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Abstract: Current trends in the development of mechanical engineering impose increasingly stringent requirements for
the performance characteristics of manufactured goods. The main parameters characterizing the quality of a product as
a whole are the physical, mechanical, and geometric indicators of the working surfaces of the compound units. In domestic
practice, a machined surface is mainly characterized by a rather limited number of parameters (no more than 6), such as
the average microroughness height, the microroughness height at 10 points, etc. However, their use is not enough to manu-
facture competitive products in the modern conditions. For example, international ISO/ASME/DIN standards include
a much broader set of parameters required to accurately describe the performance properties of a surface. The paper ana-
lyzes the approaches to the formation of requirements for the microgeometry of the working surfaces of parts used in mo-
dern mechanical engineering. Based on the analysis, the author proposed and mathematically substantiated a general ap-
proach to modelling surface texture characteristics, which allows describing adequately the surface using a new parameter —
the profile physical coefficient, since it is virtually impossible to directly compare the technologies developed in Russia
with foreign analogues based on the current standards. First, the profile physical coefficient was determined at the section
level. Next, it was decomposed into a Fourier series for the two-dimensional and three-dimensional cases. The paper pre-
sents the analysis of the new parameter applicability on the example of a product obtained by honing. The author conclud-
ed about the applicability of this parameter and the necessity to develop a comprehensive methodology based on it for

evaluating the surface after machining.
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INTRODUCTION

The characteristics and surface texture of products are
regulated by the international standards, such as ISO/TR
14638, as well as by the chain of standards for surface tex-
ture. By now, the roughness profile and the parameters de-
fining it represent but a few characteristics of the surface
texture, which are clearly normalised. Surface texture pa-
rameters — a primary profile, waviness, and roughness are
defined by the ISO 4287:1997 International Standard, as
well as by the ISO 3274:1996 Geometrical Product Specifi-
cation (GPS). Surface structure. Profile method. Rated
characteristics of contact (stylus) instruments. The termi-
nology used in mathematical modelling corresponds to
the list of accepted international standards:

—1SO 4288:1996 Geometrical Product Characteristics
(GPP). Surface structure. Profile method. Rules and proce-
dures for assessing surface structure;

—1ISO 11562:1996 Geometrical Product Specification
(GPS). Surface structure. Profile method. Metrological
characteristics of filters with phase correction;

— ASME B46.1-2009. Surface Texture (Surface Rough-
ness, Waviness, and Lay).

Basic terms:

— profile filter — according to ISO 21920-2 and ISO
16610-21, divides the profile into long-wave and short-
wave components;

—real surface — limits the body, separating it from
the environment;

— surface profile — is formed as a result of the intersec-
tion of a real surface with a special plane parallel to
the XOZ and YOZ coordinate planes;

— primary profile — is regulated by ISO 3274 and serves
as the basis for obtaining quantitative evaluation character-
ristics;

— surface profile — is formed from the primary profile by
suppressing a long-wave component and serves as the basis
for obtaining the surface profile parameters;

— waviness profile — is obtained by suppressing the long-
wave and short-wave components, it is used to obtain the wavi-
ness parameters;

— geometrical parameters of the P, R, W groups — are
calculated based on the primary profile, surface profile, and
waviness profile, respectively.

In the design-engineering practice, a very limited list of
parameters is used at the enterprises in the machine-
building sector [1-3]. The parameters of the R and W
groups are mainly used [4; 5], in particular, the Ra, Rz pa-
rameters, etc. At the same time, among the parameters little
used in practice, Ra is one of the promising ones.

The analysis of publications on honing showed that
when describing the requirements for surface roughness of
parts, in most studies in the field of mechanical engineering,
only the Ra parameter is given [6-8]. In some publications,
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tp or tp and Rz are added to it [9]. In rare cases, Rmax and
Sm are added to the above parameters [9]. In the literature,
there are practically no parameters from new standards or
specific parameters for describing the surface after honing
from the less recent DIN standards of the 1980s. In recent
years, the alternative methods for obtaining parameters
have been actively developed, for example, new algorithms
for correlating the parameters of a reflected beam from
a microrelief [1]. These methods are being developed to
detect all the same Ra type standard parameters [2].

