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Introduction.

It is not always possible to establish a one-to-one correspondence between the
structure and properties of a metal. One of the reasons is complex geometric
configuration of the elements structure. For example, structure of steel measures by
point scale or percentage of its elements. The question of the influence of the shape
of the elements of the structure, which changes during its transformation after various
processing modes, remains insufficiently studied. During the transformation of the
shape of the elements of the structure, the properties of the metal under investigation
are very often changed. The change in the real shape of the elements of the metal
structure is not always recorded by traditional methods of metallographic analysis.

Currently to identification of multiparameter technologies various approaches
are used that are built on non-destructive methods [1-3]. For example, the methods of
mathematical modeling [4-6] are used to predict the physicomechanical
characteristics of various materials based on an analysis of their structure. The use of

experimental planning techniques allows optimizing the composition of materials and
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determining the area of existence of their suboptimal properties [7, 8]. The use of
mathematical methods leads to a significant reduction in the cost of field tests.

To partially compensate for the incompleteness of formal axiomatics in
identifying the metal structure in [9, 10], it is proposed to use the language of fractal
geometry. Fractal geometry, which was developed by B. Mandelbrot [11], allows one
to describe numerically irreducible objects using fractal (fractional) dimension. The
fractal dimension is used to predict the mechanical properties of steels [12, 13] and
cast irons [14-16]; when ranking the quality criteria of the metal [17]; when
identifying complex systems [18]; regularization of conditionally incorrect materials
science problems [19]. At present, the fundamentals of the organization of fractal
modeling have been developed, which allows developing an algorithm for each
identification object [20, 21].

The application of the theory of fractals and multifractals allows us to establish
additional links between the structure and properties of the object of identification
[22-24].

Materials and methods.

The object of investigation selected tool steel ¥8. The urgency of the choice of
steel Y8 lies in the fact that during the operation of the product from it (cutters, saws,
knurling rollers, chisels, chisels, etc.) are subjected to dynamic loads that cause a
change in the structure that affects its hardness.

Samples of steel Y8 were investigated with the following chemical
proportions(% of weight): C — 0,81%; Si — 0,17%; Cu — 0,25%; Mn — 0,17%; Ni —
0,25%; P — 0,30%; Cr — 0,20%; S — 0,03%. In order to change the structure and
mechanical properties of the samples with a cross section of 5 x 5 mm and a length of
20 mm were subjected to heat treatment in two modes (Table 1). The hardness of the
samples after heat treatment was measured by the Rockwell method (I'OCT 8.064-
79) in various regions of the thickness of the samples (Table 1). To improve the
reliability of the results, three measurements of hardness indicators were carried out

in each of the above areas.
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Table 1
Heat treatment conditions and hardness of steel V8

Distribution HRC, r
Ne ..
olp Conditions r Vot Var r=0 Var Var r
(-1sm) | (-0,5 sm)|(-0,25 sm) | (0 sm)| (0,25 sm)| (0,5 sm)| (1 sm)
0 -

1 | 180Col g s | gg 664 | 661 | 67 67 | 68
cooling
0

p |780°C, water | oo g | 5 73 705 | 715 725 | 73
colling

Metallographic analysis was performed on a ‘“Neofot 2” microscope.
(Germany). Etching microsection carried out in solution of 4% nitric acid in ethanol.

Steel structure is given in Fig. 1.

-
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Fig.1 Steel structure Y8 in the middle of subjects (r = 0 cm):
a — oil cooling: perlite precipitated along the boundaries of former austenitic grains

and bainite+martensite; b — water cooling: martensite + residual austenite, x200

The algorithm for calculating the multifractal spectrum of the microstructure
dimensions of the steel Y8 consisted of the following steps [12]:

Step 1: The images of the structure (x200) with the original size of 9 X 12 sm
are photographed by the digital camera “Olympus C-50". In electronic form, the
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photos are presented as a two-dimensional data array of 510 x 680 pixels in a 256-
color bmp format with a gradation of gray.

