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The paper considers the temperature field model, which is formed in the surface layer of complex profile
products during their processing in finishing operations. These operations are associated with defects in the
surface layer of products, such as burns, cracks, and tensile stresses. Which significantly affects the reliability
and durability of these parts during their operation. These defects, being local stress concentrators in opera-
tional conditions, lead to premature failure of products, even though the load on them forms stresses, the value
of which does not exceed the limit values. The model is built based on the solution of the product's initial
boundary value problem of thermal conductivity. Functional relationships of technological parameters with the
grinding temperature obtained based on the model reflect the state of the treated surfaces for products with
complex profiles and allow using appropriate techniques to eliminate burns on the treated surfaces. The study
of the conditions for improving the quality of the treated surfaces by eliminating defects such as cracks and
burns was carried out mainly at the level of identifying the connections of the temperature fields that are formed
with technological parameters, physical and mechanical properties of the polished materials and the geometry
of the products. It was established that when grinding complex profile products from a larger radius in the direc-
tion to a smaller one, the temperature increased in proportion to the angle of inclination of the treated surface.
The adequacy of the built model was checked on the example of grinding conical products made of steel with
known physical and mechanical characteristics, the choice of tool, and the designation of processing modes.
Analysis of the simulation results shows that the temperature of the machined surface increases as the ma-
chining tool approaches a smaller diameter along the conical surface. This area of conical products' machined
surface is most prone to defect formation during finishing operations. Therefore, when assigning treatment
modes for such surfaces, they should be assigned with the condition that when the processing tool approaches
the part of the conical surface with a smaller diameter, the temperature formed on it should not exceed the
permissible values that ensure the required quality. Analysis of the results of numerical calculations of tempera-
ture fields showed sufficient accuracy according to the boundary conditions of the simulation.

Keywords: complex profiled products, temperature field model, defects, surface layer quality, finishing op-
erations, adequacy.

Introduction

It is known that hereditary technological defects such as burns and micro-cracks are formed in the sur-
face layer during the processing complex profiled products [1]. These defects, being local stress concen-
trators in operational conditions, lead to premature failure of products, even though the load on them
forms stresses, the value of which does not exceed the limit values [2]. When forming the required geo-
metric dimensions of complex profiled products in the processed stochastically located micro inhomoge-
neities and micro defects are formed on the surfaces [3]. Therefore, when studying the limit state of these
products, the surface layer is weakened by micro defects. Building on this basis a justified theory of their
bearing capacity, in addition to the deterministic one, a probabilistic statistical approach is also necessary.
Finally, the active layer of such products is considered an environment weakened by random defects, the
parameters of which are random variables with known distribution laws.
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Formulation of the problem

The statistical approach in assessing the load-bearing capacity of products has certain advantages. First,
it makes it possible to consider the impact on the strength of all defects and inhomogeneities at once, re-
gardless of their physical nature, size, shape, and location [4]. However, on the other hand, this approach
does not allow us to assess the role of the defect in the elementary act of destruction, the reduction of the
strength of the surface layer containing the specified defects, and their appearance from the technology of
product processing to the final state of the working surface [5]. Their geometry plays a specific role in
forming defects in the surface layer of processed products [6]. It especially applies to the finishing meth-
ods of processing complex profiled products. The most common final processing method is grinding,
which ensures high accuracy and productivity of manufacturing parts [7]. However, the application of
grinding is associated with defects such as burns, cracks, and tensile stresses in the surface layers of parts,
which significantly affects the reliability and durability of these parts during their operation. Existing
functional connections of technological parameters with the grinding temperature [8] make it possible to
eliminate burns on the processed surfaces of products that do not contain design and technological inho-
mogeneities and the material which does not contain significant deviations, using appropriate methods.
The study of the conditions for improving the quality of the treated surfaces by eliminating defects such
as cracks was mainly conducted at the level of identifying qualitative relationships between technological
parameters and the physical and mechanical properties of polished materials [9].

However, the lack of research on the peculiarities of the process of genesis of grinding defects and their
impact on the decrease in performance depending on the structural, technological, and structural inhomo-
geneities of the material of the products do not allow us to unambiguously use the existing recommenda-
tions for the elimination of these defects.

The purpose of these studies is to build a model of thermomechanical processes that accompany the
finishing of complex profiled products under which defects are formed in the surface layer, which leads to
the loss of the load-bearing capacity of these products during their operation.

