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DETERMINATION OF THE BOUNDARIES
OF PLASTIC ZONE OF METAL
DEFORMATION DURING THE CUTTING

The main objective of this work is to analyse the problem of determining the bound-
ary of elastoplastic zone with various methods of machining parts by cutting. The
structure of complex theoretical and experimental studies of energy—power param-
eters of the technological processes is considered. The method for calculating the
processes of plastic deformation of metals based on a closed set of equations of con-
tinuum mechanics is proposed for the theoretical study of energy—power parameters
of the technological processes. The expressions, which make possible the reproduc-
tion of the spatial pattern of the strain distribution within the metal at the diamond
smoothing and grinding, are obtained. This allows visualizing the mechanism of the
deformation and simplifying the analysis of the deformed state of the material.
Functional relationship between the power of the deformation and parameters of the
machining conditions at the diamond smoothing and grinding is established. Vari-
ous methods for determining the cutting forces during machining with chip re-
moval as well as approaches to determining deflected mode of a material are consid-
ered. A method for express calculation of cutting forces using well-known engineer-
ing techniques is proposed. The experimental and calculated data on determination
of the sizes of plastically deformable zone of difficult-to-cut materials are analysed.
The mechanism of inhibition of dislocations and energy conversion during deforma-
tion is considered in detail. As a result, a dislocation—kinetic approach is developed,
based on the concept of dislocation as a quasi-particle of a strain quantum. Using
the dislocation—kinetic approach, the mathematical model is developed, which al-
lows us to calculate a magnitude of the zone of leading cold hardening that is con-
firmed by comparison with experimental data. The Starkov’s model is improved; the
physical meaning of coefficient in formulas for calculating boundaries of cold-hard-
ening zones is explained. A new similarity criterion is introduced, which relates
dissipation of plastic strain energy and rate of rearranging of temperature field.

Keywords: elastoplastic zone, cutting forces, dislocation—kinetic approach, similar-
ity criterion, dissipation of energy.

Citation: M.O. Kurin, Determination of the Boundaries of Plastic Zone of Metal
Deformation During the Cutting, Progress in Physics of Metals, 21, No. 2: 249-273
(2020)

ISSN 1608-1021. Usp. Fiz. Met., 2020, Vol. 21, No. 2 249



M.O. Kurin

1. Introduction

The determination of dimensions of elastoplastic zone of a deformed
metal during mechanical processing and after its completion is of great
practical interest both for predicting changes in the physical-mechanical
properties of the surface layer of workpiece and for constructing an
integrated picture of the plastic deformation of a metal flowing around
a cutting wedge or abrasive grain. In our recently published article [1],
we pointed out that the key and open issue of the theory developed
based on the hyperbole method is the mechanism for determining the
coordinates of boundaries region the onset of plastic metal flow.

The paper [2] has indicated that principal characteristic of localized
plastic-flow development known as the elastoplastic invariant of defor-
mation. It is investigated for several different metals. As shown, the
distribution of the experimentally obtained values of the invariant can
be described by the normal distribution low. As established by the au-
thors, the principal characteristics of autowave processes of localized
plasticity development, for instance, the rate and dispersion, can be
calculated. It is also possible to calculate the relations between the scales
of localized plasticity development as well as the dependence of autowave
length on the structure characteristics of metals. In another review [3],
the development of techniques for determining the plasticity of materi-
als by the indentation is considered with an introduction of a new plas-
ticity characteristic. This new plasticity characteristic is easily deter-
mined by standard determination of hardness by the diamond pyramidal
indenters at constant load; thus, the indentation have been proposed for
a simple method for determination of the complex of mechanical proper-
ties of materials in a wide temperature range using a sample in the form
of a metallographic specimen.

The investigation of strain hardening was also in the scope of atten-
tion of the authors in Ref. [4], where the authors considered the strain
hardening of the metal surface during jet abrasive machining. The func-
tional dependences depth of hardened layer and cold-hardening degree
on the technological parameters of jet abrasive are studied.

The determination of the boundaries of the elastic-plastic zone is
going to finish the construction of a complete and decidable theory of
the process of metal deformation during cutting, covering all processes
and related phenomena of the subject area under consideration. The
theory development taking into account the above requirements will be
aimed at solving problems related to formation of the surface layer dur-
ing various types of machining, calculating the energy—power charac-
teristics of various processing methods, the kinematics of metal flow
during deformation, the formation of a dislocation substructure, etc.
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2. Analysis of the Deformed State of Material of a Part

2, 1. Structure of Investigation of Energy—Power
Parameters of Machining Processes

It is necessary to develop mathematical models that reflect relationship
of the functional characteristics process with technological parameters
of processing modes to predict effectively the energy—power character-
istics of various types of machining by pressure, rolling, or cutting. The
correct construction of a model is possible to be provided if a structural
logical scheme is developed, which defines methods and sequence of theo-
retical and experimental researchers. The most suitable for calculating
processes of plastic deformation are methods based on a closed system
equations of continuum mechanics [5—7]. In this case, the deformable
metal is considered as an idealized continuous medium with averaged
mechanical properties of a real metal.

A theoretical analysis of the majority of technological processes
along with the conducted experiments allows us to determine the nature
of dependence velocity of particles of plastically deformable metal on
coordinates. The velocity of particles can be represented through a ve-
locity vector (cf. with Ref. [5]):

V=vi+vyj+ vk 1)

The law constancy of a volume during the deformation is expressed
by the continuity equation [5]:

divv = 0. 2)

Using Egs. (1) and (2), we can determine the form of functional de-
pendence of speed on coordinates. Thus, the particles velocity field of
material is determined, which makes it possible to calculate the strain
rates and their intensity using the formulas:

1 aI/‘h + ‘192 aH 1 v, aPII

a3

g, =— + ,
n H, é&q, H,H, dq, HH; oq,

AW, 1w, v, om v, *
“»  H,dq, H,dq, HH,dq, HH,dq’
where ¢,, q,, and g, are orthogonal curvilinear coordinates.
In this case, the coupling equations hold:
x=%(q15 925 95)> Y = Y(Q15 Q25 95)> 2 = 2(q15 @25 5);
H, = (4)
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here, H, are Lam¢é parameters.
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Then, it is necessary to determine components of deformation to
find the energy—power process parameters,

&1 = J-gndt’ €y = J.gzzdt’
and deformation intensity,

3 3
P = ? (eu €y )2 + (ezz ~ €33 )2 + (833 - ell)2 + E(efz + 9223 + e§1 .

