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Abstract. The lack of research on the specifics of the initiation of grinding cracks and their development
into main cracks depending on the design, technological, and structural inhomogeneities of the material
of the products does not allow for the unambiguous application of existing recommendations for
eliminating the defects in question. This work is devoted to investigating the influence of inherent
inhomogeneities in the surface layer, their geometry, and mechanical characteristics in products made
of functionally graded materials on the selection of technological conditions for defect-free machining of
parts. It has been established that the magnitude of the stress intensity factors for inherent
inhomogeneities formed in the surface layer of products made of functionally graded materials is
influenced by the size and orientation of these defects, their depth of occurrence and mutual arrangement,
and the magnitude of the heat flux during grinding. The geometry and properties of inclusions formed by
previous operations in the surface layer can create conditions for both the inhibition and the development
of grinding cracks. If the heat flux is directed parallel to the inclusion axis and a straight, thermally
isolated crack, then when the linear thermal expansion coefficient of the inclusion is greater than that of
the matrix, an increase in the stiffness of the inclusion leads to an increase in the stress intensity factors
K; (K,; = 0) for various ratios of the thermal conductivity coefficients of the material components. This
leads to the propagation of microcracks. Conversely, if the thermal expansion coefficient of the inclusion
is lower than that of the matrix, a decrease in the stiffness of the inclusion leads to a decrease in the stress
intensity factors K; (K;; = 0) for the same ratios of thermal conductivity coefficients, i.e., conditions
favorable for the non-propagation of microcracks are present. Therefore, when determining defect-free
grinding parameters, it is necessary, first and foremost, to establish the maximum permissible cutting
depths. In doing so, it is also important to have information not only on the thermophysical and
mechanical properties of the material and the presence of inhomogeneities in the surface layer, but also
on its processing conditions.
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1. Introduction

Establishing relationships between the most important operational properties
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of parts (wear resistance, fatigue and long-term strength, contact stiffness, magnetic
properties, etc.) and the technological parameters of grinding—the micro-relief of
the machined surface, microhardness, the presence of microcracks and chips, and
the depth of the hardened layer—is one of the most important tasks in mechanical
engineering technology.

The works [1], [2] are devoted to the study of thermophysical phenomena
accompanying the finishing operation and determining the quality of the surface
layer of products made of functionally graded materials, as well as to establishing
their influence on crack and burn formation based on a quantitative analysis of the
thermal stress state.

However, the problem of ensuring the required quality of the working surface
of products made of functionally graded materials during finishing operations cannot
be solved by thermal criteria alone. Given that the materials used to manufacture
parts exhibit a high degree of heterogeneity, significant changes in the distribution
of temperatures and deformations should be expected in areas where heterogeneities
accumulate, as well as in their geometry; this, in turn, can lead to the formation of
local deformations and the appearance of cracks on the working surfaces of ground
products.

2. Analysis of sources and problem description

Stresses in workpieces during grinding typically propagate through a very thin
layer several hundredths of a millimeter thick. The counteracting compensating
stresses, on the other hand, are distributed over a significantly larger volume but
have a negligible absolute magnitude, so their influence on the part’s operational
properties can be disregarded. Maximum stresses thus occur near the machined
surface, at a shallow depth.

A number of studies [3] have proposed a method for calculating the maximum
thermoelastic stresses functionally related to the processing conditions. The resulting
relationships were used as criteria for defect-free processing based on the absence of
crack formation.

In cases where the workpieces being processed are homogeneous pieces
(coated workpieces), their stress-strain state depends on the properties of their
constituent materials. Taking into account their physical and mechanical properties,
as well as the coating thickness, allowed the author of [4], [5] to determine, based
on the solution to the problem [6], the stress state resulting from grinding
temperatures at the coating-matrix interface and to develop limit defect-free grinding
cycles for coated parts.

The studies of the causes of grinding cracks presented in the works [7], [8] from
the perspective of structural and phase transformations that generate corresponding
structural stresses— oy, (M, 7) —are also of a specific nature and do not allow for
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a comprehensive understanding of the true picture of crack-type defect formation on
the machined surface. The fact is that both structural and phase transformations (in
volumes sufficient to generate destructive structural stresses) must occur at relatively
low rates of heating (or cooling) and over a significant period of time. Meanwhile,
grinding is characterized by short durations, high heating rates of the order of 3,000—
50,000 °C/s, and approximately the same cooling rates [9]. These, in turn, are
conditions close to thermal shock [10], [11], during which thermal stresses reach
very high values.

The known functional relationships between process parameters and grinding
temperature [2], [12] make it possible, using appropriate techniques, to eliminate
burn marks on the machined surfaces of products made from functionally graded
materials that do not contain design- or process-related inhomogeneities and whose
material does not contain significant inhomogeneities. Studies of the conditions for
improving the quality of machined surfaces by eliminating defects such as cracks
were conducted primarily at the level of identifying qualitative relationships between
process parameters and the physical and mechanical properties of the materials being
ground [13]. The quantitative relationships between stresses and processing
conditions obtained in a number of studies [14] are of a specific nature and do not
reflect the general patterns of the stress-strain state of the surface layer depending
on technological conditions and the properties of the materials being processed. In
later studies [15], [16], the stress state of ground surfaces was evaluated using
numerical methods.

However, the lack of studies on the specifics of the initiation of grinding cracks
and their development into main cracks depending on the design, technological, and
structural inhomogeneities of the material of the products does not allow for the
unambiguous application of existing recommendations for eliminating the defects in
question.

3. Research objectives

Therefore, the objective of this work is to investigate the influence of inherent
inhomogeneities in the surface layer, their geometry, and mechanical characteristics
in products made of functionally graded materials on the selection of technological
conditions for defect-free machining of parts.

This objective can be achieved by solving the following tasks:

1. Create a mathematical model describing the thermomechanical processes in
the surface layer during the grinding of products made of functionally graded
materials, taking into account the inhomogeneities and their geometry formed during
previous operations, starting from the production of the blank.
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2. Select criteria for crack and burn formation on the machined surfaces and
establish their relationship with the investigated technological parameters of the
grinding process.

3. Develop the prerequisites for optimizing the thermomechanical state of the
surface layer of products made of functionally graded materials during the grinding
process, thereby preventing the occurrence of grinding defects such as cracks and
burn marks.

4. Determine the technological capabilities for controlling the quality of the
surface layer of parts using the established relationships between the physical and
mechanical properties of functionally graded materials, the inhomogeneities and
their geometry within the machined layer, and the technological parameters of the
grinding process.