Research Methodology. Consider the following initial boundary value problem of thermal conductivi-
ty for a product in the form of, for example, a truncated circular cone (Fig. 1).

Fig. 1 Calculation scheme for modeling the temperature field formed in conical products during finishing operations
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where A is the Laplace operator in the spherical coordinate system, the constants a* and h are the
thermophysical constants of the product material, the boundary conditions on the conical surfaces r = a
and r = b can be of three types, and also heterogeneous. The specified conditions are chosen for the sake
of shortening the records. As above, the derivative concerning the variable 6 is marked with a dot and the
derivative concerning the variable r with a dash. From the given functions, we will require that integral
transformation and inversion formulas are valid for them [10].

Consistently applying the integral Laplace transform over time to (1):

UP(TJH: <P) = fooov(rigl P, t) e_ptdtl (2)
and the Fourier transform by the angle ¢:
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instead of (1) we obtain:
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Let us apply the integral transformation to the boundary value problem (4), denoting the corresponding
transform of the desired function in the form:

w1

Upnk(r) = .[ Sine(pl (Bl Vk)vpn (r) B)dgﬂ k = 0F1F2F ) (5)

wWo
and similarly transformants of given functions.
As a result, the boundary value problem (4) will take the form:

Lsvpn = [rzvpnk(r)]’ — v (Vg + 1)Upnk(r) - rzszvpnk(r) = fpnk(r) — S5k (r, w),
a <r < b,vpni(a) = vpni(b) =0, (6)
Se(r, @) = [941(6, vi)sinBvy, (1, 9)]2; — [91(6,vi)sinbup, (r, 9)]:.

At the same time, the expression for S, (r, ) is decoded depending on the type of boundary conditions
a), b) and c) in (4). This depends on which equation v, should be found from, and the type of function
©1(6,vy). So, in the case of boundary condition a), instead of ¢;(6,vy) in (4), the function ¢, (6, vy)
defined by formula (7) should be used:

©a(0,Vy) = Py (cos0)Qy, (coswy) — Py, (cosw)Qy, (cosh), @)
where Py (cos 0), Qy, (cos 6) are linearly independent solutions of the differential equation of the
Sturm-Liouville boundary value problem [10], and the numbers ¥}, are found from the equation:
0 (6,V,) +ctgd - @ /(6,Vy) + [V (Vi + 1) — m? cosec? 8]¢(8,V,) = 0. (8)
and the expression Sy (r, w) from (6) turns into the following:
1
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j=0
In the case of boundary conditions b) and c), instead of the functions ¢, (6, vy) in (5), the functions
©p(08,v;) and ¢, (0, v;), which are determined respectively by the formulas:
@p(0, Vi) = PJ(cos®) Q) — QF: (cosO) QY 9)

This eigenfunction of the Sturm-Liouville boundary value problem [10]:
2

.. . 1 m
T(0)+ ctgh - T(0) — [/1 + 1 +

Sin20:| T(Q) = 0, Wo < 9 < w1,

will satisfy the boundary conditions:
@p(w), Vie) + hjop(w;, V) =0,j = 0,1.
When h; = 0, j = 0,1 we obtain the eigenfunction ¢.(8, V}) of the boundary value problem in the fol-

lowing form:
0e(0.V,) = P (cos@)%jﬁlwl) - Qg(cosa)%ﬁ“’” (10)
It satisfies the boundary condition cpc(w]-, Vk) =0, j = 0,1, and the numbers V,, should be found from
the equation:
= .(2{,’;(’0 (wg, w1) =0, k=0,12,.. (11)
Integral transformations based on the Sturm-Liouville problem are defined by the following expres-
sions [10, 11]:



gl = [y sin0 - 9.(6,Vi)g(6)dw, e = ab,c,

_ _ 9k ee(0.VK)
g((,()) - O-fnk(worwl)'

The asymptotic formula for finding V;, has the form:

wo <0 < w;.
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The formula for S;, (r, w) should be replaced by the following expressions:

S,?(r,w) :_Zl: (pb(wjvk)
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j=0
Thus, in all three cases of boundary conditions S (r, w) in (6) is a known function and the solution of
the initial boundary value problem (1) is reduced to the solution of the one-dimensional self-adjoint
boundary value problem (6). To solve Green's function G, (r,p) of the boundary value problem (6)
should be constructed. It can be done using the technique outlined in [10, 11], taking into account that the
whole system of solutions y, () and y, (r) of the differential equation (6) are modified Bessel functions:
Yo(r) = T_1/21v+1/2(7”5);J’1(7") = T_l/sz+1/2(r5)' (12)
where Vronsky determinant W (y,,y; ) = —r? according to the formula [12].
After performing the operations provided by the mentioned method, we will find:
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where
Ag(a,b) = Lyy1/2(as)Kypy1/2(bs) = lyy1/2(bS)Kyy1/2(as),
Vbrpo(r) = Kv+1/2(b5)1v+1/2(7”5) - v+1/2(bS)Kv+1/2(7”5)'

vV br,(r) = Iv+1/2(a5)Kv+1/2 (rs) — Kyi1/2 (a5)1v+1/2 (rs)
Here v should be replaced by v;. Using the constructed Green's function (13), we can find the trans-
formant, and it will have different names depending on the boundary condition in (4):
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After inverting the found transformants, we will find the solution of boundary value problems (4) using

formula (14):
® . c
vEn(r,0) = — Z Up"kc(rm(g’ v""), e=ab,c. (14)
P Umk(wval)
In order to obtain the solution of the original initial-boundary value problems (1), the found Fourier
transforms (3) and Laplace transforms (2) should be converted according to the known transformation
formulas, taking into account that m = |n|.

Research results

We will examine the adequacy of the built model to ensure the quality characteristics of the surface
layer using the example of grinding conical products made of 12X2H4BA steel, the active layer of which
is subject to heat treatment. Physical and mechanical characteristics of steel: G = 6.13 X 109 N/m? is
the shear modulus; v = 0.27 is the Poisson's ratio; B, = 11.6 x 107° is the temperature coefficient of
linear expansion; a, = 16 x 10~°W /m? X degrees is the coefficient of thermal conductivity; A =
22.2W/m x degrees is the thermal conductivity coefficient. The tool is a solid circle 24A25 CM18KS5
ITIT 250%75x%20. Processing modes: V; = 16m/min is the speed of the part; P, = 27H; V,,, = 30m/s is
the speed of the grinding wheel; L, = 21 = 1.58 x 10~3m is the length of the arc of contact of the tool
with the processed surface; tg,inq = 0.01mm is the grinding depth; S, = 31.6 X 10~%m? is the contact
area of the tool with the processed surface. The geometry of conical products: r =a =0.03m,r=b =
0.06 m, L = 0.09 m. The contact temperature was calculated according to formula (14). In Fig. 2 shows
the temperature field formed when grinding the working surface of conical products. Analysis of the sim-
ulation results shows that the temperature of the processed surface increases as the processing tool ap-



proaches the conical surface to a smaller diameter. This result is explained by the fact that heat flows into
the narrower part of the conical surface.

This area of conical products' machined surface is most prone to defect formation during finishing op-
erations. Therefore, when assigning treatment modes for such surfaces, they should be assigned with the
condition that when the processing tool approaches a narrower part of the surface, the temperature formed
on it should not exceed the permissible values that ensure the required quality.

VA o Vita, )
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Fig. 2 Grinding temperature distribution on the surface of a conical product when the tool moves from a larger diameter to a
smaller one
Conclusions

A model has been developed for determining the temperature field formed in the surface layer of
complex profiled products during finishing operations, which allows, due to functional connections with
technological parameters, to ensure the required temperature level on the processed surface in order to
avoid the formation of defects such as burns and cracks on it. Analysis of the simulation results shows
that the temperature on the processed surface increases as the processing tool approaches the narrowed
surface to a smaller cross-sectional area. This area of the processed surface of complex profiled products
is most prone to defect formation during finishing operations. Therefore, when assigning treatment modes
for such surfaces, they should be assigned with the condition that when the processing tool approaches a
narrower part of the surface, a temperature is formed, which should be within the permissible values that
ensure the required quality.
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VIIPABJIIHHS AKICHUMU XAPAKTEPUCTUKAMY POBOYUX I10-
BEPXOHD CKJAJHO MPO®LILHUX BUPOBIB TP MEXAHTYHINI
OBPOBLI

