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ABSTRACT: This study proposes a numerical methodology based on the “g
application of first-, second-, and third-order derivatives to analyse the !h ’s:\/lj !jj=
evolution of the coefficient of friction (CoF) obtained from ball-on-disc - W i » :
(BoD) wear tests. The approach aims to provide an objective and adholoke™ Yolididude R = e s
quantitative identification of mechanisms, wear stages, and transition applicaion of the et fter derivatives)

system)

points, overcoming the subjectivity commonly associated with -
conventional friction curve interpretation. Before derivative computation, Q §
the CoF signal was smoothed to reduce experimental noise while ™% A
preserving the morphological features of the friction curve. The A
methodology was applied to a newly developed multicomponent T e T ot ot e et e e

Al80Mg10Si5Cu5 high-pressure die casting (HPDC) alloy tested under dry sliding at room temperature (RT). The derivative-based
analysis enabled the identification of successive wear stages, from the initial settling and running-in to transient and quasi-
stationary regimes, and the determination of characteristic transition points, correlated with wear mechanisms through surface and
microstructural analyses. The results demonstrate that the proposed methodology enables an objective determination of the
duration and sequence of wear stages, reveals that the transition to stable sliding does not coincide with the maximum CoF value,
and improves the identification of highly dynamic early wear regimes that are often underestimated by visual analysis. Due to its
low computational cost and reliance on signals commonly available in tribological systems, the proposed derivative-based
methodology shows strong potential for real-time friction and wear monitoring, predictive maintenance, and the automation of
tribological control systems, although further validation under industrial operating conditions is required.
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1 Introduction [11-13], stage boundaries are frequently defined using descriptive
interpretations or the maximum CoF value, without explicit
quantitative criteria capable of capturing intermediate transitions.
Measurement noise, signal oscillations, and the coexistence of
multiple wear mechanisms further complicate the accurate
interpretation of stage onset and duration [14], leading to
subjective or inconsistent interpretations [15, 16].

Some approaches apply signal smoothing or numerical tools to
visually delimit different regimes [17]; while others relate the area
under the CoF curve to wear behaviour, indicating that the steady-
state CoF alone is not always a reliable indicator of total wear rate

Friction losses significantly affect the performance and reliability
of mechanical components. In many automotive components,
materials are specifically designed to provide controlled frictional
behaviour. In this context, the fundamentals of tribology have
been extensively studied in the literature [1-3].

The ball-on-disc (BoD) test has been widely adopted to
investigate friction and wear processes under sliding conditions. It
is thoroughly documented [4], with a pin or spherical
counterbody pressed against a rotating disc under a controlled
normal load and sliding velocity [5-7], under lubricated or dry

sliding conditions [8, 9]. During the BoD test, the evolution of the (18]. However, a robust and quantitative framework for
coefficient of friction (CoF) is continuously recorded as a function objectively identifying wear stages and mechanisms remains
of time or sliding distance. In most studies, the analysis of the CoF lacking, with a need for advanced signal analysis techniques to
curve is limited to the identification of a running-in period extract the dynamic information [19].

followed by a steady-state regime, often based on averaged values Aluminium alloys exhibit complex wear behaviour governed by
or qualitative visual inspection [10]. Although several studies have multiple mechanisms, including abrasion, adhesion, plastic
reported that friction curves exhibit multiple stages or regimes deformation, delamination, and tribochemical effects [20].
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Common wear modes involve abrasive cutting and ploughing,
material transfer, and plastic delamination [21, 22], which
strongly depend on contact conditions, temperature, and
microstructure [13, 23, 24].

Surface roughness strongly influences contact mechanics,
friction evolution, and wear mechanisms [25]; but its accurate
characterisation and correlation with functional performance
remain open challenges [26]. In high-pressure die casting
(HPDC), the presence of a surface skin with refined
microstructure and reduced defects further modifies the initial
contact conditions of the test, and surface skin affects the early
stages of sliding, delaying full metallic contact and altering wear
evolution [27, 28].

Advanced statistical and computational techniques are
increasingly required to extract meaningful information from
complex experimental signals [29]. Derivative-based approaches
are well established in other fields, where higher-order derivatives
of temperature-time curves are used to identify characteristic
transformation points and low-energy events [30-35]. Despite
their application in other fields, their systematic application to the
interpretation of friction curves remains limited [19]. In this
context, the present work proposes a derivative-based
methodology using the first (1st), second (2nd), and third (3rd)
derivatives of the COF curve to enable an objective and
quantitative analysis of friction evolution. Before derivative
computation, a signal filtering procedure was applied to reduce
noise while preserving the morphological features of the friction
curve. The proposed approach allowed the precise identification
of wear stages and transition points, providing an accurate
determination of the onset and termination of each stage and their
correlation with dominant wear mechanisms. In particular, the
steady stage was shown not to coincide with the maximum CoF
value but to occur subsequently at a characteristic low-energy
transition point in the friction curve.

The methodology was applied to an AI80Mgl0Si5Cu5
aluminium alloy produced by HPDC, designed for high wear
resistance [36, 37]. Validation was achieved by correlating
derivative-based indicators with wear evolution and surface
topography. Overall, this approach provides a robust quantitative
tool for understanding friction and wear behaviour, with strong
potential for monitoring and anticipating changes in wear
mechanisms and for supporting the automation of wear control
systems.

