tools was varied
(0.2 mm; 0.8 mm; 1.2 mm) to modify the shape of the microstructures in the direction of the
feed motion.

2.3. Machining Experiments

Machining was carried out on a SPINNER PD 32 precision lathe under dry conditions.
The specimens were clamped on the outer diameter with the three-jaw chuck. In order
to ensure a good axial run-out during the tests, the specimens were pre-machined to a
thickness of 10.2 mm using a separate indexable insert of type CCGW 09T308. The feed
for pre-machining was 0.15 mm and the cutting speed amounted to 250 m/min. For both
the pre- and finish-machining experiments, the depth of the cut was 0.25 mm. The applied
ultrasonic frequency f US of approximately 24 kHz was close to the resonance frequency of
the system. Figure 3 shows the working space of the lathe with the experimental setup and
the directions of the movements.
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The aimed surface microstructures on the machined specimen faces were to be gen-
erated by the corner radius of the tools without engaging the minor cutting edge. An
amplitude A of 2 µm was kept constant for all tests. The cutting speed vc (100 m/min;
150 m/min) was combined with the feed f (0.05 mm; 0.1 mm). Special attention was paid
to the parameter combinations vc = 100 m/min/f = 0.05 mm, referred to as small edge
distances, and vc = 150 m/min/f = 0.1 mm, referred to as large edge distances (Figure 4).
Due to the small clearance angle of the indexable inserts (7◦), a temporary contact of the
flank face with the specimen surface was expected at the low cutting speed, vc = 100 m/min.
With regard to the subsequent tribological tests, the aim was to create surfaces with mi-
croedges perpendicular to the cutting direction. The size of the single microstructures
(dimples) was varied in both the cutting direction and the direction of the feed motion,
striving for surfaces with a different number of microedges per area. The dimension of the
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single microstructures in the radial direction df corresponded to the feed f. For the cutting
direction, the dimension dc can be calculated with the following equation:

dc =
vc

fUS
(1)
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Figure 4. Simulated surfaces (f US = 24 kHz; A = 2 µm; rε = 0.2 mm). (a) Small-edge-distance
microstructures (vc = 100 m/min, f = 0.05 mm) with df = 50 µm in the direction of the feed motion
and dc = 69 µm in the cutting direction. (b) Large-edge-distance-microstructures (vc = 150 m/min;
f = 0.1 mm) with df = 100 µm and dc = 104 µm. (c) Example of the offset of the microstructures in the
cutting direction.

This resulted in a dimension dc of 69 µm for a cutting speed of 100 m/min and a
value of 104 µm for 150 m/min. Figure 4 shows simulated surfaces drawn up with a
user-written MATLAB programme for ultrasonic-vibration-superimposed face turning
(MATLAB 2019a, MathWorks, Natick, MA, USA). These simulated surfaces represented
the theoretical surface microstructures without considering any material properties or
tool wear. The surfaces showed an offset of the microstructures in the cutting direction
(Figure 4c). For face turning, this offset resulted from the varying length of the cutting tool
path per revolution. Furthermore, the offset was influenced by the non-integer part of the
quotient of the ultrasonic frequency and the spindle speed, as well as their fluctuations.

Three test specimens were machined for each parameter set. One indexable insert was
used per corner radius. In order to ensure a constant cutting speed during face turning by
increasing the rotational speed n, the feed motion was stopped when a diameter of 15 mm
was achieved.