An important characteristic of the machining processes is work of
deformation, which allows us to determine the power parameters. The
total work of deformation is determined by integrating elementary work
over volume v:

oV oV oV
A= jm( V—t+Pa Py£+Png vdt .

(5)
Two functions were introduced in Ref. [5]. The first is called a ve-
locity function:
ov
L=pV—.
ot (6)

Part of Eq. (5) expresses the energy dissipation function:

E=P — v +P N +P, ﬂ
ox Yoy 0z )
The speed function is a work aimed at increasing kinetic energy of
elementary volume of metal in deformation process. The energy dissipa-
tion function is that part of the work contributes to an own deformation
of the material. Taking into account Eqgs. (6) and (7), we rewrite Eq. (5)
in the following form:

A= [[[[(L+E)dvdt.
t v (8)

If deformation is carried out at a low speed, then, velocity function
has a sufficiently small value in comparison with the energy dissipation
function and can be neglected. In this case, the work of deformation will
be determined through the function of energy dissipation:

A= jm Edvdt.
t" 9)

The work of deformation for elementary volume metal assigned to
octahedral sites has the following form:

dA =31,,y,.dvdt,

(10)
where 7, is a shear stress on the octahedral site, i.e. platform, inclined
to the main axes; v, is an octahedral strain rate. The octahedral stress
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relates to the stress intensity as
31, = \/EGi. (11)

The equation relating octahedral strain rate to the strain rate inten-
sity has form 1

Yoct = _Si'
V2 (12)
Substituting Eqs. (11) and (12) into Eq. (10) and integrating the
latter over volume and time, we obtain:

A= !LU o,g,dvdt.

Comparing Egs. (9) and (13), we can find that
E =ocg,. (14)

Thus, it is possible to determine the field of stresses, strains, and
energy—power parameters of process using the basic laws of plastic de-
formation and the equations of continuum mechanics if we know the
particles velocity components of deformable metal during mechanical
processing.

(13)

2.2. Theoretical Study of the Deformed State
of a Part Material during the Diamond Smoothing

Theoretical investigation of the deformed state of a part material dur-
ing diamond smoothing was carried out in a cylindrical coordinate sys-
tem under the assumption of plastic contact conditions between a hard
spherical indenter and deformable half-space. The basics results of theo-
retical researchers are presented in Refs. [7T-9]. We were able to obtain
the field of the metal flow velocity in deformation zone based on the
general equations of continuum mechanics, using structural logic dia-
gram presented in Ref. [6] for analysing deformed state of part mate-
rial during the smoothing [9, 10]:

2
Vv, :ﬂsin A _E) |5k 1--2 sinn—r;
t, t,)) nr kSt, St,

Vr:2éRSsin A i—1 ad -1 1—cosn—r ; (15)
n’kr t, Skt, St,

vV, =0.

here, R is the indenter radius; ¢ and ¢, are the current time and the
time of deformation of the treated surface area, respectfully; A =

= arctg(v2RH - H? /(R — H)); H is indenter penetration depth; S is
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the longitudinal feed rate; r and z are coordinates of a point in a cylin-
drical coordinate system; % is the coefficient of proportionality.

The velocity field was described based on the following assump-
tions:

(i) the deformation propagation depth is linearly related to the ra-
dius of contact zone & ~ kI, where k is coefficient of proportionality, [ is
size of indenter penetration zone in the radial direction;

(ii) the propagation zone of deformation in the radial direction is
determined by the equality b = 2[;

(iii) the tangential component of velocity is zero taking into account
axial symmetry and absence of twisting and drops (V, = 0);

(iv) the vertical component of velocity (V,) can be represented as a
product of two functions, each of which is a function of only one argu-
ment: V, = f(r)¢(2), where f(r) is function designating the law of change
motion metal particles along the r coordinate, which is determined by
shape tool, zone distribution of deformations, and shape of the scallop
around zone of deformation.

This dependence according to [11] can be represented as:

F(r) = V, L sin ™,
nr l (16)
where V, is an indenter speed, r is a point coordinate. Since in practice,
traditionally with diamond smoothing, the depth of penetration of a
spherical tip H < 0.3R, we can use for calculations the equality [ ~ v2RH,
where H = f(t). In our case, | = St,, where S is the longitudinal feed rate.
Function ¢(z) determines the attenuation law by the z coordinate.
According to Ref. [12], this function can be written as

w(z)z(l— : J :

kSt, a7

We will find velocity of material points along the axis z:
Voza—zzﬂsin A 1—i . (18)

a  t, t,
Taking into account all the above, the dependence (16) takes the fol-
lowing form:
f(r)zﬁsin Al1-L %Sinn—r- (19)
t, t,)) nr St,

After substituting Eqgs. (17) and (19) into formula for V,, we finally
obtain expression for the vertical component of velocity:

2
V,=——sin| A 1—i 1--2 %Sinn—r. (20)
t, t, kSt, | nr St
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The component of velocity field of metal flow in radial direction V,
(formula (15)) was determined from the continuity equation (conditions
of constant volume).

2.3. Investigation of Power—Strength
Parameters of the Grinding Process

The study of the energy—power characteristics of the grinding process
was carried out based on the hypothesis of a generalized cutter with a
continuous cutting edge. Part of the abrasive grains acting over the
bond identified with rotational ellipsoids. The essence of the proposed
methodology is based on the conceptual model of abrasive grain that it
is the equivalent that reflects all the cutting properties of the abrasive
wheel. Establishing a direct correlation makes it possible to find the
value of the forward angle of the equivalent grain y, which is quantita-
tively related to the coefficient of the reference curve:

1
tg|v|=;- (21)

The cutting properties of the abrasive tool do not depend on the
values of the grinding mode parameters, and y is meant to be a constant
that quantitatively expresses the cutting properties of a particular
brand of abrasive tool.

Theoretical research has resulted in analytical dependences, not only
describing the metal flow in the deformation zone, but also being suit-
able for calculating the energy—power characteristics of the process,
without the use of a large array of empirical dependences that do not
fully reflect the physics of the process and are limited by the narrow
scope of experimental research.