4. Research methods

The grinding process of machine parts is accompanied by both thermal and
mechanical phenomena, which, interacting with each other, determine the quality of
the surface layer. A quantitative description of these phenomena requires the
selection of specific models. Due to the interconnection and interdependence of
phenomena and processes during metal grinding, it becomes evident that the stress-
strain state of the surface layer is determined primarily by the grinding temperature.
If we use a thermoelastic body model that reflects the interrelationship between
mechanical and thermal phenomena under finite heat fluxes, we can make significant
progress in research on the influence of thermomechanical phenomena
accompanying the grinding process on the quality characteristics of the machined
surfaces of parts

For further studies of the kinetics of thermomechanical processes, we will use
the following system of differential equations [17] as the main theoretical
framework, which describes the interaction between the strain field and the
temperature field:

—

2

- - 5]
GAU; + (A + G) grad div U; — pasz + P = af; grad T M
10T d w T

AT - il = -+ 2
aor 1o VY FRRFT

where A, G are Lamé constants; 8, = 34, + 2G; pis the density of the processed
material; «; is the thermal coefficient of linear expansion of the metal; a = 4/C,, is
the thermal conductivity; A is the thermal conductivity; C, is the specific heat

capacity; U (@, t) is the total displacement vector of the internal point @ (x,y, z) of
the surface layer under the action of thermomechanical phenomena accompanying
the grinding process: | = 1 4+ o 6/5 ( r is the relaxation time);, 5 =
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atptT(®,7) / A, W is the power of the heat source; C, is the heat diffusion
coefficient in the workpiece material; zis the time; P; are cutting forces;

T . T -

E”

>

grad T(x,y,z) = al +

. - ou au, U,
dlUUj —a‘l‘w‘l‘ 0z )

Since thermal phenomena prevail over mechanical forces during grinding, the
term accounting for the conversion of mechanical energy into heat can be neglected
in the heat conduction equation, and we arrive at a parabolic-type heat conduction
equation. To solve the given system (1) in explicit form, we will neglect the influence
of inertial terms and the finiteness of the heat propagation speed. Furthermore, to
overcome the analytical difficulties associated with solving spatial thermoelasticity
problems, we will consider a plane problem. This transition is justified by the fact
that, for investigating the thermomechanical state of ground surfaces, information
regarding the propagation of temperatures and deformations with depth and in the
direction of the tool’s movement is crucial.

An analysis of large-scale interaction schemes between the wheel and the
workpiece surface has shown [18], [19] that the curvature of the wheel and the
workpiece within the contact zone has a negligible effect on the geometric
interaction scheme between the wheel and the workpiece. Therefore, when
formulating the computational model, we assume that the workpiece is a half-plane
whose surface layer contains inhomogeneities of inherent origin. This allows us to
study thermomechanical processes during the grinding of workpieces with
inhomogeneities Aay having different geometries and locations within the matrix—
the material of the workpiece. This scheme determines the thermal and deformation
coupling conditions at their boundaries - ay.

We will account for the influence of structural inhomogeneities in the
machined surface in the model by the presence of inclusions and defects such as
cracks.

The equation of transient heat conduction:

je xy,z

or _ , (9°*T N a2T )
ot Y \ox2 ay? @
b) Lame’s elasticity equations in displacements:
0 1 ioyd U GV
ox 1-—2u 7 ax’ 26 26’ ©)
90 1 ~ oT 4G(1 + p)
—- +4U=bp"—, b =——at
dy 1-—2u dy 1—-2u
c) Initial conditions:
T(x,y,0) =0 (4)

d) boundary conditions for the temperature and strain fields:
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Z—i:—q(}:{t), lyl < a, —g—z+jT=0, lyl > q; (5)
(0x(%, ¥y, Dlx=0 = Txy((xr Y t)|x=0 =0
e) Coupling conditions between the boundaries of the inhomogeneities and the
base material:

for temperature fields for strain fields
k-1 k k-1 k
T(ak_oly'r):T(akJ’-OJy'T) Vj(ak_OIY):Vj(ak-FOIY)
k-1 k k-1
Ux(ak_ovy)= (6)

aT aT
Q1= (@ = 0,y,7) = 4= 0,y, -
k=155 (ax y,7) k3 (ax +0,y,7) _ gx(ak +0,y)k‘l'1xy(ak —0y) =

= ""‘Exy(ak. + 0'3’)
e) Discontinuity conditions of the solution:

at inclusions: at crack-like defects:
<f>=0, <o, >*0 <0, >=0, <tu>#0
<v>=0, < Tyy ># 0 < Tyy >=0, <T>%0

The conditions for the discontinuity of solution (6) at inhomogeneities such as
inclusions and crack-like defects should be understood as follows [2], [20]:
< =1i(-0,y) —a(+0,y), < 0y = 0,(—0,y) — g, (+0,y)
<v>=9(=0,) — 9(+0,y), < Txy >= Ty (=0,¥) — 7oy (+0,%)

5. Research results

The presence of stress concentrators in the surface layer of ground products—
which include various types of defects introduced during the production of the blank
and subsequent processing steps—significantly complicates the investigation of the
causes of crack formation. Therefore, when determining the limit equilibrium state
of the deformable surface layer, the values of the stress and strain components at the
tip of the stress concentrator must be substituted into the classical strength criteria.
This approach is used in fracture mechanics [21], where new strength criteria are
formulated as specific invariants, both in models of continuum mechanics and in
models that account for micro-inhomogeneities in the material being processed. Of
the criteria available in fracture mechanics, which are divided into energy, force, and
deformation criteria [22], [23], the most suitable for our case are the force-based
criteria associated with the use of the stress intensity factor (SIF) [23], [24]. In the
most general case, the distribution of strains in the vicinity of the crack-like defect
is represented as a superposition of three partial strains corresponding to the three
main types of crack surface displacement: normal separation, transverse, and
longitudinal shear.

The stress intensity factors K;, K;;, and K;;; serve as a measure of stress
singularity near the tip of a crack-like defect. The critical stress intensity, K¢, is a
material property. When loading causes the stress intensity to reach the critical value,
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the crack-like defect transforms into a main crack. The critical stress is inversely
proportional to the square root of the initial length of the crack-like defect [25]:

Kic
Oc \/H
where 21 is the initial length of the crack-like defect, and the subscript 1 denotes the
first type of fracture.

The thermally stressed grinding process generates thermomechanical stresses
in the surface layer, which, in the presence of inhomogeneous defects, can lead to
their propagation in the form of chips and a network of cracks even in the absence
of external mechanical loads.

Let there be defects in an elastic half-plane on the lines a;, a,, ..., a; has
|¥1] < U, |95 < 1y, |Fk| < lg, across which the displacement and stress fields
undergo discontinuities. Hereinafter, we will consider a system of defects consisting
of two cracks (k = 1, 2) located in local coordinates at ¥,0,7; (k = 1)and %,0,7,
(k = 2), respectively. Fig. 1 shows a computational scheme for determining the
influence of defects on crack initiation under thermal loading.

Let us consider the jumps in displacements and stresses at the defects:

(1) = 0.9 = Te(+0,9),  (53)) = 5:(=0,5) = 5:(+0,9)
(0) = U(=0.9) = Te(+0,9),  (Fey @) = Fuy(=0,9) = Ty (+0,9)

S| l P.(y)

Yoi 0 Yoz Y

X

Fig. 1. Calculation scheme for determining the influence of defects on the intensity of crack
formation under thermal loading.
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According to conditions (6), at crack-type defects the jumps in normal and

tangential stresses are zero, i.e., < ar(y) >0, < Txy(y) > 0. The displacements
Ux (%, 9), VK(x ¥), Ok (%, ¥) must satisfy the Lamé equations:

5 O =T, + 7

AT, =bTT, AV, = bTT, 4G(1 + pdt

1—2;1+ K T—2u T4V sz%
- 2u

Using Treffz’s representations [2], [26], [27] in the Fourier transformants with
respect to the variable y, one can determine the displacements Upy (), Vg (%) and

the stresses a’;ﬁ (i)r’;ﬁ (%), a’;ﬁ & = ”,;B @)y.