2.4. Tribological Surface Conditioning Using Pin-on-Disc Test

The machined AMC specimens were prepared for the tribological test according to
previous investigations [12,13]. The AMC specimens were fixed in a pin-on-disc test bench
(SRV, Optimol Instruments Prüftechnik GmbH, Munich, Germany). After heating up the
test setup to a temperature of 130 ◦C, a sliding velocity of 2 m/s at an average (disc)
diameter of 21 mm was set. The aim was to avoid any additional temperature increases
due to frictional heat and, thus, to ensure the comparability of the tribologically relevant
parameters (µ and adjustment relevelling rate). The preliminary testing temperature was
set at 130 ◦C, which is the maximum temperature that can be reached for the sliding velocity
and pressure (2 MPa) applied. Pins from brake-lining material (one for each AMC disc)
with a diameter of 6 mm were pushed against the machined AMC surfaces. To create
the expected tribosurfaces, this tribological pairing was run under load progression up
to the test pressure over a total distance of 245 m, 65 m of which at a constant pressure.
The number of rotations/local passages during the test duration was, therefore, about
3.700, and was similar for each conducted test. A detailed description of the setup and
parameter identification has already been published ([13]). To identify the differences
between the surface microstructures generated by various face-turning parameters and
tribosurface formation, the pin-on-disc test parameters were evaluated. Firstly, the change
in the length of the brake-lining material pin was documented. Secondly, the mean friction
coefficient and the adjustment relevelling rate (AR rate, see [13]) were determined, as
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soon as the progressively increased test pressure, and thus, the systems’ friction condition,
were constant.

2.5. Surface Evaluation and Microstructural Analysis

Both the machined and test surfaces were analysed using 3D laser scanning microscopy
(VK-9700, Keyence Corporation, Osaka, Japan). For each specimen, a stitched measuring
area was analysed using a 50× objective. The same position was observed on each specimen
before and after the tribological test. The respective area had a size of 2 mm × 2 mm.
Software (MountainsMap 7.4, Digital Surf, Besançon, France) was used for the evaluation
of the surfaces by applying different mathematical operations. After aligning the surface,
shape deviations were removed by a 5th-degree polynomial. Due to the porous surface,
a robust Gaussian filter was applied. The nesting index of the robust Gaussian filter was
selected according to standard DIN EN ISO 25178-3 [29], and it amounted to 0.25 mm. For
each specimen, the arithmetical mean height (Sa), the reduced peak height (Spk), and the
peak material volume (Vmp) were determined before and after the tribological test.

To evaluate the AMC specimen surfaces, micrographs before and after the tribological
tests were taken using scanning electron microscopy (SEM), both perpendicular to the
surfaces and in a specimen tilt angle of 60◦. The observed areas were analysed in terms
of their uniformity and the areal completeness of the pin material transfer. In addition,
cross-sections of the specimens, cut perpendicular to the tribosurface tracks, were prepared.
Representative cross-sectional micrographs were employed to characterise the built-up
state of the tribosurface, i.e., the thickness, shape, and uniformity.

3. Results and Discussion
3.1. Surface Microstructure

Figure 5 exhibits a comparison of the simulated surfaces with the surfaces before and
after the tribological pin-on-disc test. The simulated surfaces (a, d, g, and j) indicated that
different microstructures can be generated by ultrasonic vibration superimposition in the
direction of the passive force, in conjunction with a change in the cutting speed and feed.
The focus was on the generation of microedges perpendicular to the cutting direction in
order to generate high brake-lining material abrasion in the subsequent pin-on-disc test
and, thus, a fast tribosurface build-up. The selection of the 3D surface profiles was confined
to specimen surfaces with small edge distances (df = 50 µm; dc = 69 µm) and large edge
distances (df = 100 µm; dc = 104 µm). The microstructure dimension dc was primarily
responsible for the number of structural ridges generated. The variation from dc = 69 µm to
dc = 104 µm resulted in a reduction in the number of ridges by 33%. It is noticeable that, in
Figure 5e, the structural ridges correspond to the cutting direction. This is due to the fact
that, with the combination of a small tool radius (rε = 0.2 mm) and a large edge distance
in the direction of the feed motion (df = 100 µm), the kinematic roughness in the form of
feed marks was predominant. In contrast, in Figure 5a,g,j, the kinematic roughness is more
strongly superimposed by the sinusoidal shape of the ultrasonic movement.