Based on the velocity field, which are given by parametric equations
(22) [1, 13]

V.(x,y) =V, [m(x, y)]_ %{

Je? -1

(xcoso —ysina)e®cosa — x
b
Je -1

e’ [xo coso + \/sinz a(l —e*)([a (x,y)F (e’ sin® o — 1) — xO)J

(xcoso—ysina)e’ sina + y}
’

V,(x,y) = Volo(x, y)]‘é{

2

o(x,y) = +

(1 - ¢€*sin® a)®

+[a (x, )17,

a(x,y):\/(xcosoc—ysinoc)ze -(x*+y ), (22)
1-¢%)
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where a is a hyperbole parameter, semi-major axis, e is an eccentricity
of hyperbola, a is an angle of rotation (a =—17v/2, y is cutting angle), V,
is a cutting speed, and coordinate x, determines the plastic flow begin-
ning, dependences were obtained for the calculation of deformation con-
stituents, strain rates and their intensities:

e. = J.sxxdt e, = Isyydt , e, = fsxydt, (23)
2 3

6 =g (e, —€,) +&, +&, + Eaiy , (24)
J2 3

s (e, —e,) +e, +el + Eeiy. (25)

These dependences make it possible to calculate the energy dissipa-
tion function, which can be expressed through the intensity of stresses
and the strain rates by the formula

E =oc,. (26)

To determine the deformation power, the energy dissipation func-
tion must be integrated over volume:

N = ”jEdu,
v 27

where o, is the intensity of stresses, g, is the intensity of strain rates.

The stress intensity for different deformed media is a complex func-
tion of the strain intensity, strain rate, temperature, time, and other
parameters.
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Metals and alloys are a group of materials that are strengthened
during plastic deformation. The stress intensity is a function of the

strain intensity only:
c,=0

e, (28)
where n is the index of strain hardening; e, is intensity of deformation;
G,, is the yield strength.

An example is considered: the operation of grinding a part of an al-
loy BT3-1, the speed of rotation of the abrasive wheel V, = 30 m/s, the
speed of rotation of the workpiece V, = 30 m/min, cutting depth ¢ =
=0.02:-102 m. Parts were machined with an abrasive wheel 63C40CM2K
with geometry vy = a = 101.6 degrees. The velocity field of particle dis-
placements for this one is shown Fig. 1.

The calculation of the deformation power according to the above
algorithm gives the following result: N = 9.93 W. Below, there are the
experimental investigation of the total cutting forces, it which convert-
ing to the single grain power give good agreement with theoretical cal-
culations.

Therefore, sequential determination of main parameters during
plastic deformation of metal based on the initial velocity field allows in
long run to reach an important energy—power characteristic of any
processing process, namely, the work of plastic deformation [14]. As
another important advantage of method, it should be noted that flow
kinematics can be described at any strain rates and wedge angles, which
along with the application area, allows us to conclude that proposed
research technique is universal. The influence of strain rate, angle
wedge, characteristics of processed material and other parameters of
processing modes will affect shape and boundary of elastoplastic zone.
It is known, as we move away from wedge, which is perturbation source
of the deformation waves, the plastic metal flow rates decay to zero in
region of unstrained volumes. Thus, the mechanism, determining coor-
dinate, i.e., the beginning metal plastic flow, remains an open question
in the developed theory. It can be concluded that determining nature of
attenuation rate of plastic flow metal, as well as the boundaries of zone
of elastoplastic deformation is a key and rather complex issue requiring
additional research.

m

3. Theoretical Investigation
of the Stress—Strain State in the Cutting Zone

To determine the stress—strain state in an elastic half-space with a boun-
dary half-plane arising under the action of normal and tangential forces
applied in a closed region, the classical approach proposed by Boussinesq
and Cerruti using the theory of potential and the well-known solution of
the problem of elasticity is commonly applied [15, 16]. As known, solu-
tion of most applied problems via the classical approach, presents cer-
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tain difficulties and shortcomings. First of all, the solution obtained by
Boussinesq gives satisfactory results for the elastic region of deforma-
tion the metal; dependence (29) gives overestimated values:

o - 2P sin (o) ’
h

where o is the angle between the direction of action of the force P (|P|=P)
and the radius-vector of the point h (/h| = &) in question.

One of the significant problems is the preliminary determination
the components of cutting forces functionally related the stresses acting
in the cutting region. In case of the study of kinematics plastic flow of
deformed material in the cutting zone and determination of energy-—
power descriptions of process, we have to define the field of speeds as
the basic data. For that construction, in turn necessary, boundary con-
ditions are needed in the form of coordinates the plane beginning of the
plastic flow of the metal, which directly depends on the size of the elas-
toplastic zone. On this account, again the preliminary calculation of
cutting forces is nevertheless needed for the solution of the objectives.
In our opinion, the most rational method for solving tasks is an express
calculation of cutting forces using well-known engineering methods for
calculating projections of cutting forces. It is obvious that the use of
empirical dependences to calculate the cutting forces is quite laborious
and requires a significant array of empirical research on each material.
For this reason, most researchers conducted surveys to establish theo-
retical equations linking the components of the cutting forces with
physical-mechanical characteristics of the processed material, geometri-
cal parameters of the tool and the dimensions of cut layer [17, 18].
Among the whole variety of analytical dependences obtained by various
authors, the Zorev’s equations [18] give the most complete account of
the deformation mechanism during cutting and high accuracy. These
equations were obtained based on the hypothesis of equality of shear
stresses during cutting and compression as well as tension under equal
deformations, and the Rosenberg methodology [17], based on hypothesis
of the equality specific work of plastic deformation with equality of
deformations. Zorev’s equations [18] showed a good coincidence with
the experimental values of cutting forces. Both methods give satisfac-
tory results, which are confirmed by numerous experimental researches.
In addition, the choice of method is aimed at determining only the
boundaries of the region of the stress—strain state, so, you can choose
one of the known methods, which is most convenient for the researcher.
It depends on the available data very often. It is also possible to use
empirical dependences to calculate the sought-for components.

