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Abstract. One of the important parameters for assessing the surface quality of a car sheet are parameters
such as R, and RP.. These parameters describe the average value of the profile ordinate modulus and the average
value of the number of peaks per unit length of the profile, but they do not provide complete information about
the topographic structure of the rough surface. In this paper, as an alternative, we propose the use of complex pa-
rameters R,, of the RMS slope angle of micro faces of a rough surface and z, — correlation distance of a rough
surface profile.

Raq is @ complex parameter. It simultaneously takes into account both the altitude and frequency parameters
of the surface profile. Its values are more rigidly correlated with the coefficient of dry and viscous friction, with
the strength characteristics of thin-layer materials, with the oil absorption capacity of the surface layer.

The parameter T is used for very smooth surfaces. It has a clear physical interpretation as the distance above
which the correlation relationship between the surface ordinates is lost. This distinguishes it from the empirical
parameter R 5.

The paper describes the technique of measuring R,, and z, by reflectometric method by scattered laser radi-
ation indirectrices (SLRI) and software tools for analysing SLRI by comparing experimental and theoretical data.
Examples of the use of this methodology and software tools for determining the surface parameter R, of both
cold-rolled and galvanised automotive sheet are given.

The results of this work can be used for the development and implementation of devices for non-contact
measurement of the most important tribological surface characteristic R,4in the technological lines of automotive
sheet production.
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Annomayus. OTHUMU U3 BaXHBIX MOKa3aTeNeil OLIEHKH KauecTBa ITOBEPXHOCTH aBTOJIMCTA SIBJISIOTCS TaKHe
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CTPYKTYpe LIEPOXOBATON MOBEPXHOCTU. B naHHOI paboTe B KauecTBE albTEPHATHBbI MIPEATIAraeTCs HCIONb30-
BAHHE KOMIUIEKCHBIX IApaMeTpOB R,, CPEIHEKBAAPATUYECKOTO YIJIa HAKIOHA MUKPOTPAHEN IIEPOXOBATOW MO-
BEPXHOCTH H T, — KOPPEIAINOHHOTO PACCTOSHUS IMPOQUIIS MIEPOXOBATON TOBEPXHOCTH.

R_Aq — 3T0 KOMIIIEKCHBIIT MapaMeTp, yIUTHIBAIOIINH KaK BBICOTHBIE, TAK M JaCTOTHBIE TapaMeTphl mpodu-
JIs1 HOBEPXHOCTU OHOBpeMeHHO. Ero 3HaueHus 6ojee xECTKO KOPPEIALHOHHO CBA3aHBI ¢ KO3 duUIreHToM cy-
XOT'0 U BS3KOTO TPEHUS, C NPOYHOCTHBIMU XapaKTEPHUCTHKAMHM TOHKOCJIOWHBIX MAaTEPHAJIOB, C MACIOEMKOCTBIO
MIOBEPXHOCTHOT'O CJIOSI.

IMapamerp t_e ucHomb3yeTcs A OUEHb INIAAKUX HoBepxHOCTeH. OH nMmeeT 4éTkoe GU3MIecKoe TONKOBA-
HHUE KaK PacCTOSHUE, BbIIIE KOTOPOTr0 KOPPESLUOHHAS CBSI3b MEXKAY OpIUHATAMH IOBEPXHOCTU TepseTcs. ITO
€ro OTJIMYaeT OT HIMIUPUUECKOTo napamerpa P,.

B crarbe onucana MeTouKa usMepenus Ryg U e peIeKTOMETPHUECKUM CIIOCOOOM 110 MHIMKATPUCAM pac-
cestHHOTO J1azepHoro usnydenus (MPJIM) u nporpammusle cpeacTsa s ananusa MPJIM mytém comocTaBieHus
SKCIIEPUMEHTANBHBIX U TEOPETUYECKUX NaHHBIX. IIpHBeneHBI NpPUMEpPHl UCIOIb30BAHUS JAHHOW METOIUKH U
HPOrPAMMHBIX CPEJCTB [l ONPEIENEHHs napaMeTpa Ryq IIOBEPXHOCTH KaK XOJOJIHOKATAHOIO, TaK U OLMHKO-
BaHHOTO aBTOJIUCTA.

