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Abstract. Surface finishing and roughness parameters can directly affect the system’s efficiency and components’
useful life of several mechanical applications. In order to evaluate these parameters’ influence, one can employ
numerical methods that predict the pressure field and maximum contact pressure. The problem assessed in this
study is that, despite surface roughness being an “intrinsic” surface property, measured roughness is “extrinsic”
meaning that instruments using different sampling intervals and filters produce different asperities distribution,
which can affect the pressure field predicted by numerical modelling. Therefore, this study employs two numerical
models, a Dry Circular Contact (DCC) model and an Elastohydrodynamic lubrication (EHL) model to investigate
filtering influence over the maximum contact pressure. The results show that the same surface filtered with
different cut-off lengths presents distinct pressure fields and maximum pressure values. Also, the simulations
indicate that smaller cut-offs tend to produce higher pressures.

Keywords: Dry Circular Contact model, Elastohydrodynamic lubrication contact model, roughness and
standardised cut-off lengths.

1 Introduction

Rolling element bearings, gears and cam followers are examples of machine parts whose operating principle
is based on surface contact [1]. Consequently, their surface finishing and roughness parameters are expected to
affect the system’s efficiency and components’ useful life. Nevertheless, describing the influence of these features
and what happens inside the contact, namely the pressure field distribution, is not a simple task and is mainly done
by resourcing to numerical methods [2].

That said, two numerical models for rough surfaces are evaluated in this paper: a Dry Circular Contact (DCC)
model [3], used to describe the contact behaviour without lubrication, and an Elastohydrodynamic lubrication
(EHL) model for circular contact [4], where a lubricant is introduced to separate the surfaces, minimising the
solid/solid interaction.

Both models assume that the surfaces in contact can be expressed by a matrix containing the roughness’s z
coordinates, s, (x,y) and s,(x, y). The problem evaluated in this study is that, despite surface roughness being an
“intrinsic” surface property, measured roughness is “extrinsic”’, which means that instruments using different
sampling intervals and filters produce different asperities distribution [5], which can affect the pressure field
predicted by numerical modelling. In other words, the exactly same surface, using different filters, can produce
distinct pressure predictions.

In order to investigate the possible variations in the pressure field prediction, three distingue top-milling
surfaces are measured using different cut-off lengths (1.) and the respective roughness matrices used in
simulations to determine the maximum pressure under the same operational conditions. The results show that the
same surface filtered with different cut-off lengths presents distinct pressure fields and maximum pressure values.
Also, the simulations indicate that smaller cut-offs tend to produce higher pressures in both models.

2 Numerical modelling

2.1 Dry Circular Contact model

The DCC model used in this study is the same one presented by Sainsot and Lubrecht [3] and is employed to
solve the complementarity problem shown in Equation (1).
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h(x,y) >0; p(x,y) <0 nocontact
@
h(x,y) =0; p(x,y)>0 contact

The gap geometry h(x,y) between the two bodies in contact can be expressed by Equation (2), where one can
notice the terms s; (x, y) and s, (x, y) used to describe the surfaces’ roughness.
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In addition, the pressure-induced elastic displacement u,(x, y) is given by Equation (3), and the load balance
is expressed in Equation (4).
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The numerical approach used to solve Equations (1) to (4) simultaneously is well discussed in [3], and it allows
one to obtain the pressure field distribution, as well as its maximum value in each simulation.

2.2 Elastohydrodynamic lubrication model

Six equations can mathematically define the EHL contact: (i) Reynolds equation, presented in Equation (5);
(i) gap geometry in Equation (2); (iii) pressure-induced elastic displacement shown in Equation (3), (iv) load
balance from Equation (4), (v) density as a pressure and temperature function given by Equation (6) and (vi)
viscosity as a pressure and temperature function in Equation (7) [4, 6 — 8].
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A thorough explanation of how to solve the system of equations using the semi-system approach is given by
Wang et al. [4] and was used in this paper to obtain the pressure field distribution, as well as its maximum value
in each simulation.

3 Roughness parameters

It is well known that every surface comprises different classes of irregularities, such as error form, waviness
and roughness. The difference between roughness and waviness is related to the surface wavelength, and the point
at which the roughness becomes waviness (the cut-off point) is arbitrary. Usually, the cut-off is expressed as a
length and allows one to divide a composite surface in terms of roughness peaks and waviness peaks. The cut-off
choice is related to the surface itself and can follow the recommendations in DIN 4768 [9]. This study uses three
different standardised cut-off lengths (A.) to treat the measured surfaces: 0.08 mm, 0.25 mm and 0.80 mm.

In order to characterise the surfaces, four areal roughness parameters were evaluated [10]:

e Arithmetical Mean Height (S,): defined as the arithmetic mean of the absolute value of the height
within a sampling area;

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin American Congress on Computational Methods in Engineering, ABMEC
Porto — Portugal, 13-16 November, 2023



Pedro Romio, Miguel Correia and Jodo Marafona

e Root Mean Square Height (S,): defined as the root mean square value of the surface departures z
within the sampling area;

e Maximum Peak Height (S,): defined as the height of the highest point of the surface;

e Maximum Height (S,): defined as the difference between the surface's highest point and the surface's
lowest point.