In Ref. [16], author obtained formulas for determining normal
stress o, acting on the side of cutting edge of the cutter and maximum

(29)

258 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 2



The Boundaries of Plastic Zone of Metal Deformation During the Cutting

pressure on the back surface of the tool o,

___ R 2c ;)
°  BCcosy| ag(y, + tg(® - 7)) ’
(30)

___ % 2C 1
Y BC,cosal ac(y, + tg(® -7)) ’

where B is the width of the plates; y and o are front and back angle of
the cutter; a is thickness of the cut layer; ¢ is shrinkage of plates; p, (u,)
is coefficient of friction on the front (back) surface; C (C,) is the contact
length along the front (back) surface; ® is the angle, which determines
the direction of shear during cutting.

The set of Eqs. (30) makes possible to determine geometric param-
eters of deformable cutting zone, such as the length of the leading cold-
hardening in front of the cutter tip in cutting direction and cold-hard-
ening depth of surface layer under the treated surface.

Starkov [16] has obtained expressions for determining the dimen-
sions of the plastically deformable cutting zone

1. o,

l==In %

 H=Y1i;n S, (31)

Go.2 g Oy,

where o, , is a yield stress, and g is a distribution index.

Distribution index g linearly depends on the relative content in
heat-resistant alloys of the hardening phase and is essentially a charac-
teristic of the material.

The results of experimental investigation carried out by Starkov
[16] showed that free cutting is accompanied by formation of an area
advanced hardening in front of cutter and a hardened area of metal un-
der the treated surface.

Thus, length of zone of leading work-hardening is on average 2—3
times greater than depth of work-hardening surface layer of the ma-
chined part (Table 1). The zone of advanced hardening moves in front of
the moving cutting wedge at a speed equal to collective or average speed
movement of dislocation ensemble, which consists dislocations of differ-
ent types and signs.

Figure 2 shows calculated and experimental values dimensions of
the plastically deformed cutting zone obtained by decorating after
broaching three heat-resistant alloys.

The experimental values of [ and H are shown for two cutting speeds:
4 and 7.9 m/min for XH56BMKIO and #C6KII alloys, 4 and 22.5 m/min
for XH77TIOP alloy; for higher speeds the values of [ and H are marked
by shaded points. Data analysis in Fig. 2, carried out by the author [16],
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Fig. 2. Comparison of calculated (¢, o) and experimental (e, ¢) values of the depth
of hardening H and the length of leading hardening 1 with free cutting of JKXC6KII
(a), XHTTTIOP (b), and XH56BMEKIO (c) alloys [16]

showed that the experimental values of [ and H are fairly tightly grouped
around the communication line between the size of the reinforcing zone
and the logarithm of the ratio of the effective (calculated) stress to the
yield strength (reference). Thus, it is possible to conclude that formulas
(31) exactly enough determine size the plastic deformed zone, binding
them to module of work-hardening processed material and its structural
state through the index of g. It is possible to suppose that formulas are
suitable for description sizes of the plastic deformed cutting zone not
only of heat-resistant alloys, but also of any other metals and of alloys
and will differ only in the coefficient value.

Let us consider in more detail the process of plastic deformation. It
is well known that plastic deformation and cold-hardening of a metal is
a consequence of the nucleation and motion of dislocations newly appea-
ring or already existing in the metal. During deformation, dislocations
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Table 1. The results of measuring sizes of plastic deformed zone at the free cutting

Sizes of the plastic Increment of depth of the
Cutting conditions def d p hardened layer during
Processed etormed zone secondary deformation
material
v, t, in front under o
m/minute mm of cutter | the cutter mm °
Nickel alloy 4.00 0.14 2.29 1.16 0.14 12.00
XHT7TTIOP 4.00 0.34 | 2.79 1.58 0.15 9.50
22.50 0.14 1.41 0.68 0.02 2.90
22.50 0.46 2.85 1.27 0.11 8.70
4.00 1.91 6.12 3.15 — —
22.50 0.54 2.20 2.0 — —
Electrical 4.00 0.32 1.50 0.81 0.05 6.20
engineering 4.00 0.38 1.60 0.94 0.04 4.30
steel 1511 | 9550 | 0.07 | 1.20 1.10 0.30 27.30
22.50 0.28 — 1.15 0.07 6.10

are the first to move in the slip system where the tangential stresses reach
a maximum, and the plastic flow of the metal is possible only if the tan-
gential stresses exceed a certain critical threshold value close to the yield
strength [16]. The magnitude of this threshold stress depends on the ini-
tial dislocation structure, that it is determined by the initial dislocation
density, which in turn is determined by the type of crystal lattice, the
presence of impurities and technological heredity in an aspect that in-
cludes all previous operations of the technological process. The motion
of dislocations, as well as other defects is accompanied by dissipation of
the strain energy with its transition to heat. Thus, we make conclude
that the heating processes associated with the deformation of the metal,
as well as the propagation of zones of elastic-plastic deformation and
heat are interconnected and apparently require a comprehensive review.

4. The Mechanism of Inhibition of Dislocations
and Transformation of Energy at the Deformation

The reference [19] presents the results of experiments performed by the
author in order to determine the thermal conductivity of a metal sub-
jected to advanced plastic deformation (APD). Based on the analysis of
experimental data, a reduction in the thermal conductivity of deformed
metal was established as compared with the material not subjected to
preliminary plastic deformation [19]. Thus, with the increase of work-
hardening depth, the total heat conductivity of sample decreases, which
allowed concluding the presence of the phenomenon of dynamic thermal
conductivity of the workpiece surface layer, at that, with a change in
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the depth of the leading plastic deformation, the thermal conductivity
in the riveted layer changes [20]. However, at calculating the thermal
conductivity of the riveted layer, it was found that with an increase in
the depth of the hardened layer, an increase in the value of its thermal
conductivity is observed. The author explains the reason for this by the
nonlinear distribution of deformation along the depth of the riveted
layer with a maximum near the surface (at a depth of 0.5 mm, the de-
formation propagates more intensively as compared to a depth in
0.92 mm) (Fig. 3).