Most of publications on honing associate the solution of
the optimisation task with the application of theoretical and
empirical models. The most common method is the Taguchi
method [3]. The indicators of this method are used as an
optimisation criterion [4]. An alternative method to achieve
the same goal is the neural network method [5]. The authors
also use the response surface analysis methods to determine
the interrelation between the processing modes and techno-
logical parameters [6]. In these publications, only Ra was
considered as a basic parameter.

The authors of [8] investigated the honing treatment us-
ing a magneto-rheological fluid. Interestingly, in this case,
the meaning of the term “honing” no longer implies the use
of a hone (tool for processing), but primarily the surface
formed by this method. Similarly, there is a laser honing
process that does not involve mechanical stock removal, but
only energy impact. The authors state that the coincidence
in the surface texture for the traditional method and
the proposed one was 5.88 %. When describing the surface
roughness, the authors give the Ra parameter. No other
parameters were considered, despite the availability of
a measuring device (Surftest SJ-400, Mitutoyo) sufficient
for their evaluation.

In [9], the authors analyzed how to determine the sur-
face texture using the widely known acoustic emission
method. The authors propose two new parameters: Sf (cal-
culated as the ratio of signals when applying high and low
frequencies) and Sh (energy parameter). In this case, these
parameters are correlated with the typical Ra parameters
and the three-dimensional version of the Ra parameter —
the Sa parameter. The work [9] confirms that interest in
other methods for determining surface characteristics is
high. However, this method will require the purchase of
extra equipment for texture evaluation.

In [10], the authors give the reasoning of the theory of
a new finishing process proposed as a functional replace-
ment for honing. The surface was considered only from
the point of view of the Ra parameter. In the paper [11],
which describes the influence of changing a honing angle
on the roughness and tribological properties, the Ra para-
meter and the Rk group (Rpk, Rk, Rvk) parameters are gi-
ven. It is interesting, that the authors concluded that the Rk
group parameters reflect the tribological characteristics
more than the Ra parameter. The Rk group parameters were
developed exactly for this. At the same time, in the conclu-
sions, the authors carried out comparison according to
the quantitative values not of Rk, but of Ra (the optimal
value of the Ra parameter was 0.85).

The authors of the work [12], related to the evaluation
of the tribological properties of a rough honed surface, by
changing the contact pressure, evaluated the formed pla-
teau-surface tribologically, dividing it qualitatively into two
types: high and low. The basis for division was the authors’

classification by the surface decomposed according to
the frequencies with given (not variable) parameters over
the Rk group.

The work [13] studied the influence of the hone radius
on technological parameters (cutting force, surface integri-
ty, etc.). The Ra parameter served as an estimate of the sur-
face topography. In the conclusions, the smallest numerical
value of the Ra parameter was considered as a criterion for
the best surface.

The paper [14] examined multi-response optimisation to
ensure the surface quality and performance. The authors do
not directly name the parameters, they indicate the “maxi-
mum roughness” (probably Rmax) and “average rough-
ness” (probably Ra). As a result, the authors built three
models: for average and maximum roughness and for ope-
ration time. It was found that the grain size has the most
influence on the average Ra value. As in the source [13],
this conclusion is again obvious considering the mechanics
of the process. At the same time, the authors position
the presented three-factor optimisation model (two roughness
parameters and operation time) as the most complete one.

The paper [15] presents an indirect neural network for
modelling roughness during honing. The Rk group parame-
ters are used. Using this model, the authors were able to
predict the grain size, linear and tangential velocities, and
pressure to obtain the specified values of the Rk group pa-
rameters. Reference [16] uses the results obtained from test
honing machines for industrial application. In this paper,
the authors supplement the Rk group parameters with the Rz
parameter as necessary for industrial application.