Pe3ynbraTel paboThl JaHHON MOXKHO UCIOJB30BAaTh A Pa3pabOTKU U BHEAPEHUs NMPUOOPOB sl OECKOH-
TAKTHOTO H3MEPEHHs BaKHEHIIEH TPUOOJIOrMYECKOH XapaKkTepUCTHKM MOBEPXHOCTH R,q B TEXHOIOTHYECKHX
JIMHUSX [IPOU3BOJICTBA ABTOJIUCTA.

Kniouegvie cnosa: mapaMeTpsl MIEPOXOBATOCTH, KOHTAKTHBIE X OECKOHTAKTHBIC CIIOCOOBI H3MEpeHHs Iapa-
METPOB LIEPOXOBATOCTH, peIIeKTOMETPUsl, HHAUKATPHUCA, IOBEPXHOCTh aBTOJIMCT, IIPOrPAMMHBIE CPEJCTBA

Jna yumuposanusn: Belov V.K., Artsybashev S.V. On the possibility of determining the microtopographic
characteristics of the auto sheet surface in technological production lines // Bectuuk IOYpI'Y. Cepust «Marmuno-
ctpoenuey. 2025. T. 25, Ne 3. C. 60-73. DOI: 10.14529/engin250306

1. Research problem statement

More than forty surface performance characteristics depend on surface microtopography [1-8].
These are electrical contact [9, 10], adhesion contact [11-13], thermal contact [14], and surface contam-
ination [15]. Since more than ten articles are annually published on the friction and wear coefficient de-
pendences on surface microtopography, it is reasonable to point out the monographs in which a large
bibliographic review on this topic is made [16-23].

The list of works on the elastic-plastic contact study of rough surfaces is equally extensive [24-31].

Of these works, it is necessary to single out the works of applied character, devoted to manufactur-
ing the products with the given surface microtopography. Surface microtopography according to modern
standards has a wide set of digital and functional surface characteristics. Some of them are regulated as a
quality parameter of products. For example, in order to ensure better stampability of the automotive
sheet, better adhesion bonding of the coating with the substrate and better marketability of car parts and
bodies, the automotive sheet with strictly regulated and controlled parameters of surface
microtopography is required.

Most often the amplitude parameter of rough surface — R, and R, is regulated — arithmetic mean
and mean square value of surface ordinates. The frequency parameter of the rough surface P, is less fre-
quently regulated — the number of surface peaks per 1 cm of the profile above the ¢ level [32-38]. In
order to produce products with these regulated parameters it is necessary to have instruments that fix
these parameters in the technological production line. Such non-contact instruments have been created
and are used, for example, for the production of automotive sheet.

But there are other surface microtopography parameters, which more rigidly determine the opera-
tional characteristics of the surface [39-41], but their measurement in the flow is difficult.

For example, the mean square angle R4 of micro faces inclination of a rough surface. This is a
complex parameter that simultaneously takes into account both height and frequency parameters of the
surface profile and its values are more rigidly correlated with the coefficient of dry and viscous friction,
with the strength characteristics of thin-layer materials, with the oil capacity of the surface layer.

Note also that, in contrast to the empirical parameter P, the spatial intervals of a rough surface are
more precisely defined by the correlation interval .. It has a clear physical interpretation as the distance
between ordinates, above which the correlation relation between surface ordinates is lost.
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In this paper, it is shown that these parameters can be determined in a non-contact reflectometric
way using specific software for processing the vector of the angular distribution values of the reflected
radiation intensity.

According to P. Bouguer, all information about the surface microtopography is contained in the
indirectrix of scattered monochromatic radiation. The theory of radiation scattering from surfaces with
different topography and microtopography has been sufficiently developed, although some problems
have not been completely solved [42-51]. Various optical non-contact methods for determining many
parameters of surface microtopography have been developed, the principles of which are outlined in the
monograph [52]. Also, various methods of computer modelling are currently used to solve such prob-
lems [53-54].

This study considers the possibility of non-contact measurement of parameters Rpq and T, in the
technological flow of production of products. If such devices are available, it is possible to produce
products with regulated microparameters R,q and te.

2. Working physical laws

Let A be the wavelength of light incident on the surface by a collimated flux. Let T, — correlation in-
terval characterising the degree of ruggedness of the surface profile, but Rq — mean square height of sur-
face irregularities.

