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Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THERMODYNAMIC BASES OF METAL
MECHANICAL PROCESSING BY CUTTING METHOD

Abstract. Fundamental thermal mechanical phenomena arising in the process of metal cutting are difficult to
give a systematic and interconnected theoretical and mathematical description. The phenomena various in essence
and nature considered in the s tudies are so closely intertwined with each other that it is very difficult to describe
their interaction. Based on the results of our research, it was revealed that eleven relatively independent theories that
have not yet come to a holistic unity are focused on the top of the cutting edge. In such studies, it is necessary to
systematize and relate the theory of chip formation, the mechanics of metal cutting, friction theories and wear during
metalworking, the thermodynamics of cutting, and the theory of durability and reliability of cutting tools.

In this paper, the approaches of mathematical modeling of thermal mechanical processes of metal cutting, is
based on the non-linear theory of elasticity of V.V. Novozhilov at that, the final deformation of the elementary
volume of the considered three-dimensional body is accompanied by finite rotations and displacements but with
small relative changes in geometric dimensions.

Key words: thermodynamics, thermal conductivity, cutting, deformation, friction, solids, stress, cutting tool,
shavings, roughness, speed, shear.

Introduction. The mechanical processing of metals by cutting method is accompanied by
thermodynamic processes. The source of heat when cutting metals is the work spent on the final
deformation in the sheared layer and in the layers adjacent to the machined surface and the cutting surface
as well as to overcome friction on the rear surfaces of the cutter. During the final deformation, the material
points of the sample move relative to each other which are a source of additional heat generation [1-5].

It is known that the process of thermal mechanical cutting of solids is difficult to mathematically
model due to the complexity of the process occurring there [3-5]. The various phenomena considered here
are so closely intertwined with each other and their interaction is so complicated that eleven relatively
independent theories that have not yet come to a holistic unity are focused on the cutter tip. These are the
theory of chip formation, mechanics of metal cutting, the theory of friction and wear during metal
working, the thermodynamics of cutting and the theory of resistance and reliability of cutting tools.

Here we propose a thermal mechanical theory of metal cutting based on the fundamental mechanisms
of thermodynamics and nonlinear mechanics of a deformable solid. In this process, along the cutting line
due to the occurrence of critical values of internal stresses at the tip of the cutting tool metal chips are
detached from the base. In this case, after detaching, the chip in the form of a metal strip makes final
movements [7-10].

Main part. The stress state during nonlinear deformation of an arbitrary three-dimensional elastic
body under the action of the bulk system - X, and surface forces - S; in the current coordinate system

(o)< | & 2 & 3, 18 described by the Euler motion equation [7-10].
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According to the theory of V.V. Novozhilov, nonlinear deformation of the elementary volume of the
considered three-dimensional body is accompanied by finite rotations and displacements but with small
relative changes in geometric dimensions. In these conditions, the actual (after deformation) curvilinear
triple-orthogonal coordinate system O¢&,&,&, practically remains unchanged, i.e. the condition &, = x; is

fulfilled for them. Here Ox,x,x, is the initial coordinate system (before deformation). Then the second

Piola-Kirchhoff tensor B] through the symmetric Cauchy tensor Oy; in the initial coordinate system is

expressed as follows [7]
Pij :(é‘ik +Ui,k)0k" (1)

where J;; are the Kronecker symbols.
Thus, the nonlinear deformation of a three-dimensional body, relative to the initial coordinate system
Ox,x,x,, is described by the following system of equations of Lagrangian motion

(5, + U)o, lj +X,=pU; =0 @)
under the initial conditions
ilg — Vi it:():ViO’ (3)
and boundary conditions
lJi|z| =U, (@k +U, )O-kinj‘zz =S, 4)

z
where U ; are the displacements X=X,+X,given on the part of the boundary, U, V’are the coordinate

functions characterizing the initial state of the body, #; is the external normal and p is the density, J; are
the Kronecker symbols. Points above functions denote time derivatives. Derivatives by coordinate are
denoted by a comma, i.e. tensor analysis operations take place. Here i, j, k€(1,2,3).

For isotropic materials, according to the thermodynamic form of writing the determining Duhamel —
Neumann relations [11-23] we have

o, =Aey—BI)S, +2ue,, 0=T-T,, )

ij’

Ev _E
(1=-2v)(1+v)’ a 2(1+v)
ratio; 7, Ty - temperature of the current and initial state, f- characterize the influence of temperature
stresses.

Based on the thermodynamic theory, the Fourier thermal conductivity has the following form [11]:

c,9=1A3-TpBé, 6)

where ] = , Lame coefficients, £ - modulus of elasticity, v - Poisson's

wherec,,/.- coefficients of heat capacity and thermal conductivity with constant deformation.

