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Numerical Simulation of 3D Rough Surfaces and Analysis
of Interfacial Contact Characteristics

Guoqing Yang', Baotong Li’?, Yang Wang” and Jun Hong’

Abstract:  Mechanical behaviors arising at the contact interface largely depend
on its surface topographies, particularly when it comes to rough surfaces. A nu-
merical simulation based on an appropriate characterization of rough surfaces es-
pecially in terms of three dimensional can be of great significance when it comes to
capturing the deformation patterns of micro-scale contacts. In this paper, a simple
and practical scheme is developed to generate 3D rough surfaces and to analyze
and evaluate the contact characteristics. Firstly amplitude and spatial statistical
characterizations of asperities are introduced to avert from the redundancy of to-
pography data caused by traditional measuring methods. A calculation strategy
is then proposed to transform varied white noise sequences into the Gaussian and
non-Gaussian height sequences, in which operations like translating scaling and
spatial reconfiguring are utilized to guarantee that the output first four moments are
satisfied with the requirements given in advance. After that a more accurate FE
model is developed to handle the problem that the asperities are so acute and tiny
that can give rise to highly unstable data, in which a new meshing strategy is put
forward to improve the mesh quality and solution efficiency. Finally, the simulation
results are obtained through analyzing the contact characteristics of the established
models. The unique feature of the proposed method is not only being capable of
generating rough surfaces with any skewness and kurtosis in the whole skewness-
kurtosis plane, but also narrowing down the errors of statistical characterization like
the skewness and kurtosis to the level of 1072 which is a highly accurate estimation
in terms of the output first four moments and autocorrelation functions (ACFs).
The proposed methods for numerical simulation of rough surfaces can provide
massive and accurate surface topography data with a small amount of computa-
tional resources, based on which, FEM is adopted to precisely evaluate the contact
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characteristics including load-deformation relationship, the contact pressure distri-
bution, the real contact area and the interfacial loading/unloading characteristics,
and therefore is a good choice for the study on the contact characteristics of rough
surfaces.

Keywords: Surface topography, Statistical characteristics, Numerical simulation,
Autocorrelation function, Power spectral density, Fast Fourier Transform.

1 Introduction

In recent decades, the study about the contact characteristics of rough surfaces on
micro-scale especially in terms of three dimensional attracted great attention be-
cause it has been aware of a key factor determining the static and dynamic thermal
performance of machine systems. It is proved that the numerical simulation of
rough surfaces is not only a more efficient method to generate rough surfaces with
the inputs determined by different height and spatial statistical parameters [Chil-
amakuri and Bhushan (1998)], but also an optimal method to capture the contact
characteristics comprised of the load-deformation relationship, the contact pressure
distribution, the real contact area and the interfacial loading/unloading characteris-
tics of rough interfaces.

Thus far, some studies have been accomplished on generating various Gaussian
and non-Gaussian rough surfaces and analyzing the contact characteristics of rough
surfaces by utilizing different methods. For instance, Patir (1978) used the linear
transformation of random sequence and proposed a method for generating rough
surfaces with prescriptive ACFs. His scheme, however, can be impractical for its
time consuming in solving a series of non-linear equations. Wu (2000) and New-
land (1984) proposed numerical methods for generating Gaussian rough surfaces
with applying FFT method and the prescriptive power spectral density (PSD) or
ACEF. Reizer (2011) simulated measured rough surfaces with Wu’s and Newland’s
FFT methods respectively, and then conducted comparisons between the statistical
characteristics of the measured and simulated rough surfaces. Watson, King, Sped-
ding and Stout (1979) and Watson and Soedding (1982) applied time series models
to simulate Gaussian and non-Gaussian engineering surfaces. Seong and Peterka
(1997) and Suresh Kumar and Stathopoulos (1999) used exponential autoregressive
peak generation model (EARPG) and exponential peak generation model (EPG) to
find the phases for generating non-Gaussian line profiles. However, the formulas
for the random phases only apply to exponential random variables, so only rough
surfaces with certain skewness and kurtosis values can be generated [Wu (2004)].
According to [Hill, Hill and Holder (1976); Nagahara (2003)], non-Gaussian trans-
lator systems have been developed to generate non-Gaussian rough surfaces. Be-
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sides, Wu (2004) defined one-dimensional phase sequences to generate updated
white noise and non-Gaussian height sequences, which provides a basis for the gen-
eration of the 2D phase sequences in this study to make the average ACFs of the
simulated rough surfaces coincide well with the input ones. As for the specific sim-
ulation process, Greenwood and Williams (1966) simplified the process by using
the frictionless contact of an elastic hemisphere and a rigid flat plane to stochasti-
cally model an entire contacting surface with a postulated Gaussian height distri-
bution. The aforementioned GW model assumed that the asperities of the surfaces
deformed independently and the substrate below the asperities did not deform at
all. Supplementing the GW model, many elasto-plastic asperity models have been
devised [Chang, Etsion and Bogy (1987); Majumdar and Bhushan (1991); Jackson
and Green (2006)]. Meanwhile, the asperity interactions were considered in [Zhao
and Chang (2001); Gao, Bower, Kim, Lev and Cheng (2006); Ciavarella, Green-
wood and Paggi (2008); Buczkowski and Kleiber (2009)] where the asperities were
simplified geometrically for normal contact and the contact of two rough surfaces
was also simplified to the contact between one rough surface and one smooth rigid
plane. Although these above models have been proven feasible, most of them were
proposed based on many assumptions and simplifications of the shape, magnitude
and height distribution of asperities, which can limit their applications and affect
the solution accuracies to some extent. Thus, to solve this problem, Jackson and
Green (2005) proposed a 2D axisymmetric FE model of an elastic-perfectly plastic
hemisphere in contact with a rigid flat surface. Admittedly, FEM is an effective way
to overcome the defects of other analytical methods, but it calls a great challenge to
control mesh quality and solution efficiency. Sahoo and Ghosh (2007) and Hyun,
Pei, Molinari and Robbins (2004) simulated the interface of one rigid smooth plane
and one self-affine rough surface based on fractal theory. However, there are dis-
putes concerning whether the fractal theory can adapt to generate any engineering
rough surface. Meanwhile, the above simplification of the interface may not reveal
the true contact characteristics perfectly.