In [17], the honing tool roughness was analyzed. Using
two theories of roughness generation, the authors compared
the calculated Ra parameter with the experimental one.
An extensive analysis of the process kinematics (different
angles, rotation speeds) was carried out; however, no other
parameters except this one were considered.

New parameters are used to a small extent in the litera-
ture (Table 1). This is also typical for other studies of ma-
chining technologies that consider roughness [18].

Thus, there is a small quantity of parameters used in
practice (no more than 6). The parameters available in in-
ternational standards will allow determining the surface
texture more accurately. In this work, the author proceeded
with the development of the proposed earlier ideas on
the development of a new method for determining the sur-
face texture [19]. It is proposed to introduce into practice
a little-used parameter — the profile physical coefficient.
To assess the validity of the application of this approach,
it is required to study the surface texture of the product ac-
cording to the method proposed below for the parameter
under consideration — the profile physical coefficient. With-
in this conception, the authors proposed to determine
the most significant parameters and then find the range of
optimal values for them, and not proceed from a specified
limited list of parameters.

The proposed “profile physical coefficient” parameter
can be denoted as Pu), T, and Wy, depending on
the source of the initial data, and is calculated in general
form by the following formula:
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Table 1. Texture parameters applied in the literature
Tabnuua 1. Ilpumensiemvle 6 numepamype napamempol MeKcmypul

Specified texture parameters

Papers, where the structure parameters

Rmax Rk

Sa under consideration were applied

The goal of the research is to develop a general ap-
proach to the application of the “profile physical coeffi-
cient” parameter and its testing.

METHODS

The technique is based on the assessment of the surface
microprofile by the “profile physical coefficient” parameter.

First, the profile physical coefficient was determined at
the sectional level. Next, it was expanded into a Fourier
series for the two-dimensional and three-dimensional cases.
As a result, the complexity of the presented parameter was
shown.

Based on the geometrical representation of probability,
the profile physical coefficient represents the probability of
density of ﬁlling with a material in the selected section c.

The Purc), Twmre) War relative physical coefficient is
determined at the sectional level of the R3¢ profile relative
to the starting point Co:

Pmr ’Tml ’er Pmr 9Tmi ’W (C1)$
where C; =C, — Ry, (or Ps., or Ws);
CO - (CPer’ mr0>» erO) .

The difference between the profile relative physical coeffi-
cient Py, Ty Wiy and the widely known ones is that not
filtered data are used (the parameters of the R — roughness
group, such as Ra, tp), but the primary surface profile (hence
the name of the group of parameters P — primary).

The profile of the surface relief obtained geometrically
in two-dimensional space in the form of a profilogram can
be represented analytically in the form of a trigonometric
Fourier series:

nmx
+z a, cos +b 1nT,

where

sm—dx

b3/ o

Zl()c),—leS—l+XS1

Zz(x),—l+XS1 Sx<-l+Xg +Xg,

2ol N Y Y
x),—l+ZXS‘_ £x£—1+z _1+ZXSf
i=l i=l1 i=1

k-1

x),—l+ZXS/ <x</
i=l

In three-dimensional space, the surface topography is
specified using a function of two variables z = f{(x;y), which
can be expanded into a double trigonometric Fourier series
in terms of a system of trigonometric functions. These func-
tions represent a trigonometric system for two variables x
and y, each of which is periodic with a period of 2z, both in
x and y.