The effective cutting speed was varied by the ultrasonic vibration superimposition of
the cutting tool in the direction of the passive force. This caused significant variation in the
working rake angle and the working clearance angle (see the different positions of the tool
in Figure 1). The dimensions of the microstructures presented in Section 2.3 were realised
for most of the specimen surfaces. However, the surfaces that were machined with a small
corner radius (rε = 0.2 mm) and parameters for the generation of small edge distances
(df = 50 µm; dc = 69 µm) exhibited a deviating microstructure (Figure 5b). Compared to the
large-edge-distance microstructures (Figure 5e), the small-edge-distance microstructures
(Figure 5b) were less pronounced and more irregular. This surface microgeometry resulted
from the temporary contact of the flank face and the specimen surface during machining.
Furthermore, for a corner radius of 0.2 mm, the small-edge-distance surface exhibited
significant deviations from the simulated surfaces. On the one hand, this was the result of
the offset of the microstructures in the cutting direction (compare Figure 4c), which was
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accompanied by the interruption of the structural ridges. On the other hand, imperfections
(pits, blue-coloured) were still visible on the specimen surfaces before the pin-on-disc test
(b, e, h, and k). This was due to the SiC particles in the AMC. Machining caused the hard
particles to be partially pulled out of the surface or crushed. This left imperfections in the
form of pits and grooves on the surface (see Figure 6). As a consequence, there were peaks
rather than ridges on the surface (Figure 5b). The smaller corner radius in combination
with the higher vc resulted in a more uniform checkerboard pattern of the microstructures.
Conversely, larger corner radii led to linear or undulated microstructures in the direction of
the feed motion (Figure 1c). The vertical distance between the lowest point of the dales and
the highest point of the peaks corresponded to twice the set amplitude and was 4 µm.
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Figure 6. Backscattered electron (BSE) micrograph of machined specimen tribosurface with pits
and grooves.

Figure 5c,f,i,l show the specimen surfaces after the pin-on-disc tests. It can be seen that
the dimples and dales of the surface microstructures are shallower. This was caused by the
filling with brake-lining material being abraded from the pin during the pin-on-disc test. In
general, the microedges led to higher abrasion of the brake-lining material pin compared
to surfaces resulting from conventional face turning with the same cutting parameters
(see [13]). Consequently, deposits were detected in the dimples and dales. For all the
surfaces after the pin-on-disc test (Figure 5c,f,i,l), only minor imperfections resulting from
the SiC particles were seen. This means that friction material was deposited in the dimples,
in the dales, and especially in the pits of the microstructures during preconditioning.
The surfaces after the pin-on-disc test (Figure 5c,f,i,l) indicated that the friction movement
between the brake-lining material pin and the AMC surface reduced the peaks of the ridges.

Figure 7 shows an example of a captured surface as a tilted and exaggerated repre-
sentation of the structural ridges before and after the pin-on-disc test. Furthermore, the
corresponding material ratio curves are illustrated.

The differences between (a) and (b) as well as between (c) and (d) demonstrate how the
dales were filled. The reduction in the dale void volume (Vvv) by approximately 66% was
particularly noticeable on the material ratio curves. The change in the peak material volume
(Vmp) was significantly lower, at approximately 30%. Figure 8 shows the mean values and
standard deviations of Sa for each parameter set (Section 2.3), including different corner
radii before (blue) and after (grey) the pin-on-disc test. For comparison, the characteristic
values of the simulated surfaces were added (orange). It can be seen that the trends in
Sa (machined and simulated) were similar, but the values of the machined surfaces were
approx. 25% higher. The deviations between the simulated and the face-turned surfaces
were due to imperfections (grooves, pits) caused by pulled-out SiC particles (see Figure 6)
in the machined AMC surface. Furthermore, for the cutting speed of 100 m/min, there
was a temporary engagement of the tool flank face, which resulted in the deformation
of the surface microstructures. Figure 8 clearly shows a significant influence of the feed
and the corner radius on the surface parameter Sa. The cutting speed vc had a minor
impact on Sa, especially for the simulated surfaces, since vc only influenced the length
of the microstructures in the cutting direction and, thus, the number of microstructures,
but not their height or width. However, there was a trend towards a slight increase in the
roughness values for Sa with increasing cutting speed.
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Figure 7. Details of the 3D surface measurement of Figure 5k,l with the corresponding material ratio
curves. (a,c) Before the pin-on-disc test. (b,d) After the pin-on-disc test.
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Figure 8. The Sa of the friction surfaces before and after the pin-on-disc tests, as well as the simulated
values for the machined surfaces.