In reflectometry, a surface that satisfies the following inequality

1. » A>» Rq 1)

is often called a smooth surface. Surfaces with violated inequalities (1) are called rough surfaces.

The scattering indikatrix from a smooth surface I is in its physical essence a Fourier image of this
surface and therefore is determined by the spectral power function — PSD by the following formulae
[47-51]:

10;,t,) =C-m-k*-[1+ cos(8,) - cos(8;) — sin(8,) - sin(6;)]? - PSD(6;,7,), 2
where
k=2-n/2;
4-7,
PSD(0;,T.) =

1+ [k T, (sin(@o) — sin(l9l-))]2

6, — laser incidence angle;

0; — scanning angle;

T, — mean value of the correlation interval;

C — coefficient depending on the Fresnel reflection coefficient and hardware function.
Dependences 1(6;, T.) at fixed values are shown in Fig. 1.
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Fig. 1. Indicatrices of a smooth surface with different values z.. Here 6, = 70°
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The rough surface indikatrix is determined by the laws of geometrical optics and is therefore deter-
mined by the distribution function of the tangent angles of the inclination angles of the micro faces of
the rough surface PSF by the following formulae [47-51]:

] kq2-cos%(6;)

16, tg) = C - f2-PDF (6, tg); 3)
where
f=F6) = 1+ cos(6,) - cos(6;) — sin(6,) -sin(Gi);

cos(6;) - (cos(@o) + cos(@i))
k=2-n/2,

v, = k- (cos(8,) + cos(6)));

v=k- (sin(@o) — sin(Hi));

1 2 vo\?
PDF(6;,tg) =m (—2 - tg) exp (— (Uz : tg) >,

where tg is the average value of the inclination angle tangent of the surface profile micro-facets. The
designation of other quantities is similar to the formula designations (2).
Dependences 1(8;, tg) at fixed values are shown in Fig. 2.

0.07 T T T T T T T T T

1
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40 45 50 55 60 65 70 75 80 85 90
0,deg

Fig. 2. Rough surface indicatrices with different values of inclination angles
of micro faces of arough surface . Here 6, = 70°

3. Experiment description

The research was carried out on samples of automotive sheet. Stampability of automotive sheet de-
pends on the amplitude parameter R, and on the step parameter z,. But the greatest correlation depend-
ence of stampability is observed with the hybrid parameter — R q.

Surface maps were determined on the Contour GT K1 optical profilometer (Fig. 3).

The MarSurf PS1 instrument was used for determination of surface microtopography parameters by
stylus method. The digital output from this device allowed determining the vector of surface profile val-
ues and with the help of special software it is possible to determine the parameters R,, and 7, with
powerful enough averaging [53]. The parameters R,q and 7, were calculated strictly according to the
standards of GOST R ISO 4287-2014 and ASME B46.1-20109.

Experimental determination of scattered radiation indicatrices was carried out on the AKIIRI (Au-
tomated Complex for Measurement of Scattered Radiation Indicatrices) installation of the Research
Centre ‘Microtopography’ of Nosov Magnitogorsk State Technical University. AKIIRI is based on the
X-ray precision goniometer (GUR-5). The spectrum of the registered radiation of the unit is set by the
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radiation source — helium-neon laser (LG-78) with A = 0.62 um and photosensors (FD-24K). The plane
of incidence and reception of radiation was always perpendicular to small surface risks (i.e., to the direc-
tion of auto sheet training).
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a) b)

Fig. 3. A surface map example of a automotive sheet before galvanizing (a) and after galvanizing (b)

The software was calibrated according to the readings of the stylus device and the results of
reflectometric measurements with the software, which will be discussed below.

But before this issue is considered, it is necessary to make an important remark. If we are talking
about a roughness profile (or a rough surface), it should be remembered that this implies that two opera-
tions have been performed on the ordinates of the measured profile (or surface), according to the above
mentioned standards:

1) filtering by a high-pass filter with parameter A,;

2) filtering by a low-pass filter with parameter A..