Step 2 Conducting a discrete approximation of digital photographs of
structures. For this, the set under study (microstructure) was divided into square cells
with different sizes g, x g, pixels (where g, = 20, 25, ..., 100 with k =1, 2 ..., 17).
With this increase in the structure, the sizes of square cells changed from 17,65 x
17,65 um at g; = 20 pixels to 88,25 x 88,25 um at g;; = 100 pixels with a given step
of 5 pixels (4,40 um).

Step 3. The multifractal spectrum of dimensions D (q) of the structure elements
was determined. p; is the probability of hitting a point located on the object under
study in the i-th cell of a square grid with a size of 6. The exponent g ranged from

— 50 to + 50.

N
In 3 p;

1 : i
D(q)=——- lim —=1L 1
(4) q-1 5§50 Ind 1)

where Dy is the fractal dimension, which characterizes the homogeneous fractal with
(the dimension of Hausdorff - Besicovitch); D; - informational dimension with
(informational entropy) characterizing the rate of growth of the amount of
information and showing how the information increases to determine the location of a
point located on the object of study, when the cell size & tends to zero. D, -
correlation dimension, with characterizing the probability of finding in the same grid
cell two points located on the object of observation; Ds, - the dimension
characterizing the most rarefied space in the object of observation (light elements of

the object); p_., - dimension characterizing the most concentrated space observed in

this object (dark elements).
Step 4. Construction of the dependence D (q).
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Fig. 2 The spectrum of dimensions of the structure elements shown in Fig. 1 b

Results of experiments.

As a result of the experiments performed, the dimensions of the elements of the

microstructures under study were determined (Table 2 and Table 3).

Table 2

Steel V8. Heating in the furnace to 780°C, with a shutter speed of 30 minutes and

cooling in oil

Distance r from Spectrum of multifractal dimensions
sample center Do D, D, Dso D
1 2 3 4 5 6
1,844 1,820 | 1,812 | 1,715 | 2,700
EEX
r=0
ar 1,740 | 1,690 | 1,675 | 1,564 |2,782
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Table 3

Steel V8. Heating in the furnace to 780°C, with a shutter speed of 30 minutes and

cooling in water

Distance r from

Spectrum of multifractal dimensions

sample center Do D, D, Dso D5
1 2 3 4 5 6
r=0 1,785 1,752 | 1,735| 1,635 | 2,550
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To establish the sensitivity between the parameters of the structure and the
hardness of steel V8, the formula was used [20, 23, 24]:

Yi = |Dj = Disa| 1 X — X1,

(2)

where Y; is the sensitivity; D; is the fractal dimension at the i -th point of the thin

section; X; is a qualitative characteristic in the i - th point of the thin section.
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In Fig. 3 and Fig. 4 shows the histograms of sensitivity between the dimensions

of the elements of the structure of the multifractal spectrum and the hardness of steel
V8, determined by formula (2).

0,16 |
0,14
0,12
0.1
0,08
0,06
0,04
0,02

Fig.3 . The sensitivity of hardness to fractal dimensions of the structure (martensite +
perlite along grain boundaries): Row 1 - increase 100; Row 2- is an increase of 200;

Row 3-increase 400

From the histogram in fig. 3, it follows that the optimal scale for representing
the structure for determining hardness over the interval from 100 to 400 times is an
increase in the structure of 100. Analysis of average values of generalized fractal
dimensions showed that the most sensitive to dark inclusions (martensite + perlite
along the boundaries of austenite grains) is the dimension D, = 0,126, which means
that for further hardness calculations it is necessary to use this dimension. These

results are confirmed by the physicochemical effect of these structures on hardness.
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Fig. 4. The sensitivity of the fractal dimension Dy (1), the information dimension D,
(2), the correlation dimension D, (3), dimension Ds, (4) and dimension D_s, (5) to the
hardness of martensite. Row 1 is an increase of 100;Row 2 is an increase of 200; Row

3-increase 400

Histogram analysis in Fig. 4 shows that high compared with other sensitivity to
hardness is observed in the fractal dimension of martensite D_sq. Physically, this fact
is explained by the fact that the increase in the dimension of D _s,, which characterizes
the most concentrated space (dark areas of the structure - martensite needles), is
associated with an increase in its hardness due to the shear mechanism of the crystal
lattice rearrangement (y—a tranfomation). .