After the pin-on-disc test, the values for Sa amounted to approximately 50% compared
to the surfaces before the pin-on-disc test. During preconditioning, the brake-lining material
pin rubbed off on the disc surface, particularly on the peaks of the microedges. This caused
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some of the removed material to deposit itself in the dimples and dales as well as on the
ridges of the microedges in the direction of movement. Consequently, these microstructure
elements gradually filled up. The peaks of the ridges were only slightly abraded due
to the hard SiC particles; however, they were flattened and broadened. Despite the fact
that the created dimples and dales of the microstructures were only partially filled (see
Figure 5c,f,i,l) within the short testing time, the values (Sa) were lower than before the
pin-on-disc test. To identify the peak and ridge abrasion, Vmp and Spk were also evaluated
before and after the pin-on-disc tests (see Figure 9).
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Figure 9. The Vmp and Spk of the friction surfaces before and after the pin-on-disc tests.

Figure 9 exhibits the differences in the surface characteristics with respect to the tool
corner radius and feed. For specimens machined with an indexable insert characterised
by rε = 0.2 mm, there were significantly higher values for the peak material volume Vmp
and the reduced peak height Spk compared to the surfaces generated with rε = 0.8 mm
and rε = 1.2 mm, respectively. A change in the feed from 0.05 mm to 0.1 mm resulted in an
increase in Spk and Vmp. An increase in the cutting speed led to only a slight rise in Vmp and
Spk for all surfaces. This was due to the associated change (growth) in the microstructure
size dc. After the pin-on-disc test, a significant decrease in Spk and Vmp was observed. This
resulted from the abraded material of the pin, which was deposited in the dales during
the pin-on-disc test and resulted in filled dales rather than ablated peaks. Levelling the
surfaces led to an improved load-bearing capacity, which had a positive impact on the
rubbing and wear performance. Figures 8 and 9 show that increasing the corner radius had
a minor influence on the surface characteristics. This can be explained by the fact that a
modification of the radius only caused variation in the shape of the microstructure in the
direction of the feed motion. Increasing the feed had the most prominent influence on Sa,
Vmp, and Spk, and it involved higher surface values.

3.2. Tribological Considerations

Analogously to Hirsch et al. [13], the AR rate for each of the surface conditions was
determined. Figure 10 displays the changes in the AR rate as a result of the conditions in
ultrasonic-vibration-superimposed face turning. It was obvious that the acceleration of
the pin material transfer led to an increase in the AR rate. The specimen surface, which
was generated with a small corner radius (rε = 0.2 mm) and the parameters for the large-
edge-distance surface (df = 100 µm, dc = 104 µm), showed the highest AR rate and reached
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1.0 µm/m. Compared to this surface microstructure, the surface with the small edge
distances (df = 50 µm, dc = 69 µm) generally involved the lowest AR rates. A similar trend
was observed by Hirsch et al. [13]. When a tool with a corner radius of 0.2 mm or 0.8 mm
was used, the AR rate increased by a factor of approximately four for the surface with
large edge distances compared to the surface with small edge distances. For applying the
tool with the corner radius 1.2 mm the AR rate doubled. The specimen surface had the
lowest AR rate, of 0.1 µm/m, when applying the indexable insert with a corner radius of
rε = 0.8 mm and parameters for small edge distances (df = 50 µm, dc = 69 µm). In addition,
it was found that the AR rate (see Figure 10) compared to the Spk and Vmp values (shown
in Figure 9 before and after the pin-on-disc tests) showed similar trends depending on
the cutting parameters. In other words, if the Spk and Vmp values were the highest, the
corresponding AR rate was also higher compared to the other results.
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Figure 10. AR rate for different settings in ultrasonic-vibration-superimposed face turning.

In order to evaluate the pin abrasion over the whole test length, the pin length varia-
tions were measured. Figure 11 shows the differences in the pin length depending on the
face-turning parameters.

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW 13 of 20 
 

 

Figure 10. AR rate for different settings in ultrasonic-vibration-superimposed face turning. 

In order to evaluate the pin abrasion over the whole test length, the pin length vari-
ations were measured. Figure 11 shows the differences in the pin length depending on the 
face-turning parameters. 

 
Figure 11. Pin-length reduction for different settings in ultrasonic-vibration-superimposed face turning. 