Each function of the system is orthogonal to any other
in square D(— n<x<n—n<y< n). The specified proper-
ty takes place in any other square of the form
a<x<a+2n-b<y<b+2n. The orthogonality property

follows from the correlations
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C,=Cy—Rs, ”g -cos mxdxdy = J._T; dy _Ténos mxdx =

= r (L ‘sin mx"nj dy = L (sin mm— sin(— mn))dy =0 .
-\ m mé—mn

In a similar manner
. T T .
J‘ J. 1-sin mxdxdy = I dy | sin mxdx =
D - -7

= J-ﬂ [i ‘cos mx” j dy = L (cos mm — cos (— mrc)dy) =,
m

-7 mé—mn

__1r (cos mm —cos mm)dy =0
md-n

as the cosnm function is even, then cos(—nm) = cos(nm).
As a consequence,

'[ (cosmxcosny)(cosrxcos px)dxdy =
D
1 1
= I COSMXCOSFX I cosnxcos pydy |dx =

1 1
= Icos mxcos rxdxj. cosnxcos pydy = ,
g

= % " [cos(m +7)x + cos(m — r)x]x

X r [cos(n + p)x + cos(n - p)y]dy =0

-7

where r and p are integers, at m # r, n £ p.

It was proved above that the integral in the symmetric
region of an even function vanishes when m =r u n =p,
then the original integral takes the form

"2 o2
J. cos mxdx-.[ cos” nydy =

-1 —

=lJ-7T (l+cos2mx)abc'lj‘1T (1+cosZny)dy=
2J-n 2Jd-n

1 1 1 1

=—|2=n +—‘sin 2mx” | —| 21+ —‘sin 2ny” | =
2 [ 2 } 2 [ P
1

=—.4n* =1’
4

Here,  sin2mx™, =sin2mn—sin(-2mn)=0  since
sinmn=0.

The orthogonality of any pair of different functions of
the original trigonometric system is proved similarly.

We define the norms of the elements of the presented
trigonometric system:

1| = dxdy =+/4n* =2n,
= /[, avas

||cos mx" = ||sin mx" = ||cos ny" = ||sin ny" =427,

||cos mx" = ‘/ J.J-D cos? mdxdy = \/ J: dyj._ﬂncos2 mxdx =

:\/Jn %(l+)‘cosmfndy = \/%-275-275 =2n

>

||c0s mx - cos ny" = ||sin mX - COS ny” =

. . . >
= ||cos my - sin ny" = ||sm nx - sin ny" =7

||cos mx - COS ny" = \/I cos” mx - cos” ny-dxdy =
D

T T 1 2
= \/j cos> mxde. cos? nydy = 1/—.75_ =1
- -n 4 4

As in the case of a one-variable function z = f{x), the
Fourier coefficients for a two-variable function z = f{x,y)
defined in the domain D are found from the correlations [3]:

_ ”D [ y)dxdy 1

A - = v)dxdy ,
00 "1"2 s _”Df(x:J’) xay

IJ.D [f(x; y)cos mx]dxdy _

2
Jcos ma

(] esesmditn 12
T

m0

>

_ H 5 [/ (x; y)cos ny|dxdy _

2
lcos ny|

-5 [[ e seosmlasdyn=1.2....o0
T

On

J.J-D [ £ y)sin mx]dxdy _

. 2
||sm mx"

= 2%-”0 [ (s p)sin mx]dxdy, m = 1,2, ..., 0
s

m0

>

_ ”D [f(x;y)sin ny]dxdy _

. 2
"sm }’ly"

= Z%JAJ‘D [f(x;y)sin ny]dxdy, n=1,2,..,00
T

On

If m and n both
m=1,2,...,0, n=1,2,..., 0, then:

possess  the  values

Ay = LZ_”D [f(x; y)cos mX - COS ny]dxdy ,
T

by = LZ”D [£(x; y)sin mx - cos ny |dxdy ,
T
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Copn = LZ”D [f(x; y)cos mx -sin ny]dxdy ,
T