In this study, a simple and practical scheme is proposed to accurately generate
Gaussian and non-Gaussian rough surfaces and comprehensively analyze the con-
tact characteristics of rough surfaces. In the first section, rather than traditional
measuring methods where the collected data are inaccurate and redundancy due
to the measuring equipment and the choice of measuring area, the statistical char-
acteristics consisted of amplitude and spatial characterization parameters are uti-
lized here to effectively capture the detailed surface topography data [Wu (2000);
Wu (2004); Bakolas (2003)]. Next, the FFT method is adopted in the simulation
process to improve the calculation efficiency since it is relatively faster and more
convenient when compared with time series tool as a common used method. Be-
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sides, another calculation strategy is also proposed for generating non-Gaussian
sequences directly from white noise sequences with the input statistical parame-
ters and ACFs. More than that, this strategy is not only able to generate rough
surfaces with any skewness and kurtosis in the whole skewness-kurtosis plane, but
also narrow down the errors generated during the filter process by eliminating this
complicated procedure, which is a great improvement over the previous methods.
In addition, after the generation of non-Gaussian rough surfaces, array restructure
and rearrangement methods, substituting for the conventional intricate linear trans-
formation and filter process aimed to remain the satisfied first four moments un-
changed, are introduced to ensure that the generated Gaussian and non-Gaussian
rough surfaces have almost the same ACFs with the input ones. Last but not the
least, based on the simulated models, the quantitative study, more than the quali-
tative study, is also carried on through FEM about the contact characteristics, such
as load-deformation relationship, the contact pressure distribution, the real contact
area and the interfacial loading/unloading characteristics, to reveal the superiority
of the proposed models as well as lay a solid foundation for further study on surface
topography optimization.

2 Numerical simulation of rough surfaces
2.1 Statistical characteristics

The surface topographies of rough interfaces on micro-scale are so irregular that
can only be well described by the statistical characteristics of which the parameters
are calculated with references to the height distribution, probability density func-
tion (PDF), power spectral density (PSD) or the autocorrelation function (ACF).

2.1.1 Amplitude characterization

Height distribution function and the corresponding PDF play an important part in
deciding most of the statistical height parameters of rough surfaces. In most cases,
Gaussian distribution is assumed for simplification, but in fact, most machined
rough surfaces are non-Gaussian [Watson, King, Spedding and Stout (1979)]. For
a surface described by a continuous univariate PDF f(z), the v/ central moment u,
could be expressed as follows:

—o0

w=EB((z-2")= [ =2 f()dz (1)

where E is the expectation operator; 7 is the average height of the rough surface.
Generally speaking, 7 is defined to be zero at the beginning of numerical simulation,
and finally modified to the input mean value u by adding p to the height sequence
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According to Eq. (3) and Eq. (4), the first central moment u; is zero; the second one
is equal to the variance 6, where o is the standard deviation of the height sequence
z: When v >3, the v/ central moment u, can also be standardized through being
divided by o", especially, the skewness and kurtosis are defined to be the 3¢ and
4" standard moments, respectively.

us Uy

Skz = ga Kuz = g (3)

For a rough surface described by a discrete height sequence z(m, n), the v/ central
moment u, is as follows:

o m—1n—1 (Zkﬂl —Z)V
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To sum up, the first four standard moments can be described as follows:
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where m and n stand for the numbers of row and column, respectively. When z has
a mean of zero and a variance of 1, Sy, and K, are equivalent to the 3" and 4"
original moments, respectively.