2 Methodology

2.1 Signal filtering

First, to mitigate experimental noise and micro-fluctuations in the
CoF curve that may distort derivative calculations and produce
false stage transitions, the raw data were grouped and smoothed
[38, 39]. Several types of filters (Chebyshev type I and type II, FIR,
Cauer, Savitzky-Golay, Butterworth, Bessel, Gaussian, moving
average, and median) were studied, according to their function
and possible implementation [40]. The filtering process was
performed using Python software, version 3.12 (2023). To apply
the filtering systems, the data from the minimum AT was
interpolated, ensuring a uniform sampling [41]. Some filters over-
smoothed the signal and may suppress relevant events (inflection
points), whereas others either failed to sufficiently attenuate noise
or introduced signal displacement (phase shifts), resulting in
unstable derivative response. The centred moving average filter
was selected because it smooths the signal by averaging data
points within a sliding window, whose time duration determines
its effective bandwidth. The number of points included in the
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averaging window depends on the sampling frequency. It is very
suitable for smoothing applications characterized by a flat
response at low frequencies, smooth transitions, and effective
attenuation of high-frequency fluctuations [42], providing a stable
basis for derivative computation without requiring additional
assumptions. Some previous studies have applied it to friction
signal analysis, supporting the suitability and reproducibility of the
chosen approach [19].
The centred moving average filter is defined by Eq. (1):

Yl = s Lo alnK 1)

where x[n] represents the original discrete signal, y[#] the filtered
signal, n the sample index, x[n + k] the values of the original signal
within a window of length 2M + 1 centred at n, and M the
number of samples taken on either side of the central value, with
M =30.

2.2 Proposed analysis method

The CoF smoothed signal can be treated as a continuous time-
dependent signal suitable for numerical differentiation. While the
filtered CoF curve provides a clearer representation of the global
frictional behaviour, subtle changes associated with transitions
between wear regimes or low-energy tribological events may
remain hidden. To extract this information, a derivative-based
analytical approach is proposed, in which the smoothed CoF
curve and its successive derivatives were analysed as a function of
time. The 1st derivative (d(CoF)/dt) represents the rate of change
of friction [43] and is related to the onset, intensity, and direction
of transitions between wear regimes. The 2nd derivative
(d(CoF)/d#) describes the acceleration, deceleration, or the rate of
change of the velocity at which it moves and provides information
on the initiation or termination of tribological events, with its zero-
crossings corresponding to turning points in the CoF evolution.
The 3rd derivative (d°(CoF)/df), commonly referred to as jerk, is
particularly sensitive to rapid variations in acceleration and micro-
instabilities in the frictional response, with near-zero values
indicating stable sliding conditions [32, 33]. The first and
successive derivatives can be calculated using a standard
differential quotient derivative algorithm, in which the derivative
for each data point is calculated by averaging the differential
quotients between two adjacent data points and the data point of
interest [44]. In Fig. 1, the mentioned algorithm is graphically
represented and calculated using Eqs. (2) and (3).

The slopes S,, between points P, and P, and S;, between the
data points P; and P, follow Eq. (2):

W _ V2= Wgnds, = Do 0=

SZl =
0%y X —Xx 0%y X3 — X,

Finite-difference
First derivative

P; (x3,y3)
-o- Maincurve

Slope = Ay/Ax

; AV..= V. —
~dyldx at P, Y3 = VY3~ V2

P, (x,.y,)

Py (x1.y1)

Fig.1 Finite-difference scheme used to estimate the first derivative from
discrete data.
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The derivative D, of data point P2 is calculated by means of
Eq. (3):

_ SZI + SSZ

D, 5

3)

3 Experimental procedure

3.1 Materials and manufacturing processes

The Al80Mg10Si5Cu5 alloy was manufactured by HPDC, with a
950 t injection machine (PT-650, Pretansa). A 500 kg capacity
electrical furnace (Dugo EBC, Dugopa) was employed for melting
and holding the alloy. As charge material, returns and ingots of
AlSi7Mg, AM60B, and AlSi9Cu3 alloys were employed, acting as
the melting bath base. The working temperature was adjusted to
700 °C, and the molten metal was injected at 680 °C. Casting parts
were extracted and immersed in water at 50 °C.

3.2 Analysis of chemical composition

The composition of the experimental alloy was determined before
and after the casting process by a discharge optical emission
spectrometer (OES; Spectro, Spectrolab).

3.3 Ball-on-disc wear test

Dry sliding wear friction tests were carried out in a sphere-on-
plate reciprocating configuration using a tribometer with BoD
mode. The tests were performed at RT according to the ASTM
G99-05 [45]. Figure 2 displays the equipment and procedure.
Alumina balls with a 6 mm diameter and a hardness of
1,250-1,700 HV were used as counter-face bodies. Test conditions
are summarized in Table 1. The data acquisition of CoF during
the test was performed using MT4002 software (version 12.0,
Microtest S.A.), connected to a BoD tribometer (MT2/60/NI,
Microtest S.A.), which provides a friction force resolution of
+0.2 mN. The repeatability was ensured by repeating the test at
least three times. Plate-shaped casting test plates were machined
into test coupons of about 50 mm x 50 mm X 5 mm.

3.4 Determination of the wear rate

The specific wear rate was evaluated using a three-dimensional

Fig.2 Detail of sample mounted on tribometer arm.

