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Abstract: Modelling interface interaction with wave propagation in a medium is a fundamental
requirement for several types of application, such as structural diagnostic and quality control. In
order to study the influence of a pressure-dependent interface stiffness on the nonlinear response
of contact interfaces, two nonlinear contact laws are investigated. The study consists of a
complementary numerical and experimental analysis of nonlinear vibrational responses due to the
contact interface. The laws investigated here are based on an interface stiffness model, where the
stiffness property is described as a nonlinear function of the nominal contact pressure. The results
obtained by the proposed laws are compared with experimental results. The nonlinearity
introduced by the interface is highlighted by analysing the second harmonic contribution and the
vibrational time response. The analysis emphasizes the dependence of the system response, i.e.,
fundamental and second harmonic amplitudes and frequencies, on the contact parameters and in
particular on contact stiffness. The study shows that the stiffness—pressure trend at lower pressures
has a major effect on the nonlinear response of systems with contact interfaces.

Keywords: nonlinear dynamic response; second harmonics; experiments; numerical modelling;
interface stiffness

1. Introduction

Accurate contact interface modelling requires a knowledge of interfacial parameters, including
interface contact stiffness. For many applications, characterizing and understanding the contribution
of the interface to the dynamic response of the system is critical. These include robotic applications
[1], grippers [2], micro-bearings [3], adhesive surfaces [4] and, wherever dry contact occurs between
solids [5], with specific attention to lightly loaded joints. In the case of structural diagnostic, health
monitoring and quality control of components and joints, these are based on the measurement and
interpretation of wave interaction with joint interfaces or component defects [6].

Although contacts are common in practical engineering applications, there are certain aspects,
such as sensitivity to interfacial parameters, which are not fully understood and modelled. Such
sensitivity causes uncertainty in system performances and reliability predictions.

One of the main methods used to model a contact interface is to use a spring and a viscous
damper in parallel. Contact stiffness can be obtained from analytical contact models, for instance, the
Herzian contact model for spherical contacts [7]. In the case of rough surfaces in contact, the
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Greenwood and Williamson [8] statistical model and its successive reformulations [6,9-11] have been
used to obtain overall mean stiffness. Experimental values have been extracted using indirect
methods [12] or system identification methods [13].

Recently, Jin et al. [14] used a quasi-static model developed within the GW framework, in which
all the microscopic geometric features of contact interfaces are extracted directly from high-resolution
scanning electron microscopy (SEM) images of real fatigue cracks.

However, the development of increasingly sophisticated numerical models with contact
interfaces means that more reliable and fine contact parameters need to be defined. Contact stiffness
has been proved to be sensitive to contact conditions such as contact pressure [15-17], third body
rheology [18] and the true area of contact [19].

In more detail, the force is supported by surface asperities. As the force increases, more asperities
come into contact, while each asperity undergoes flattening deformation. In [20], three contact states
can be identified: total sliding, partial slip and contact loss. In the case of partial slip, roughness has
been described by Aleshin [20] using the Method of Memory Diagrams (MMD), a model developed
to describe partial slip for rough surfaces in contact. The MMD model was then extended to take into
account the other two regimes of total sliding and contact loss [21,22]. The contact interface has a
further nonlinear behaviour due to asymmetry between traction [23,24] and compression
configurations. During compression, the change in the contact interface configuration, as a function
of contact pressure, also results in nonlinearity in the interface response.

When these nonlinearities are activated by the interaction between propagating waves and the
contact interface, higher-order harmonics are then generated [25]. While these effects have been well
studied in the ultrasonic field [26], they also represent a new area of investigation from a vibrational
point of view [9]. In particular, the generation and features of second harmonics [27] deserve to be
further analysed and exploited.

In this context, the aim of this study is to present a numerical and experimental analysis to
provide a basic insight into the nonlinear vibrational response of a contact interface, as a basis for
evaluating nonlinear contact through stress-dependent stiffness in compression.