2.1.2 Spatial characterization

The statistical parameters of spatial characteristics are mainly determined by ACF
or PSD, and the PSD can be obtained from the ACF function with fast Fourier
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transform (FFT) method. For a continuous height function z(x, y), the normalized
ACF can be described as follows:

fox Txfo‘ ® 2(x,y)z(x + To,y + 7y )dxdy
(Le— 1) (Ly —7y) 02

R(Ty, Ty) = )
where L, and L, are the lengths of rough surface in x and y directions, respec-
tively; 7, and 7, are the distance in x and y directions between any two points in
sample area with 7,=Z(0~(m-1))Ax, T,=Z(0~(n-1))Ay; z(x,y) is defined as a dis-
crete sequence with spacing of Ax = Ay=1um and when m and n approach oo, the
corresponding ACF can be expressed as Eq. (10), especially R(0,0)=02.

2(k+1,1417)

- Z ; N(n—1) (10

where k=0, 1,2, ...,m-1;1=0,1, 2, ..., n-1.

Nowadays, PSD has become a widely accepted method for characterizing the spa-
tial frequencies of rough surfaces which can provide spectrum features of spatial
frequencies and contains the information about spatial frequencies from O to oo (fre-
quencies 0 and oo stand for the surfaces of infinite flat and ones with infinite small
asperities, respectively). In this study, the PSD can be derived from the height infor-
mation (continuous height distribution function z(x, y) or discrete height sequence
z(m, n)) or the ACF of rough surfaces with FFT method as Eq. (11) or Eq.(12).

1 & (kr s
P(frfs)=— 1Y, Y z(k,D)exp |—27mi | —+ — an
" =0 i=0 m-n
m_ln_] kr Is
P(fr f) =), Y R(k,[)exp [ 2mi ( )} (12)
k=0 (=0 m-n
where r=0, 1, ..., m-1,5=0, 1, ..., n-1; f; and f, stand for the frequencies in x and

y directions with f, = r/(mAx), f, = s/(nAy).

2.2 Simulations of Gaussian rough surfaces

As shown in Fig.1, the simulation of Gaussian rough surfaces is the process of
producing 2D phase sequences from white noise sequences and then updating for
generating Gaussian rough surfaces. In order to make the target Gaussian rough
surfaces satisfy the input ACF, u, o, S, and K,;, the discrete method for the input
ACFs and the definition of phase sequences as well as the computation of the PSD
constants of white noise sequences are presented in detail. The concrete steps for
the simulation of Gaussian rough surfaces are listed as follows:
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Figure 1: Numerical simulation of Gaussian rough surfaces.

1. The discrete form of ACF R(m, n) is extracted from the given ACF f(x, y).

(1) The input ACF should be defined at first. For example, the following exponen-
tial form of ACF f(x, y) is widely quoted.

f@J%=G%m>—23¢<;>2+<g)2 (13)

x =xcos¢ +ysing, y = —xsin¢g +ycos¢

where o is the standard deviation of height sequence; B, and 3, stand for the auto-
correlation lengths in x and y directions, respectively; ¢ stands for the prescriptive
orientation of surface texture.

(2)An equal discrete spacing in x and y directions needs to be specified (for exam-
ple, Ax = Ay=1um) and then, discretize the given ACF into sequence R(m+1, n+1)
within the range of -m/2< x <m/2 and -n/2<y < n/2.

R@+§+Lh+g+nzf@m) (14)
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where m and n are numbers of surface points in x and y directions; g=-m/2, -m/2+1,
., mi2; h=-n/2, -n/2+1, ..., n/2.

(3) One of the repeated rows m/2+1 or m/2+2, and the repeated columns n/2+1or
n/2+2 in the sequence R(m+1, n+1) is required to be deleted to generate the se-
quence R(m, n) of the same size with the target rough surface.

2. The PSD and TF can be obtained from R(m, n).
(1) FFT method is applied here to get the PSD P(, J) according to Eq. (12).

(2) Since the PSD of white noise is a constant C, assuming C=1, the transfer func-
tion H (m, n) can be obtained:

P
:\/;:\/ﬁ (15)

3. The phase sequence ®(m, n) can be produced from the white noise sequence
n (m, n) which needs to be updated with inverse fast Fourier transform (IFFT)
method.

(1) The white noise generator randn(m, n) is used to obtain the white noise sequence
1 (m, n).

(2) The phase sequence ®(m, n) is generated from the sequence 1 (m, n) with Eq.
(16).

m—1n—1

— Y ¥ n(r+1,s+1)sin(2hr 4 21l
D(k+1,1+1)=2tan"" [ 020 6
Y L n(r+1,s41)cos(Z + 2k
r=0 s=0

where all the elements in the phase sequence ® range from O to 27, and the com-
putation of ®(m, n) can be conducted with FFT method to improve the efficiency.