Table1 BoD test parameters

Test parameter Selected value
Load (N) 15
Velocity (m/s) 0.1
Rotation speed (r/min) 127.33
Sliding distance (m) 500
Track diameter (mm) 15
Environment Dry air
Relatively humidity 40%

https://doi.org/10.26599/FRICT.2026.9441227

(3D) laser scanning confocal microscope (DCM 3D, Leica),
providing an accurate measurement of the real geometry of the
wear track, with high-resolution topographical information
[46, 47]. The total wear area was determined by analysing at least
16 two-dimensional (2D) sectional profiles uniformly distributed
along the wear track using Leica map software. For each profile, a
line scan perpendicular to the sliding direction was extracted, and
the enclosed area was calculated. The wear volume was then
obtained by multiplying the average cross-sectional area by the
circumference of the wear track, and the specific wear rate was
calculated in terms of volume loss per unit load and sliding
distance (mm’/(N-m)) by dividing the total worn volume by the
applied normal load and the total sliding distance [48, 49]. In
addition, the worn surface and subsurface regions were
systematically examined to identify the prevailing wear
mechanisms and damage features. Microstructural and
compositional analyses were carried out using a scanning electron
microscope (SEM) coupled with an energy-dispersive X-ray
spectrometer (EDS) (ESEM; Quanta 200, FEI).

4 Results and discussion

4.1 Chemical composition of the experimental alloys

Table 2 summarizes the chemical composition of the
Al80Mg10Si5Cu5 HPDC alloy.

4.2 Analysis of ball-on-disc test and application of signal
filtering

Figure 3 shows the raw and smoothed CoF curves. The raw CoF
signal exhibited pronounced fluctuations and a high dispersion,
particularly at elevated CoF values, whereas the smoothed curve
preserved the overall trend, retaining the critical features of the
friction curve without any noticeable phase delay. The different
wear stages, identified based on friction data [11-13], were also
highlighted. While these stages could be visually estimated from
the smoothed curve, their identification became more challenging
when using the raw, unsmoothed signal.

Low CoF values, approximately 0.1, were first measured, and
then, CoF values increased, reaching a maximum of about 0.50. At
around 20 m (200 s), CoF values decreased until a steady value of

Table2 Chemical composition (wt%) of AIBOMg10Si5Cu5 HPDC alloy

Reference Al Si Fe Cu Mn Mg Zn
Al80Mgl10Si5Cu5  78.93 563 025 4.67 0.13 10.32 0.08

0.65

Raw COF
——Smoothed COF

Stage 1

Stage 2 Stage 3

0.35 LAERY T

0.30
o 100 200 300 400 500

Distance (m)

Fig.3 CoF recorded values (raw and smoothed) for as-cast AI80Mg10Si5Cu5
HPDC alloy.
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approximately 0.375 was reached at around 100 m (1,000 s), after
which the values remained stable or showed a slight increasing
trend.

Table 3 summarizes the mean values and standard deviations
(1) obtained from both raw and smoothed friction curves, and the
specific wear rate (K), all of which should be interpreted as
comparative indicators for the AlI80Mg10Si5Cu5/alumina friction
pair under the specific experimental conditions of this study.

In Fig. 4, we can observe many possible points that could be
defined as the starting or end of the different stages directly from
the original smoothed curve, yet it is not clear from the raw curve.

4.3 Study of topography at different distances

Wear rate was obtained at periodic interruptions, as shown in

Table3 COF and wear rate coefficient values of AI8S0Mg10Si5Cu5 HPDC
Curve COF u K (mm*/(N-m))

0.38+£0.01

0.38+0.008

Raw curve (9.941.9)x10-
.9+1.9)x10"
Smoothed curve

0.55

COF

0.30
0 100 200 300 400 500
Distance (m)
Fig.4 Friction curve indicating possible characteristic regions by SEM and
optical profilometry.

Fig. 5. There was a progressive increase in track width and height
with distance up to the total sliding distance of 500 m, with
material removal faster in the first stages, and then, a steady-state
condition was reached at around 100 m and maintained until the
end of the test..

In the first 5 m, the wear track was very smooth, with some
material loss, and the wear track became clearly visible after
approximately 10 m. After 30 m, debris material was observed on
the worn track. These findings agree with the results obtained in
Fig. 6. They provide evidence of a significant material removal in
the range of 5-100 m, and then, the wear rate decreased
progressively with increasing distance, as an asymptotic curve.

The different wearing mechanisms and friction behaviour were
studied by analysing the morphology and chemical composition
of the worn area at different distances using SEM and EDS, as
shown in Fig. 7.

During the first 5 m, the sample surface appeared quite smooth,
with only some removed material along the sliding direction.
Corresponding EDS analyses revealed the absence of an oxide
layer in the worn surface (points 1 and 2 in Table 4), showing a
very similar composition to the matrix composition.

After 10 m, small debris oxide particles (point 3) and some
plastic deformed areas (points 4 and 5) were detected as a
consequence of the plastic deformation of the material asperities
[14, 49]. Because of the dragging of some debris embedded in the
aluminium matrix, abrasive grooves running along the sliding
direction began to be created, leading to an abrasion wear
mechanism. These oxides were not uniformly presented on the
worn track as observed in various areas (point 6).

At 20 m, the formation of more uniform debris was observed
(points 7 and 8). Also, plough lines were visible above the wear
track, confirming that abrasion is the main wear mechanism.