To this end, a numerical model with contact interfaces was developed, considering different
nonlinear contact models, with different stress-dependent stiffnesses. A specific contact law is
proposed, including a specific evolution of the stiffness for low pressures, and compared to a classical
power law, fitting experimental values.

An experimental campaign was then conducted on a specific test bench in order to investigate
the nonlinear response of the system, tested under a contact pressure of up to 1 MPa. By comparing
experimental and numerical nonlinear responses, the sensitivity of the system response to the contact
interface stiffness trend at low pressures was highlighted, where experimental data are missing in
the literature.

2. Materials and Methods

2.1. Description of the Approach

The study combines numerical and experimental analyses to provide basic insights into the
nonlinear dynamic response of a system with contact interfaces, under propagating waves due to an
impulsive-type force.

The nonlinear response of an experimental test bench (Figure 1) to an impulsive force is then
modelled in a one-dimensional framework, including two rough contact interfaces with nonlinear
contact stiffness.
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Figure 1. Experimental set-up.

The tested contact stiffness laws are first identified over a large contact pressure range, using
both the experimental tests and results from the literature [15,18,28]. However, there is a lack, both
experimentally and from the literature, of assessments of the stiffness trend within the lower pressure
range (less than 0.14 MPa). By comparing the nonlinear time responses of the experimental system
with the numerical results obtained by different stiffness—pressure curves, this gap is discussed.

The analysis was conducted in terms of the evolution of the amplitude of the fundamental and
second harmonics and their frequencies, as a function of the force amplitude. In fact, due to the
nonlinearity of the contact in compression, higher harmonics [26] appear in the spectrum of the
vibrational response.

The numerical results derived from a specific nonlinear law, reconstructed from the available
experimental data, are compared to other contact laws in the literature, in particular with respect to
constant linear contact stiffness [29] and the power-law relation between stiffness and pressure [15].

In this article, the system remains in compression for all the configurations throughout the
simulations. The “clapping” effect, which leads to a further strong nonlinearity [30] and denotes
intermittent loss of contact at the interface, is not studied in this work.

2.2. Experimental Set-Up

The set-up used for all the experimental measurements is presented in Figure 1. The system was
designed to estimate the contact stiffness between two rough interfaces of different sample materials,
within a range of average contact pressure up to 1 MPa, in both sticking and sliding conditions [18].
The system consists of a sample in contact with a massive steel disc and loaded by the dead weights
on a guide bar, as shown in Figure 1.

The guide is maintained by an air bearing, to enable it to oscillate and not introduce further
stiffness and friction in the vertical direction.

The tested sample consists of aluminium (Al). The material properties and surface roughness
are presented in Table 1.

Table 1. The tested aluminium sample.

Individual Sample Parameters Interface Parameter
Length Rough
irrf)t Contacting surface (m?)  Young modulus (GPa) Density (kgm™3) ous T:;s (hm)

0.015 1.15 x 10+ 71 2710 1
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An impulsive-type force is applied by an instrumented impact hammer (Briiel and Kjeer type
8202), while the dynamic response of the system is recorded by an accelerometer placed on top of the
guide bar.

All tests presented in the paper are performed on the system, with the overall weight of the
guide bar on top of the sample, generating a static equilibrium pressure o, = 0.14 MPa.

Measurements of the force and acceleration of the system are recorded using the acquisition
system (SIRIUS-DEWESOFT), based on DualCoreADC® technology with dual 24-bit delta-sigma
analogue to digital converter (ADC). An anti-aliasing filter on each analogue channel achieves a 160
dB dynamic range in time and frequency domains with 200 kHz sampling rate per channel. Data are
post-processed by Matlab.

We assume that there is no interface separation between the two contact surfaces during the
tests. This assumption is supported by the numerical simulations for the levels of impulsive excitation
used.