Returning to the original discontinuous solutions for the stress in local
coordinates %, ok y, via the derivatives of the displacement jumps < Uy () >, <
V¢ (5) > are expressed as:

e

oo G = Dl =G — ) + ¥ - #]
o(%.7) = mf Or) (G -2+ 222 ar
T (7)
(% (G- -3
“aa=w ), O
K! —% e |~ ((7—7’)2 - )?2)
T:(%,9) = ———= U(r))——5dr
P=wanl, >[<7—r)2+572]2 (®)
- " (W(r))—(y -1 dr
ar(1 =)o, G -2+ 22)

o-n x2
b9 = f_ekw"(m{zx (G -7 + 372 (1 Ta-wlG-n? +f2]2>}d’ * o)
2L a2y XE A (G -1
—Zﬂ(l [ () {(1 R =17 + 2]+ S r)z]z} ar
We find the compensating stresses as follows. We express the discontinuous
solutions (7) — (9) in global coordinates and, setting x = 0, find the stresses at the
boundary.
They will be equal to:
5107 = [ [0 + G o) ar = R (10)

—ey

€k —~, k _, k
L) = [ [{BR0r) + (0] dr = i) (11)
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K K
Here, R;(x,y), N;(y,z) are the kernels (k = 1,2); characterizing the
coordinate transformation (local X0k to global XOY and the expressions of
stress components in global coordinates. Taking as boundary conditions (x = 0):
2

D 50,9 = =Pi) = 0:(0,) (12)
k=1
2
k
D 1 0.9) = ~Gi0) = 7y (0.9) (13)
k=1
we find the stress state of the surface layer:
1 —axp’
of (1) = Zf[ TR0 + MO s +
2
ek 2 — d
%Zf [0k, 0y + Ty )] B E
k=1 _Z (14)
3t d
sy [0 + T, |-

k=
2
2 d
=N (N0 + M0, N

(y —r)dr

o, y)——(V+

M Zf

—ey

Uk(r))R )+ (Vk(r))Nl(y |5

+

—Xfi]
271(1 u) —ex

=N

—ex

(y —r)dr B

[ Uk(r) R1(y r)+ (Vk(r))Nl(y r)] arctg x|

Uk(r))R ,r)+ (Vk(r))Nl(y r)} In

1
Moo

Pty ) l TR G + (TN r)] _-ndr (15)

~2n(1 —u)

4n(1 M)ZLR
471(1 u)zf

—ey

4n(1 #)Zf

—e

x? + (v =1

X+ =)’
[+ O =T

[ U () Rl(y )+ (Vk(r))Nl(y r) dr +

y-nBx*+ -1

EEro-F

[ Uk(r) R1(y r)+ (Vk(r))Nl(y r)]

l TR ) + (TN O, r)] O-nG+O -1,

7+ O -7
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1+ d
B )Z [ k0 + FoW 00| s
2xd
ol (o) = ylz [ @k + FoM 0| -

2[x? + (y —1)?]dr

k| ok Lk
_XVszlJ._ER [(Uk(r)>R1(er) + (FeMIN, (v, 7) X2+ (=P

. k k . (16)
kL, ~, —r)dr
s25 ) [ TR + (00| s
k=1""¢k Y
(y —r)dr
—4x%y, f_e’([ U () R1()’ )+ (Vk(r))Nl(y r)]m
In equatlons (14) — (16), the following notation is used:
L B=4wA-2p)  3—4p  1-2p  3—4u
M= -2 T 2w T 202w T -2z
. 1—-2p . . _ 1-2u P _ 1
H_l - 2(1 —[,l) Hi, U = 2(1 ) Ha; # 471,(1 ,Ll) ]
a_1+u§+u§_ a_ui—l—uz_ 2= i+ a_ﬂz g +1
1S Ty Ty G @= g ET
_HUE — ) — (i — 2p5) _Aa-1-i
! 4n(1—p) C T =
_ 20 —pp =) = G 4w + (- 2w — 2(1 - Wi _—mk—l
87(1— ) T )

The thermoelastic stresses generated by the heat flux q(y,t) acting at the

boundary x = 0, in the contact zone |y| < a, and by heat transfer according to
Newton-Richman’s law AJT / & + T = 0 [28], outside this zone, i.e., |y| > a,
we obtain from the solution of problem (2)—(6) (the special case k = 0,0 <x < A).
In global coordinates, these stresses are expressed as:

1 _ 2a,(x* —y?*)  2a5y(3x* —y?) | (a3 —xay) 2x(x* — 3y?) _
O-x (x, ) -

nl +y? P al? 4y m 2+
4x
r) COS(?) (17)
+T3(E)Dp (x -8 - AzﬂzTﬁ (E)% (x — &)]dédp
]”(x y) — )/12xy sz(xz - 3y2) (18)

[x? + y?]? - n[x? + y2]3
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4x

[(4) sin(——2—)
LB -y yax CE
m [x2 +y?)3 T [x% + y2]?

bT © oo , ,
o) | e @000 - 0 + @0y - Dldeap

- by x2—y% by + byxx(x? — 3y?)
0. (XIY) = -
y 7 X% + y2 )2 p X2 + y2]°

4x
baxl (4) cos (=== (19)
+ [xz + yZ]Z -

pT © r® )
o) | e n@ope - azap

Returnlng to the solutions found for the normal o/ (x,y), o/'(x,y), and
tangent t3), (x,y), Ty, (x,¥) stresses in local coordinates and using the obvious
condltlons

llm [ok 9 + ox I(x, 37)+;,€”(9?, ~)] =0
(20)

k k
le [Txy(x 7+t (%, y)+1',’c’3f %, y)] =0

We finally arrive at a system of 4 singular integral equations with respect to the
sought-after derivatives of the displacement jumps < U (y) >, < V¢ (y) > (K =
1,2) [29], [30]:

Of greatest interest is the behavior of the stresses o, (0,y) + T, (0,y) for
y — 1K #o. These stresses determine the nature of the stress intensity factors—SIFs:
K; and iKj;.

Consider the case of a crack-type defect of length 21, located in a surface layer
of thickness 2h and arbitrarily oriented. The stress state of the surface layer is
determined by the disturbance near the crack of a given temperature field T, (x, y, 7).
If the temperature field is described by the function T,(x,y, 7) = q(2)(ycosp+
xsinp), then to determine the stress intensity factors, we have the formula:

T ‘/_ 9l cin(p - ) x

52
X {1 - 7(“1 = Nyp) — T[dz + Eds —diNy; — Nj + N31] + 0(56)}

where g is the angle between the direction of the heat flux and the Oy axis; ¢ is the
angle between the defect axis and the Ox axis; § = [/h is the dimensionless width
of the band:

. 1 . . .
dy =—(isin2¢ +e *®)[, — Ee_z“f’ﬁl —(1—2e7%¢ — e~4®) A, — 4e~H¢E,
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1 . . 1 .
d; = g[(sin4¢ —2e7HP 4 207610 + Ee_4‘¢33
+ (4729 — o4O — 4o=4P — o=6I9)]|A, — 4e~OPE,

dy ==[1—cos4 ¢ +8sin® ¢ + Sising (e 5% — 2¢719)]3,

®|

+%(cos4—¢) —5ising e 59) I + 33/, + 2e " PE, +
+[ising (3e7¢ — 2¢71¢) — e729]
+ % [2i(3e'® — 3e7¢ — 2e7I% + €39) sin ¢ + 2% — 2729
- 16sin? p e 4¢|E,
se=4 [ yrsizye)dy; h= [ y10 - e )52y 4y2ledy
0 0

Ay = f y™(ch2y — De(y)dy;
0

® 1
E = n d ;e =
n fo yre()dy;e() 1y =52y
2 m* N3y
Ny, ZE(c052¢i3); N3y zﬁ(cos4¢/15i0032¢); N33 =3

Here and hereafter, the upper index corresponds to the right end of the defect,
and the lower index to the left end.