4  Materials and Methods

4.1 Samples manufacturing

Three different surfaces were manufactured using a top-milling process on a steel base material. The cutting
speed was kept constant and equal to 200 m/min while the feed speed varied, as indicated in Table 1.

Table 1 - Feed speed used for samples manufacturing.
Surface sample 1 2 3
Feed speed (mm/min) 400 900 1600

4.2 Roughness evaluation

The roughness areas used in this study were acquired using 3D Optical Profilometer equipment (Bruker
NPFLEX™, Germany, 2013). A 5 mm x 5 mm square was measured for each surface and then treated with
standardised cut-off lengths (0.08 mm, 0.25 mm and 0.80 mm). Figure 1 indicates the entire process to obtain the
roughness in each sample.

Data acquisition using 3D Tiltremoval - the error
: - form removal related to
Optical Profilometer le inclination i
equipment sample inclination is
' removed.
Data restore — missing data Gaussian regression using
points are filled based on p| standardised cut-off lengths
the interpolation of is employed to separate
neighbour points. waviness from roughness.

Figure 1 - Data treatment applied to the top-milling surfaces.

For each surface, and considering the three filters, the area parameters S,, S,, S, and S, were evaluated. Once
the surface treatment was performed, it was possible to export the roughness matrix s(x, y) to be employed at the
simulations for the respective cut-off length.

4.3 Dry Circular Contact simulation conditions

The DCC simulations assumed a contact between a smooth ball against a rough plane. The parameters used
are presented in Table 2. These conditions were used in all simulations, only the roughness matrix changed as the
surface and the filters were evaluated. Three different positions were chosen on each surface to position the ball
and produce some variability.

4.4 Elastohydrodynamic lubrication simulation conditions

The EHL simulations followed the same analyses introduced for the DCC. The main differences are the
ISO VG150 lubricant addition at 40°C [11] and the entrainment velocity of 2.0 m/s (arbitrarily chosen). The
complementary information needed for these simulations is presented in Table 2.
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Table 2 — Used parameters for DCC and EHL simulations
Operation conditions

Parameter Value
Normal Load (P) 50.0 N
Principal relative radii of curvature (R, = R,) 9.525 mm
Equivalent Young’s Modulus (E*) 115.385 GPa
Maximum Hertz Pressure (py,) 1.124 GPa
Contact radius (a) 0.146 mm
Entrainment velocity (]|7,]]) 2.0m/s
Lubricant’s properties
Parameter Value
Dynamic viscosity (nt) @ 40.0°C 0.121 Pa-s
Dynamic viscosity (nt) @ 70.0°C 0.039 Pa-s
Dynamic viscosity (nt) @ 100°C 0.016 Pa-s
Lubricant density (p1) @ 40°C 836.0 kg/m®
Oil thermal expansion coefficient (y1) 7.53-107*°C?
Pressure-viscosity coefficient (agqq) @ 40.0°C 14.341 GPa™?!
Other parameters
Parameter Value
Dimensionless material parameter (G*) 3309
Dimensionless speed parameter (U*) 1.100- 10710
Dimensionless load parameter (W*) 2.388-107°
Mesh node number (N, = N,) 299
Ax = Ay 3.913-10°m

5 Results and analysis

5.1 Roughness results and analysis

Figure 2 presents the four roughness parameters against the feed speed used to manufacture the sample
surfaces. The first point to be noticed is that changing the top-milling feed speeds produced different roughness
parameters, as expected. Another observed (and predictable) result is the different roughness parameters’
sensitivity to the filters. While S, and S, present different values and trends with different filters, S, and S, do not
capture the filtering changes. Still within normal behaviour, reducing the cut-off length led to lower S, and S,
values [9].

On the other hand, unfortunately, it cannot be said that the top-milling process actually produced three distinct
surfaces. The truth is that when looking at the parameters S, and S, which capture surfaces more broadly, the
values obtained (in all filters) are very close. For example, looking at the S, values measured with a 0.80 mm filter,
while the lowest roughness is 1.57 um (900 mm/min), the highest is 2.22 um (1600 mm/min). This similarity had
a significant impact on the maximum pressure prediction.

Another critical aspect in this section is the filtering influence over the distribution of peaks and valleys. As
illustrated in Figure 3, the same surface shows quite distinct values. Undoubtedly, this characteristic impacted the
simulations and makes clear the need to choose the filter in contact simulations.
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Figure 2 — Roughness parameters against feed speed. (a) Arithmetical Mean Height (S;), (b) Root Mean Square Height (S;),
(c) Maximum Peak Height (S,) and (d) Maximum Height (S).
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Figure 3 — Filtering influence over the distribution of peaks and valleys. (a) A, = 0.08 mm, (b) A, = 0.025 mm and
(c) Ac =0.80 mm.
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5.2 Dry Circular Contact results and analysis

Taking three different points on each surface, it was possible to determine an average and a standard error for
the maximum contact pressure considering the three mentioned filters. As shown in Figure 4, the maximum
pressure results for the DCC simulations were affected by the cut-off length used to generate the surfaces’
roughness matrix. In all tested cases, a 0.08 mm filter produced the highest maximum pressure. On the other hand,
the dispersion of the results (represented by the standard error bar) was not affected by the filter change.