(3) The white noise sequence 1 (m, n) is updated from ®(m, n) with IFFT method:

m—1n—1 2mik 27il
nk+1,0+1) = ZZexp(zCI)—l— e 7;”) (17)
r=0 s=0

(4) FFT method is then introduced to the updated the white noise sequence 1 (m,

m—1n—1 .
Ak+1,0+1)= Z Zn (r+1,s+1)e —2mikr/mHls/n) g . 1P (18)

r=0 s=
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4. The Gaussian sequence zo(m, n) is generated from the dot-product of A and H
with IFFT method.
—1n—1
(k—|—1 l—|—1 - Z Z A H 277:1(kr/m+ls/n) (19)

rOs

5. Repeat steps 3~4, if the skewness and kurtosis values of zg approach 0 and 3,
respectively, otherwise, repeat the step 2.

6. The Gaussian sequence zpis required to be scaled and translated to obtain the
target Gaussian height sequence.

(1) According to Eq. (2), the mean po and standard deviation g of zy can be
calculated.

(2) The sequence z is scaled to z;(z1=0-20/0) whose standard deviation is equal
to 0. At the same time, the PSD (equal to the constant C) of the updated white
noise sequence as well as H can be updated: C=(cy/0)* and H = PO'S(G/GO).

(3) The height sequence z; is translated in the height direction: zg = z1-Uo+U,
to obtain the target Gaussian sequence zg with the mean of y and the standard
deviation of ©.

The Gaussian rough surfaces produced with aforementioned simulation method
are able to meet the requirements of the height statistical characteristics and ACFs,
and moreover, can provide the spatial distribution rules for the corresponding non-
Gaussian ones investigated in the following section..

2.3 Simulations of non-Gaussian rough surfaces

There are usually two steps in the simulation of target non-Gaussian rough sur-
faces including the non-Gaussian transformation and the linear transformation [Wu
(2004); Hill, Hill and Holder (1976); Nagahara (2003); Hu and Tonder (1992);
Bakolas (2003)] Non-Gaussian height sequences are produced through non-Gaussian
transformation with the transitional skewness Sy, and kurtosis Ky, determined
from Eq. (20), and subsequently filtered to satisfy the input first four moments
and ACFs.

mn 3/2
S _ (ZiZI eiz) /
kn = men kz
(20)
Ky ( 62) _62?“} 121 J+1 92912
Kun ==
Zi:l i

where Sy, and K,,; are the input skewness and kurtosis values; 6; = h(k, [) where
h(k, 1), working as the filter coefficient, can be obtained from the transfer function
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(TF), and k=1, 2, ..., m, I=1, 2, ..., n as well as i=(k-1)m + [. Because the cal-
culation of the summation of 9,-2 -9]2 items is too time consuming, Bakolas (2003)
simplified the above computation of the kurtosis from Eq. (21) to Eq. (22)

m-n—1 -n 1 mn 2 mn
Y Y eer=-|()Ye| )& @21
i=1 j=i+l 2 i=1 i=1
Y e?)?
Ky = W(Kuz —-3)+3 (22)
1= l

Although S, and K,; are within the whole skewness-kurtosis plane (K, — S,%Z —
1 >0), the linear transformation as shown in Eq. (20) may enable Sy, and K,;; to
deviate from the corresponding skewness-kurtosis plane: K, — Sl%n —12>0. So
the method for generating non-Gaussian rough surfaces cannot cover the whole

skewness-kurtosis plane.

In this end, an optimal non-Gaussian translator system is introduced in this sec-
tion to transform varied white noise sequences directly into non-Gaussian height
sequences with the accurate input first four moments as shown in Fig.2. The trans-
formed sequences, however, are completely disorganized and that’s why the re-
configuration is an indispensable procedure for generating the target non-Gaussian
height sequences with the prescriptive ACF according to the spatial distribution
characteristics of the corresponding Gaussian rough surfaces.

2.3.1 Choice of non-Gaussian translator systems

Nowadays, two non-Gaussian transformation methods, Johnson’s and Pearson’s
translator systems, are accepted by most academics. Both of them can achieve
the aim of generating the sequences of height distributions covering the whole
skewness-kurtosis plane: K, — S,%Z — 1 >0 but only one of them will be utilized
here to generate non-Gaussian sequences in the terms of transformation accuracy
and efficiency. Johnson system transforms a random Gaussian sequence to a non-
Gaussian sequence with given mean, standard deviation, skewness and kurtosis by
using three types of fitting methods, Sg, Sy and S;.

The lognormal distribution S :
=8+ (£ <) (23)
The bounded distribution Sg:

Aexp(n—1/d

Z2:5+m (E<n<é+A) (24)
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Figure 2: Numerical simulation of non-Gaussian rough surfaces.

The unbounded distribution Sy :

2= & + Asinh %’ (25)
where 1) is the white noise sequence and 7z, is the non-Gaussian sequence; ¥ and
0 are shape parameters; A and & are proportional coefficient and position param-
eter, respectively. The value of all the parameters including ¥, 6, A and £ can be
determined by the given skewness and kurtosis. Through the transformation, any

non-Gaussian rough surface with given skewness and kurtosis can be obtained.