Figures 2 and 3 show the relationships between K;* = 1K, /v/rlHql and K;, =
AK, /NmlHql as a function of the crack rotation angle ¢ for i/h =d = 0.1 (Curves
1 and 2 correspond to the boundary conditions of the heat conduction problem: if the
boundary temperature is specified as —1, or if the heat flux and heat transfer
conditions are specified as 2), when the heat flux is perpendicular to the OY axis;
solid lines correspond to the right end of the crack, dashed lines to the left; H =
at E /2.

The figures show that the values of K; and K;; in the absence of heat transfer
(curves 2) are greater in absolute magnitude than when the boundary outside the
contact zone is thermally insulated.

The value of Kj; reaches its maximum when the heat flux is perpendicular to
the crack.

The normal stress intensity factors K;, which take on negative values, have no
independent significance, since in this case it is necessary to solve the problem in a
formulation that accounts for contact between the crack walls.

We investigate the stress intensity at the tips of a crack located at a depth of
o+, when a temperature T, is maintained at its edges, and a heat flux q(T,y)
directed perpendicular (8= 0 —the angle between the flux direction and the Ox
axis) to this surface is applied at the part’s surface (x = 0). The thermoelastic state
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of the machined surface will be determined solely by the disturbed temperature field.
Given that along the line of a crack-like defect T0 = 2q0 * ¢ * from equations (17)
—(19) and (21), we find:

!
K'* = FqeHWnl; K;F = +2HT, j; (22)

If we introduce the quantity Pn = g0 * HI5 *, where P is the tensile stress
formed under the action of temperatures, andh is a parameter, then the following
important characteristics for the behavior of defects can be established. If the values
of the stress intensity factors are known, then the initial crack propagation angle 8 *
and the limiting value of the heat flux for it are determined from the relations [31],

[32], [33]:
K; — JK? + 8K}
0. = 2arctgD, D = L N (23)
4Ky
_ V3AKy (24)
o = Hivals®
K‘ Ku‘
— 2
—————_.\<
0.2 0,4 R
: \
0 ot ,
AN P
\\\ ’4:/,
02 \\\ N -0.4 1
N e I N
S [ \2
0 /6 /3 e 0 /6 /3 ¢
Fig. 2. Dependence of K;" = AK;/ Fig. 3. Dependence of Kj; = AK;/
VrlHql = f(¢) on the crack rotation VrlHql = f(¢) on the crack rotation
angle pat 5§ = I[/h = 0.1; 1 — when the angle pat 5 = I/h =0.1;1- Type |
boundary temperature is specified; 2 — stress state; 2 - heat flux and heat transfer
when the heat flux and heat transfer conditions are specified; solid lines 1, 2 -

conditions are specified; solid lines 1 and 2 right, dashed lines - left ends of the crack.
represent the right end of the crack, and
dashed lines represent the left end.
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Figs. 2 and 3 show the dependencies of the angle #and the reduced tensile
stress P, = v/l - P/K, at the right end of the crack on the angle « and various
values of n = g*HI" /p.

Under the action of the heat flux, the thermally insulated crack begins to grow
from both ends simultaneously. As shown in Fig. 2, with an increase in the heat flux,
the ultimate stresses decrease, i.e., a disturbance of equilibrium is possible in the
region of the defect under consideration, and a microcrack forms.

Let us consider the mutual influence of defects on stress intensity using the
example of two arbitrarily oriented inhomogeneities. We will choose the origin on
one of the inhomogeneities, and the second can move arbitrarily relative to the first.
From equations (21) — (24), with Iy = [, a;; = a, ¢, =0, ¢, = ¢, and 6 = l/d,
after calculations accurate to & ,the SIF expression for the upper crack takes the
form:

1

KE= [0,56 — 0,256% + 0,2075° — 0,037157] 25

" VmlHql (25)
1

K = ——[1-0,2562 + 0,1956* — 0,178758 26

. qul[ : (26)

Fig. 4 shows the dependence of the values of K; (S = [ —solid line, S = II -
dashed line) on the dimensionless distance between cracks ¢ = a/2l, calculated
numerically using equations (25) and (26). When § < 0.5, the presence of the
second defect has little effect on the value of K;;, whereas the coefficient K, still
depends significantly on the distance between the cracks. Fig. 5-10 shows the
dependence of SIF on the angle ¢ (the angle of rotation of the second crack relative
to the first) for 6 = 1/3 (a = 31) when w = 0, z/6, /3, /2 (the curves are
labeled with numbers 14 for the moving crack and 1'—4’ for the stationary crack;
solid lines correspond to SIF at the right vertices of the crack (Kj+), dashed lines at
the left vertices (K;").

The figures show that, for certain crack configurations, the coefficient K; at one
end may be negative (this means that the crack edges come into contact in the
vicinity of that end). In this case, the SIF values in the vicinity of the other end of
the macrocrack remain practically unchanged and can be used to determine the
critical force at which the crack reaches a state of limit equilibrium.
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| /
v /.‘ Z
/6 ‘ %\
. \ \ /
/b 0.8
Z 2
-3 0,2
/3 21/3 o 0 /3 2n/3 a
Fig. 5. Dependence of the reduced value
of on tensile stresses P, = vzl - P./K;¢

0
Fig. 4. Dependence of the initial crack
propagation angle &+ on the angle o for
various values of n = qHLS"/P.

0,6

0.4

1 2

Fig. 7. Dependence of the value K;; on the
angle ¢ —the rotation of the second crack
relative to the first—when 6 = 1/3, v =

Fig. 6. Dependence of the value of K
0, v = 7/2.

(S = I-solid line, S = II —dashed
line) on the dimensionless crack spacing
a=a/2l.
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K K
________ 4
,"'— - 1 R ~~
0.2 7 T &
! ]’”‘. X , 05
; i A LA Vs o2l
0 - H\ - B
}/ \\ \:‘ ,//, 05 3 pEw
0.2 - - > < //;-\_hc
i N R =
04 %0 /3 223 ®
0 /3 2n/3 [
Fig. 8. Dependence of K; on the angle g of  Fig. 9. Dependence of K;; = f(¢) for § =
rotation of the second crack relative to the 1/3, when w, = 7/6, y, = 7/3; solid
firstat6 = 1/3, when y, =0, v, = 7/2.  lines—at the right vertices of the crack,

dashed lines—at the left vertices.

¥y ¥y yy¥ya
V=0
2

2
1 23 4
3

'K 7g\->%\

0.8

0.2

0,2 0 k] 2rl3 ¢
0 w3 2n/3 ¢
Fig. 10. Dependence of K; = f(¢) for & = Fig. 11. Dependence of the critical heat
1/3 when y, = 7/6, v, = =/3; solid flux value §* = qoIVml/\/3KycA on the
lines—at the right vertices of the cracks, angle pwhen 6 = l/a = 1/3.

dashed lines—at the left vertices.