Thus, we have the general task of the nonlinear thermodynamic theory of elasticity for thermal
mechanical processing of metal parts by cutting method solving which we can study the stress-strain state
of the objects under consideration, including metal strips and formed chips. Due to the difficulties
encountered in solving nonlinear three-dimensional problems (1)-(9) in applied problems the mechanics of
a deformable solid usually turn to two-dimensional problems.
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The pattern of chips formation from the processed surface

In the problem under consideration, deformation of plate — 2 does not go beyond the framework of
the linear theory of elasticity. The same is true for a metal strip - 1 before exposure to the cutting tool.
Thus, we have linear physical and kinematic relations. After the impact of the cutter, at the time of chip
formation, the metal strip undergoes final displacements, and the strip bending is accompanied by a
predominance of deflection compared to the others, i.e. the condition U >>Uj is satisfied.

Therefore, in expressions (1)-(6), when the plates are bent by nonlinear terms along the U;
displacement vector axial displacements they are usually neglected. At that, the nonlinear components of
the derivative U,with respect to the normal coordinate z are also taken to be negligible.

Then, for the components of the second Piola — Kirchhoff tensor and the Lagrange — Green strain
tensor, we hae:

P.=0c., P

ij ij>73j

= (53k +U;, )O-kj7 &3, =U;5,
1 1 )
&y = E(Ui,j +U,;, +UUs ): €3 = E(Um +Uy,), &35 =Us;,
Hereinafter, the indices 7, j, &, [ take the values (1), (2). Let the considered three-dimensional
deformable body be a metal parallelepiped with a constant thickness A=h1+h2 on which the cutter affects
(figure). At that, strip-1 with a thickness 4, is located above the cutting tool, and strip-2 with a thickness 4,
below it. Cartesian coordinate systems Ox;x,,/=1,2 are located in the middle plane of the considered
bands.
These bands, until the moment of exposure x;>vt of the cutter, are one whole composition, therefore,
along the line of external influence & = h,/2 or &;=-h,/2, the continuity conditions for the components of
the displacement vector, stress tensor, and temperature are satisfied.

! !
Ui(l) — Ui(Z)’ Uz(l) — U§2)a oV =g?® O.izl) =o® 9b = 3(2)’ (9(1)) . — (3(2)) r ®)

iz iz O zz 9

After exposure to the cutter: x;< v on the upper plane of the lower strip &= hy/2, the following
boundary conditions

s

) Y Bzvz 2
o =P[HWwt—x)HWt—x,)],» (9( ))(5:7/[1+19 o g(xi,l)}g ), ©

1]22) :Oa g(xaat) :H(vat_xa)H(xa +a, _vat)‘ azl’z

where 97 is the coefficient characterizing the influence of the surface roughness of the cutting tool and the
processed sample during friction on the resulting temperature, which, depending on the materials used, is
determined experimentally; y is the coefficient characterizing the heat transfer of the sample material and
the environment; ¢ is the speed of sound propagation in the considered sample; H(x) is the Heaviside
function. v; - the displacement speed of the cutter along the coordinate axes. Under these conditions, at the
lower boundary &;=- h;/2 of the upper band, the following boundary conditions hold

U =vittgn+ad”, o = P[Ht—x)Hyt—x,)],, (5‘”)5:3”. (10)
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h
In a rigidly clamped boundary near the 52 = —?2 lower strip, a heat exchange process takes place
!
2 2 2 2
U® =0, U =0, (19())§=7/.9(), (11)

The upper plane & = /,/2 of the upper band is free from loads and there is a heat exchange process
!

Based on the nature of the problems under consideration, for the purpose of simplification, we
proceed to the consideration of the corresponding two-dimensional ones, according to the non-classical
theory of deformation of a nonlinear elastic parallelepiped [15,22]. The required components of the
displacement vector are decomposed in a power series by the normal coordinate {:

U»(I) — Ai(l) +§Bi(1)+§2ci(1)+§3Di(1) + ...,
U =a + D 4 £207 + .., (13)
9 = :9&1) + 591(1) + 52192(1) +...,

where @f”(é)=%[1—12(ﬂ ]@5”(5)%{%%[%} 15.

1 1

2 2

0 =— [ gaz §"=— [ 9&e,

h, iy /2 h, iy 2

1 hy /2 1 hy /2 1 hy /2 1 hy /2
y _ = (1) 0y _ & (1) ) _ & (1) ) _ = (1)
ul == [ Ulag, y"=— [ Ugag, wh = [ Ulhag, v = [ Usag,

I —h/2 I —h/2 I —h/2 I —h/2

where Cl.([) , D[([) e a'” R b R 0" are unknown functions of the coordinates X, x> and time ¢.