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0
0 0.25 0.5 0.75 1
Cut-off lengths / mm

Figure 4 — Maximum pressure average and a standard error for DCC simulations.

asurf. 1. DCC eSurf. 2. DCC =Surf.3 DCC

Maximum pressure / GPa

5.3 Elastohydrodynamic lubrication results and analysis

The EHL simulations followed the same assumptions presented for DCC. Similarly, Figure 5 shows the
maximum pressure results for the EHL simulations, where once more, one can see that the cut-off length also
affected the maximum pressure predictions. Again, a 0.08 mm filter produced the highest maximum pressure in
all tested cases. However, in this case, the filter also impacted the results’ dispersion (represented by the standard
error bar), with lower dispersion values for 0.80 mm.

100.0
90.0 =Surf. 1_EHL ©Surf. 2_EHL =Surf. 3_EHL
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0
0 0.25 0.5 0.75 1
Cut-off lengths / mm

Figure 5 — Maximum pressure average and a standard error for EHL simulations.

Maximum pressure / GPa

An additional comment is that the predicted values with the EHL model were lower than those presented for
DCC, which is unsurprising, given that when the lubricant is introduced in the contact, part of the load is supported
by it, leading to reductions in contact pressures [11].

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin American Congress on Computational Methods in Engineering, ABMEC
Porto — Portugal, 13-16 November, 2023



Pedro Romio, Miguel Correia and Jodo Marafona

5.4 General perceptions

It is essential to acknowledge that the results obtained in this paper were limited by the fact that the three
studied surfaces were very similar from the point of view of S, and S, (filter-sensitive parameters). The suggested
feed speeds for top-milling were expected to lead to surfaces with more significant differentiation. Certainly, other
variables pertinent to the machining of the surfaces played a more critical role. In this way, the maximum pressure
values obtained for the surfaces, considering any one of the filters, were statistically similar (note that the error
bars overlap for the same cut-off lengths). Therefore, it was not viable at this point to establish a clear correlation
between the maximum pressures obtained in the simulations and the evaluated roughness parameters S, S,, S,
and S,. However, this is a particularly interesting topic to be persecuted.

6 Conclusions

This study’s results indicate that the filters used to treat the surfaces obtained by optical interferometry indeed
influence the maximum pressure obtained in simulations of dry and elastohydrodynamic circular contact. In all
simulated cases, an increase in pressure was observed when decreasing the filter length. It is worth indicating to
the reader that some care must be exercised here. It is essential to realise that the maximum pressure value, although
relevant and very important in the analysis of surfaces, is a punctual representation of what happens on the surface.

On the other hand, the clear perception that the different cut-off lengths produce different pressures for the
same surface raises an intriguing question: which filter better represents the actual contact? A more in-depth study
seems promising but with a more extensive range of roughness in this case.
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Nomenclature

a Hertz contact radius [m]

A domain used to analyse the contact area

Cy C coefficients for pressure—density equation Ca = 0.6x107

ar b P Y Cp = 1.7x 107
_ 2 _ 2\

E* Equivalent Young’s modulus [Pa] (1 5 Vi + ! 5 v2>
1 2

Ei, Young’s modulus of bodies 1 and 2 [Pa]

h = h(x,y) film thickness between bodies 1 and 2 [m]

ho normal approach [m]

Ny =N, mesh node number

P normal load applied to the contact [N]

p=px,y) pressure distribution [Pa]

p(x',y") pressure applied at the point (x,y") [Pa]
R ‘R

Ryy principal relative radii of curvature in x,y direction [m] N *V2
Ryy, T Ryy,

Ryy,, surface principal radii of curvature in x,y direction of bodies 1 and 2 [m]

5120, y) surface roughness amplitude of bodies 1 and 2 [m]

u, (x,y) pressure-induced elastic displacement at the point (x,y) [m]

1Tl entrainment velocity [m/s] @

V12 Velocity of bodies 1 and 2 [m/s]

X,y coordinates (x is chosen to be parallel to the rolling direction) [m]
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AGold pressure-viscosity coefficient calculated by Gold’s formula [Pa™!]

Yt oil thermal expansion coefficient [°C™1]

Ax = Ay mesh grid size [m]

n lubricant dynamic viscosity at a given pressure [Pa - s]

Vi Poisson’s Ratio of bodies 1 and 2

p lubricant density at a given pressure [kg/m3]

Do lubricant density at atmospheric pressure and reference temperature [kg/m?3]
£y lubricant constants for VVoguel equation
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