For the values of SIF obtained from equations (7), (8), (17), and (19), the
critical heat flux g is determined. The dependence of the reduced values §* =
q*/q1 (q1 = V3K, A/(HINml) —corresponds to the value of the critical heat flux
in a plane with a single crack) on the angle pat 6 == [/a = 1/3 is shown in Fig.
11. The curves labeled 1-4 correspond to the minimum value of §* at which crack
propagation will begin from the corresponding vertex; the initial numbering of the
crack vertices is chosen when ¢ = 0. Fig. 12 shows curves of the values §* for y, =
0and w, = n/2 — for y, = 7/6, w, = x/3 (the dashed curves correspond to the
values y, = z/2 and y, = 7/3).
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It follows from the figures shown that when 0 <y <7/6, a stationary crack
begins to propagate first, and for all values of ¢ (with the exception of a certain
region in the vicinity of ¢ = 7x/2) at vertex I. The critical heat flux has the smallest
value for w =0and ¢ = 0and for v = z/6 when ¢ = 7/2. If v = 7/3, then
crack propagation begins from the bridge side, and the minimum value of §* is
achieved when ¢ = 7z/4. In the case where 7/2 <@ <57/6, the cracks mutually
reinforce each other, i.e., the strength of the body in this case is higher than when
there is only one crack. When w = #z/2 and § = 1/3, the cracks practically do not
interact.

Analysis of equations (16), which describe the thermally stressed state of the
treated surface layer containing inclusions, allows us to determine the influence of
the mechanical and thermophysical properties of these inclusions on the nature of
their interaction with crack-like defects.

As an example, let us examine the stress state of a surface layer containing an
inclusion with a crack (Fig. 13). We will present the solution to the heat conduction
problem in the form:

; 2 4 6

T(S):M\H—SZ 1—1*6—+/1§5——/1*(52+/13+1)5—] 27)

Ais 2 4 2/ 8
where 4, =4 +4,,S =T/l,5 =1/R, A, = A;/A,. The stresses along the
crack line are determined by the formulas:
—0,(S) = —Ay — 34.S cos By
Ty (S) = —A,S sin fo (28)

_4Gl(a2—a1)T0; Ay = — 2qolci1azDE; D; = 2

2G+x1—-1 ay(G+xq) A12
thermal expansion coefficients of the insert and the matrix, respectively, & = a, /a,

where A, = , a;, a, are the linear

e qaly.t)

W,=n/b;
Y,=n/3

/f\&\

7

o w3 243 9 L \é—x
Fig. 12. Dependence of the critical heat Fig. 13. Calculation scheme for
flux value §* = qoIVml/\/3KycA on the determining the thermal stress state of a
rotation angle ¢ of the crack-like defect of ~ surface layer with an inclusion containing
the second crack at § = I/a = 1/3. a crack-like defect.
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G, G, - shear moduli of the inclusion and the matrix; G = G, /G, - relative shear
stiffness Hy () = (3 — 4Vy(2)) /(1 + Vi), Vi(z) - Poisson’s ratio of the inclusion
(matrix): 4, , A, - thermal conductivities of the inclusion and the matrix,
respectively; g, - heat flux acting on the boundary of the half-plane.

Substituting (28) into the formula:
l

Kf=¢+ f lKjJ—“(S)ax(S)dS (29)
we find:
. 1 1 1 3 1 1
K =nl [AO (1 +5Biw0+ 5B+ 1—6314) + Ay cos By (il + 5B+ 5313)]
N ) 1 1 qoH, 61 5% 1
Kit =Vnrl|A,sin B, (il + 3B + §323) + o sinfo|tht3f7 +7fiBa || T (30)
HyVl If A, 56 52 54 56
+ - -6 —=[{1-B,— — —
= [To 2 2-21.6 )32 1= By—+ (9B, + C1) 5+ (18 + 9B, + () 35
where
(gt (gt 1)

T+ T G+ 1)

Analysis of the results shows that the presence of a hard switch (V; > V,) leads
to an increase in the value of K; under mechanical loading and to a decrease under
thermal loading. The thermal linear expansion coefficients of the composite have a
significant influence on the nature of the change in SIF. For example, when ¢;; <
s, K; > 0, and when a;; > &, K; < 0. The thermal conductivity coefficients A,
and A, do not qualitatively affect K; and K;;, but only alter them quantitatively.
Thus, when 1 = 4, the absolute value of SIF is greater than when 1 = 0.5.

If the inclusion is considered as an ellipse, then when g = 0, the heat flux is
directed parallel to the major axis; an increase in the stiffness of the inclusion (V; >
V,) according to the works [34], [35], [36], [37] leads to an increase in the stress
intensity factors K; (K;; = 0) for various composite 1.

The examples discussed above demonstrate the interaction between cracks and
inclusions, as well as the stress state of a material containing these inhomogeneities.
It has been shown that under certain conditions, stiffer inclusions strengthen the
material, while softer structural components help inhibit the development of
microcracks into main cracks. By appropriately selecting the material of the
inclusions, the stress concentration in crack-like defects can be reduced.

Thus, for defect-free machining of workpieces made of functionally graded
materials, their structural heterogeneity must be taken into account. The presence of
crack-like defects and inclusions means that when selecting machining parameters
and tool characteristics, one should be guided by the limiting values of the resulting
heat flux.
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To study the influence of the tool’s design parameters on the part’s temperature
field, we will use the following discrete model. In the contact zone of length 2a
between the wheel and the part, a heat flux g(y, T) is formed due to the superposition
of temperature pulses from individual grains of the wheel, equal to [38]:

Cyt =
q(y,7) = +# [H) - H(y — 2a)] Z §(y + kl' = Vi) (31)
k=0
here H(y) is the Heaviside function; §(y) is the Dirac delta function; k is the
number of grains passing through the contact zone during the time interval 7, =

—VD"“‘" a, A are the thermal diffusivity and thermal conductivity of the workpiece

cr

material; C+/7 is the heat flux from a single grain; o+ Vers tarina are the grinding

conditions.

The fundamental solution to problems (2), (4), and (5) is known [39]:
1 _(=x)?+(y-y)?

G —-x'y—y't— - 4a(t-1)
x—x\y—y,t—1) 47ra(1'—1")e

Therefore, using Duamel’s principle [40], the solution to problems (2), (4), and
(5), taking (31) into account can be expressed as:

f J‘ 2y HVET (y-y)ax? &
[HO) —Hy—2a)]e @@ 500 " 60"+ K
2mA )y \T ] (32)

—VipT) dy'KF =G + f11<,i(5)ax(5)ds

T(x,y,1)=

or, moving to the desired function and applying the properties of the function H(y),
we obtain:

L[ BEEN stk vgrydy  (33)
2nA )y VT —1')8 & kp

This expression is already a solution to the problem, but it is inconvenient for
practical calculations and research.

Using well-known transformations [41] and applying the properties of the delta
function, we reduce the solution to a simpler form.