The results obtained indicate the sensitivity of the quality indicators of carbon
steels, for example, steel V8, to dimensional estimates of the structure elements. Such
an approach allows one to build a forecast of the qualitative characteristics of carbon

steels on the basis of a multifractal analysis of their structure.
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IMPOTHO3UPOBAHME IMTOKA3ATEJEN KAUYUECTBA
MAJIOYTJIEPOJUCTBIX CTAJIEN

KUBUIIA E.P.

oaxanasp Kagheopvl mamepuaiogedenus

u 00padomku mamepuanoas,

I'BY3 «llpuonenposckas cocyoapcmeennas akaoemusl
CMpoumenbCmea U apxXumexmypoly,

2. /[{nunpo, Ykpauna

CHU30BA E.P.

oakanaep xagheopvt mamepuanoeedeHun

u 00padomku mamepuanoas,

I'BY3 «IlpuoHnenposéckas 20cyoapcmeenHas akaoemusl
CMpoumensCmea U apXumexmypuly,

2. /{nunpo, Ykpauna

VY CTaHOBJICHUIO CBSI3U MEX]y CTPYKTYPOU M CBOMCTBAMH METAJJIOB, OETOHOB
MOCBSIIIEHO MHOYKECTBO paboT (cM., K mpumepy, [1-5]). TounocTs Mozeeli IporHo3a
MOKa3aTeJed KadecTBa METa/lla BO MHOTOM 3aBHUCUT OT TOYHOCTH HM3MEPEHUM.
[IpumeHeHne TPaaWLIMOHHBIX METOAMK OLICHKU CTPYKTYPBl Pa3jMYHBIX CTajed He
BCErJa MO3BOJISIET HANTU KOPPEIALMIO MEXY MOTYYEHHBIMH PE3yJIbTaTaMU OLICHKU
Y TOKa3aTeIsIMU KaueCcTBa, UYTO MHULIMUPYET aKTyaJIbHOCTh TaHHOW paOOThI.

[[lupokoe BHeApEeHUE B NPOU3BOACTBEHHBIE MPOLIECCHl MaTEMaTUYECKUX
METOJIMK MO3BOJISIET MPOTHO3UPOBATH KAYE€CTBO BhIMyCKaeMoM npoaykiuu [6-10]. K
npuMepy, MpUMEHEeHHE (PaKTaIBLHOTO IMOJX0Ja IMO3BOJSET OLICHUBATH Pa3JIMYHBIC
CTPYKTYPHBIE COCTABJISIONINE MATEPHAIOB C PA3IMYHON reoMeTpudeckoi popmoit u
napamerpamu  [11-14].  ComoctaBieHue  (PpakTadbHBIX  pa3sMEpPHOCTEH  C
MOKa3aTeas MM KayeCcTBa MAaTEpUAIOB  CBHAECTEIBCTBYET O NEPCIEKTUBHOCTH

UCTIOJIb30BAHUS JIAHHOTO HAIpaBJICHUs B MaTepuaioBeaeHuu [15-18].
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Jlnst  mporHO3WpOBaHUSI TMOKa3aTenel KadecTBa BbiOpaHa cramb Nell3,

MOKa3aTeId TBEPAOCTH KOTOPOW M CTPYKTypa MPHUBEICHBI

B pabore [19].

Xumundeckuit coctas cranu (% mo macce): C - 0,115; Si - 0,29; Mn —0,39; P —0,012;

S —0,026; Cr — 0,12; Cu — 0,215. OGpa3iibl UcCIeayeMoro MeTaia moaBEepPrainuch

0
TEPMUYECKON 00paboTKe TpHU TOCTOSHHOW Temmeparype 920 C oy BPEMEHHU

BBIZIEPKKH IIPHU 3TOM TemiiepaType B nepBoM ciaydae 1200 cek, a BO BCeX OCTaJIbHBIX