Heat conduction resistance, as known, is the result of a destruction
periodicity of the crystal lattice. These imperfections are associated
with vacancies, dislocations, and other defects in the crystal structure.
Plastic deformation leads to cold-hardening, which is a consequence of
the advancement and nucleation of new dislocations and vacancies. New
distributions and the former certainly have influence on heat conductiv-
ity of the riveted layer, but appearance of vacancies in more consider-
able degree results in the increase of dispersion of electrons that ham-
pers the transmission of energy in turn. The influence of cold-hardening
on the thermophysical characteristics of the material is also confirmed
in Ref. [21]. Heat treatment leads to a change in the structure, me-
chanical properties of the density of dislocations and thermophysical
properties, which is reflected in the graph in Fig. 4.

The paper [22] presents a methodology for calculating the activation
energy of dislocation motion and the activation volume. It is well known
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Fig. 5. Critical shear stress vs. tempera-

ture (schematic dependence) [22] e

that the resistance to the motion of
dislocations in crystals is due to the
existence of barriers, overcoming of
which is either athermal in nature,
or can be facilitated by thermal
fluctuations [23—-30]. Barriers of
the first type include, e.g., long-
range stress fields, grain boundar-
ies, particles of other phases; barri- T
ers of the second type include
Peierls—Nabarro barriers, ‘forest’ dislocations, and thresholds on screw
dislocations. A critical shear stress is a function of temperature and
strain rate: 1, = 1, + 1,(T,¢).

Currently, there are two widely used approaches to the experimental
determination of parameters characterizing the temperature-dependent
part of the flow stress, the activation energy of dislocation motion (U,)
and the activation volume (V). This is an approach developed by Seeger
and Conrad, based on the equation for the strain rate as the rate of a
thermally activated process [23—26], and the approach developed by Mil-
man and Trefilov, based on the analysis of the dependence of the critical
shear stress 1, on temperature [27, 28]. The authors noted the short-
comings of the Seeger—Conrad method approach; in particular, low ac-
curacy of calculations at low stresses and strains. These shortcomings
were successfully overcome in the integrated model of Trefilov and Mil-
man combining the approaches of Seeger and Haasen.

A typical temperature dependence of the critical shear stress t,, is
shown schematically in Fig. 5. At temperatures below T,, the depend-
ence 7,(7T) is described by a linear equation, and in the temperature
range T, < T < T,, it is exponential. Above T,, up to temperatures
(0.35-0.4)T,,,, hardening is athermal in nature and is not determined
by barriers, which can be overcome by thermal fluctuations.

A useful feature of the Trefilov—Milman approach is the fact that ther-
mally activated parameters can only be determined using the tempera-
ture dependence of the critical shear stress (or the temperature depend-
ence of the flow stress) without varying the strain rate. The authors
note that thermal activation analysis of critical shear stress t,. performed
by the proposed method leads to the dependence of the activation energy
and activation volume on the stress, while these values determined by
the Trefilov—Milman method are material constants depending on the
type of interatomic bond, nature of the potential barrier [27, 28].

L\Dq I
=
=
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(a) and its analogy with convection of liquid (with Al particles) in rotating cylinder,
heated at the external surface and cooled to the centre (b) [33]

The mechanism for converting the kinetic energy of a moving dislo-
cation into thermal is as follows: the elastic field of a moving disloca-
tion disturbs equilibrium of phonon gas, which leads to the outflow of
energy from dislocation to phonons with effective braking of disloca-
tions and excitation of increasing number of phonon modes [31]. In con-
nection with the foregoing, we need to link geometric parameters of
elastoplastic zone, the plastic energy of dislocation, and thermophysical
characteristics of the material.

We apply dimensional theory to the problem. Above, we partially
carried out a schematization of the phenomenon considered in a metal,
identified the factors and quantities of interest to us [32]. Thus, the
size of plastic zone deformation depends on speed of dislocations, a cer-
tain characteristic size and thermal characteristics. Then, we can write
l=f{V, S, a). The measurement of speed, area, and thermal diffusivity
were chosen as the basic units.

From the four parameters, it is possible to form one independent
dimensionless combination (VS/(la)) or mutually inverse to it, where V'
is dislocation sliding velocity, S is characteristic area, [ is characteristic
size of the deformable region, a is thermal diffusivity.

The paper [33] reports on the analysis of structures resulting from
severe plastic deformations, which allowed authors to suggest possibil-
ity of layered flow of deformed body under condition of continuity be-
tween layers. Indeed, metal layers can move at different speeds due to
friction the surface of sample with the matrix due to a decrease in mo-
vement speed from centre to the surface, as well as due to the tempera-
ture gradient (heated sample in a less warm or cold matrix) (see Fig. 6).
The formation of vortices can occur in collision of flows with different
speeds. Such vortices are similar to whirlpools; they are modelled as 3D
formations in columns form or cylindrical regions that rotate, bend, and
combine. The similarity described above may be useful for the model
description of severe plastic deformation from a new point of view,
which began in the work of Beygelzimer [34]. A similar hypothesis was
developed further in our study [1] and, as will be shown below, makes it
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possible to look differently at the process of metal deformation and to
link the thermophysical and mechanical properties of the material.

5. Dislocation—Kinetic Approach

The deformation process can be considered as a transport phenomenon,
as a result of which there is spatial energy transfer, where dislocation
can be considered as a carrier of traditional shear. In this case, the dis-
location will act as an elementary carrier of strains, namely quantum of
deformation. With this approach, the dislocation can be considered as a
quasi-particle. For such a dislocation gas, it can be applied the molecu-
lar-kinetic method of investigation, which in our case should be called
the dislocation—kinetic method. This allows us to calculate the heat flux
in such a quasi-gas using the kinetic theory of gases. If the temperature
of such gas is different in different places, then, the average dislocation
energy will also be different in different places, then, by analogy with
the formulas [35, 36], for dislocation gas, can write formula that allows
calculating thermal conductivity (coefficient):

A= %(V}(L) cp, (32)

where (V) is an average dislocation sliding velocity, (L) is an average
length of dislocation line running, ¢ is a specific heat capacity, p is a
metal density. If we go to the sources of the derivation of formula (32)
for gases and phonons, then, we can go to a single elementary site per-
pendicular to the direction of dislocations motion (V). We write the
well-known equation for the heat flux through the elementary side:

1 i, dT
q——€<V>nS§kBEZ<L>, (33)

where n is number of gas molecules; i is sum of the number of transla-
tional, rotational and doubled number of vibrational degrees of mole-
cules freedom; dT/dz is projection of the temperature gradient on z
axis; S is surface perpendicular to the dislocations movement and equiv-
alent to the area swept by dislocations; &, is Boltzmann constant. Tak-
ing into account equality (i/2)nk; = pc and the Fourier law for thermal
conductivity ¢ = -A(dT/dz) S, we obtain:

AS 1
or
aS 1

We hypothesized that the area in formula (35) is equivalent to the
surface area swept by moving dislocations (Fig. 7). There were two rea-
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/ \‘ by a hemisphere with a

of deformation in dif-
% base plane perpendicular

Slip dislocation

to the direction of strain
rate. Secondly, there is a
correlation between de-
formation and area swept by dislocations during deformation. The first
argument in favour of developed theory makes it possible to consider
the surface S as directly proportional to the area swept, and taking into
account the priority of sliding direction in the load direction allows us
to remove the 1/3 factor from formula (35) and assume the equivalence
S of the area swept by dislocations. The Arrhenius-type equation for the
plastic strain rate confirms the second argument about relationship be-
tween deformation and the area swept by dislocations [37]:

Fig. 7. Dislocation motion

A _
¢ = NAbv, exp _B88 7TV
k,T

where N is number of dislocations per unit volume, A is area swept by
dislocations, b is Burgers vector module, v, is frequency response de-
pending on the nature of the obstacle and method of it overcoming, g is
free energy change due to local atomic displacements during activation
(equivalent to the Helmholtz free energy).

Based on the above reasoning and analysis of research results ob-
tained by other authors, we can transform dependence (35) and use the
result for further calculations.

If vector z (with [(z)| = S/(L)) is aligned with the dislocation slip ve-
locity vector, the modulus of this vector is just the length of leading
hardening zone. Consider the resulting physical quantity (V)S/[(z)la.

We turn to the formulas obtained by Starkov [16], replace the pa-
rameter g! with parameter (V)S/a in formula (31), then, we obtain:

-1 -1
{ln o, } _ S, {m o, } _ s
Go.s a () Go.s a/(h)|
Let us analyse the obtained dimensionless expression (V)S/[(z)la. The

value in the numerator (V)S is the growth rate of the deformable re-
gion volume in the direction of deformation, and the denominator is the
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growth rate of region volume bound-
ed by isothermal surface, respecti-
vely (Fig. 8). The obtained dimen-
sionless coefficient is a cross bet-
ween the modified Péclet and Fourier
criteria and describes convective
heat transfer. On the other hand,
the obtained complex can be consid-
ered as a criterion for the homochro-
nism of the dissipation energy of
plastic deformation and the rate of
restructuring temperature field
within the deformable region. If we
conduct further analysis, it is pos-
sible really to find confirmation of this definition. Therefore, the rela-
tions (S/a) and (V/|z|]) represent nothing more than thermally character-
istic and deformation time, respectively. Denote the expression (V)
S/[z)la by analogy with the Péclet number symbol Df. So we can write
Df = [In(o. /0, )1 = (V)S/(akL}).

We consider the deformation number Df, which we introduced. The for-
mula has a physical sense only when ¢ > o, ,, i.e. the plastic flow is realized.

As the stress acting in machining zone increases, the number Df
decreases, which corresponds to regular growth of vector module [(z)|, at
other constant data. Thus, large Df numbers correspond to initial degree
of plastic flow and less developed plastic deformation. When In(c,/5,,) =1,
the number Df = 1 that corresponds to the current stress equal to
6 =~ 2.718c,,; then, Df € (0; +w). In the previously considered cases
(Fig. 1), the maximum values of Df do not exceed 20 units, which is
consistent In(c,/c,,) = 0.05.

Let us analyse the obtained result. The comparison of our formula
Df = (V)S/(all))) and I = (1/g)In(s,/s, ,) results to g* = (V)S/a, and the-
refore (V)S/a is invariant to the conditions of deformation and thermo-
physical characteristics of material. In experimental investigation, it is
confirmed that [19, 21] thermophysical properties of materials change
after deformation, which is explained by an increase in number of de-
fects in the riveted material. At the same time, a change in substructure
of material and related changes in properties cannot significantly change
the coefficient of thermal diffusivity, and it compensates for the wide
range of changes in sliding dislocations velocity (V') observed during de-
formation. Then we can conclude that product (V')S remains constant.

Show it. It is known that the stress of the flow of material during
deformation obeys the law ¢ = \/B , which was first introduced by Taylor
[16, 38], and area swept by dislocations can be determined by the for-
mula S = 1/p, then o~ 1/4S . It is also known that sliding dislocations

Fig. 8. Region bounded by isothermal
surface
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10° Fig. 9. Mobility of dislocations in crys-
tals, where I — edge dislocations at 300 K
@ 4 2 — screw dislocations at 300 K, 3 —
% 10 ¢ 1 screw dislocations at 77 K [40]
S
z 10" ¢ 2 velocity depends on the stress of
8 0 the metal flow (Fig. 9) and obeys
g 100 the relation [39]:
o
8 102+ V = ko™, (36)
§ where k is a material constant.
2 10"k Since the value of m can vary
a from 1 to 100, we can write Eq. (36):
-6 3
10 " k=VS", (37)
0.3 3 , 30 where n e [0.5; 50].
Stress 1, kgf/mm One way or another, the growth

of one of the parameters, namely, the velocity or area with dislocations,
entails a decrease in the other one according to the law (37); in the case
of n = 1, the connection between V and S is inversely proportional,
which only confirms our results.

Let us estimate the value of leading zone hardening according to the
formula [(z)| = S/(L). It is known that in annealed polycrystals disloca-
tion density varies in the range p = 10!°-10'2 m 2, Commonly, the dis-
tance between obstacles is assumed to be (L)~ 1/ p.