Taking into account (5)-(7), (13) for elastic isotropic plates the nonlinear components of the
longitudinal stress tensor will have the following form:
3n’

1 _ ~
0, = Mty + ¥ —5 DOC,, — - PO~ BTV + £ 2O +

+(V+26’§)+%(w+ VE-D()F),, (w+V§—@1(§)9),k}5J +

(14)
+ :u{ui,j tu;+ ég(l//i’j +!//j’i) _%®1(§)(Ci,j + Cj,i) -
20X, 4D, )+ (W E- D (0), (w+VE-B,£)0), )
0. = 2 + &y~ DEC, -0, (D,, -B(9" +&3" - (99")
: 2 kos : (15)
+%(w+ VE-D(E)D), (w+VE-D(£)I) ,k}él.j +(A+2u)(V +26&)
o, = u{wi +&C, —%{1—20@ ]D,- +(wve-a, (5)0),,} (16)
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h
It should be noted here, the line of impact of the cutter x,- vz, (&, =—= nwmé =— 51 ) it has

a significant feature, because along this line, due to the infinity of some components of the stress tensor,
the separation and formation of chips begins. For chips, the deformations become finite, and in the other
parts there is a linear stress-strain state. To take these features into account, the area under consideration is
divided into 4 sections, separate equations of motion are solved in each area, and the continuity conditions
for the components of the movement vector will be used along the lines of the section. For regions 1 and
2, unknown integral constants are determined from boundary conditions (8),(10),(12):

[ ha = lh(ygm_( rh }9(]))’ 79 = — lh (7,@2)_(“7_}’2)@2)}
1—y 2 ey 2 2

"6
noM = -y - V|04 hy™ + 2L h13 D _ ﬁ(gm +h1192“)) ’ 17
< 1_ V k .k k .k 10 k .k )/
hzﬁ(z) _ _6(w<2> _lV@)]’ O +3( wh w(z)}
h, 2 h, h,

L 90 =530 45,87, 39 =b,5 45,5,

(1) (2) (1) (2)
[ h,c® :g{S(y/(l)+§w(2)j+3hV <2>+2h ( + 2z ],i—é(zuf—ﬂf ﬂ

hl hZ hl hZ
WCO = 3 (0 4 25 )+ 6y 2 won [ WL W) g A8
REE) h, , ) h 5 h | (18)

A —

W @ IO RE)
h;D? = 101//(”+23y/(2)+6hV S 49h | —+ =6 4——+—1— ||,
270 27 h i h

1 2

(€8] (2) (1)
thD"mz%H 181//(1)+25':’/(2)+6hV<2>+9h(W + 2 j gt A2 D

h, h, h, h,
3
7h a, + 6 ap, 37h, ay+ 6 ap,
6—yh ~ 6-yh 6+yh, ~ 6+yh 2(3—yh)h, 2(3+yhy)h,
b, = , by = > 4 = s =
Ay dy — Ay Ay ady —aydyp 6—yh 6+yh,
& a,+ 37 a; 370, a, + a
6—yh — 6-yh 6+yh, =~ 6+yh 4-yh _4+yh
b, =- s by = s Uy = hl’ ay = h,.
ay ay =y, Q) Ay — Ay, 6— hl 6+ hz

Here, to determine ¥, we will have the following partial differential equation with respect to the
unknown

(1) (2)
WAV 3 p2A w? +W(2) +lhl//.“.)+§hv/.(2.)—Eui+ﬂ—u”
: 27U h 18" 6 Y6 h 3 b (19)
B _ 0 2)
B\ (1+2b,,) go_ 2 gy gtz vpe 2 W w
6—yh, v 2\ h h,

After exposure to the cutting tool, to determine unknown integral constants
Cl.(3),Dl.(3>, g3 92(3), V'3 6% using boundary conditions (10),(12), as a result, we will have:

— 14—
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( hC =—P [H(vt—x)H(v,t - x,)],, bV,
hD{" = %[H(Vlt = x)H (vt = x,)],, _Z_a(g(l) -h&" )’i _g‘//f(l)
am 12y gm  go _ 6y gm
12—y~ 7 77 12-p%R]
he" =6 W v Lyo +vttgn, +—(3“> hlf)z(”) ,
h 2 h

1 VA0

Using the obtained expressions, from the boundary conditions (12) for the normal stress on the upper
boundary of the formed chips, for the determination ¥ of neglecting the terms of the high order of

smallness, we will have the following nonlinear partial differential:

S5hy 5 23 P

1
u+ = W, + —<hA[H vt - x)H vyt = x,) |- h} AV —

Kk 2 12 k.k 24

- - (21)
S |aflr e B lr e B ha,go _go),
12 —y°h, v yh y v yh y 24 y

_ 3)
Tovigpo _6 ¥ L 6¥ign | =0,
v h h

1 1

Now, for 4 plots, we will use the boundary conditions (9) and (11) to determine them, so we will have:

[ 6u 2P 6
WDW ="y T (vit—x)H (vt —x,)],,, b8P = ——w®,
2V 5h, Vi 5#[ (v DH (v, 2)]1 2 I,
48P 6u(4) 9
h,C™* 4 = —x)H (vt - x,)], _Zy@, yw o,
2 25 4 A D) 25h, 5"
2 —(1+m)(1+3,,mg(xi,t)j (22)
not = _ 24+ yh, 24+ yh, A G
S 16+hy 6+h,y
+— 211+ 2 \yh, (1+9 La¥i (x,,t)j
62+yh, 2+yh,
2 —(1+ vhy )(1+ B, (x,,t)j
9(4):2 2 1 2+ yh, 2+yh, (HZTV] S,
T l+l6+h27— 1+M vh, (l+l9 ”’g(xl,t)j
\ 62+yh, 2+yh, A

The obtained analytical expressions for the components of the displacement vector and the Cauchy
stress tensor in geometrically nonlinear form exactly satisfy the boundary conditions (9)-(12).
The components of the displacement vector - (19) and the symmetric stress tensor depend on

(1)

unknown integral quantities u;"’, IF]),W(I),g(])Which are functions of the coordinates x; x; and ¢ In

order to obtain a closed system of resolving equations for these unknowns, we introduce the following

0.5h;
integral quantities from the components of the stress tensor: N, ,;I) = J. O';”d & - normal forces,
-0.5h,
0.5h; 0.5h;
0" = J. o'd & - shear forces, M l.(j’ ) = J. 0([ )£d & - internal bending moments. In the obtained
-0.5h, ~0.5h,

integral expressions, substituting the components of the stress tensor, we will have

— 15—
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2v 1 1
N G“){l 5 ,‘(',3+V+Ew,§”w,f.” 5,./.+uf”+u“)+2w“)w(”
|t

(23)

A

J

MO =D {%{ +204 27,0 e,g”ja W 49“)}
-2V ”

N

I _ ~D2|, 1 I " 1 2 _
| 0" =6"% {w{w—%w]n}, K=

In order to obtain the equations of elastic plate’s motion, we perform the integration procedure (2)
taking into account (3) -(5) and (7) over & in the interval /-0.5h;; 0.5h]:

) ) _ (1)_
Nu; + p; =0
h?
1) 1) a S
M) -0 +m; 3 —my; =0 (24)
(1) (1) (1) (1) (1) (1) (1) _
O + (N w0, +(M VD), +807 —mw'” =0,
where
h
P,(l)_ O-(l)(xpxza__) p(Z) (2)()(1,)(2, 2)_0-[(;)()617)52’_?2)9
h
p,@ =-F, [H(vlt_x] )H(Vzt_xz)] > aplw =P, [H(Vlt_xl)H(Vzt_xz)]’f _07'(34)()‘1»)‘2’_?2):
m" = Z (1)(x1,x2,——) m® = };{ m(xl,xz,—)+0'(2)(x1,x2,—h?2)}, (25)

mi(3):%I)r[H(Vlt_xl)H(VZZ_xz)]’i)mi(4) };Z{P[H(Vt X )H(v,t = xz)]n"‘o' )(x Xy, — ];2) }5

h h h
() _ D 1 2) _ (2 2 (2) 2
S. )= _O-; (xl»xza_? > Si( = O (x]’xp?) 0. (X, Xy, =),

2

Distributed external efforts and moments. m=ph is the line armass, and the density — p in thick ness is
considered constant. At the same time h; =h;, hy; =h;

Similarly, integrating the thermal conductivity equation with the heat transfer process and the
continuity condition at the interface of the bands under consideration, as well as with the expansion (19),
we will have the thermal conductivity equation for each strip, in terms of integral quantities

¢, 80 = 4, A8 ~T B} + 3 + %3;” —y (Em —%5(“ hg 3“)} (26)

In this case, the equations of motion (24), taking into account (14)- (23) and (25) become closed with
respect to the following integral quantities: uf[), l.([),WU), 9"

In terms of integral quantities, the boundary conditions corresponding to various conditions are
written as follows [22].

I-1 I I-1 I I-1 I I-1 I I-1 I
w0 =Dy 0D 2y 0D 2D U @) gD g
v, _ ar) I, _ ag@ an., _ 0
1. N{,/ ”«;—NI;; n, M{,/. n‘i—MU n, 0" 'n =0"n,
(I-1) _ ) (I-1) _ q)
yel,n =V, n, 37, n =9, n.

1=2,4 x =vtt>0.
(1) — () — (1) — () — ) — ()
II. N;'n;|y =0, M; nj|z—0, o ni|Z—O,V My =0, 3 n s =r8",
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It should be noted that the first type of boundary conditions correspond to a hard jamming of the
edges of the bands under consideration, and the second type corresponds to a joint edge taking into
account the thermal exchange process. Here, for prostate records, v,=0 is assumed.