— 300 cek u oxjaxaeHuu ux (Kpome MepBOTo ciayyas, rje oOpasell OXJIaxkaaics Ha

0
BO3/lyX€) B TCUEHUU YKa3aHHOTO B Tabiuie 1 BpeMeHnu 1o temmnepatypsl S00 C
Taoauna 1
Bpews . dpakTajbHas pa3MepPHOCTh
OXJI2KTCHNS, BE€pPAOCTD, CaetJible TemHble Ne doTo
ceK HV BKJIKOYCHUSA BKJIKOYCHUSA
(peppur) (mepJiur)
3/4 329 1,853 1,989 puc. 1 a
MapTEHCHUT
1,814
dbeppur +
5 203 ST - 1,998 puc. 16
MapTEHCUT
29 160 1,869 1,441 puc. 1 ¢
63 177 1,821 1,347 puc. 1 2
920 156 1,762 1,423 puc. 10
8000 153 1,951 1,492 puc. l e
93000 131 1,931 1,444 puc. 1 o

CTpykTypa 00pa3noB uccjielyeMoil MApKHU CTaJIM NPUBeeHa Ha puc. 1.




Puc. 1. MukpocTpykrypa craau Nell3, x200

q)paKTaHBHaﬂ PasMCPHOCTb BbLIYHUCIIAIACH I CICAYIOIIHNX COCTABJIAIOIIHUX

CTPYKTYpBHI:

a

— (beppuT — CTpyKTYypHasi COCTaBJIAIONIAs, TPEACTABIIAIONIAs cOO0N ~*  Kene30

(OLK pemierka, koTopast odpasyerca npu Temiiepatype Hrbke 911 C oy WHTEpBaje

0
temrepatyp 1392-1539 C), KOTOpasi B HE3HAYUTEIBHOM KOJIMYECTBE PACTBOPSET
YTIEPOI;
— TIEPJIUT — ABTEKTOUHAS CMECh (IBTEKTOUIHbIE cTanu coaepxar~0,8% C mo

Macce) geppura u ieMeHTrTa (KapOua xeesa F eac);

— OedHUT — MerTacTaOWibHAsh CTPYKTypHas COCTaBISIOIMIMX  CTajH,
oOpa3zyromascss Ipy ITPOMEKYTOUYHOM IMPEBPAIICHUM ayCTEHUTa W COCTOSIIAs U3
CMECH YaCTHI] MEPECHIIICHHbIX YIIIepoaoM (heppuTa 1 kapOua xenesa;

— MapTEHCUT — MNEPECHIIIEHHBIN TBEPABINA PACTBOP YIJIEPOAA B (X — KeEJe3e.

@pakTanbHas pa3MEPHOCTb CTPYKTYPBI ONPEAEIIIACH C MOMOIIBI0 METOIUKH
[20], Oa3zupyromielics Ha CXOAMMOCTH 3HAYEHUN (pakTadbHOU pa3MEpHOCTH,

BBIYMCJIEHHOM C TTIOMOIIBIO KJIETOYHOT'O M TOYEYHOTO crioco6oB [21] (puc. 2).
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Puc. 2. Pe3ynbrarsl pacueta (hpakTaabHON pa3MepHOCTH puc. 1 a o pazpaboTaHHOI
meronuke: Dy, — pasmeprocTh rpanun 3epeH; Dimonk, Dgonk — GpakTanbHble
Pa3MEPHOCTH TEMHBIX M CBETJIbIX BKIIOUCHHIN COOTBETCTBEHHO, BHIYUCICHHAS
KJIETOYHBIM cIOCO00M; Dinont, Dgont — (PpaKTanbHbIe pa3sMEPHOCTH TEMHBIX M CBETIIBIX

BKJIIOUCHM U COOTBCTCTBCHHO, BBIYHMCICHHBIC TOUYCYHBIM crrocooom
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Brnusare BpeMeHHM OXJaXACHUS CTad Ha (QpakTaabHYI0 pPa3MEpPHOCTH

CTPYKTYPHBIX COCTAaBIIIIOLIUX PUBEAEHO HA PUC. 3.