It can be seen that the pin loss for the specimens machined using the indexable insert 
with a corner radius of rε = 0.2 mm exhibited the largest and smallest values, depending 
on the distances of the microedges. For the large edge distances, the pin loss was higher 
than for the small ones. The diagram also shows slighter pin losses for the specimens ma-
chined with the corner radii rε = 0.8 mm and rε = 1.2 mm, regardless of the edge distances. 
This suggests that, with an increasing corner radius, the differences in the pin loss between 
small and large edge distances decreased. It should be noted, as mentioned before, that 
these results were consistent with the trends in the AR rate (Figure 10), indicating that the 
pin loss rose proportionately as the AR rate increased. This could be attributed to the 
abrasion effect of preconditioned tribosurfaces, which has been described in detail in a 
previous study [13]. The abrasion effects varied depending on whether surfaces with 
small or large edge distances were generated. It can be concluded from this that there is a 
dependency between the generated surface, here in particular, the Spk values, and the pin 
abrasion. Figure 12 depicts the Spk (from Figure 9) and the reduction in the pin length 
(from Figure 11) side by side. The strong correlation between these two parameters can be 
clearly seen. 

0

100

200

300

400

0.05 0.1 0.05 0.1 0.05 0.1 0.05 0.1 0.05 0.1 0.05 0.1

100 100 150 150 100 100 150 150 100 100 150 150

0.2 0.2 0.2 0.2 0.8 0.8 0.8 0.8 1.2 1.2 1.2 1.2

Re
du

ct
io

n
in

 p
in

le
ng

th
(µ

m
)

100 150 100 150 100 150
f (mm)

vc (m/min)
rε(mm) 0.2 0.8 1.2

Figure 11. Pin-length reduction for different settings in ultrasonic-vibration-superimposed face turning.
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It can be seen that the pin loss for the specimens machined using the indexable insert
with a corner radius of rε = 0.2 mm exhibited the largest and smallest values, depending on
the distances of the microedges. For the large edge distances, the pin loss was higher than
for the small ones. The diagram also shows slighter pin losses for the specimens machined
with the corner radii rε = 0.8 mm and rε = 1.2 mm, regardless of the edge distances. This
suggests that, with an increasing corner radius, the differences in the pin loss between
small and large edge distances decreased. It should be noted, as mentioned before, that
these results were consistent with the trends in the AR rate (Figure 10), indicating that
the pin loss rose proportionately as the AR rate increased. This could be attributed to
the abrasion effect of preconditioned tribosurfaces, which has been described in detail in
a previous study [13]. The abrasion effects varied depending on whether surfaces with
small or large edge distances were generated. It can be concluded from this that there is
a dependency between the generated surface, here in particular, the Spk values, and the
pin abrasion. Figure 12 depicts the Spk (from Figure 9) and the reduction in the pin length
(from Figure 11) side by side. The strong correlation between these two parameters can be
clearly seen.
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Figure 12. The Spk of the friction surfaces before the pin-on-disc tests and the reduction in the
pin length.

3.3. Microstructural Observations

The backscattered electron (BSE) micrographs in Figure 13 demonstrate the typical
tribosurface build-up on preconditioned AMC specimens. Specimens machined with corner
radii of 0.2 mm or 1.2 mm and parameters for small as well as large edge distances are
shown in comparison. The influence of the surface microstructures created by the ultrasonic
vibration superimposition (see Section 2.3) on the tribosurface formation is obvious. The
areas in light grey show the transferred brake-lining material. The black-appearing areas are
regions of the AMC disc that were uncovered by the transferred brake-lining material, i.e.,
showing the element contrast of the aluminium matrix and the SiC particles. The specimen
surfaces with the large-edge-distance microstructures had a higher proportion of area of
transferred brake-lining material compared to the surfaces with the small-edge-distance
microstructures, which can be seen from the higher proportion of light grey regions.

When evaluating these observations under consideration of Figures 8, 9 and 12, it can
be estimated that the surfaces with large edge distances, comprising the highest values
for Sa, Spk, and Vmp, led to higher pin abrasion and more intensive pin material transfer
to the AMC surface. This indicates a thicker and more even tribosurface, like those seen
in Figure 13. In contrast, surfaces machined with a corner radius of 0.2 mm involved a
decrease in the pin length to approximately 25% for the small-edge-distance compared to
the large-edge-distance surfaces, as shown in Figure 11. Obviously, only a small amount
of pin material was transferred to the specimen surfaces, which appeared much darker in
the BSE images in comparison. This is consistent with the values of the AR rate, which
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experienced a four-fold increase for the surfaces with a corner radius of 0.2 mm from the
small- to the large-edge-distance surfaces (see Figure 10).
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Figure 13. BSE micrographs of specimen tribosurfaces with different edge distances generated by
corner radii of 0.2 mm and 1.2 mm.