The initial conditions (3), taking into account (19), can be similarly written in terms of integral
quantities.

Conclusions. Based on the results obtained, the following conclusions can be drawn:

1. The thermal mechanical formulation of the cutting objects problem on the basis of the fundamental
thermodynamic nonlinear theory of elasticity is formulated;

2. The boundary conditions for the interaction of the cutting tool and the object under consideration
(13) and (14) are formulated;

3. In the obtained formulas (13) of thermal transfer at the boundary, the possibility of the appearance
of additional heat from the influence of the base of the cutting tool on the surface of the objects under
consideration is taken into account;

4. The formulated thermal mechanical theory of cutting method allows us to solve the related
problem of thermodynamics to determine the stress-strain state and the laws of temperature distribution in
the formed cutting chips.

A. B. Axmenos', |I[ T. onmmﬁepreHOBZL V. 1. Xo:xubeprenosa’, 3. A. H6parumosa’, b. H. A6caapikos’

'M. YnpikGek ateianars O30eKkcTan WITTHIK yHUBepcuTeTi, TamkeHT, ©30ekcTaH;
M. Oye3oB ateiHnarsl OHTYCTiK Kazakcran memniekerTik yauBepeuteri, Lllpimkent, Kazakcran;
0. B. bexTypoB aTbiHmarel XUMUsI FBUIBIMAAPHI HHCTUTYThI, AnMathl, Kazakcran

METAJIJAPABI KECY KE3IHJIE MEXAHUKAJIBIK OHJIEY IIH
TEPMOANHAMMUMKAJIBIK HETT3IEPI

AHHOTanusi. Metangapabl Kecy yAepicinae naiaa O0oyaTelH ipresii TepMOMEXaHUKAIBIK KyObLIbICTap JKyieni
KoHe e3apa OaiIaHbICHl TEOPHSIIBIK J)KOHE MaTEMATHKAIIBIK CHIIATTayFa KUbIH. 3epTTeyliepe KapacThIPbUIAThIH, MOHI
MEH CHIIaThl JKaFbIHaH OPTYPJ KyObuIbicTap Oip-OipiMeH THIFBI3 OailyIaHBICKAHIBIKTAH, OJApJbIH ©3apa OpEeKeTiH
cUmaTTay Kypzewi. 3epTTeylepiMi3iH HOTHKenepi OOHBbIHIIA KECeTiH KHMEKTIH LIBIHbIHA oJli KYHTe IeliH Tyrac
OipitikKe KeJIMereH oH Oip Tayelnci3 TeopHsiap TOFBICTHIPBUIFaHbl aHBIKTaNAbl. OCBIHIAN 3epTTeyiepe KOHKa TY3ULy
TEOPUSICHIH, METAJJIAp bl KECy MEXaHHKACHIH, METAI OHACY Ke3iHJe YHKeIc )koHEe TO3Y TEOPHSICHIH, KeCy TepMOINHA-
MHUKACBIH, KeCy KYpaJIapbIHBIH OEpiKTiri MEH CEHIMILIITT TEOPHACHIH KYHeey KoHe o3apa OalIaHBICTHIPY KaXKeT.

Merannapasl Kecy apKbUIbl MEXaHHKAIIBIK OHICY TEPMOAMHAMHKAIBIK YAEpICTEpMeH cyiiemenneneni. Metamt
Kecy Ke3iH/Ie KBUTY K31 KecilleTiH KabaTTa xoHe oHIeNTeH 0eTi MeH Kecy OeTiHe iprenec KabaTTapaa CoHFBI aedop-
MallusiFa, COHIal-aK KeCKIIITIH apTKbl OeTi OOWBIHINIA YHKENIY/I eHCepyre KeTeTiH XYMbIC 00ibin caHanaibl. COHFbI
nedopmanust yaepiciHue YITiHIH MaTepHalIblK HyKTenepi Oip-OipiHe KaThICTbl KO3Fajajbl, OYJI KOCHIMIIA YKbLIY
TY3YAIH Ke3i ookl cananaael. Kecy yaepicinne OesiHeTiH )KbUTy OHBIH Maiina 00y OpbIHIapbiHA HIOFBIPIaHOANbI,
aj TepMOIMHAMHKA 3aHJapblHA COWKEC YJITIHIH KejeMi OOWBIHINIA >KOFapbl TEMIIEPAaTypalibl HYKTEJIEPICH TOMEH
TEMIIepaTypaibl HYKTelepre tapanajabl. MexaHUKalbIK KYMBICTBIH 95% - Fa KybIFbl MeTalgapAbl Kecy KesiHze
nedopmanus MeH yiikenic xbputyFa eteai. COHABIKTAaH METalIap/ sl Kecy Ke3iH/e )KOHKanap MeH OaiiaHbic OeTTepi
500+1000° apanbIFbiHIA KBI3abl, OV peTTe OOHETIH XKbUTY, HETi31HeH KOHKa apKbUThl 50+86% >KYThUIaIbI, Kec-
kinr apkputsl 10+40%, ennenerin Oyitbim Herizinne 3+9%, mamameH 1% XbuTy KOpIaraH KEHICTIKKE IIbIFapbUIa/IbL.