Due to the uniform convergence of the series under the integral, it can be

integrated term by term, i e.,

T(x,y,7)=

L Va(y ¥)_Va?(z-1)_(y=y)?+x?
2w Aa wE) §(y'+kl-Vi,t)dy'  (34)

S ZnAZf Vi=ol,

Expression (34) can be simplified by using the definition of the delta function
and the obvious inequality for the source coordinate y': 0 <y' <L = a*;
Kl/VKp—<T, <(L + Kl)/VKp
L ! 2 ! 2 2
_ Vo(y=y) Vo’(r—1) (y—y)+x ,
e = fo exp [_ 2a 4a " 4a(t—-1) 5(y'+ ki
—Vipt)dy' =

(35)
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| O =YY VPG -T) —y)?
P 2a 4a 4a(t—1")
Fort'e V— “—kl] the integral I = 0. Applying the Heaviside function, this
kp kp

can be expressed as follows:
kl
S, =|H@x'—=—)—H('—
Viep
The integral solution to (34) then takes the form:
X , kLo L+k oy + kl = Vi)
T(x,y,7) = ﬁ](z:o [H(‘r Wp) H(t 7 )] exp[ a

VPt —1) 4kl —Vit)2+x?] dr’
B 4a B 4a(t—1") VT =1
This expression contains a Heaviside function under the integral. Using its
properties, as before, we can determine the actual limits of integration. Solution (36)
can be written in a form convenient for calculation:

2a 4a 4a(t-1)

L+ kl Va(y+kl—Vka') Vaz(T—T’) (y+kl—Vka')2+xz
)]

(36)

T kl L+ kl
f [H(T’—V—)—H(T'— )]f(r,‘r’)d‘r’
° i ki L4kl (r @37
=H@T—7)— H(r——)f f(z,thdr’
Vkp szi Y1
where
kl i ( kl ) i ( kl )]
=5 e — T
"V Ve Vip
L+kl L+kl L+ kl kl
ve =y HEG) - ( v r) H =D (38)
B Va(y +kl=Vi,©) Va2 —1) (v +kl—Vept)?+x%] 1
fmt) =exp|= 2a B 4a 4a(t—1") ]\/TTT'
And solution (36) takes the following form:
C < L+ kl
T(x,y,7) ==— H(t — —)H( ) f(T,‘L")dT’ 39
27".'/".}(2=0 kp 7, ( )

The initial conditions (4) imply that forall K < 0, expression (39) vanishes,
and in fact the solution is constructed for K >0.

The terms are the values of the function:

V2 Vay+kl-Vipt) vyi(r—-t) (V+kl-Vipt)?+x? dr’
Y= e 2a 4a 4a(t-1")
fh VT -1

This solution converges rapidly and thus reflects the actual grinding conditions.
Indeed, the number of grains on the wheel passing along the contact arc at specific
values of V. and V, is limited. Therefore, the transition in expression (39) to a finite
sum is justified, i.e., the temperature distribution of the part can be represented as:

(40)
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. _c‘”H Kl LKL (7 e a1
(5.1) = g D W= M )| e (4

Calculations in MathCAD for specific grinding conditions of magnetically hard
alloys make it possible to trace the process of temperature field formation in the
workpiece at the contact zone4 and study its kinetics.

The steady-state component of the temperature field, which does not depend
on time, can be isolated from the general solution (41) as follows. Let us represent
the intensity of the total heat flux as a time-periodic function with period T = 2I.
We expand the delta function into a Fourier series over the interval (—L/2V,,.; [/2V,,)

[42]:
_Y ) Ve N ()
6<T Vkp>_ L Ze v
Taking this into account, the boundary condition (31) takes the following form:
aT cVT o (e Y )
a(O,Y,T)——TVkp[H(Y)—H(y—L)]kZ e kp
The integral solution (3.2.3) in this case takes the form'
_ CVip Va(y ¥)_Vo® (ra ) (yayEZ:X Viep
T(x,y,1) = 2l \/ij 4a(r=7) ;exp zk— T_V_kp dy’

Let us make the following variable substitutions: r— ¢ = Z; d7 = —dzZt — t' =
Z we obtain:

T CVip (7 dz Va(y v Va z_(y= rpz*rx ” WVip y'
— 3 2
xy.2) = 2l ), ), E exp |ik—=( 1 Ve

__Z>]dy,

If weset K = 0, then this expression does not depend on time and numerically

characterizes the regular part of the part’s temperature field:
Va(y ¥ Va z_(y-y)’+x* dz

4az  —dy' 43
Nl (43)

(42)

k=0

Ty =35 M
Using the known relatlons [43], [44] we can rewrite (43) in a simpler form:
T(x,y,7) = Hlff Yoy P e T k(2O )y (44)

The impulsive component of the temperature field is expressed as:
CVip (7 dz (* p[ By =y) Vo'z (y=y)’+ xz]zws il (r

2a 4a 4az

2mAl )y \z )y

y' ,
On the surface (at X = 0), the expression for the steady-state component of

the part’s temperature field can be represented in terms of elementary functions. To

T(x,y,1) =
(45)
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do this, we will use the well-known asymptotic representation of the Macdonald
function for large values of the argument [45], [46]:

Kl/z(Z) = Ee‘z (46)

Taking this into account, expression (44) takes the form:
_ CVkpaJﬁ L=y, Voy
Tk (0,y,7) = AWz \a {exp [ . exp [ " ] 47)

In [45], [47], it is shown that when U, /(2a) = 10, the maximum of the
temperature curve occurs at the point where the section of the machined surface exits
the heating zone. In our case, this will be the point y = L. Then, considering that
L = /Dt [47], [48] from (3.2.18), we will have:

CVypa Va+/ D,
Temax (L,0,7) = = I’ZZ E[l — exp <_ 3‘({_5>Lmax (48)

The resulting expression (48) allows us to calculate the maximum contact
temperature of the workpiece, which forms at the boundary between the contact zone
and the zone of intense cooling, depending on the processing conditions, the
characteristics of the grinding wheels used, and the thermophysical properties of the
material being ground.

It is interesting to note that when calculating the maximum values of the steady-
state component (Tk) and the instantaneous temperature of individual grains (Ty,)
for a specific material, and when experimentally evaluating the highest values of
contact and instantaneous temperatures, a fairly good agreement between theoretical
and experimental results was obtained.

The derived expressions for the instantaneous and contact grinding
temperatures, as seen in equations (44) and (47), (48), depend on many technological
parameters—qgrinding depth (t4,.), wheel speed (V;,) and workpiece speed (14,), the
grit size of the wheels used, the bond characteristics ., the distance between cutting
grains [ and their number, as well as the thermophysical and mechanical properties
of functionally graded materials.

In this regard, it appears possible to use these expressions as criteria for
predicting the conditions under which defects such as burn marks form and the depth
of their occurrence.

As for the study of the causes of grinding cracks, the micro-discontinuity of
temperature fields, which is a consequence of the cutting process by individual
grains, has a negligible effect on the nature and intensity of crack formation. The
magnitude of the heat flux plays a greater role here.

Qualitatively new phenomena in the behavior of crack-like defects occur
during macro-intermittent grinding, i.e., when wheels with an intermittent working
surface are used [37], [49], [50].
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Of interest is the behavior of the stress intensity factor K, in the case of a non-
stationary temperature field formed in the surface layer during grinding with
intermittent wheels. To this end, let us consider the following problem.

In the contact zone [—a *, a ], between the circle and the workpiece, there is
a linear defect of length 21, part of which is located beneath the recess, while the
remaining portion 21 — d is beneath the cutting edge. The heat conduction equation
for this case takes the form:

02T 9°T oT
a(m+W>=¥_qQ6@' r=Jx -2+ - (49)

2nr
&, n— coordinates of the heat source; 6(r) —delta function. The boundary
conditions will be, respectively,
TO,y,7)=T,, at d<y<art1>0
oT
a(o,y,r)sz, at 0<y<d,t>0 (50)
The initial conditions coincide with (4).
The problem is solved using the Laplace integral transform [51] with respect
to T and the Hankel transform [47], [51] with respect to the variable r:
Tp(x,y) = f T(x,y,0)e Prdr; The(x) = f T, ()3 (ar) dr
0 0
Performing the inverse Laplace transforms, we find

T'Z
0

2 e 4at
T,(x,y, 1) = Zqﬁ e " Tg 3y (ar)da = q27ta1' (51)
0

We determine the thermal stresses by solving the Lamé equations (3) with
boundary conditions (5).