D

2
e

I
(s ¥]

4
C
C1
©
®

_________________________________________
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[+ o]

T
[=33
1
1
o
v
)

N O T
1.2
1 T T T T
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Int)

Puc. 3. 3aBucumocTs BpeMeHu oxJiaxaeHus t ot ppakranbHoi pazmepHoctu D

CBETJIbIX (KpuBas 1) U TeMHBIX (KpUBasi 2) 3JIEMEHTOB CTPYKTYPhI

VYpaBHeHUs  perpeccud, OINUCHIBAIOIIME TMpEACTaBICHHbIE Ha  puc. 3
3aBUCUMOCTH (DpaKTalIbHBIX pa3MepHOCTEN CBETIbIX (3) U TEeMHBIX (4) SJIEMEHTOB

CTPYKTYPBI, UMEIN CIAEAYIOIIUN BU:

D = — 2E-10t* + 2E-05t + 1,8224,  (kpusas 1 Ha puc. 3) (3)
Koo durment mapuoii koppemsimu R® = 0,67.

D =-0,0452In(t) + 1,8238, (kpuBas 2 Ha puc. 3) 4)

R?=0,45.

Ha puc. 4 npuBeneHsl 3aBUCHMOCTH IOKa3aTeNEd TBEPAOCTH HCCIELYEMOMU

MapKH CTaJIu OT pa3MCPHOCTHBIX OIICHOK €€ COCTABJIAIOIINX.
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Puc. 4. Biusinue ¢ppaktanbHOU pa3MepHOCTH CTPpYKTypbl cTanu Ne 113 Ha TBep1OCTh

CootBeTcTBUs Mexay TBepaocThio cramu  Nell3 wu  ¢paxTaabHBIMU
pa3sMepHOCTSIMU CBETNIBIX (5) W TeMHBIX (6) DIEMEHTOB CTPYKTYpPhl HMEIU

CIICIYIOIINM BUJL;

D = 1E-05HV? — 0,0055HV + 2,4483,  (kpusas 1 Ha puc. 4) (5)
R*=0,34.
D = — 2E-05 HV? + 0,0122 HV + 0,041, (kpusas 2 Ha puc. 4) (6)
R? = 0,65.

OTCcyTCTBHE JTMHEHHBIX 3aBUCUMOCTEN Ha pucC. 3 U pUC. 4 MOKHO OOBICHHUTH
CONIOCTABJIEHUEM pA3JIMYHBIX PACCMATPUBAEMBIX CTPYKTYPHBIX COCTABIISIOLIUX,
MOJIyYEHHBIX B pe3yJbTaTe PA3IMUYHBIX PEXUMOB 00paboTKu (Tabn. 1) U KoTopbie
XapaKTepU3yIOTCA PA3IUYHBIMU KpPUTEpUSMU KadecTBa. Hampumep, Ha kpuBoi 1
puc. 3 u puc.4 COnoCTaBISIOTCA (pakTadbHbIE Pa3MEPHOCTU CBETJIBIX AJIEMEHTOB
CTpYKTyphl: peppurta (puc. 1 6, ¢, 0, e, ac), maprencurta (puc. 1 a) u dpeppura +
OelinuTa + MapreHcura (puc. 1 6).

[Tony4yeHsl MaTeMaTHYECKUE MOJIENIM MPOTHO3a MOKa3aTelel TBEpIOCTH CTalu
No 113  anrmumiickoro TPOW3BOJCTBA HA OCHOBE (PaKTaIbHBIX pPa3MEPHOCTEH
CTPYKTYpHBIX cocTaBisitomiux (5) u (6). ®dpakranbHas pa3MEpHOCTb MO3BOJISET
(duxcupoBath TpaHCOpMAlMK  CTPYKTYPhl TNPU  BO3JACUCTBUU  Pa3IUYHBIX
TEXHOJOTHYECKUX (PAKTOPOB, UTO MOJATBEpPKIAETCSA psjaoM padot [22-24 m nap.].
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Pesynbpratel  paboTbl MOXHO TpPAKTOBaTh KaK d3KCIPECC-METOIUKY OLICHKH

XapaKTEepUCTHK KauecTBa MeTaJljla HA OCHOBE (PPaKTAJILHOI'O aHAJIN3a €T0 CTPYKTYPBHI.
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