Byt xxympIcTa TEpMOIMHAMUKAHBIH iprefi 3aHaphl )KoHe JedopMannsuiaHaThIH KaTThl EHEHIH CBI3BIKTHI eMec
MEXaHHKAChl HeTi31H/e MeTaliapAbl KeCyIiH TePMOMEXaHHUKAJIBIK TEOPUsCHl YChIHBUIAARL. byi yaepicte kecy Kypa-
JBI OTKIp 1K KepHEYJNepAiH CHIHA MOHIHIH maima OoiryblHa OaillaHBICTBI Kecy jKeiici OOMBIHIA METasll KOHKA-
CBhIHBIH TYOIHEH y3urinm kerenmi. By perre »KOHKachl METaJUl JKOJIAK TYpiHIE Y3UIT€HHEH KeWiH COHFbI OPBIH aybIC-
TBIpa/bl. By skymbIcTa MeTangapasl KeCyIiH TepMOMEXaHUKAIIBIK YPAICTEpiH MaTeMaTHKAJIbIK MOJENbILY dicTepi
B.B. HOBOXXHIIOBTBIH CBI3BIKTHI €MEC CEPIIMILTIK TCOPUICHIHA Heri3aenaeai. Yo eMIl IeHeHIH KapamaibiM KeJie-
MiHIH COHFBI JehOpMaLUsIChl COHFbI alfHAy JKOHE KO3FallyMeH, aylaiila reOMETPHUSUIBIK OJIIIEMIEpiH a3 cajbic-
TBIPMaJIbl ©3repicTepiMeH Oipre Kypemi.

AJIBIHFaH HOTWKENEp Heri3iHje (QyHAaMeHTallb/Ibl TEPMOJIUHAMUKAJIBIK ChI3BIKTHI EMEC CEePIIMIUIIK TEOPHSICHI
Heri3iHae oOBEeKTiIepli Kecy MIHIETIH TepMMEXaHHKaJbIK KOO >KarAaibl TYKBIPBIMIAJIBL, KECETIH acmar IIeH
KapacThIPbUIATBIH OOBEKTIHIH ©3apa opeKeTTecyl YIIiH IIeKapaiblK KaFaainap skacanabl; d agblHFAH [IeKapagarbl
KbUTy anMacy (opMylsiaiapbl KECeTiH Kypall Heri3iHiH KapacThIphIIaThIH OOBEKTLIEpIiH OeTi Typajbl acepiHeH
KOCBIMIIIA XBUTYABIH Taliga 00y MYMKIHAITI €CKEepiireH; TYKBIPHIMIAIFaH TEPMOMEXAHHUKAIBIK KECY TCOPHSCHI
KQJIBINTACKaH KeCcy JKOHKAJApbIHIOAa TEMIIepaTypaHbIH Tapaly 3aHAbUIBIKTapbl MEH KepHeyli-IedopMauusiiaHFaH
JKaFJaiibIH aHBIKTay OOWBIHIIIA TePMOIUHAMUKAHBIH OalTaHBICTHI €Ce0iH MIeITyre MYMKIHIIK Oeperi.
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Kecy ynepicrepin MaTeMaTHKANBIK MOAETbIEY MacenenepiMer Kazakcran PecryOmmkacer OiiM KoHE FBITBIM
Munnctpriri Feomeim KoMuteTiHiH TPaHTTHIK KapKbUTaHABIPY OoifpiHma «Kecy ypHicTepiHiH WMHTAISITBIK,
MOJIENBIEPIH J3ipIiey JKOHE ONapbIH HETi3iH/e KaOABIKTapAbIH THIMII MapaMeTpiepi MeH oHIeY peKuMaepiH O6oi-
xKay» Ko0ackl OOMBIHIIA FaJIBIMAAP TOOBI aifHAJIBICA/IbI.

Tyiiin ce3mep: TepMOIMHAMUKA, KbUTYy OTKI3TILITIK, Kecy, AedopMaiys, YHKemic, KaTThl JeHe, KepHey, Kecy
KYpaJIbl, )KOHKA, Ke1p-OyAbIPIIbIK, )KbUIIAMIIBIK, BIFBICY.