After 30 m, more pronounced ploughing was detected, with
some oxide particles (point 9) which can be compacted on the
surface and prevent adhesive wear [50]. While larger phases are
generally detached from the track, coarse phases remain
embedded in the matrix, with the hard oxide particles being
responsible for micro-cutting the surface and causing the plastic

L] 5 10 15 20 mm

2
mm

Fig.5 3D projections of samples at different test distances.
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Fig.6 Wear rate evolution with test distance.
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deformation
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Rlastie™ g
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Fig.7 SEM and EDS analysis at different test distances.

deformation of the matrix. Therefore, plastic deformation of the
worn area on the exterior diameter of the track was visible.

Finally, between 100 and 500 m, abrasion was characterized by
regions with surface grooves and some parallel ploughing
produced by abrasive fragments, as shown in point 11. This debris
on the wear track can result in a slight increase in the friction
values [14].

Subsequently, the chemical compositions of the above-
mentioned points examined by EDS are collected in Table 4.

4.4 Use of the derivative-based methodology on the friction
curve

In this section, each stage and the characteristic points determined
by derivatives are described.

~Lr]..  Debtis,

quJghing ;

100:pm

ot I—

14

T

s Plastic
oughing deformation
"~..__.

100 pm

Table4 EDS composition (wt%) of the analyzed points

Area/point O Al Mg Si Cu Fe
1 — 81.3 10.0 4.3 4.3 —
2 — 82.0 9.7 4.1 4.2 —
3 1.3 77.8 9.3 14 10.2 —
4 4.5 73.2 13.0 5.1 4.0 0.3
5 4.5 75.8 11.5 3.4 4.8 —
6 4.1 80.8 7.8 2.8 4.5 —
7 2.3 69.7 16.1 9.0 2.9 —
8 3.8 66.4 17.8 9.0 2.8 —
9 15.0 20.2 3.4 59.7 1.7 —
10 2.0 78.3 10.7 4.2 4.9 —
11 27.8 56.5 9.0 3.0 3.7 —
12 27.7 56.8 9.1 2.8 3.7 —
13 11.5 68.2 9.2 2.9 7.6 0.6
14 27.1 55.8 7.8 2.6 6.7 —
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4.4.1 Previous phase or zero phase

The previous stage is related to the settling of materials in the test
bar. Also, the first fracture and deformation of the softer surface
asperities can take place [51]. Using the derivative method, four
characteristic points were defined to describe the zero phase, as
shown in Fig. 8.

The first characteristic point corresponds to the starting point
Py;, where the velocity (Ist derivative) and acceleration (2nd
derivative) begin to increase. It is identified by the positive zero
crossing of the 1st and 2nd derivatives. At this stage, the ball starts
to move over the sample surface, although friction remains
negligible.

In P,,, the acceleration reaches an initial maximum within this
stage, while the velocity remains positive, as identified by the
negative zero crossing of the 3rd derivative. CoF begins to increase
slightly, and the velocity continues to rise, but at a reduced rate,
associated with the first punctual contacts between the ball and
surface asperities, leading to local abrasion and a temporary
deceleration of the motion, which contributes to the initial
increase in CoF [11, 52].

At Py, the velocity reaches its maximum value within this
initial stage, while the acceleration becomes negative, as identified
by the negative zero crossing of the 2nd derivative. After this
point, the velocity gradually decreases, and a slight reduction in
the frequency of oscillations is observed, which can be related to
the progressive removal of surface asperities [52] and the
generation of fine wear debris [53], which promotes a more
conformal contact between the sliding surfaces.

Point Py, marks the end of this preliminary stage and coincides
with the beginning of stage 1 (P, ). At this point, both velocity and
acceleration return to positive values, as identified by the positive
zero crossing of the 2nd derivative, reflecting an increase in the
relative motion between the ball and the surface, while the CoF

0.55 2.0x10

—COF
0.50 N = =First derivative "
0.45 : \ ~=Second derivative | [ 1->*10 T
H 5 — ~Third derivative <
! \ 1.0x107
0.40 ! . I o
| \ ] >
w 0.35 IN \ / -
S 'y \ ! s 2
o 1 N 1 F5.0x10° 5
\ 1 -~
0.30 ol Y \ 7 ~
Pos 2 mme=afoa = 4 :
0.25 ___\;- socmmdafeal £
\ 2”7 4 2
— Y 4 1~
0.20 ~ S g
Seao_-’ b -5.0x10"
0.15
0.10 -1.0x10?
0 5 10 15 20 25
Time (s)
Fig. 8 Detail of previous stage determination applying derivatives.
0
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remains nearly constant and very low, indicating that full
frictional engagement has not yet been established.

In Fig. 9, 2D and 3D optical surface profilometry analyses at
5 m are shown, with a slight penetration of the ball in the sample
(up to about 67 pm) and the suppression of surface asperities.

The analysed area at 5 m (50 s) is very close to that at 2.5 m
(25 s), demonstrating that derivative-based analysis can define the
settling of the materials and identify the stage 0 zone, as the
settlement has been performed.

4.4.2 Stage 1

In this stage, the CoF values start to increase until the shear
strength of the junctions is reached [54], presenting high
magnitude values of velocity and acceleration. Although stage 1
corresponds to a single physical running-in regime, the derivative-
based analysis reveals several internal transition points associated
with changes in dominant contact and wear mechanisms. Up to
twelve characteristic points describing this stage can be observed,
as described in Fig. 10.

P, marks the beginning of stage 1, with velocity and
acceleration curves starting to present positive values, determined
by the positive zero crossing of the 1st and 2nd derivatives with
respect to the x-axis. Also, the 3* derivative or super-acceleration
curve starts to become visible. An increased movement between
the ball and the surface is presented, but there is nearly no friction,
with the CoF remaining constant. This has coincided with the
moment when the amount of debris on the track is equal to that
leaving the contact surface [55].