2.3. D Numerical Model

A one-dimensional numerical model of the experimental set-up was implemented (Figure 2)
consisting of the guide bar Q; of the experimental set-up and the tested aluminium sample ,,
modelled by unidimensional deformable bodies.

Two contacting interfaces are considered: the first between the guide bar Q; and the tested
sample (),, and the second between the tested sample and the frame, considered as infinitely rigid in
the model (tribometer disc). The model parameters are provided in Table 2. Note that, in reality, the
cross-sections of the guide bar ; and aluminium sample €, are different. Numerically, an
equivalent 1D-model with the same cross-section Sz is considered, corresponding to the contact

surface S.
Table 2. Geometry and material parameters of Q; and Q, in the numerical model.
Length L Mass m Young’s Modulus E Density Contacting Surface S,
(m) Kg) (GPa) (kgm~3) (m?)
Guide bar 0.229 1.61 71 2710 1.15 x 10
(Q4)
Sample (Q,) 0.015 0.00467 71 2710 1.15x 10+

For both interfaces, a nonlinear contact law is introduced. This law includes a nonlinear stiffness
function of the contact pressure.

Once a force is applied to the top of the system, longitudinal waves propagate along the vertical
x-axis and excite the longitudinal modes of the system, including the mass-spring mode, where the
mass is the guide bar and the spring is due to the stiffness in series of the sample and the two contact
interfaces.
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Figure 2. Diagram (a) and numerical model (b) of the set-up for contact stiffness experiments.

The numerical modelling assumes the following hypotheses:

e  The dynamic of interest is in the vertical direction, i.e., the numerical model can be reduced to
one dimension (1D) (Figure 2b);

e  The massive disc in the set-up can be considered as rigid within the frequency range of interest.

e  Throughout the analysis, the interface remains in contact. Thus, no dissipation occurs at the
interface and damping at the contact is disregarded;

e  The impact of the hammer can be modelled by introducing the respective force F into the
boundary conditions, measured at the tip of the instrumented hammer:

F
O/x=0 = S_Z

where 0/, is the stress at the upper side of the guide bar.

a. Governing equations

In the absence of elastic wave, the system is assumed to be free at the upper part and subject
only to its own weight. In a first static step, the equilibrium position of the system can be calculated.
For the longitudinal waves propagating along the x-direction (longitudinal), in both the guide
bar and the aluminum sample, the equation of motion is the following
0%u 0*u  du
2
LA (1)
o o Mot 9
where u (x,t) is the displacement in the x-direction at time ¢, from the non-deformed configuration,
c is the wave velocity, g is the gravity acceleration, / is the viscosity factor and ¢ denotes the time.
The viscosity factor / is constant in the model and was determined from the damping factor

f=—1

2mow
identified experimentally by logarithm decrement at the frequency of interest, which is the frequency

, where @ is the angular frequency of interest. The damping factor value & =0.035 was
0

of the corresponding mass-spring mode. In fact, the main mode of vibration, the focus of the analysis,
is the response of the guide mass to the stiffness obtained by the bulk stiffness of the sample in series

with the stiffness of the two contact interfaces (Figure 2).
The model is discretized in both time and space using the Euler scheme [31].
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The unidimensional wave Equation (1) has been discretized using a second order centered finite
difference (FD) scheme, explicit in time, as follows
uttl — 2t 4 ! ulh = 2ult +ult utl —

)
5t2 ¢ 5x? T @)