We are interested in the case where an instantaneous heat source with intensity
g *= lacts at the pointX = ¢, =0,Y = ¢&,. In this case, the solution takes the

form:
r2 2 2 _ 2 r2
0, (x,y,7) = —%{<1 - e_m> (1 - i) + ue_m}

r? 2at
N um _rr 2x%\  x%* _r%
O'X(X,y,‘[)=—m 1—e 4ar 1_7'_2 +2—aT€ 4at

rum !fe_%:r (1 - e_%> L
— O =x -

4at r2

fxy(x’ »T)=-— T2 (52)

Using expressions (51)—(52), we can determine the temperature and stresses

for heat sources q(x,t) distributed along the axis X = 0,Y > d, with time-
varying intensity. We previously established that the heat flux intensity is not
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constant over time. Therefore, determining the thermal stresses for this case is of
interest.
The temperature distribution in the part under these conditions will be:
T ([T (9T USRS 53
N Jo o
Then, the stress components can be found using the following formulas:

=f dff q(e.7)o,(y —d—&x,t—1)dt
Ooo OT

=f dff q(et)o(y—d—&x,v—1)dr’ (54)
0 0

0 T
Tyy = f dff q(&, )Ty (y —d — & x, 7 — T)dT’
0 0

The stress state of the surface layer will not change if we replace the
temperature function T(x,y, r) with the expression T(x,y,7) — TK, since the
stress components corresponding to uniform heating of the surface layer of the parts
and vanishing at infinity are identically equal to zero. Therefore, equation (54) can
be written as follows:

1
0,(0,y,7) = uxTy, + uxf T(0,y, é)da —2uxT(0,y,1) (55)
0

Substituting the expression for the temperature distribution in item (53) into
formula (55), we obtain the following expression for determining the stress state
components on the surface X = 0 in the form

, uxTy, (d- y)T ,
O_X(O'y' T)|y<d = Mka T _I;) VT — f [ dr +
2 T _(@-p’t? 2 d—
L2 Vat e arz orf [( y)T (56)
Vr(d -y (d-y)3t

a,(0,y, ‘L')|y>d =0
To ensure that the edges of crack-like defects are stress-freeat y > 0, consider
a stress state with components a, o, g,, chosen such that the following conditions
are satisfied:
Try(0,5,7) = 0;  0,(0,y,7) + o (57)
For the normal stress o, along the crack path, we obtain the expression:
1 (*+uo.(o,u,1)
du
ﬂ\/m 0 u-—y
Based on (53), (58), and (30), we find the stress intensity factor for the crack
in the case of continuous contact, i.e., when the machined surface with a defect in
the contact zone with the tool is subjected to continuous heating:

0,(0,y,7) = (58)

93



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

2 2 1(” dr
K= 5%[,/27‘[)/@(0,}1,1)] = ZJ;Mka\/E—\/;Mka\/aEfl \/1:_€X

X{J:erfc(' )f\/(fT (59)
oLl Sl
here e e
2+at

T*le O'X(O,y,‘l,')=O"x(0,y,‘[)+0'”x(0,y,‘[)

Fig. 14 shows a graph of the dependence of the value.
K m

* __ *

T WZuxTa

As can be seen from the graph, the initial moments of time are the most
dangerous in terms of crack propagation.

Consider the case where the surface layer with a defectat X = 0,y > 0is
subjected to a temperature field satisfying the following conditions on the X = 0
axis:

TO,y,7)=T,, at d<y<d+1
T(0,y,71)=0, at y>d+1
aT
™ - =0, at y<d

In this case, the expression for the temperature on the X = 0 axis takes the

form:

1, d<y<d+l e
T(0,y,7) =41 w{ Iy—dlr]_ Iy—d—llr]} —, y<d (61)
{n.fl erfc e erfc N Wt —1
For the stress intensity factor corresponding to this temperature field, we obtain
the expression:

(60)

K:\/%ZMka\/E[l—\/l+S+F(T*,S)—F(T*,O)] (62)
here
R Sl T d¢
=1/d, F(t%S) __ﬂfl {fo erfc(;(5+€)>m+
11 _% Jrtr* d¢ } dr’
\/_Tf {e ZT(5+§)erf( ® +§)>}(s+f)1/1— ™' —1

K

The dependence of K* = PN

on t* is shown in Fig. 14.
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The temperature field, in the case of intermittent contact between the tool and
the workpiece with a crack-like defect in the machined layer (Fig. 15), leads to the
emergence of compressive normal stresses along the defect, which helps to inhibit
fracture propagation.

Thus, it appears possible to use local thermoelastic fields as a tool capable of
controlling the trajectory and rate of defect propagation into cracks.

™~

\\ —1
0 5 T 0 5 T
Fig. 14 Dependence of the stress intensity Fig. 15 Dependence of the stress intensity
factor on time when the heat source is in factor with time for intermittent contact
full contact with the defect. between the heat source with the defect

1—24=052-21=1(0p = lpn).

The cutting depth ¢, is a determining factor in the formation of grinding
cracks. The tensile transient stresses forming in the processing zone, which
contribute to crack formation, are proportional to tg;.;,4, Since T, (0, Y, D~tgring-

1+v X
mark??, ()
P

Therefore, when determining defect-free grinding parameters, it is necessary,
first and foremost, to establish the maximum permissible cutting depths. In doing so,
it is also important to have information not only on the thermophysical and
mechanical properties of the material and the presence of inhomogeneities in the
surface layer, but also on its processing conditions.

As heat transfer increases, high tensile stresses arise, contributing to the
formation of grinding cracks on the machined surface.

Since the stress intensity factor for an isolated defect is determined by the

formula [52], [53]:
K = 1 ! 0 l+xd
L= Ne=] _lay(x, ,T) =
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then, finally, p we obtain:

GTk(l +v)0ct l+
K, = { 1+ — f [arctg 2(E+b) + arctg Z(b s‘) ] {—
63)
(&+b)? b=5)? VDR\ [1+¢
Zv_flf[) r[(§+b)e w0t 4 (b— E)e s ]erf<4\/_> e df}

In the case where the stress intensity factor approaches the local failure
criterion K, in magnitude, the crack-like defect begins to develop into a crack. Thus,
from the last relation, we obtain the equilibrium conditions for defects of length 21
in the form:

KC
n[GTk(l + V), )? (64)

In this formula, the contact temperature Ty in the grinding zone depends on the
process parameters and properties of the material being machined and can be
determined by the formula:

CVip [ _VoVDh
k —e at
DRV} | an

where V., V;, h are machining conditions; D, C are tool parameters; A, a,, —
thermophysical characteristics of the workpiece material.

6. Conclusions

1. The values of the stress intensity factors for inherent inhomogeneities formed
in the surface layer of products made of functionally graded materials are influenced
by the size and orientation of these defects, their depth, their relative arrangement,
and the magnitude of the heat flux during grinding.