Johnson’s translator system tends to use the S; method when neither Sy nor Sp
can converge to a constant, which may give rise to the reduction of transformation
accuracy. Pearson’s non-Gaussian translator system of frequency curves uses a
probability function p(x) satisfying the following differential equation Eq. (26):
d(logp(x)) a+x

_ 26
dx co+cix+cox? (26)

where a, cg, ¢; and ¢, are constants that can be obtained with given standard de-



262 Copyright © 2014 Tech Science Press CMES, vol.103, no.4, pp.251-279, 2014

viation, skewness, kurtosis and the probability function derived from the above
differential equation.

Pearson’s system introduces some widely used distributions including gamma, beta,
F-distribution, t-distribution and so on to ensure that their first four moments coin-
cide well with the prescriptive ones. However, its utility is limited because the PDF
to be used must be chosen from the aforementioned distribution functions [Bakolas
(2003)]. In this study, Johnson’s translator system is given the priority to be con-
sidered first during the simulation of non-Gaussian rough surfaces. Nevertheless,
when Sy and Sp in Johnson’s translator system are unable to converge, Pearson’s
translator system will take the place to improve the accuracy and efficiency of non-
Gaussian transformation.

2.3.2 Non-Gaussian transformation

Johnson’s or Pearson’s translator system can directly transform Gaussian or white
noise sequences to non-Gaussian sequences, respectively, with given values of ,
o, Si; and K,,;. In this study, the complicated filter process is eliminated and height
sequences with any input Sy, and K,,; in the whole skewness-kurtosis plane (K,,; —
S,%Z — 1 >0) can be obtained by carrying out the following steps.

1. The white noise generator randn(m,n) is utilized to obtain the white noise
sequence 7N (m, n) and transform it to a non-Gaussian sequence z;(m, n) with
Johnson’s translator system in terms of the input first four moments; If Sp or
Sy are unable to converge, use the Pearson’s translator system to obtain the
non-Gaussian sequence 2, (m, n), instead.

2. The skewness and kurtosis of the sequence z; (m, n) is calculated according
to Eq.(7) and Eq. (8) and repeat steps 1~3 if the accuracy cannot meet the
satisfaction.

3. The sequence z2(m, n) needs to be scaled and translated with z3=0-z,/0-
Ui+ (o and p; stand for the standard deviation and the mean of the se-
quence 7 ) to update the non-Gaussian sequence to satisfy the given first four
moments.

As mentioned above, non-Gaussian height sequences can be transformed from
white noise sequences conforming strictly to the input first four moments. The
accuracies of the skewness and kurtosis can be improved by the circulation of trans-
formation process and the mean and standard deviation can be strictly guaranteed
by the translating and scaling methods. After the aforementioned non-Gaussian
transformation, the non-Gaussian height sequences with given height statistical
characteristics will be generated.
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2.3.3 Restructure and rearrangement of the height sequences

The above section generates the non-Gaussian sequence z3 (i, n) whose first four
moments accurately approach those of the target height sequence. Afterwards, the
restructure and rearrangement methods of height sequences are utilized to make the
target non-Gaussian height sequence satisfy the given ACFs in x and y directions on
the basis of the spatial distribution of the corresponding Gaussian rough surfaces.
The following steps can be adopted:

1. The simulated Gaussian sequence zg (m, n) and the non-Gaussian sequence
z3(m, n) need to be restructured into sequences g(m-n, 1) and Q(m-n, 1),
respectively.

2. The sorting and indexing tools in Matlab are introduced to arrange the se-
quence g(m-n, 1) and Q(m - n, 1) then, rearrange the sequence Q(m - n, 1) in
terms of the sorting index of the sequence g(m - n, 1).

3. The rearranged sequence Q(m - n, 1) is required to get restructured into the
target non-Gaussian height sequence zy(m, n) which has almost the same
ACFs with those of the corresponding Gaussian height sequence zg.

The proposed restructure and rearrangement methods, substituting for the con-
ventional complicated linear transformation and filter process to remain the sat-
isfied first four moments unchanged, will make the generated Gaussian and non-
Gaussian rough surfaces have nearly the same ACFs with the input ones. So the
non-Gaussian rough surfaces with the prescriptive first four moments and ACFs
could be accurately simulated.

2.4 Simulation cases

Both of Gaussian and non-Gaussian rough surfaces have isotropic and anisotropic,
geometrical and physical characteristics. As shown in Fig.3 and Fig.4, the simu-
lated isotropic Gaussian and non-Gaussian rough surfaces as well as the anisotropic
ones are obtained. It is obvious that isotropic rough surfaces have the same auto-
correlation lengths with each other while anisotropic rough surfaces have different
autocorrelation lengths in x and y directions. The simulation time of GS 1-1, NGS
1-2, GS 2-1, NGS 2-2, GS 3-1, NGS 3-2, GS 4-1 and NGS 4-2 are 0.7, 0.8, 0.5,
1.3, 2.5, 3.3, 2.6 and 3.3 seconds, respectively. Especially, it has been noticed that
decreasing the discrete point count or the accuracy requirements of the skewness
and kurtosis values means less time to simulate the rough surfaces with the same
statistical parameters.
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Figure 3: Isotropic Gaussian and non-Gaussian rough surfaces.
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Figure 4: Anisotropic Gaussian and non-Gaussian rough surfaces.
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2.4.1 Statistical height characteristics

The height distribution characteristics of the first group rough surfaces (GS 1-1 and
NGS 1-2) are shown in Fig. 5 where the normal distribution plot indicates that NGS
1-2 has a clear deviation from the linear normal distribution. Similarly, the height
distributions of the other simulated non-Gaussian rough surfaces can be obtained
as shown in Fig. 6 where it is obvious that the probability distribution of the rough
surfaces with negative skewness skew to negative side of the normalized height,
and vice versa.