=g,Vke[2,ny — 1] U [n; + 2,y +n, — 1]

where the subscript k indicates the node number and m indicates the time step number, with dx and
6t corresponding, respectively, to the space and time discretisation steps. n; and n, are,
respectively, the total number of nodes contained in solids Q1 and Q2. This second-order general
scheme is conditionally stable under the classic Courant-Friedrichs-Lewy (CFL) condition:

s ®
bx
Equation (2) can be re-written to obtain the displacement at the next time step m + 1 for each
internal node, as follows

um+1 — um 2(1 - C(l) + az al
k k 1+a, 1+a,

Uy + ) + (gdt? — w1 @

1+a,

Vke[2,n, —1]U [ny +2,ny + n, — 1]

c?st?
where a; = 3

— and a, = h.dt
At contact interfaces (at x=x.; between the two solids (1 and (2 and x=x., between 2 and the
frame), the contact stresses o(x= x¢4,t) and o(x= x,,t) has the following expression in compression

o(xci, t) = K(o(xci, ) Dug; ©)
where K denotes the nonlinear stiffness of the contact interface depending on the contact stress and
Aug; the gap distance at interfaces. i indicates either the contact between the two solids Q1 and Q2 (i
= 1) or the contact between Q2 and the frame (i = 2).

In order to evaluate properly the solution at both contact interfaces (o(x¢;, t), K(o(x¢;,t)) and
Augy;), it is necessary to solve Equation (5), and thus apply an implicite scheme (finite difference),
using the relation between the contact pressure and the gap distance extracted from the implemented
nonlinear relation between the stiffness and the pressure, presented in what follows.

b. Contact law

Contact between two interfaces is generally modelled by a relationship between the interfacial
gap and the contact pressure. The contact laws can be extracted analytically from various statistical
models of rough surfaces. Drinkwater [11] and Baltazar et al. [32] attempted to link the roughness
topography to the contact stiffness, transmission/reflexion coefficients, measured ultrasonically, and
frequency.

However, it is generally difficult to take into account all the detailed information about third
body [33] features, i.e., local deformations and interactions within a real interface and roughness
[34,35].

As an alternative approach, the desired function can be modelled as a nonlinear contact stiffness,
with respect to the applied contact pressure. When two rough surfaces are pressed together, the
stiffness K. per unit of area of the interface is given by the rate of change in nominal pressure o with
the average interfacial gap. Contact stiffness Kc can be determined in general from [9]

do (6)
~ou
where ¢ is the nominal contact pressure and u is the average interfacial gap.
In the literature, for higher contact pressures (greater than 0.14 MPa, which is the lowest value
of pressure used for the experimental estimation of contact stiffness, see Table 2), contact stiffness is

c
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often assumed to follow a power law [15]. This latter model gives the relationshi between the contact
stiffness and the applied pressure as follows

do
K. =— 0
where C and m are positive constants.
In this study, the contact stiffness of the tested samples was previously determined by
experimental measurements, as reported in [18]. From preliminary dynamic tests at different contact

@)

—Co™

pressures, the contact stiffness between 0.14 and 1 MPa could be estimated. Table 3 shows the results
for contact stiffness as a function of the average contact pressure for the aluminum-aluminum
interface, with a surface roughness of Ra=1 pum.

The data highlight how the contact stiffness increases with the rise in the average contact
pressure. The contact stiffness values range from 1.15 x 1012 to 2.46 x 1012 Pa/m when the contact
pressure increases from 0.14 to 1 MPa.

Evenif a contact interface is expected to show hysteresis, with a slightly different stiffness during
loading and unloading phases, the authors considered this effect negligible, or at least not
measurable. The complexity of an interface, including third body particles, chemical bounds and
oxides, leads to the need for an overall approximation, which is here represented by the stiffness
parameter. Of course, such approximation can have different implications, as a function of the wished
phenomena to be investigated.

Table 3. Normal contact stiffness as a function of the average contact pressure in sticking condition
[15].

Aluminium Ra=1 um
Contact pressure [MPa] P=0.14 P=0.35 P=0.57 P=1
Kc [Pa/m] 1.15x1012 1.75x102 1.63 x 1012 2.46 x 102

These experimental results are useful for defining the numerical contact stiffness within the
tested range of contact pressures. Nevertheless, for implementing the contact law in the numerical
simulations, it is necessary to define the stiffness for the whole pressure range [0; 1 MPa], in which
the contact pressure will vary.