2. For any values of the thermal conductivity, linear thermal expansion
coefficient, and shear modulus of the material of the product and the inclusions
located in the surface layer, when the stress intensity factors K; = 0, K;; # 0 if the
heat flux is directed perpendicular to the inhomogeneity within the inclusion, and
conversely, if parallel to the crack, then K; # 0, K;; = 0.

3. The geometry and properties of inclusions formed by previous operations in
the surface layer can create conditions for both the inhibition and the propagation of
grinding cracks. If the heat flux is directed parallel to the inclusion axis and a straight
thermally isolated crack, then when the linear thermal expansion coefficient of the
inclusion is greater than that of the matrix, the increase in the stiffness of the
inclusion leads to an increase in the stress intensity factors K, (K;; = 0) for various
ratios of the thermal conductivity coefficients of the material components. This leads
to the propagation of microcracks. Conversely, if the thermal expansion coefficient
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of the inclusion is lower than that of the matrix material, a decrease in the stiffness
of the inclusion leads to a decrease in the stress intensity factors K, (K;; = 0) for the
same ratios of thermal conductivity coefficients, i.e., conditions favorable for the
non-propagation of microcracks are present.

4. For crack-like inhomogeneities located in a layer with a lower thermal
conductivity coefficient a,, the orientation of the microdefect strongly influences the
value of SIF. When a microcrack located in a stiffer layer of the material being
processed is significantly distant, the stress intensity factor K; reaches its maximum
values when the microdefect is oriented parallel to this line, and as the
inhomogeneities approach, the maximum K; is achieved when they are oriented
perpendicular to the direction of the heat flux

5. The presence of a hard inclusion leads to an increase in K, under mechanical
loading and to a decrease under thermal loading. In this case, the thermal
conductivity (TLCR) a, has a significant influence on the nature of the stress
intensity factor (SIF) variation. When the inclusion’s a; < a, of the matrix, K, > 0,

and when /™! > at(M), K; < 0. In a soft inclusion, a microcrack will begin to
propagate at a lower heat flux than in a hard inclusion; that is, the strength of a body
with a hard inclusion is higher than that with a soft inclusion

6. The micro-intermittent nature of the grinding process generates compressive
stresses in the machined zone, which help reduce the incidence of grinding cracks.
The stress intensity factor reaches its lowest values when the lengths of the cutting
ridges and grooves of the intermittent grinding wheels are equal.
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Amnaromniii YcoB, Makcum Kyniun, FOmis Cikipanr, Banepiit laBumok
Opeca, YkpaiHa,

BIIVINB MEXAHIYHUX TA TEOMETPUYHUX XAPAKTEPUCTHUK
HEOJHOPIAHUX AIVISTHOK HA IHTEHCUBHICTDb YTBOPEHHS
TPIIIMH I YAC HIJII®YBAHHSA JETAJER, BATOTOBJEHUX 13
MATEPIAJIIB 3 ®YHKINIOHAJIBHUM I'PAJJIEHTOM

AHoTauis. Biocymuicmb 00CaiodNcetb wo0o 0cobaueocmeli GUHUKHEHHs Wi(YS8ANIbHUX MPiwur ma ix
nepepoCManHA 6 OCHOGHI MPILYUHI 3ANIEJICHO 6I0 KOHCMPYKMUGHUX, MEXHON02IUHUX MA CMPYKMYPHUX
HeoOHopioHoCmell Mamepiany 6upobie He 00380.1A€ OOHO3ZHAYHO 3ACMOCO8Y8AMU ICHYIOUI peKoMeHOayii
w000 YCyHeHHs 3a3Hauenux Oeghexmis. Lls poboma npucesueHa OOCHiONCeHHIO BNAUGY BHYMPIUIHIX
HeoOHOpIOHOCmell Yy NOGEPXHeBOMY Wapi, iX 2eomempii, ma MexaHiYHUxX Xapaxmepucmux eupooie 3
DyHKYIOHATLHO-2PAdiEHMHUX Mamepianié Ha euOIp MeXHOIO2IUHUX YMOo8 05 be30edekmHoi 06pobKu
demaineti. BcmanogieHo, wo Ha eauduny Koe@iyicHmis iHMeHCUBHOCMI HANPYICeHb OJisl 6HYMPIUHIX
HeOOHOpIOHOCMeEl, WO YMEOPIOIOMbCA 6 NOBEPXHEGOMY WapPi 6UpPoOI6 3 (PYHKYIOHANLHO-2PAOIEHMHUX
Mamepianie, 8NIUBAIOMb PO3MIp | OpieHmMayis yux oeghexmis, enubUHa iXHbO20 3ANACAHHA MA B3AEMHE
PO3MAULY6AHHSA, 4 MAKOIC BeIUHUHA MeNn06020 NOMOKy nio uac wnigpyeanna. Ieomempia ma
61ACMUBOCTNT KIIOYEHb, WO YIMBOPUNUCA 6 Pe3ybmami nonepeorix onepayitl y noeepxHesomy wapi,
MOHCYMb CMEOPIOBAMU YMOBU AK OJI 2AbMYBAHHA, MAK [ 0I5 PO3GUMKY WAIQysansHux mpiwuH. AKujo
Mennosulli NOMIK CNPAMOBAHUL NAPANIENbHO OCI 6KIIOYEHHL | YMEOPIOEMbCS NPAMA, MEPMIUHO I301b08AHA
mpiwuna, mo Koau Koepiyienm AiHiliHO20 MENI08020 POIUUPEHHS GKTIOYeHHA Oinbuiull 3a Koepiyienm
mampuyi, 30iIbWIEHHS HCOPCMKOCMI  BKIIOYEHHS Npu36ooums 00 30inbuleHHs Koegiyienmie
inmencusnocmi nanpyicenv K; (K;; = 0) ons pisnux cnigsionowiens koegpiyienmie menionpogionocmi
Komnonenmie mamepiany. Lle npuzeodums 00 nowupenns mikpompiwun. I nasnaxu, skujo xoegiyicnm
Mensio6020 po3UUPeHHs GKIIOYEHHs HUICYUN 3a Koegiyichm mampuyi, mo 3MeHUeHHs HCOPCMKOCHII
BKIIIOYEHHS. NPU3B0OUMb 00 3MeHWeHHs Koepiyicnmie inmencusnocmi nanpycens K; (K;; = 0) npu mux
camux cnieBiOHOUeHHAX KoepiyieHmie menionpogioHocmi, mobmo cmeopomMsCs YMO8U, CRPUAMIUBE
07151 Hepo3no8cIo0dIcents. Mikpompiwun. Tomy npu eusnauenni napamempie wiighysanns 6e3 deghexmis
HeobXiOHo, nepiu 3a 6ce, CMAHOBGUMI MAKCUMATIbHO OOnycmuMmi enubuny pisannsa. IIpu yvomy easxiciueo
mamu iHopmayito He minbKu npo Menao@izuuni ma Mexaniuni 61acmugoCmi Mamepiary ma Has6HiCMb
HEeoOHOpIOHOCMEl Y NOBEPXHEBOMY WApI, a Ul NPoO YMOGU 1020 0OPOOKL.

KarouoBi cioBa: mamepiaru 3 (GYHKYIOHATbHUM 2DPAOICHMOM; HEOOHOPIOHOCMI; WIQYS8aHHs;
YmMEopeHHs mpiujur.
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