In P, ,, the super-acceleration curve reaches its maximum value.
From this point onward, CoF values start to increase due to
friction, increasing the acceleration. With super-acceleration,
abrupt and sharp movements take place [56], and the super-
acceleration can be determined by the maximum peak of the 3*
derivative, which could be related to the fracture and removal of
asperities and surface layer [52], and localized contact areas caused
by increased abrasion, which correlated with higher fluctuations in
the curve [57].

In Py, acceleration reaches its maximum value among all
stages, as determined by the negative zero crossing of the 3*
derivative with respect to the x-axis. From this point onward, the
acceleration begins to decrease, while the velocity and friction
values continue to increase. This could be related to the presence
of debris with coarser grains from the asperities of the surface
layer on the track, which favours plastic deformation [58]. When
the initial CoF is low, abrasive wear mechanisms are usually
observed [59]. When friction increases significantly, wear particles,
primarily from softer and ductile metals, lead to ploughing [60].
Due to plastic deformation, the debris [58] can crack [61],
propagate, and eventually separate, leading to their elongation in

(b)

Fig.9 Topography of as-cast AIBOMg10Si5Cu5 tested BoD at 5m (50 s): (a) 2D and (b) 3D optical profilometry.
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the sliding direction between the two surfaces and thereby
decreasing CoF [62]. When plastic deformation occurs, the CoF
tends to increase [58] and favours adhesion [50]. The transfer of
aluminium from the material to the ball also contributes to the
increase in the CoF [63].

At point Py, the velocity reaches its maximum value among all
stages, as identified by the negative zero crossing of the 2nd
derivative. From this point onward, deceleration occurs, CoF
values continue to increase but at a lower rate, and the amount of
debris increases, which in turn amplifies the abrasion [60].
Improved contact could lead to enhanced adhesion mechanisms,
with higher initial values and significant oscillations in the
coefficient of friction [59].

In point P 5, the super-deceleration reaches its highest value in
stage 1, after which the 3rd derivative values start to increase
slightly while the CoF shows a minor decrease, as determined by
the negative zero crossing of the 4th derivative with respect to the
x-axis, with the wear track containing fewer debris particles [58].

P,¢ corresponds to the first minimum peak of the 2nd
derivative in stage 1, as determined by the positive zero crossing of
the 3rd derivatives with respect to the x-axis. From this point
onward, the velocity starts to decrease slightly, indicating a gradual
attenuation of the contact dynamics. Only minor plastic
deformations are expected, suggesting progressive surface
accommodation before the main transition observed at P, ...

At P, the 1st derivative approaches zero, while the 2nd
derivative reaches a minimum, and the 3rd derivative attains a
maximum. This combination indicates a critical transition within
stage 1 associated with the formation of a larger real contact area
between the ball and the sample, leading to maximum abrasive
activity that accelerates the wear rate [11] and promotes the
separation of surface asperities from the sample [63]. At this point,
the previously accelerated increase in friction diminishes due to
severe asperity deformation and intense debris generation.

P4 is another interesting point to analyse. At this point, the

0.60 2.0x10™"
0.55 b 1.5x10"
0.50 b 1oa0?
Piu Py "‘4
0.45 t 5.0x107
2
0.40 0 =
£ <
uw 0.35 F -5.0x102 2
S Py
© g
0.30 b -10x107 2
S
0.25 b -L5xa0t §
0.20 —coF b -2.0x10 °
§ = =First derivative et
0.15 p = =Second derivative L _2.5x10"
==-Third derivative
0.10 -3.0x10
20 40 60 80 100 120 140 160
Time (s)
Fig. 10 Detail of stage 1 analysis applying derivatives.
0
20
40
60
80
100
120
140
um

super-acceleration values start to decrease again as the acceleration
curve reaches an inflection point, while the velocity values also
begin to decrease. This point can be determined by the negative
zero crossing of the 3 derivative with respect to the x-axis. When
the asperities are ploughed and sheared, the debris starts to
reorganize or be expelled from the contact, and the contact
interface begins to be locally smoothed. As a result, the friction
remains high but no longer increases aggressively [54].

In P,y the maximum CoF value is reached, but the super-
acceleration values are near zero, as determined by the negative
zero crossing of the 1% derivative with respect to the x-axis. At this
point, a significant abrasion effect is still observed on the ball [11],
while new layers with a composition similar to the AlSiMgCu
alloy may adhere to the contact interface, decreasing CoF values
[13]. This first peak is common in cases where oxides are present
on the surface of the sample, forming a transient protective film
[11]. When two friction peaks are observed, the second peak is
typically lower than the first one due to the progressive
modification of the sliding interfaces caused by prior loading.
Conversely, when a second peak is not detected, increased plastic
deformation of surface asperities reduces surface roughness,
leading to a pronounced decrease in the quasi-static coefficient of
friction [54].

Points P, ), and P, ;; mark the end transitions of the running-in
stage, where the coefficient of friction temporarily stabilizes, but
the system still exhibits dynamic readjustments of the contact
surfaces. Such internal transitions within the friction profile have
been linked in the tribology literature to evolving contact
mechanics and surface interactions rather than to fully stable
conditions [64].