A first approximation within this pressure range was obtained by approximating the
experimental measurements by a power law function, as in Equation (3). The least squares method
allows a good agreement with the experimental data (Table 3), which are available from pressure 0.14
MPa. This agreement is obtained for C =1.81 x 10 Pa/m and m = 0.35. The power law (“PL” in Figure
3a) is thus defined to approximate the experimental points ( Table 3.).

While this power law has been built with consideration to the measurements and the literature
dealing with higher pressures, the approximation of the trend at lower pressures is completely
arbitrary. In order to model the contact stiffness trend for lower contact pressures, other experimental
observations in the literature [6] have been exploited. These experimental results show the existence
of an inflexion point for low-contact pressures (Figure 3b). From experimental results (Table 3) and
the literature [6] it is then possible to propose a different overall contact stiffness trend, as a function
of the contact pressure, including the inflection point between 0.14 and 0 MPa (“Modified PL” in
Figure 3
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Figure 3. Normal contact stiffness as a function of contact pressure in compression conditions. (a)
Experimental results (red cross); Modified PL (blue triangle); PL (black circle). (b) Modified PL (blue
triangle) and experimental data from the literature [6] (black square)

Finally, the stiffness laws, which will be investigated in the following, are:

power law.

and for lower pressures it accounts for the inflexion point reported in [6].

The “PL” law, corresponding to the best approximation of experimental data (Table 3) by a

The “Modified PL”, defined piecewise. It is equal to “PL” for pressures greater than 0.2 MPa,

The relationship between the contact pressure and the interfacial gap can then be extracted from
the implemented nonlinear relation between stiffness and pressure. For example, the results derived
from the “Modified PL” are shown in Figure 4, highlighting the nonlinear response of the interface.
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0 0:2

Figure 4. The corresponding contact pressure-interfacial gap trend for the ‘Modified PL".
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In the following, the experimental nonlinear response of the system to an impulsive excitation
force will be compared with the nonlinear response obtained by the simulations with the different
laws analysed. The comparison will allow for a discussion of the different laws considered to simulate
the effective interface stiffness nonlinearity.

3. Experimental and Numerical Comparison

3.1. Dynamic Response of the Contact System

The aim of this section is to compare the numerical and experimental dynamic responses of the
system (Figure 2), in time and frequency. For the sake of conciseness, the comparison of the time
signals with the experiments is first reported only for the “Modified PL”; in the following section, the
general results obtained by both laws will be compared with the experiments.

Experimentally, an impulsive force was applied to the upper side of the guide by an
instrumented hammer (PCB Piezotronics-086C03). The case presented hereafter corresponds to an
impulsive force of 32 N. The applied force and the acceleration are measured and shown in Figure
5.a,b, respectively. For the numerical model, the measured experimental force has been interpolated
(see Figure 5a) and introduced as a boundary condition in the numerical simulation. The model
presented in Section 2, with the “Modified PL”, has been used to simulate the system response to the
force.

Figure 5b shows the respective experimental and numerical accelerations, due to the dynamic
system response.

Z 0
S 10} :
L
D 20 , .
= Experimental force
S-30F 1 . . Numerical force -
0.0994 0.0996 0.0998 0.1 0.10020.1004 0.1006 0.1008
Time(s)
_ (b)
T 20 - - .
tn
E
S 0
©
ko Experimental acceleration
3 o0 Numerical acceleration |
g 20 , . i A )
0.09 0.095 0.1 0.105 0.11 0.115 0.12

Time(s)

Figure 5. (a) Force signals over time, for a single force; (b) Acceleration signals over time obtained
with ‘Modified PL’. Test performed with average contact force 32 N.