The area swept by dislocations varies from 1/p to d? (grain size),
therefore, the limits of its change can be estimated [38]. After a substi-
tution, we obtain S /(L)=(1/ p)\/g = 1/\/5 , [(z)l = 10°-10% m. However,
more accurate estimate requires taking experimental data on certain
material. Therefore, it is known [16] that for samples of heat-resistant
(annealed) alloys, the distance between the slip bands was within (L) =
=2.54-10"% m, then,

-10 -2
(z) = 0 10 5.0039 m,
max 2.54-10°  2.54
-12 -4
(z) = 10 _190 4000039 m,
min © 2.54-10°  2.54

which correspond to experimental data. The calculation of sizes of
advanced riveting zone through the average grain size of the alloys
(d = 0.32-0.45 mm) gives too high estimates, this is due fact that with
this formulation of problem, the presence of stoppers on path of disloca-
tion movement within individual grains is not taken into account, and
only their borders are considered as obstacles. In this case, the area swept
by dislocations is on average five orders of magnitude larger, which gives
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overestimated data when calculating the boundaries of the elastoplastic
zone. It should be understood that such calculations are only evaluative
in nature and, due to wide range of changes in dislocation density, can-
not be used to determine the desired boundaries. In our opinion, the most
rational is empirical definition of (V')S/a = 1/g for a certain material.

6. Conclusions

The bases of theoretical analyses of technological processes in multidi-
mensional spaces are considered. Analysis of the deformed state of ma-
terial of a part during diamond smoothing and grinding is made using
the general equations of continuum mechanics and displacement veloc-
ity fields. We established that determination of boundary of elastoplas-
tic deformation zone, and the methods for its determination are impor-
tant theoretical issues in the field of deformation mechanics. The meth-
ods of determining the size of plastic zone during machining by cutting
are considered. Analysis of various methods for calculating cutting for-
ces that can be used for calculation of power characteristics of machi-
ning process and determination of the stresses acting in cutting zone is
presented. The Starkov’s model [16] for determination of boundaries of
elastoplastic zone was further developed, based on which a phenomeno-
logical model was proposed that reveals the physical meaning of coeffi-
cient in formulas for calculation of the boundaries of zone of plastic
flow metal. A dislocation—kinetic method is developed for determination
of boundaries of the elastoplastic deformation zone, based on the con-
cept dislocation as a quasi-particle, which is a strain quantum. Using
the dislocation—kinetic model, a new material characteristic is introdu-
ced, namely, the deformation number (similarity criterion), which rela-
tes dissipation of plastic strain energy and rate of temperature field tuning.
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«XapkiBchbKull aBianiiHuit iHCTUTYT»,

ByJ. YkamoBa, 17, 61070, XapkiB, Ykpaina

BU3SHAYEHHS ME IIJIACTUYHOI 30HU1
JED®OPMYBAHHSA METAJIY ITPU PISAHHI

OCHOBHOIO METOI0 POOOTH € aHaIi3 MpobieMy BU3HAUEHHA MEK HPYsKHbO-IIJIaCTUIHOL
30HU 3a Pi3HUX MeTOAiB 00pPOOJIEHHS HeTasiB pisaHHAM. Po3rasHyTO pisHI MeTOAMKN
BUBHAUYEHHA CUJI Pi3aHHS 3a MexXaHiuYHOro 06po0JieHHs 31 3HIMaHHAM CTPY’KKH, a Ta-
KOK MiAX0oau A0 BU3HAUEHHA HANPYKeHO-IAedopMoBaHOTO cTaHy Marepiany. Poarisa-
HYTO CTPYKTYPY KOMILIEKCHUX TEODPETUKO-eKCIEPUMEHTAJIbLHNX MAOCHiKeHb eHep-
TOCUJIOBUX IIapaMETPiB IPOIeCiB MeXaHiuHOTO 06pOOAAHHA. [ TEOPEeTUUHOTrO JOC-
JiJKeHHs €HEeProCUJIOBUX IIapaMeTpPiB IIPOIeCiB 3aIpPOIIOHOBAHO METOJ PO3PaXYHKY
IJIACTUYHOTO Ae)OPMYyBaHHSA METaJiB, 3aCHOBAHMU Ha 3aMKHYTiH cucTeMi PiBHAHB
MeXaHiKM CYyIinbHUX cepemoBuill. Onep:KaHO BUpPasu, 3a AOIOMOTOI0 AKHUX MOMKHA
BiZITBOPIOBATH IIPOCTOPOBY KapTHMHY pPO3MHOAiny nedopmaliiii y MeTasi 3a AiaMaHTO-
BOTO BUIVIQIKYBaHHA Ta NUIIQyBaHH:, IO Aa€e 3MOTY HAOYHO YSIBUTU MEXaHi3M Je-
dopMyBaHHA Ta CIPOCTUTU aHaNi3 nedOpMOBAHOTO cTaHy Marepiany. BcranorieHo
byHKIioHATBLHUI 3B’ 30K MisK IOTY:KHICTIO e)opMyBaHHA Ta MapaMeTPaMU PEKUMY
00po06IeHHA AeTanell 3a AiaMaHTOBOTO BUTJIAKYBaHHA Ta NLIi(yBaHHS. 3aIIPOIOHO-
BaHO METO/]] EKCIIPEC-PO3PAXYHKY CUJI PisaHHA 3 BUKOPUCTAHHAM BiIOMUX iHK€HEPHUX
MeToguK. [IpoananizoBaHo eKCIIePUMEHTAIbHI Ta PO3PaXyHKOBI faHi 1100 BU3HAUEH-
HA PO3MipiB miIacTuuHO-AeOPMOBAHOI 30HM BasKKOOOPOOJIIOBaHMX MaTepiaais. [e-
TaJIbHO PO3IJISHYTO MeXaHi3M raJbMyBaHHS AWCJIOKAIIINM 1 mepeTBOPEHHSA eHeprii mifg
yac gaepopmairii, B pe3yabTaTi 4oro po3podIeHO AUCIOKAIiMHO-KiHeTHUHUN miaxin, B
OCHOBi SAAKOTO JIEJKUTH IMOHATTA IPO AUCIOKAIiI0 AK IPO KBAa3WUYACTHUHKY, IO MIPen-
cTaBJjsie co000 KBAHT AeopMyBaHHsS. 3 BUKOPUCTAHHAM AMCJIOKAIliHO-KiHETUYHOr0O
TiAX0Ay po3po6JIEHO MaTeMaTUYHY MOJENb, KA YMOKJIUBJIIOE BUKOHAHHSA PO3PaxyH-
Ky BEJIMUYNHYU 30HU BUIEPEAKYBaJHLHOTO 3MiIHEHHS, 1[0 HiATBEPAKEHO TOPiBHAHHAM
i3 ekcmepuMeHTAAbHUMHU gaHuUMHU. [loompaiboBaHO Monenab CTapKoBa, IOSCHEHO
disuuyHU 3MicT KoedimienTa B popMyIax IJis PO3PAXyHKY Me’K 30H 3MiIlHEeHHs. BBe-
JeHO HOBHUU Kpurepii momibHoCcTH, 10 3B’A3ye MAUCHUIIAII0 eHeprii miaacTuuHOl
medopMmaliii Ta IMBUAKICTE mIepebyI0OBU TEMIIEPATYPHOTO IOJIA.