A. B. Axmenos’, JI. T. Xoxu6eprenos), V. /1. Xoxuoeprenosa’,
3. A. I/IﬁparnMosaz, B. H. A6caapikos’

'V36exucranckuii HanponansHbIi YuuBepcurert, TamkeHT, Y30eKUCTaH;
*IOxH0-KasaxcraHckuil rocy1apcTBeHHbIH yHIBepcuTeT uM. M. Ayesosa, IlIsivkent, Kaszaxcran;
*UHCTUTYT XUMHYECKHX HAayK HM. A. BekTyposa, Anmarsl, Kazaxcrau

TEPMOJMHAMUWYECKHAE OCHOBbI MEXAHUYECKOM OBPABOTKHA METAJLJIOB PE3AHUEM

AnHoTanusi. OyHIaMeHTaJ bHbIE TEPMOMEXAHUYECKHUE SIBJIICHHS, BO3HHMKAIOIINE B IMPOLIECCE PE3aHHsl MeTall-
JIOB, TPYAHO TOAJAIOTCS CUCTEMHOMY M B3aHMOCBS3aHHOMY TEOPETHUECKOMY M MaTeMaTH4eCKOMY OITHCaHHIO.
Pa3nuuHble 10 CyTH U XapakTepy SBJICHUS, paCCMaTPUBAEMbIE B UCCIEJOBAHUAX, CTOJIb TECHO MEPEIUIETEHBI IPYT C
JIPYyTOM, YTO OYEHb CIIO’KHO OIKcaTh nX B3aumozeiicteue. I1o pe3ynapraTam HalMX MCCIEIOBAaHUN BBISIBICHO, YTO Ha
BEPLIMHY PEXYIIeH KPOMKH C(HOKYCHPOBAHO OJMHHAANATH OTHOCHTENBHO HE3aBUCHMBIX TEOPHH, HE MPUILIEAIINX 10
CHX TIOp K LEJIOCTHOMY €IMHCTBY. B TOZOOHBIX HCCIENOBaHMSIX HEOOXOIMMO CHCTEMATH3HPOBATh M B3aWMHO
yBsI3aTh TEOPUIO CTPYKKOOOPa30BaHUs, MEXaHWKY pPE3aHHs METAJUIOB, TEOPUH TPEHUS M HW3HOCA NPH MeTal-
71000paboTKe, TEPMOJMHAMUKY PE3aHHs, TEOPHU CTOMKOCTH U HAJEKHOCTH PEXKYIIUX HHCTPYMEHTOB.

Mexanndeckast 00pa0OTKa METAUIOB PE3aHHEM COIPOBOXKAAETCA TEPMOIAMHAMUYECKUMH IIPOLECCAMHU.
HMCcTOUYHHMKOM TEIIOTHI npu pe3aHruu METAJUIOB ABJIACTCA pa60Ta, 3aTpauynBacMasl Ha KOHCYHBIC Zle(i)OpMaIJ,I/II/I B
Cpe3aeMoM CJIO€ M B CIJIOSIX, TPUJIETAIONNX K 00pab0OTaHHOW IMOBEPXHOCTH M TMOBEPXHOCTH PE3aHHMsl, a TaKKe Ha
NPeoJI0JIeHHe TPEHUS 0 33 IHUM MOBEPXHOCTSM pe3lia. B mporecce koHeuHoH aedopManuy MaTepraibHbIe TOUKU
oOpaslia nepeMeInarTcs OTHOCUTENBHO APYT ApYra, YTO SIBJSIETCS HCTOYHMKOM JOTIOJIHUTEIFHOTO TEIIoo0pa3o-
BaHMs. Brijensromasics: B Imporecce pe3aHust TEIUIoTa He COCPEJOTOUYHNBACTCSI B MECTax €e 00pa3oBaHMs, a COTIaCHO
3aKOHaM TEPMOJIMHAMHKH PaclpoCTpaHsIeTcst Mo 00beMy 00pasla OT TOYEK C BBICHIEH TeMIepaTypoll K TOYKaM C
HU3IIEeH Temneparypoil. [Ipu pesanmm meramuoB okoio 95% MexaHWdeckoi paOoThel gedopmanmy ¥ TpeHHS
MEePeXOJUT B TEIUIOTy. [103TOMy HpM pe3aHMH METaJUIOB CTPYKKHM M KOHTAKTHBIE TOBEPXHOCTH HAarpeBaroTCs B
unTepsane 500+1000°, mpu 3TOM BbIIENsieMasi TEIUIOTa, B OCHOBHOM HOTJIOIMaeTcst cTpyxkoi — 50+86%, pestom —
10+40%, obpabaTsiBaeMbIM H31emHEM — 3+9%, 0K0J10 1% TETIIOTH M3Ty9aeTCs B OKpY’Karoliee MPOCTPAHCTRO.