1 . .
d,, = n—ZHD [f(x;y)sm mx - sin ny]dxdy .
In practical problems, instead of Ao, it is advisable to
denote %, where aq is found from am,n at m =0 and

n = 0. Similarly, instead of 4m,0, A0,n, Bm,0, BO,n, we

am,O aO,n bm,O bOn

write ———, ,——,——, which are calculated from
2 2 2 2

the expressions am,n , bm,n, cm,n, dmn when given

m=1,2,..,0,n=00rn=1,2,...,0, m=0. As a result,

the double trigonometric series is written as:

a,, , COSMmX - cosny +

o +b, . sinmx-cosny +
2= f )= D

. 2
— C,y.p COSMX - SIN MY +

+d,,, sinmx-sinny

here
l nmpum=n=0
4 p
A=91, mpum>0,n>0 ,
%, mpum>0,n=0mwmm=0,n>0

in this case m and n are positive integers.
In the case when the domain Ds is represented by a rec-
tangle that meets the conditions Dz (—Ix <x<lIx,

—ly <y <ly) (Fig. 1), the double Fourier series takes the
form:

T T
Apyn cosml—x~cosnl—y+

x ¥y

. T
+b,, sml—mx~cosnl—y+

o0 0
x ¥
2= (5= D hos ; n
m=0 n=0 +Cpn cosml—x~smn—y+
x ¥

..M .m
+d,, ,sinm—x-sinn—y
L x vy

The A, parameter is found according to the correlations
written above, and the am.n, bm.n, cm.n, dm.n coefficients
are calculated using the formulas:

Ay :L” f(x;y)cosmlx-cosniy dxdy ,
R N R £28 [, L,

Dy Zi”‘D{f(x;y)sin mlix.cosnliy:ldxdy ,

x y

Coun :LJ‘J’ f(x;y)cosm£x~sinn£y dxdy ,
T, I, [,

doyn :LJ‘J‘ f(x;y)sinmlx-sinnly dxdy .
T [, [,

In the special case when Ix = [y =&, the previous ex-
pressions for the square domain Dz are obtained from the
written expressions. In the case when the function z(x; y) is
specified as piecewise smooth in the domains Di,
i=1,2,...,n

Sitxy),mpu (x;y) < D,

| faxy)mpu(x;y) € D,
Z(x9 Y) - B

Sfi(y),mpu (x; y) < Dy

the double trigonometric series will be analogous to the
Fourier series of similar one-variable functions.

./
/
/-

Fig. 1. Rectangular area Dz in the XOY plane
Puc. 1. Ilpsmoyeonvras obaacms D= 6 niockocmu XOY

Surface texture characteristics are predominantly geo-
metric. However, when processing and operating the ma-
chine parts and mechanisms, physical indicators are used,
such as material removal in various technologies, wear,
friction, elasticity, and the rough layer plastic deformation
caused by the presence of the material in it.

The complex parameter for evaluating these phenomena
is the analyzed profile physical coefficient regulated by the
international standard and representing the probability of
density of filling with the material in the z section, i.e.
P(VMc), according to the geometric concept of probability.

The probability of material content in a rough layer of
width ¢ is determined by the formula

P(VMC ) = J.O Pmr((z))dz .
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RESULTS

It is possible to test the considered method on the pro-
fillogram of the surface of a honed part.

If a profillogram is obtained for a rough layer, where
¢ = zk measured from the OX axis, then the profile physical
coefficient from geometric constructions is determined by
the formula

where kc — is the number of sections of the material in the ¢
section.

Specifically for the present case, Rz = 74 mm is divided
into k=10 parts, /n =155 mm. The results of measure-
ments and calculations are summarized in Table 2 and pre-
sented graphically in Fig. 2. Probability of filling the rough
layer with the material

p(Vm):S_m,

where Sm — is the area of the figure enclosed by a curve M/, .