Point P, ;, matches the final of this first stage and coincides with
the transition point P,, of stage 2. At this point, the velocity and
acceleration curves exhibit low and stable values, indicating that
the running-in dynamics have significantly attenuated. The
determination of this transition is often challenging when based
solely on the friction curve, which may explain why some studies
define the onset of the second stage at the maximum CoF value
[65]. In contrast, the present derivative-based approach defines the
end of stage 1 as the point at which the combined low values of
the first- and higher-order derivatives indicate a stabilized
dynamic behaviour, where the influence of previous transient
events is no longer dominant. This condition marks the end of the
active running-in stage and the onset of a transitional relaxation
stage rather than a fully steady-state condition.

Remarkably, from this point onward, the third-derivative signal
exhibits more stable behaviour, suggesting a reduction in high-
order dynamic fluctuations. This response is consistent with the
progressive formation of tribological layers, such as oxide-rich
tribolayers [66] or adhesion layers [11], which may promote
cleaner contact conditions and contribute to a gradual reduction

Fig. 11 Topography of AI80Mg10Si5Cub5 tested BoD at 10 m (100 s): (a) 2D and (b) 3D optical profilometry.
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in friction and abrasive wear [37]. The stability of this response
may persist until the adhered material layer either stabilizes or is
removed, as reported in the literature [11].

During stage 1, the rapid increase in the CoF is consistent with
abrasive wear mechanisms such as ploughing and micro-cutting,
in which harder asperities and newly generated debris act as micro-
cutting edges along the sliding direction. As shown in Fig. 11, the
sliding distance range of 5-10 m (50-100 s), corresponding to
stage 1, correlates well with the results obtained from 2D and 3D
optical surface profilometry analyses. In contrast to the subsequent
stages, material removal during this stage is more pronounced,
reflecting the severe nature of the running-in process.

It can also be observed that the shape of the track is quite
homogeneous, corresponding to the concluding transitions of the
running-in stage, where the coefficient of friction temporarily
stabilizes, and also, there is a correlation with the corresponding
10 m values in points P, 4 to P, ;, in the curve.

The debris particles were mainly generated in stage 1 within the
5-10 m (50-100 s) interval. In Fig. 12, the observed particles are
characteristic of abrasive micro-ploughing and micro-cutting wear
mechanisms [67], which are the primary material removal
processes in ductile materials [13, 68, 69]. These particles include
stratified structures and grooved features, with micro-ploughing
during this stage.

4.4.3 Stage 2

The second stage corresponds to a transitional regime occurring
after the maximum CoF peak and before the establishment of the
quasi-equilibrium phase. During this stage, strong adhesive
junctions formed during the initial loading are progressively
sheared and replaced by weaker ones, leading to a decrease in the
CoF as plastic deformation becomes dominant and the surface is
progressively accommodated [54].

Concurrently, the magnitudes of velocity, acceleration, and
super-acceleration decrease, indicating a stabilization of the sliding
conditions. The reduction in CoF is further promoted by the
increasing role of fine wear debris, which can act as solid
lubricants or rollers, partially evolving the contact toward a three-
body abrasive regime and favouring tribolayer formation and
friction stabilization. The size, morphology, and orientation of the
debris play key roles in this process, as fine and active particles can
promote tribolayer formation and friction stabilization [70, 71].
When debris particles are oriented perpendicular to the sliding
direction, the real contact area is further reduced, contributing to a
more stable friction response [11]. In this stage, seven
characteristic points can be determined, as shown in Fig. 13.

During stage 2, the system enters a relaxation and
accommodation regime in which several internal characteristic

"
Multilayered )f
structiire or 3

Fig. 12 Morphology of debris caused between 5 and 10 m (50-100 s).
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points can be identified. Unlike stage 1, these points do not
correspond to abrupt changes in the dominant wear mechanism,
but rather to progressive adjustments of the contact conditions.
The magnitude of the 1st, 2nd, and 3rd derivative signals remains
low, while the frequency and amplitude of friction oscillations are
progressively reduced, associated with the gradual removal and
reorganization of debris, as well as with the growth of an adhered
tribolayer on the ball and/or the wear track, which promotes
smoother sliding conditions and a gradual decrease in the
coefficient of friction [13, 72]. Previous studies have shown that
the transition from running-in to stable friction regimes is
governed by the formation of aluminium transfer layers on the
counterbody surface [73].

The point P, corresponds to the start of stage 2, as determined
by the positive zero crossing of the 2nd with respect to the zero
axis. From this point onward, deceleration reaches its highest
value during stage 2, and rotational velocity increases due to the
reduced force exerted. The track cleaning process begins.

The intermediate points identified within stage 2 (P,,-P,¢)
correspond to the moments of progressive relaxation and surface
accommodation, rather than to abrupt changes in the dominant
wear mechanism.

In P,,, the values for the 3rd derivative reach a local maximum
value; while the 1st derivative exhibits its last noticeable oscillation,
corresponding to a local minimum, indicating the final transient
dynamic adjustment at the onset of stage 2, with a rapid initial
reorganization and removal of wear debris [74], resulting in fewer
particles on the wear track. The sliding conditions become
progressively smoother, facilitating easier motion and contributing
to the relaxation of the friction response [64].

At P, the 2nd derivative reaches a local maximum, while the
3rd derivative values decrease toward quasi-zero levels, indicating
a transient increase in curvature followed by dynamic attenuation.
Physically, this reflects progressive debris removal and
reorganization, leading to fewer obstacles along the wear track and
smoother sliding conditions.