0.035
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Probability distribution
Probability distribution
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4 2 0 2 4
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+ 11 11 11
-6 -4 -2 0 2 4
Dimensionless surface heisht 7/¢

(c) Normality plot

Figure 5: Height distribution characteristics of GS 1-1 and NGS 1-2.

As common used roughness parameters, the profile arithmetic mean R, and the
root-mean-square (rms) roughness R, (especially, R,=0) are calculated. As shown
in Fig. 3 and Fig.4, the ratio of R, to R, of Gaussian rough surfaces approximately
equals 0.8 while that of non-Gaussian rough surfaces deviates from 0.8. As for
the accuracies of the first four moments, i and © can be kept consistent with the
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Figure 6: Height distributions of other non-Gaussian surfaces.

Table 1: Errors of the skewness and kurtosis values.

Rough Skewness Kurtosis

surfaces | input | output error input | output error
GS 1-1 -0.009 -0.009 3.027 | 0.027/0.9%
GS 2-1 0.003 0.003 2.99 | 0.010/0.3%
Gs31 | 9 [0o010| 0010 3 72973 [ -0.027/0.9%
GS 4-1 -0.004 -0.004 2.98 0.02/0.7%

NGS 1-2 | -0.5 | -0.496 | 0.004/0.8% | 3.5 | 3.485 | 0.015/0.4%
NGS2-2 | 0.5 | 0498 | 0.002/04% | 3.5 | 3.508 | 0.008/0.2%
NGS 3-2 | -1.0 | -1.001 | -0.001/0.1% | 2.5 | 2.502 | 0.002/0.1%
NGS 4-2 | -0.5 | -0.502 | -0.002/0.4% | 4.5 446 | 0.040/0.9%
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output ones by the scaling and translating methods and the errors of the skewness
and kurtosis values listed in Table 1 can be reduced sharply by the elimination of
filter process.

The results show that the skewness and kurtosis errors are less than 0.03 and 0.05,
respectively. Comapred with the results in [Reizer (2011)], the accuracy of the
skewness and kurtosis values is greatly improved. Moreover, with more time given
to simulation, the accuracy of the skewness and kurtosis values could be further
improved.

2.4.2 ACFs of rough surfaces

The normalized average ACFs of the simulated rough surfaces in x and y directions
are extracted from the spatial characteristics based on the method with reference to
[Wu (2004)]. As shown in Fig.7 and Fig.§8, the ACFs of the non-Gaussian rough
surfaces coincide well with those of the corresponding Gaussian rough surfaces.
What’s more, it can also be found that when m - Ax/3,>20 or n - Ay/, >20, the
ACFs of simulated rough surfaces in x or y direction agree with the corresponding
theoretical ones.

1 1
—e— ACF of simulated Gaussian rough surface —&— ACF of simulated Graussian rough surface
ACF of simulated non-Gaussian rough surface ACF of simulated non-Gaussian rough surface
0811 | —— theoretical ACF 088 | —— theoretical ACF
Hos s
£ E
204 204
= =
:':: 0.2 :‘i 02
0 e I E— ———— of
0 20 40 60 80 100 0 100 200 300 100 500
Distance inx or y direction /jum Distance in X or y direction /jum
(@) GS 1-1 and NGS 1-2 (b) GS 2-1 and NGS 2-2

Figure 7: ACFs of isotropic group surfaces in x or y directions.

2.4.3 Level-spacing distribution of asperities

Eight-point method is introduced in this section to find the asperity peaks and val-
leys of rough surfaces. Specifically speaking, a point K; ; in a rough surface can
be found surrounded by eight points as shown in Fig.9. Once the height coordi-
nate of point K; ; is larger or smaller than those of the eight surrounding points, the
point K; ; can be taken as an asperity peak or valley. Thus, based on the eight-point
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Figure 8: ACFs of anisotropic group surfaces in x and y directions.

method, all of the asperity peaks and valleys of simulated non-Gaussian rough sur-
faces could be found out as shown in Fig.10 where "+" and "o" stand for the peaks
and the valleys, respectively. Meanwhile, the spacing characteristics of asperity
peaks in x and y directions are extracted as shown in Table 2. Moreover, the spac-
ing distribution of the asperity peaks and valleys can be adjusted by the discrete
spacing (Ax and Ay) and the corresponding autocorrelation length in x and y direc-

tions (B, and f3,).