Let us find the value of Sm:
_ Ry [ Ml 2m-2 am-1 -
Sm _a( ) +2Zi:l M12i+4zj:] Mlzilj”n_sla

R, {748 +2(151,2+128,1+ 71,2+ 34,8)1 ~

"7 6.5| +4(153,6+141,8+83,6+51,9+5,5)
=R, 86,23
R, 86,2
P,)= # = %86,23 =0,5563.

n n

The calculation shows that for a rough layer with a gi-
ven profillogram, the probability of filling it with the mate-
rial is equal to 0.5563, i.c., the given rough layer contains
55.63 % of the material. The porosity coefficient A is the
characteristic of voids in the specified layer:

\_Se=S

h Sm
=1 1-P(v,),
where Sc; — is the total area of a rough layer on the length
In, Sex = Rz-In.
Thus, A = 1 — P(V,), oil-absorption is 44.37 %.

cl1 cln

Table 2. Calculation of the probability of the density of filling the rough layer with the material along the zi sections
Tabnuya 2. Pacuem seposmnocmu niomHoCmu 3an0IHeHUs MAMepUaIom wepoxo8amozo cos No ce4eHusm zi

20 4l 22 23 24 5 Z6 27 8 29 Z10
a 0 7.4 14.8 22.2 29.6 37 44.4 51.8 59.2 66.6 74
Si 155 153.6 151.2 141.1 128.1 83.6 71.2 51.9 34.2 5.5 0
P(Sz) 1 0.991 0.975 0.910 0.826 0.539 0.459 0.335 0.221 0.035 0
Su 4
0,8 \
07 AN
49.1% midline

0,5 \‘

0,4

0,3 \\

0,2

o \\_
0

0 55 34,2 519 71,2

Ly

83,6 128,1 141,1 151,2 153,6 155

Fig. 2. The curve of the probability of filling the rough layer with the material along the sections corresponding to the actual profillogram
Puc. 2. Kpusas eeposimnocmu 3anoiHeHus Mamepuaiom uepoxoeamozo closi o ce4eHusM,
coomeemcmayouas peaibHou npopurocpamme
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DISCUSSION

Currently, the surface texture parameters used in prac-
tice, presented in publications and in production, are insuf-
ficient. The use of complex parameters reflecting the opera-
tional characteristics of products is required. As part of
the work performed, the authors justified the use of the “profile
physical coefficient” parameter for estimating the surface
texture using a new technique. The use of the profile physi-
cal coefficient allows meeting the increasing requirements
for the working conditions of the surfaces of parts, especial-
ly those operating under friction conditions. Knowledge of
the properties of the proposed models will allow recom-
mending the technologies and methods for processing sur-
faces of interacting parts of machines and mechanisms.

The parameter was tested for a honed surface, and con-
vergence was shown when analyzing the filling of a rough
layer with a material along sections, which corresponds to
the actual profillogram.

According to the developed technique, the Fourier series
expansion of the micro-roughness model profile function
given in the interval (—/; /) allows building the entire range of
models on a line of selective length according to which
the profillogram is reproduced. It is important that in
the overall assessment of the working surface micro-
dimensions, it is possible to take into account deviations from
a given geometric shape of the part, both regular and random.

A probabilistic assessment of filling the layer with
the material from the theoretical reference line or surface to
the theoretical equidistant line of the real profile is neces-
sary when developing software for technological equipment
operating in automatic control of cutting, grinding, honing,
and plastic deformation in the process of forming the tex-
ture of the working surface of finished parts.

In future, the developed method for the computational-
graphical study of a surface texture can be applied to ana-
lyze and evaluate the texture of the surfaces processed by
various technologies, including the evaluation of the sur-
face after post-processing of parts obtained additively.

The effect of applying the proposed method for estimat-
ing surface texture can be increased when combining it with
new processing methods and techniques that contribute to
the formation of a given surface texture.

CONCLUSIONS

The author justified the application of the “profile phy-
sical coefficient” parameter to set the requirements for
the micro-geometry of the working surfaces of the parts.

The analysis of the obtained quantitative parameters
found based on profillograms proved that the assessment of
the material consumption of a rough layer most completely
and comprehensively, compared to the well-known and
widely used Ra parameter, characterises the geometry of
waviness, its shape, flatness, pointedness, relief, perfor-
mance, wear resistance, and oil absorption of voids and,
accordingly, allows innovating the assessment of mixed
friction of real surfaces.
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