HaunionaneHuii yHiBepcuteT «OnechKa MOJITEXHIKa

Y pobomi po3ensidaembcsi MOOesIb memrnepamypHO20 Mo7s, ke hoPMyeEMbLCS 8 M08EPXHEBOMY wWapi cKnadHo npogi-
JIbHUX 8upobie rpu 0bpobui ix Ha ¢hiHiLHUX onepayisix. 13 3acmocysaHHAM Uux onepauil nos’s3aHa rnosisa 8 rno8epxHeeoMy
wapi supobie dechekmie murly npunikie, MPiluH, PO3Ms2Y0HUX HanpyXeHb, WO 3Ha4yHo ernausae Ha HadilHicmb i 0oe8208i-
yHicmb yux Gemaned, y npoueci ix ekcrinyamauii. Lli dechekmu, 6ydyyu noKanbHUMU KOHUEHmMpamopamu HarpyXeHb 8
ekcryamauidHux ymosax npu3godsimes 00 nepedyacHoeo 8uxody eupobis i3 nady, monpu me, WO HaBaHMAaXEHHS Ha HUX
pOpMyE HarpyXeHHs1, efluHUHa SKUX He nepesulye epaHu4dHuUx 3HadyeHb. Modesnb 6ydyembcs Ha OCHO8I pO38’a3Ky rnovyam-
K0B80-Kpaliogoi 3adayi mennonposioHocmi 0151 eupoby. OmpumaHi Ha nidcmasi Modeni (hyHKUiOHarbHI 368 'I3KU MexHOosI02i4-
HUX napamempig i3 memrnepamyporo wilichysaHHs 8idobpaxarombs cmaH 06pobIieHUX N08epPXOHb O0si CKITaGHO MpPoinbHUX
8upobie i 038051A0Mb 3@ AOMOMO20t0 8i0rN08IOHUX rpuliomie ycysamu npurniku Ha 06pobriroeaHux Mo8epxHsX. JocnioxeH-
HS1 yMOB rid8ULLEHHST SIKOCmi 06pobIIto8aHUX M0BEPXOHbL WIISIXOM YCyHEHHS1 0eghekmie murly mpilyuH i npuriikie npoeoourso-
C51 8 OCHOBHOMY Ha Pi6HIi 8USIBIIEHHS 38’A3Ki8 memrepamypHUX osig, Wo opMyombCs, 3 MEeXHOI02IHHUMU napamempa-
MU, (DI3UKO-MexaHIYHUMU eracmueocmsamu winighogaHux Mamepianie i eeomempieto supobis. BcmarosneHo, wo npu
winigpysaHHi cknadHo npoghinbHUX eupobie 8id binbwozo padiycy 8 HanpsiMi 00 MeHWo20, memnepamypa 36inbwysanacs
npornopuitiHo Kymy Haxusy obpobsosaHoi nosepxHi. AdekeamHicme nobydosaHoi modesi nepesipsinacsi Ha npuknadi wii-
pysaHHs1 KOHIYHUX eupobie 3i cmarti, 3 8i00OMUMU (hi3UKO-MEXaHIYHUMU Xapakmepucmukamu, 8ubopoM iHCmpyMeHmy i
rpu3Ha4YeHHsaM pexxumie 0bpobku. AHani3 pe3ynbmamie Modesio8aHHs nokasye, wo memrnepamypa obpobogaHoi nosep-
XHi 3pocmae o Mipi HabnuxeHHs1 06pobIIAH020 IHCMPYMEHMY MO KOHIiYHIU nosepxHi 0o meHwozo Oiamempy. Came us
obriacmb 06pobritoeaHol Mo8epxHi KOHIYHUX 8UpPobie Halbinbwe cxuribHa 0egheKmoymeopPeHHIO Ha (IHILWHUX orepauisix.
Tomy ripu npu3HayeHHi pexumie 06pObKU maKux rno8epxoHb, iX Cr1id npusHayamu 3 yMosu, Wo npu HabruxeHHi 06pobrisio-
4020 iHCMpymeHmy 00 YaCmUHU KOHIYHOI nosepxHi MeHwoz20 Oiamempy memrepamypa, Wo ¢opMyemMbCS Ha Hil He ro-
BUHHa nepesuuysamu O0nycmuMux 3Ha4eHb, sIKi 3abesrneduyoms HeobXiOHy sikicmb AHari3 pesyrnbmamie YucesibHUX pPo3-
paxyHKie memnepamypHUX 10/1i8 Moka3anu 00CmamHo MOYHICMb 3a 2paHUYHUMU yMo8aMu MOOEITI08aHHS.

KnrouyoBi cnoBa: cknagHo npodinbHi BUpobu, Mofens TeMnepaTypHOro nonsi .aAedekTu, SKicTb NOBEPXHEBOro Luapy,
iHiWHI onepaLlii, agekBaTHICTb.
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