These are the usual operations of vector convolution of profile ordinate values with the weighting
coefficients of the narrow Gaussian window and with the coefficients of the wide Gaussian window with
appropriate parameters, when the high-frequency component and the low-frequency component of the
profile (or surface) are eliminated. In this paper, standard Gaussian filters with parameters A, = 0.5 pym
and 4. = 800 um. Using any roughness parameters without specifying these filter parameters lacks
sense.

Since the standards for the texture of the automotive sheet strictly specify this type of filtering, it is
obvious that such a surface, when using this laser radiation, should be considered rough.

4. Description of the experiment software tools

The programme works as follows (Fig. 4). The measured indicatrix is normalised to one (if neces-
sary, it is processed by various filters to eliminate outliers). Then the graphs of theoretical indicatrix
models for rough surface and for slightly rough surface are superimposed on it. The condition of ade-
quacy of theoretical indicatrices to the experimental indicatrix is estimated by the sum of modules of
ordinate differences between the two curves.

The calibration algorithm of the reflectometric unit by the reference sample before measurements of
the parameters Ry Or T, is shown in Fig. 4.

After calibration the conversion coefficients are stored in block 1.1.

The algorithm of processing IRLI of prototypes is carried out according to a similar algorithm, but it
excludes blocks 2.1, 2.2, 1.4 and 2.4.

Fitting of the theoretical indicatrix to the experimental one is carried out by two fitting parameters:
by values R, or by values 7, (for a smooth surface) and by the shift of the indicatrix along the abscissa
axis ‘delta’ — the angles of radiation reception.
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Fig. 4. Algorithm for processing the calibration and measurement results R,, or z,

For the evaluation of the situation, model representations of MIRLEY indicatrices are used (see the
left part of Fig. 5 and 6).

The exact determination of the parameters is carried out by the three-dimensional dependence of the
estimation error with the arguments Ry, Or 7, and the shift parameter ‘delta’ (see the centre part of
Fig. 5 and 6).

The results with the lowest error are presented in the form of two plots: IRLI and MIRLI, the closest
to it (see the right part of Fig. 5 and 6).

The final results of such software processing are:

1) parameters Ry, OF T;

2) an adequacy assessment of the given used theoretical model.

The case of IRLI processing of a rough surface is shown in Fig. 5.

The case of IRLI processing of a smooth surface is shown in Fig. 6.
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Error matrix. The X-axis is a search of the
indicatrix according to the tg parameter.
The X-axis is a displacement of the
indicatrix along the axis of the abscissa

Comparison of the theoretical and
experimental indicatrix reflected from
a rough surface at 8, = 70°

Rough surface model at 6,
with different tg
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Fig. 5. Block programme for determining R,

Error matrix. The X-axis is a search of the
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Fig. 6. Block programme for determining t,

5. Results of the research

The dependence between the average angle inclination determination of profile micro facets defined
by reflectometric and stylus method was checked. This dependence for a large batch of auto sheet sam-
ples is shown in Fig. 7, 8. A good correlation dependence between the inclination angles of surface pro-
file micro-facets determined by reflectometric and stylus method is obvious.
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Graph of the dependence of the angles of inclination of micrographs determined by the probe
(Mahr) and reflectometric method (AKIIRI)
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Fig. 8. Correlation between the inclination angles of profile micro-facets determined by stylus
and reflectometric methods for galvanised automotive sheet

The classical relationship between the amplitude parameter R, and the maximum IRLI value was
also verified for galvanised auto sheet (Fig. 9a) and cold rolled auto sheet (Fig. 9b).

Each point in the graphs of Fig. 7-9 is the average of 9 experimental values of one sample deter-
mined by both stylus and OTDR methods.

Conclusions

The possibility of measuring the parameter R,, (mean square angle of inclination of micro faces of
a rough surface) of a rough surface by non-contact reflectometric method is shown. It is confirmed by
experimental data for dressed and galvanised automotive sheet. This method of determination R,, can
be realised directly in technological lines of autosheet production.

The possibility of measuring the parameter T, (correlation interval) of a smooth rough surface by
non-contact reflectometric method is also shown.

This non-contact method of measurement R,, and t.can be used in the study of the dependence of
the surface performance characteristics on the surface microtopography, which are specified in Section 1
of this article.
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Fig. 9. Dependence of the maximum IRLI value on the roughness parameter R, :
a) galvanised automotive sheet; b) cold-rolled automotive sheet
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