Experimental and numerical responses show good agreement in amplitude and time evolution.
Figure 6 shows the Frequency Response Functions (FRF) [26], which provide the response of a system
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to an external excitation in the frequency domain. They are calculated from both numerical and
experimental signals, to characterize the dynamics of the system. The numerical curves shown in
Figure 6 correspond to the one obtained with a constant interface stiffness of 8.5 x 1011 Pa/m (dashed
line) and the one obtained with the “Modified PL” presented in Figure 3. The equivalent constant
stiffness of 8.5 x 1011 Pa/m was calculated to obtain the same frequency for the first harmonics of the
“Modified PL”, to highlight its nonlinear contribution to the system response.

7 Ll I T
- = =-constant stiffness Kc=8.5 E+11 Pa/m

—*— EXxperimental measures
—pP— Modified PL
Fundamentals/

Second harmonics

FRF

0 500 1000 1500 2000
Frequency(Hz)

Figure 6. FRFs of the system (receptance, displacement/force). Numerical with nonlinear stiffness,
numerical with constant stiffness with Kc = 8.5 x 10" Pa/m and experimental. Test performed with
average contact force 32 N.

Only the fundamental (f~800 Hz) and second harmonics (f~1600 Hz) of the mass-spring mode
are investigated here. Their results are well decoupled from the rest of the system dynamics.

The numerical spectra, obtained with either constant or nonlinear stiffness, show a peak around
frequency f; =800 Hz, corresponding to the fundamental frequency of the system. This is the natural
frequency of the mass-spring mode, where the mass is the guide, while the spring is the series of the
two interfaces and the sample stiffness (Figure 2). The comparison shows good agreement between
the numerical and experimental results in terms of frequency and width of the peaks, i.e., damping.
The amplitude of the fundamental is well simulated as well, with a percentage error less than 10%.

Unlike the spectra obtained with the constant stiffness, those based on nonlinear stiffness show
a peak around frequency f, = 2f; = 1600 Hz, which is also recovered experimentally. This peak
represents the second harmonic and correlates with the experimental second harmonic.

The presence of the second harmonic in the spectra is due to the nonlinear nature of the contact
stiffness. This is confirmed by the absence of this harmonic in the numerical results obtained with the
constant contact stiffness (Figure 6 dashed line), and thus the occurrence of the second harmonic in
experiments can be directly correlated with the nonlinearity of the interface stiffness.
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3.2. Nonlinear Response of the Interface

In order to discuss the proposed trends of numerical contact stiffness and evaluate it by
comparison with experiments, a spectrum analysis of the acceleration signals is reported in this
section, as a function of the amplitude of the impulsive force. It is assumed that an increase in the
force, and then in the system response, increases the nonlinear contribution of the interface to the
system response.

A comparison of experimental and numerical FRFs, derived from the “Modified PL”, is carried
out for different impulsive force amplitudes, ranging from 9 to 32 N (Figure 7).

When increasing the force amplitude, the overall average stiffness at the interface decreases,
leading to a decrease in mode frequency (Figure 7). The nonlinearity of the interface stiffness is
observable by the appearance of the second harmonic (frequency from 1400 to 1800 Hz, depending
on the amplitude of the impulsive force) in the system response.

«——— Force increase

<«— Torce increase

w

-4

(TIN o
= &
= =
@ - £
Q 3
] =

P
500 1000 1500 2000 500 1000 1500 2000
(a) Frequency(Hz)

(b) Frequency(Hz)

Figure 7. Frequency response functions (FRFs) of the system (receptance, displacement/force). (a)
Experimental frequency response; (b) Numerical frequency response plotted with “Modified PL”.
Test performed with average contact force ranging from 9 to 32 N.

In the following, the numerical results obtained with the different contact laws, as presented in
Figure 3, are compared with the experimental results in terms of the magnitude of the fundamental
and second harmonics, as well as in terms of the frequency of the fundamental, as a function of the
applied force.