Figure 14 shows secondary electron (SE) micrographs of the specimens with small-
and large-edge-distance surfaces. The micrographs were taken under a specimen tilt
angle of 60◦. The specimen surfaces were observed before and after the pin-on-disc tests.
The micrographs indicate that surface microstructures with large edge distances did not
only provoke higher pin losses, but actually resulted in a more extensive tribosurface
build-up. In comparison, small-edge-distance surfaces with a lower AR rate showed just
a local and spot-like formation on the tribosurface. This confirmed the assumed trends
discussed above.
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pin-on-disc test, tilted at a 60◦ angle.

The sufficiently high transfer of pin material to the microstructured AMC surfaces
smoothed these surfaces and thereby reduced a locally high contact pressure by increasing
the specific contact area. Thus, the tribological contact and friction conditions were ho-
mogenised and the wear performance was improved. In fact, for all the surfaces prepared
with various ultrasonic-vibration-superimposition settings, the friction coefficient of the
tested specimens was calculated to be roughly µ = 0.5. However, the results showed that
the AR rate, mainly the pin material loss, varied significantly depending on the applied
machining settings. Furthermore, the AR rate was higher when the surfaces with large
edge distances were preconditioned. The BSE micrographs of the cross-sectional parts of
the large-edge-distance microstructures (see Figure 15, right side) show a thicker, more
continuous, and nearly closed tribosurface layer in comparison to cross-sections from
small-edge-distance microstructures. But, they also comprised fragmented and cracked
layer areas. This may have been caused by differences in the local coefficients of thermal
expansion (CTE) between the tribolayer and the AMC body. The tribolayer was built from a
mix of transferred brake-lining and worn-off-AMC material (including thermally oxidised
wear debris), i.e., the chemical character of a high fraction of this layer was oxide-ceramic.
In comparison to the adjacent AMC base material with its aluminium alloy matrix, the
tribolayer had a much smaller CTE and thermal conductivity in addition to a significantly
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higher brittleness. After the tribological preconditioning at elevated temperatures, the
cooling down of the tribolayer thus took longer, and this went along with a lower volume
shrinkage. This, then, may have led to the observed diagonal cracks that locally released
compressive stresses, which were thermally induced by the described test conditions and
material characteristics. This phenomenon may have been further intensified at the “coarse”
surfaces, which were represented by the large-edge-distance microstructures. The reduced
number of edges per area of these comparatively coarse surfaces may have led to the
localised or locally quicker formation of the tribolayer and, hence, it may have added
additional local stress during cooling down due to the locally different material volumes. In
addition, as a consequence of the comparatively wide microstructure patterns, the material
removed from both the pin and the AMC body that formed the tribolayer could not be fully
integrated into the surface microstructures, as it would have been for a finer surface, as rep-
resented by the small-edge-distance microstructures. Therefore, poorly adhering tribolayer
volumes may occur locally, resulting in a more discontinuous tribological behaviour that
was seen by the observed cracking. These interpretations are supported by the observed
larger standard deviations for the AR rate of the large-edge-distance surfaces.
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Figure 15. BSE micrographs of the cross-section of the surfaces. The right side displays the transferred
material (light-coloured) on the surface (df = 100 µm, dc = 104 µm, rε = 0.2 mm). The left side shows a
comparatively thinner and continuous material distribution (df = 50 µm, dc = 69 µm, rε = 1.2 mm).

In comparison, the tribosurfaces with a small-edge-distance microstructure (see
Figure 15, left side) appeared to be thinner and more unevenly distributed on the AMC
surface, but more homogeneously built, i.e., no cracks or overlapping of single-layer mate-
rial fragments occurred. Again, the more stable, but slower, tribosurface formation was
confirmed by the AR rates, which showed lower values as well as a reduction in the pin
loss. This was due to the smaller edge distances and the accompanying lower surface
roughness values (see Figures 8 and 9).