Following point P,, points P,5 and P,4 present very similar
derivative signatures and friction trends, indicating that they
belong to the same advanced relaxation regime. In this interval,
the CoF continues to decrease gradually, while the velocity and
higher-order derivative values remain low and stable. The
presence of debris with spherical and cylindrical morphologies can
promote a reduction in the CoF by acting as rollers or solid
lubricants at the interface under dry sliding conditions [55, 69].

In addition, the progressive reduction in the frequency and
amplitude of friction oscillations suggests a decrease in plastic
deformation and adhesive interactions [57], which can be
associated with the growth of an adhered tribolayer on the ball
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Fig. 13 Detail of friction and derivative curves in stage 2.
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and/or the wear track as a result of continued material removal
during this stage [13].

Finally, point P, is identified by the negative zero crossing of
the 2nd derivative with respect to the zero axis, while the Ist
derivative reaches a local positive maximum and subsequently
starts to decrease. This combined behaviour indicates a change in
curvature and the attenuation of the recovery trend, signalling that
the relaxation process has concluded, and a new friction regime is
being established. This interpretation is consistent with previous
studies reporting that running-in and the transition toward more
stable sliding conditions are inherently transient and non-
stationary processes, which cannot be fully characterized by a
single CoF value alone [75].

Figure 14 shows the surface topography corresponding to a
sliding distance range of 10-100 m (100-1,000 s), which falls
within the near start of stage 2.

The end of stage 1 exhibits fewer abrasion grooves and a
reduction in severe ploughing features. However, the surface also
presents more pronounced ball indentation marks and localized
wear in specific areas, with abrasive mechanisms progressively
attenuated during stage 2. These observations are consistent with
the relaxation and accommodation regime in stage 2, where the
contact becomes smoother, although local stress concentrations
can lead to isolated wear events [75].

4.4.4 Stage 3

Stage 3 begins at point P5; where the coefficient of friction reaches
a quasi-stationary regime characterized by a near-zero slope and
consistently lower values of the 1st and higher-order derivatives.
This point marks the establishment of a stable sliding response
[72], in which transient dynamic effects are no longer dominant.
In this stage, the velocity and acceleration signals exhibit their
lowest magnitudes, while the super-acceleration remains close to
zero, indicating a strongly damped system response. From this
point onward, wear is governed by stable and sustained
mechanisms, primarily abrasive micro-cutting combined with
plastic deformation of surface asperities. These mechanisms
operate under relatively constant contact conditions, leading to
gradual material removal without significant changes in the
friction response. Such a stable friction regime is particularly
relevant for applications such as brakes and clutches, where a
constant coefficient of friction is required to avoid undesirable
vibrations or jerky motion [76]. Three characteristic points can be
identified within stage 3. As shown in Fig. 15, abrasive micro-
cutting is still observed during the transitional interval preceding
P;,, whereas from P;, onward the wear process is dominated by
stable abrasion combined with plastic deformation under quasi-
stationary sliding conditions.

Point P;; marks the onset of stage 3, corresponding to the

establishment of a quasi-stationary sliding regime, and is
determined by the negative zero crossing of the 2nd derivative
with respect to the x-axis. At this point, the CoF exhibits a near-
zero slope, and all derivative signals remain low and stable,
indicating the absence of transient dynamic effects.

Point P;, corresponds to the consolidation of stage 3, associated
with the establishment of a quasi-stationary sliding regime. This
point is identified by the negative zero crossing of the 1st and 2nd
derivatives with respect to the x-axis, followed by low and stable
derivative values. At this stage, the CoF exhibits a near-zero slope,
indicating the complete attenuation of residual transient dynamic
effects. This behaviour suggests that plastic deformation becomes
a sustained wear contribution under stable contact conditions,
associated with an increased real contact area and possible mild
oxidative or microstructural strengthening effects [58]. From P;,
onward, the contact conditions become repetitive and well
established [15], allowing the dominant wear mechanisms to
operate in a sustained manner under stable sliding conditions.

The final characteristic point is P53 At this point, both the 1st
and 2nd derivative values become slightly negative, although their
magnitudes remain very low. This behaviour indicates a minor
attenuation of the friction response within the established sliding
regime. Consequently, the coefficient of friction becomes
increasingly constant, confirming the persistence of stable and
repetitive contact conditions characteristic of stage 3.

Figure 16 shows the surface topography corresponding to a
sliding distance range of 100-500 m (1,000-5,000 s), which falls
within stage 3. The surface profilometry analyses reveal a wear
track characterized by a greater penetration depth of the ball into
the surface, together with more pronounced abrasion grooves
between adjacent indentation regions. This topographical
response indicates that, under quasi-stationary sliding conditions,
wear is dominated by the combined action of abrasion and plastic
deformation. The increased ball indentation reflects a larger real
contact area and sustained plastic flow, while the presence of
localized abrasion grooves suggests continuous material removal
between successive contact zones. These observations are fully
consistent with the stable friction regime identified from the
friction curve and its derivatives during stage 3.

It can be observed that in the regions of P;, and P;
corresponding to the analysed topography, there is a quasi-
stationary regime, with steady modifications in the wear track.