Figure 8 shows the frequency evolution of the fundamental harmonic as a function of the
amplitude of the applied force. As observed in the experimental results, a decrease in frequency was
obtained in the numerical simulations with the implemented “Modified PL”. This decrease is due to
the decrease in the effective average stiffness when the oscillation at the contact increases.
Experimentally, this trend has already been observed in [18]. It is worth mentioning that the decrease
in frequency when the force amplitude increases (Figure 8) is also recovered by the “PL”, but with a
lower slope. A slight decrease in frequency (2%) can be observed in Figure 8 for the “PL”, which is
lower than for the experimental one (5%). Conversely, the “Modified PL” introduces a greater
decrease in terms of stiffness, particularly for low contact pressures, as shown in Figure 9.



Lubricants 2020, 8, 73

Frequency of the fundamental (Hz)

1000

ne LI e o ' o
950 1 _
900 f . _
[> >
[
850 r "
800 r _
X = i )
ol & X _
700 + % Experimental measures i
e PL
650 1 |
> Modified PL
600 : : ! ! ;
10 15 20 25 30

Impulsive force amplitude (N)

12 of 17

Figure 8. Frequency of the fundamental, as a function of the force amplitude [N]. Experimental
measurements (red cross), PL (black circle) and Modified PL (blue triangle).

Contact pressure (Pa)

(a)

x10°
(a) ﬂ -0.25 x10° F=32 N
- ﬁ - -0.78 x10°
\' -2.4x10°
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Figure 9. Numerical results for maximum force F =32 N (red) and minimum force F =9 N (black). (a)
Numerical contact pressure as a function of time; (b) Numerical stiffness as a function of contact
pressure. Test performed on aluminium with Modified PL.

It should also be noted that, while the trend of the frequency is correctly simulated by the
proposed laws, an error in the absolute value of the frequency, around 13%, is observed. This is due
to the non-infinite stiffness of the counterpart (tribometer disc), unlike the infinite stiffness in the
simulation, which implies a lower experimental frequency. Thanks to the numerical results, the
decrease in the frequency of the fundamental can be shown to be related to a decrease in the mean
value of contact stiffness, with the increase in the applied force
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T
_1 ®)
Kavr = T;m(m

where K, is the stiffness and T is the time of simulation.

In order to highlight the difference in average stiffness according to the force amplitude, Figure
9a shows the system response to two different force amplitudes, using the “Modified PL”. An applied
force of 9 N generates a maximum contact pressure of -0.078 MPa, resulting in an average contact
stiffness of 0.4 x 1012 Pa/m, while a force of 32 N generates a maximum contact pressure of -0.025
MPa and an average contact stiffness of 0.12 x 1012 Pa/m.

Figure 10 shows the evolution of average contact stiffness Kavr for the “Modified PL” and the
“PL”. It confirms the decrease in average stiffness when the applied force is increased, which explains
the decrease in frequency (Figure 7).

o @ . °
1.155 | o ]
= 115} -
S
B
§ 1.145 Pp> |
E |\'\
— >
= .
o 11471 b B 1
oo
©
()] .
é g
11351 & Modified PL |
e pPL
113 — : : ' ‘
10 15 20 25 30 35

Impulsive force amplitude (N)

Figure 10. Average contact stiffness as a function of the applied forces. The test performed with
average contact force ranging from 9 to 32 N, with Modified PL (blue triangle) and PL (black circle).

Figure 11 shows the evolution of the amplitude of the fundamental, as a function of the applied
force, for the different contact laws.

Considering the mean value of the fundamental harmonic over the considered range of pressure,
the “Modified PL” produces amplitudes closer to the experimental ones for this set of experimental
measurements.
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Figure 11. Magnitude of the FRF of the fundamental A:, as a function of the force amplitude.
Comparison of the contact laws. Experimental measurements (red cross), Modified PL (blue triangle),
and PL (black circle).