Table 2: Spacing characteristics of asperity peaks.

Rough Mean spacing / um Spacing range / um
surfaces | x-dir y-dir x-dir y-dir
NGS 1-2 | 48.7 50.6 26.9~165 | 30.6~267.5.
NGS 2-2 | 69.5 69.3 37.5~153.1 | 42.8~150
NGS 3-2 | 143 13.9 30.6~98 6~184
NGS 4-2 | 21.1 24.7 8.2~114.5 16~46.5

2.4.4 Texture direction of rough surface

The proposed scheme is suitable for generating Gaussian and non-Gaussian rough
surfaces with isotropic and linear anisotropic surface texture. Among the anisotropic
rough surfaces, as shown in Fig. 4, GS 3-1 and NGS 3-2 with ¢=0 and S, <p,
present longitudinal surface texture, while GS 4-1 and NGS 4-2 with ¢=0 and
B >PB, show obvious transverse surface texture. If the orientation angle ¢ of
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Figure 9: Eight-point method for peaks and valleys.

Figure 10: Asperity peaks "+" and valleys "o" of NGS 1-2.

the rough surface NGS 4-2 is changed from 0 to 45° or 120°, considering that the

orientation angle ¢ equals the rotation angle of z axis, the corresponding surfaces

will be generated as shown in Fig. 11.

Using the aforementioned simulation method, Gaussian and non-Gaussian rough

surfaces can be generated with any skewness and kurtosis values in the whole

skewness-kurtosis plane (K,,; — S,%Z — 1 >0) which help lay a solid foundation for the

following section about the study of the contact characteristics of two non-Gussian

surfaceas.
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Figure 11: Straight surface texture with different directions.

3 Analysis of contact characteristics of rough interfaces
3.1 Establishment of contact models

Two pairs of Gaussian height sequences generated with the above mentioned meth-
ods are utilized to establish two contact models with the application of the cor-
responding spacing of Ax and Ay in ANSYS. In the two contact models, Ax =
Ay=1pm, and the bottom and up contact rough surfaces have the same standard
deviation, i.e., 61=07, here 61=0,=1.6 in 1# contact and 61=0,=0.8 in 2# con-
tact. During the modeling, one of the contact bodies should be turned upside down
and translated to be in contact with the other one because of the different normal
directions of the two contact rough surfaces.

Besides, some detailed information for modeling is listed as follows:
1. The contact models are established from bottom to up, i.e., from points to

rough surfaces to contact bodies which are meshed with Solid45 hexahedral
grids.

2. All the contact bodies are supposed to adopt the same material with an elastic
modulus of 71GPa and a Poisson’s ratio of 0.33;

3. Von Mises plasticity criterion and multi-kinematic hardening rule are intro-
duced with taking the yield strength (0,=497Mpa) into consideration;

4. For convenience, the stress-strain curve is defined exactly the same with that
in [Oskouei, Keikhosravy and Soutis (2009)].
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The constructed contact models are shown in Fig. 12. During the establishment,
contal73 and targe170 elements are utilized to model the contact pairs. Afterwards,
Solid45 hexahedral elements are adopted to mesh all the contact bodies. In this
study, each contact rough surface is simulated with 128 x 128 points, so the number
of solid element which is about 129 thousand (127 x127 x4 x2) will be within the
calculation ability of common computers and FE software. Moreover, reasonable
constraints are applied to improve the solution convergence. Specifically speaking,
normal displacement d in z direction, instead of the normal force or pressure, is
applied at the top surface of the substrate to adjust the clamping force while the
bottom surface of the substrate is fixed. Therefore, only from the reaction force or
the contact force at the interface, the corresponding equivalent normal force can be
derived.

(a) Interfacial Points (b) Two rough surfaces

(c) Cohtact bodies

Figure 12: Establishment of the contact model.

3.2 Results and discussion

Using the above established contact models, this section is aimed at revealing the
contact characteristics comprised of the load-deformation relationship, the contact
pressure distribution, the real contact area and the loading/unloading characteristics
at different load levels based on the finite element analysis of 1# and 2# contacts.

3.2.1 Load-deformation relationship

First of all, Py is defined as the nominal contact pressure which is equivalent to
the quotient of the corresponding contact force F at the interface to the nominal
contact area Ag, that is Py = F/Ag. Then, the elastic-plastic deformation law of
rough interface can be elucidated by applying the normal displacement d little by
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little from a small value. Meanwhile, through the post-processing of ANSYS, Von
Mises equivalent stress o, and the corresponding deformation can also be derived.
As shown in Fig.13, some asperities show the tendency to yield even under a very
small load (Py=3.44 MPa), and with the increment of Py from 3.44 MPa to 141.23
MPa, the asperities yield increasingly from locally to wholly.

o./MPa o./MPa
- L2 » 0 . - 1
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(c) P=71.45MPa  (d) P;=141.23MPa

Figure 13: Von Mises equivalent stress of the bottom contact body in 1# contact.