During the friction test, different wear mechanisms exhibiting
both cyclic and continuous behaviour were identified. The
analysis of the 1st, 2nd, and 3rd derivatives of the CoF allowed the
characterization of the dynamic state of the contact and the
identification of transition and stabilization regimes along the
fricion curve. Periods characterized by high derivative
magnitudes and pronounced fluctuations of the CoF were

(b)

Fig. 14 Topography of AI80Mgl0Si5Cub5 tested BoD at 100 m (1,000 s): (a) 2D and (b) 3D optical profilometry.
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associated with severe abrasive interactions and rapid surface
evolution, particularly during the early stages of the test. In
contrast, stages where the derivative values progressively decreased
and remained close to zero were indicative of stabilized contact
conditions, under which abrasion combined with plastic
deformation became the dominant sustained wear mechanisms.
Furthermore, prolonged intervals of low derivative activity and
nearly constant CoF values were consistent with the formation
and stabilization of tribochemical or tribomechanical surface
layers, promoted by thermomechanical and thermochemical
interactions at the sliding interface [77-79]. In such quasi-steady
or steady sliding regimes, the stabilization of the CoF is commonly
linked to the development of transfer layers and/or oxide-rich
tribofilms [80, 81], which reduce direct metal-to-counterbody
contact and moderate wear. In AlSiMg-based alloys, the presence
of Cu [81] and larger spherical silicon particles [82] has been
reported to promote the formation of protective oxide layers,
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Fig. 15 Detail of friction and derivative curves in stage 3.
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contributing to a reduced wear rate [83]. In addition, fine and
active wear debris generated during steady sliding may further
assist tribolayer formation, reinforcing friction stabilization over
time.

Finally, Table 5 summarizes the raw and smoothed CoF values,
together with their 1st, 2nd, and 3rd derivatives. Each stage
corresponds to a distinct tribological regime, ranging from low-
dynamic contact to quasi-stationary wear. Significant differences
of more than one order of magnitude are observed between the
derivatives, highlighting their sensitivity to changes in the
tribological behaviour, their capability to capture changes in the
evolution, and stability of the frictional response.

4.5 Use of derivative-based analysis on stage area

percentage determination

Figure 17 compares the stage segmentation obtained from the
smoothed CoF curve using a conventional qualitative (visual)
approach with that obtained by applying the derivative-based
methodology. Visual inspection assigned only ~1% of the total
area under the CoF curve to the running-in stage (stage 1),
whereas the derivative-based approach increased this contribution
to ~4%. As a result, the relative contributions of stage 2 and stage
3 are redistributed (from 25% to 29% and from 74% to 66%,
respectively).

The running-in stage involves a rapid friction and surface
evolution that may not be evident from the CoF trend alone. The
use of 1st, 2nd, and 3rd order derivatives enables a more objective
identification of this highly active wear stage, which is particularly
relevant given that the area under the friction curve in the early
stages has been correlated with specific wear rate. Since stage 1 is
associated with severe abrasive interactions, visual segmentation

Fig. 16 Topography of AI80Mg10Si5Cub5 tested BoD at 500 m (5,000 s): (a) 2D and (b) 3D optical profilometry.

Table5 Mean, maximum, and deviation of CoF and its derivatives across different tribological stages

Stage Raw COF Smooth COF d(COF)/dt d*(COF)/dr d*(COF)/d#
Stage 0
Mean value 1.39x10™" 1.32x10™" 7.60x10™* 1.06x10~° -3.98x10°¢
Standard deviation 7.72x107° 2.56x10°° 8.06x10°° 3.54x107 3.98x1077
Stage 1
Mean value 3.51x10™" 3.25x10™" 6.74x107 1.28x10™* -2.68x10~°
Standard deviation 2.68x107 0.00 1.01x10™* 7.66x10° 4.53x107
Stage 2
Mean value 4.01x10™" 4.08x10™" —-1.70x10™* 4.53x10°° 6.55x107°
Standard deviation 6.10x107 0.00 6.31x10°° 1.91x107 7.74x107°
Stage 3
Mean value 3.79x10™! 3.73x10™! 8.60x10™° —-5.23%x10”° —-8.87x10™"
Standard deviation 5.49x10° 3.89x10~° 6.88x10°* 6.82x107" 5.45x10"
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Fig. 17 Comparison of stage segmentation methods.

may underestimate its duration, leading to an incomplete
assessment of wear severity.

5 Conclusions

This work has demonstrated the utility of a derivative-based
analysis of the CoF for the identification and interpretation of
wear stages during BoD tests performed on an AlI80Mg10Si5Cu5
HPDC alloy sliding against an Al,O; counterbody. By combining
the use of the CoF derivatives with surface and subsurface
analyses, the following conclusions can be drawn:

(1) The correlation between the derivative-based identification
of stage boundaries and the observed wear surface morphology
confirmed that the proposed methodology could enable objective
determination of the duration and sequence of the different
friction and wear stages.

(2) The selection of an appropriate filtering strategy is essential
for reliable results. The centred moving average filter provided a
suitable balance between signal smoothing and preservation of
curve morphology, ensuring stable and consistent stage
identification.

(3) The application of higher-order derivatives allows the
detection of characteristic points that are not evident from the
CoF curve alone, enabling a more accurate identification of the
onset and termination of highly dynamic and transitional wear
stages, and could be a useful tool for the control and anticipation
of changes in wear mechanisms and the automation of wear
control systems.

(4) The transient stage was shown not to coincide with the
maximum CoF value but to occur shortly afterwards, being
associated with a pronounced minimum in the second derivative.
This feature reflects a strong attenuation of friction dynamics and
marks the transition from the highly dynamic regime to a more
stabilized one.

(5) Although the absolute values of friction and wear depend
on the tribological pair and test conditions, the proposed
derivative-based methodology could generally apply to other
materials and sliding configurations for the identification and
monitoring of wear stages.
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