Nevertheless, as shown in Figure 11, for both of the implemented laws, the slight experimental
increase in the amplitude of the fundamental (A1), with respect to the force amplitude, is not
retrieved numerically. As mentioned above, this could be explained by the different boundary
conditions between the numerical and experimental systems. In fact, the experimental set-up is not
completely rigid, due to the deformability of the bench components (disc, shaft, bearings, etc.).
Despite using a massive disc to isolate the dynamics of the investigated system (air guide and samples
in contact) from the rest of the set-up as much as possible, a slight error is introduced by the residual
flexibility of the system.

Finally, Figure 12 shows the ratio (A2/A1) of the amplitudes of the second harmonic (A2) to the
fundamental (A1), obtained both experimentally and numerically, for both contact laws. It can be
noted that the amplitude of the second harmonic is normalized by the amplitude of the fundamental,
which is dependent on the energy introduced by the external force at this frequency, in order to
highlight the nonlinear contribution originated by the contact interface.
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Figure 12. Ratio of magnitudes of the FRF of the second harmonic (A2) to fundamental (A1), as a
function of the force amplitude. Experimental measurements (red cross), Modified PL (blue triangle)
and PL (black circle).

The trends of the Ax/A: ratio, calculated for all the tested contact laws, are similar to the
experimental trend. In general, an increase in the amplitude of the applied force (x axis in Figure 12),
and consequently a higher amplitude of the system vibrational response, generates a greater
nonlinear contribution, both numerically and experimentally. In fact, a larger oscillation of the contact
pressure (especially within the low-contact pressure range, absolute value [0; 0.14 MPa]) generates a
more nonlinear response by the system, which leads to a higher distortion of the signals and then a
higher second harmonic contribution. The higher amplitude observed for the second harmonic of the
“Modified PL” is due to the higher nonlinearity of the stiffness around the equilibrium position, with
respect to the “PL”.

The overall comparison, based on the analysis reported above, highlights the fact that the contact
interface response depends heavily on the stiffness trend at lower pressures (less than 1 MPa). This
stiffness trend at lower pressures introduced by the “Modified PL” increases the nonlinearity of the
response (second harmonic amplitude) and decreases the average stiffness, i.e., the frequency of the
main harmonics.

These results demonstrate that the stiffness trend at lower pressures plays a vital role and should
be clearly identified, as it has a huge effect on the nonlinear response of mechanical systems with
contact interfaces.

4. Conclusions

The nonlinear normal stiffness of contact interfaces, due to surface roughness, is a topic of major
interest in several areas of application. A consequence of such nonlinearity is the appearance of
second harmonic terms, either in acoustic wave propagation through the interface or in the dynamic
vibrational response of systems with contact interfaces.

While contact stiffness nonlinearity at higher pressures has been widely discussed in the
literature, and generally approximated by a power law, the contact stiffness trend at lower pressures
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has not been clearly identified. In this paper, a classical power law, fitted from experimental data at
high contact pressures, is compared with a modified power law implementing an inflection point at
lower pressures, where experimental data are not available. The stiffness-pressure trend within the
higher contact pressure range was approximated from experimental measurements performed on a
dedicated test bench. Within the lower contact pressure range, data from the literature were used to
assume the different possible trends.

The nonlinear response of the system, obtained experimentally when exciting a dedicated
system with an impulsive force, was analysed and compared with the nonlinear response of the
numerical model that was developed, with the contact interface modelled by the different contact
laws.

From the numerical simulations it was possible to identify the effect of the contact nonlinearity
on the dynamic response of the system. The decrease in the average contact stiffness with the increase
in the impulsive force explains the appearance of the second harmonics and the decrease in the
fundamental frequency. In addition, the amplitude of the second harmonic was simulated and
explained by the stiffness trend at the contact interface during the system oscillations.

In the nonlinear system response, the key role of the contact stiffness trend within the lower
pressure range is highlighted, demonstrating the need to identify such parameters with dedicated
experimental tests. Nonlinear contact laws and their effect on the dynamics of a system ought to be
further investigated by implementing the contact laws considered here in finite element codes, in
order to consider more realistic structures and interfaces.
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