B nanHoii paboTe npennaraeTcs TEpMOMEXaHHUECKask TEOPUs Pe3aHKs METAIIOB Ha OCHOBE (hyHIaMEHTaJIbHBIX
3aKOHOB TEPMOJMHAMUKM M HEIMHEHHOH MeXaHuKH IedopMupyemMoro TBeproro tesa. B maHHOM mpomecce 1o
JIMHWUU pE€3aHusl, B CBA3HU C BOBHUKHOBCHHUEM KPUTUYCCKUX 3HAYCHUI BHYTPECHHHUX HaHpﬂ)i(eHl/Iﬁ Ha OCTpUC PEKYIIEC-
ro MHCTPYMCEHTA, MPOUCXOAUT OTPBLIB CTPYKKU ME€Tajlsla OT OCHOBAHUA. le/l 9TOM IIOCJIC OTPbIBa CTPYXKKa B BUAC
METaJJIMYECKOH I10JIOCHI COBEpIIAET KOHEYHBbIE IepeMelleHus. B naHHO# pabore Mmoaxoasl MaTeMaTH4ecKoro
MOJICTIMPOBAHMSI TEPMOMEXaHHUUECKHX IPOLECCOB pPE3aHMs METAUIOB OCHOBBIBAIOTCS Ha HEJIWHEHHOH Teopun
ynpyroctu B.B. HoBoxuiioBa, npudyem KoHedHOe ae(OpPMUPOBAHHE 3JIEMEHTApHOIO OOBbEMa paccMaTpHBaeMOTrO
TPEXMEPHOTO TeJla COMPOBOKAACTCS KOHEYHBIMHU BPAIICHUSAMH M IIEPEMEILCHNAMH, HO C MAJIBIMH OTHOCHTEIIBHBIMA
N3MEHEHUSMH I'€OMETPHUYECKIX Pa3MEpOB.

Ha ocHOBaHMHM MOITy4eHHBIX PE3yIbTaTOB c(HOPMYIHPOBAaHA TEPMOMEXaHMUYECKAs IOCTAHOBKA 3a/1aul PE3aHHs
00BEKTOB Ha OCHOBE (pyHIAMEHTAIbHOW TEPMOJMHAMHYECKO HEJIMHEWHON Teopuu yrpyroctu; chopMyIUpOBaHbBI
IpaHWYHBIE YCJIOBUS Ul B3aMMOJCHCTBHSA PEXYIET0 MHCTPYMEHTa U pacCMaTpuBaeMoro o0bekTa; d MoIydeHHBIX
(opmysax TemooOMeHa Ha TpPAHMIE YYTCHAa BO3MOXKHOCTb BO3HHMKHOBEHMS JOIOJHHUTENBHOH TEIUIOTHI OT
BO3/ICHCTBUS OCHOBaHMUSI PEXKYILET0 HHCTPYMEHTA O IOBEPXHOCTh PACCMATPUBAEMBIX 00BEKTOB; CHOPMYITHUPOBAHHAS
TEPMOMEXaHUYECKasl TEOpHsl pe3aHusi MO3BOJISIET pellaTh CBS3aHHYIO 3a/ladyy TEPMOJMHAMHKH I10 OIPEIeJICHHIO
HAaIpsDKeHHO-1e()OPMUPOBAHHOIO COCTOSIHUSI M 3aKOHOMEPHOCTEH pacrpoCTpaHeHusi TeMIeparypsl B 00pa3oBaB-
IIMXCS CTPYIKKAX PE3aHMs.

BompocamMn MaTeMaTn4ecKkoro MOJEIMpPOBAHMS MPOLIECCOB PE3aHUs 3aHUMAETCsl TPYIINA YUEHBIX 110 MTPOEKTY
AP05132157 «Pa3paboTka IMHUTAIIMOHHBIX MOJIEJIEH IIPOIECCOB Pe3aHMs M MPOTHO3UPOBAHUE HA UX OCHOBE OITH-
MaJIbHBIX MapaMeTpOB WHCTPYMEHTA M PEXXUMOB 00pabOTKM» IO TrpaHTOBOMY (HHaHcHpoBaHMIO Komurera Haykn
MunncrepcTBa 00pa3oBanus W Hayku PecnyOmmkn Kazaxcran i mMpOTHO3MPOBAHHS 3HAYEHHIH BO3HUKAIOIINX
CHJIOBBIX ¥ TEMITEPATYPHBIX SBJICHUH, BETMUNHY H3HOCA HHCTPYMEHTa, KOTOpasi OyIeT CONPOBOXKIATHCS MMUTAILINEH
Iporecca pe3aHusl.

KnroueBble ci10Ba: TepMOAMHAMUKA, TEIUIONPOBOAHOCTD, CABHT, AedopManus, TpeHUE, TBepAble Tella, Harps-
KEHHE, PEeXYLIUNA HHCTPYMEHT, CKOJIbI, IIEPOXOBATOCTH, CKOPOCTH, C/BUT.
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