However, a significant loss in the brake-lining material pins (closely related to the
present AMC surface microstructures) and the abrasive effect of the enclosed SiCp phase not
only influenced the characteristics of the tribosurface, but they also played an essential role
in the long-term use of AMC materials in brake disc applications. Therefore, a robust and
fast tribosurface generation process is crucial to quickly obtain a steady-state tribological
system. From previous studies on differently finish-machined AMC surfaces, it is known
that they achieve stable tribological conditions only after long test periods [13]. Therefore,
to efficiently integrate an AMC disc into a braking system, it is important to reduce the
time that is needed for AMC surface preconditioning. The preconditioned state is thereby
defined as a tribologically steady state, in which the coefficient of friction (COF) between



J. Manuf. Mater. Process. 2024, 8, 32 17 of 19

the AMC disc and the brake lining is constant (for a given constant pressure) and the
occurring wear is neglectable or linear with a low increase. The results of the short-term
test performed in this research showed that the AR rate varied significantly depending on
the surface microstructure (see Figure 10).

4. Summary and Conclusions

The objective of this study was to expedite the formation of a tribologically precon-
ditioned surface (tribosurface) to attain a steady state in the tribological system between
an AMC surface and a brake-lining material pin. Microstructures were produced on the
specimens using ultrasonic superimposed face turning. The microstructures of the AMC
surfaces exhibited edges, preferably ridges. Surfaces with small and large edge distances
in both the cutting direction dc and the direction of the feed motion df were generated on
the AMC surfaces by varying the cutting speed and the feed. The specimens underwent
preconditioning using pins made from brake-lining material in a pin-on-disc tester.

During this process, the surface microedges caused high abrasion to the brake-lining
material pin. The abraded pin material was embedded in the microstructures, specifically
in the pits and dimples. The transfer of brake-lining material occurred at a higher AR rate
compared to the investigations in [13]. Preconditioning the AMC surfaces with microedges
resulted in a more rapid and even distribution of the tribolayer on the AMC surface.
Tribological tests of the AMC surfaces showed that the surfaces with larger edge distances,
generated using a corner radius of 0.2 mm, experienced the highest material loss on the
brake-lining material pin in a pin-on-disc test setup. The generation of tribosurfaces was
accelerated, resulting in more flattened and denser surfaces during pin material transfer.
The reduction in the volume of the pin, measured by the pin length, can be predicted based
on the surface parameter Spk. The coefficient of friction for all the test specimens fell within
the required range for braking applications, at approximately 0.5. The abrasion of the AMC
was low due to the presence of hard SiC particles, which acted as a load-bearing component
and had an abrasive nature. Gultekin et al. [30] found in wear tests with copper matrix
composite discs sliding against AMC discs that the brake-lining material (copper matrix
composite) also experienced higher abrasion compared to the AMC disc. This was due
to the ploughing of the pin material by the silicon carbide particles. Our results support
this finding.

The results indicate that microstructured friction surfaces can be suitable for brake
applications. However, up-scaling the preconditioning process to automotive brake discs
requires the appropriate management of the brake disc temperature and a reduction in the
preconditioning time. This can be achieved through friction path shortening. However,
this approach presupposes further investigations into the high-speed preconditioning of
AMC surfaces.
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Nomenclature

ap depth of cut mm
A amplitude µm
AMC aluminium matrix composite
AR adjustment relevelling µm
AR rate adjustment relevelling rate µm/m
BSE backscattered electron
CTE coefficient of thermal expansion
EDS energy-dispersive X-ray spectroscopy
dc structure distance in cutting direction µm
df structure distance in direction of feed motion µm
f feed mm
f US ultrasonic frequency kHz
n rotational speed min−1

PCD polycrystalline diamond
rε corner radius mm
Sa arithmetical mean height µm
SE secondary electron
SEM scanning electron microscopy
SiCp particulate silicon carbide
Spk reduced peak height µm
t time s
vc cutting speed m/min
vf feed velocity mm/min
vvib vibration velocity m/min
Vmp peak material volume ml/m2

Vvv dale void volume ml/m2

µ friction coefficient
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