-

Since the deformation of the thin substrate is so small that could be ignored, the
normal deformation of the contact interface is considered to be equal to the normal
displacement d. From the data of the normal deformation and the equivalent load
Py, the load-deformation curve can be obtained as shown in Fig.14. It’s obvious that
under the circumstance of the same normal deformation, the Py in 1# contact will
be less than that in 2# contact. The slope of the deformation-load curve, enbodying
the contact stiffness of the interfaces, increases with Py or d, and it changes slowly
until Py approaches 75MPa. Moreover, under the same load of P, the rougher
the contact interface, the smaller the slope of the deformation-load curve. Thus,
it is verified that the improvement of the sufaces quality and the increment of the
assembly load can be beneficial to enhance the contact stiffness.
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Figure 14: Deformation-load curve of different interfaces.

3.2.2 Interface pressure distribution and real contact area

The interface pressure distribution can also be extracted by the post-processing of
ANSYS. As shown in Fig.15, the maximum of contact pressure P is up to 3GPa
even under a small normal load of Py=3.44MPa, and it hardly change with the
variation of Py from 3.44MPa to 141.23MPa.

The real contact area of the interface is defined as the area with positive contact
pressure which can also be obtained from the post-processing of ANSYS. As shown
in Fig.16, the ratio of A,/Ag of real contact presents a nonlinear increment with the
rise of the normal displacement d while a nearly linearly one with the rise of the
nominal pressure Py. When Py <100Mpa, the ration of A,/Ag is less than 10%, and
it is still less than 15% even under a load of Py=180MPa. Besides, the ratio of
A,/Ag can also be affected by the roughness of the interface, for example, the ratio
of A,/A¢ in 1# contact is smaller than that in 2# contact.

3.2.3 Loading/unloading characteristics of the contact interfaces

Based on the above analysis of contact characteristics, this section is aimed to reveal
the characteristics of interfaces during the loading/unloading processes in the aspect
of Py and A,/A¢ as shown in Fig.17 and Fig.18.

As shown in Fig. 17, the interfacial normalized deformation d/c’ is introduced,
where o’/=( 612 + 622)0'5. When d/6'<1.5, the two loading curves coincide well with
each other while Py of 2# contact is smaller than that of 1# contact when d/o’>1.5.
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Figure 15: Interface pressure distribution under different load in 1# contact.
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Figure 16: variation of A,/Ay with the normal load.

Judging from the change of the curve slope, the conclusion that the interface stiff-
ness can be considerably increased by the process of loading and unloading would
be reached due to the fact that the slope of unloading curve is obviously larger than
that of loading one. Since the characteristics of interfaces during loading and un-
loading processes in this study is analogous to the deformation-load characteristics
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Figure 18: The relationship between A, /Ao and Py during loading and unloading
process.

of the gaskets in [Murali Krishna, Shunmugam and Siva Prasad (2007)], the nor-
mal stress, strain and other mechanical behaviors of the interfaces on micro-scale
can also be simulated by adopting the gasket elements with a certain thickness to
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achieve the cross-scale coupling between micro-scales and macro-scales.

As shown in Fig .18, the ratio of A,/A( of 1# and 2# contact show a linear increment
with the rise of Py during loading and an apparent non-linear relationship during
unloading, which is similar with the results from [Pei, Hyun, Molinari and Robbins
(2005)], and thus, verifies the accuracy of the analysis in this study.

4 Conclusions

In this study, a novel scheme is proposed for numerically generating Gaussian and
non-Gaussian rough surfaces with isotropic and linear anisotropic surface texture.
Afterwards, the contact characteristics including the load-deformation relationship,
the contact pressure distribution, the real contact area and the loading/unloading
characteristics at different load levels are analyzed. Finally, several conclusions
can be drawn as follows:

1. Three-dimensional rough surfaces with any skewness and kurtosis in the
whole plane can be numerically generated without complicated linear trans-
formation and filter process of non-Gaussian rough surfaces. Meanwhile, the
errors of the skewness and kurtosis obtained from the simulated rough sur-
faces are less than 0.03 and 0.05, respectively, which is a great improvement
compared with the outcome of previous methods

2. Phase sequences are produced from white noises sequences with higher cal-
culation efficiency due to the application of FFT method, and the first four
moments of generated Gaussian and non-Gaussian rough surfaces are con-
trolled to closely approach the input ones through the numerical operations
like translating, scaling and reconfiguring.

3. The proposed method for generating Gaussian and non-Gaussian rough sur-
faces would provide massive and accurate surface topography data with dif-
ferent statistical parameters for the study on the contact characteristics of
rough surfaces.

4. The simulated models are established by FEM with a high-quality meshing
method of hexahedral elements and reasonable constraints which give rise to
the improvement of solution accuracy and efficiency. Meanwhile, the con-
tact characteristics including load-deformation relationship, the contact pres-
sure distribution, the real contact area and the interfacial loading/unloading
characteristics of rough interfaces are analyzed, which could illuminate the
further study of surface topography optimization.
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