KarouoBi ciroBa: mpy:KHBO-ILJIACTUYHA 30HA, CUJIY PisaHH, IUCIOKAIiHHO-KiHeTUUHUH
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M.A. Kypun

HamnuounanbHbIl aspokocMuueckuii yuusepcurer uM. H.E. dKykoBckoro
«XapbKOBCKUI aBUAIIMOHHBLIN WHCTUTYT»,

ya. Ukamosa, 17, 61070, XappKoB, YKpauHa

OIIPE[IEJIEHUE TPAHUIL IIJTACTUYECKOM 30HBI
JED®OPMHWPOBAHUSA METAJLJIA ITPU PESAHUN

OCHOBHOW 11eJIbI0 PA0OTHI ABJISAETCA aHAJINS IPOOJIEMbBI ONPee/IeHNA TPAHUIIBI YIIPYTO-
IJIACTUYECKOM B0HBLI IIPU Pa3JUYHBIX MeTOoJaxX o0paboTKM merTaseil pesanuwem. Pac-
CMOTpeHa CTPYKTypPa KOMILIEKCHBIX TEOPETHUKO-dKCIEePUMEHTAJNbHBIX WCCJIeTOBAHUMI
SHEPTrOCUJIOBLIX IIaPAMETPOB IIPOLIECCOB MEXAaHMWYECKOM o0paborku. s Teopermye-
CKOT'0 HCCJIeJOBAaHUSA SHEPrOCUJIOBBIX IIaPAMETPOB IIPOI[ECCOB IIPEIJIOMKEH METOJ pac-
4éTa IJIaCTUYECKOro ne(opMUpPOBAHKUSA METAJJIOB, OCHOBAHHBIN HAa 3aMKHYTOM CHCTE-
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Me YpaBHEHUU MeXaHWKU CILIOIIHBIX cpell. IlosyuyeHBbl BhIpA’KeHUs, C IIOMOIIBIO KO-
TOPBIX MOYKHO BOCIPOM3BOAUTH IIPOCTPAHCTBEHHYIO KapPTUHY pacupenesieHud aedop-
Manuil B MeTajlle IIPU aJIMa3HOM BBITVIAKMBAHUMW W HIIN(POBAHUU, YTO IIO3BOJISIET
HATJISAHO IPEACTAaBUTh MEXaHM3M Ae()OPMUPOBAHUA U YIPOCTUTL aHAIU3 Aed)OpMU-
POBAHHOTO COCTOAHUSA MaTepuasia. ¥ CTaHOBJIeHA (DYHKIIMOHAJIbLHAA CBA3b MEXKIY MOIII-
HOCTBIO ZIe(DOPMUPOBAHUS U TapaMeTpaMH’ pPesKuMa 00paboTKHU JeTaseil mpyu aaIMasHOM
BBITJIAJKMBAHUMN U NLIN(OBaHUU. PacCMOTPEHBI pPasjiMYHbIE METOAMKM OIIPEAEIeHUI
CUJI pe3aHUusA MPU MeXaHWYECKOIl 00paboTKe CO CHEMOM CTPYKKM, & TaK)Ke IIOJXO/bI
K OIIpefieJIeHUI0 HANIPAKEHHO-Ie(hOPMUPOBAHHOIO COCTOAHUA MaTepuasa. IIpeniosken
MeTOJi dKCIIpecc-pacuéra CHUJI Pe3aHUd C MCIOJb30BaHMEM U3BECTHBIX WHIKEHEPHBIX
mMeToauK. [IpoaHanm3mpoBaHbl SKCIIEPUMEHTAIbHEIE 1 PACUETHRIE TaHHbBIE II0 OIpPee-
JIEHUIO Pa3MepOB ILIaCTUYECKU JedopMUpyeMoii 30HBI TPYAHOOOpaOATHIBAEMBIX MAaTe-
puajos. Ilonpo6HO paccMOTpeH MeXaHU3M TOPMOXKEHUA AMCIOKAIU 1 mpeobpasoBa-
HUA 5Hepruu npu AedOpPMUPOBAHUM, B PE3YJIbTaTe Uero paspaboTaH AUCIOKAIIMOHHO-
KUHETUUYEeCKUN II0JJXOJ, B OCHOBE KOTOPOTO JIEKUT IIOHATHE O QUCJIOKAUU KaK O
KBa3W4acTUIle, IPECTaBIAI0IIEl c000ii KBaHT AedopmupoBaHusa. C MCIOIb30BaAHUEM
IMCJIOKAIMOHHO-KMHETUUECKOT0 TOAX0Ja padpaboTaHa MaTeMaTUUecKas MOAEJb, KO-
TOpas IO3BOJIAET IPOU3BOAUTH PACUET BEJIMUMHBI 30HBI OIIEPEKAIOIero yIpouUHeHud,
YTO MOATBEPKAEHO CPABHEHUEM C 9KCIEPUMEHTAJILHBIMU AaHHBIMU. [lopaboTaHa Mo-
nenb CTapkoBa, 00BICHEH MU3WUECKUIl cMBICT KoaddumuenTa B popMysax AJs pac-
yéra TpaHUll 30H YIPOUHEHUsS. BBeNEéH HOBBI KPUTEPUI MOAO0US, CBI3LIBAIOIIUIT
AVCCUIIAIUIO0 SHEPTUM ILJIACTHUUECKOH AedopManum 1 CKOPOCTh NePeCTPONKY TeMIepa-
TYPHOTO II0JIA.
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