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One of the most important problems in cutting theory is modelling behaviour
of cut material accompanied by significant plastic deformations. Determina-
tion the chip patterns formation allows to build a theory of entire complex of
processes and phenomena occurring in cutting zone. Various schemes, meth-
ods and types of processing define a wide variety of implementation schemes
with a wide range of orientation cutting edge relative to velocity vector of
main working movement. In this regard, it becomes necessary to analyse
basic schemes of metal flow around plate. Combination of various schemes
can be used to obtain any processing scheme using the principle of superposi-
tion. Before, we have developed a new method constructing velocity fields,
which is devoid of drawbacks and contradictions of other methods determin-
ing the displacements velocity fields. Thus, it becomes necessary to obtain
particle velocity fields for basic schemes using the hyperbola method.

Key words: hyperbola method, plastic deformation, potential flow, velocity
fields, vortex flow.

Ogmiero 3 HaWBaXKIUBIMINX MPobaeM Teopil pisaHHA € MOIE/IIOBAHHS IIOBEIiH-
KM MaTepisaay, 10 3pidyeThcA IIPU pisaHHi, III0 CYIPOBOAMKYETHCA 3HAUHUMU
mwracTuyHUMU gedopManisvy. BusHaueHHA YyTBOPEHHS CTPYIKKY JA€ MOMKJIU-
BicTh mOOyAyBaTH TEOPil0 BChOT'O KOMILJIEKCY HPOIieciB i ABHII, IO BimOyBa-
IOTBCA B 30HI pizamusa. PismomamiTHi cxemMu, MeToqu Ta BUAU OOPOOJIEHHS BI-
3HAYAIOTh PiBHOMAaHITHI cXeMu peaJsridalrii 3 MIMPOKUM AiAIa30HOM OpieHTAIil
Pikyduoi KPOMKHU BilHOCHO BEKTOpPA IIIBUJKOCTH OCHOBHOI'O POOOUYOro pyxy. ¥
3B’SI3KYy 3 IIMM BMHNKAa€ HeOOXiIHicTh mpoaHalisyBaTu OCHOBHI cxeMu OOTi-
KaHHS MeTaJly HaBKOJIO ItacTuHu. KomMOiHAIIA Pi3HUX cxeM Mo:Ke OyTU BU-
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KOpHCTaHa OJId OJep:KaHHA Oyab-IKOi cxeMu o0po0JeHHs 3a IPUHIIUIIOM CY-
nepmoauriii. Paminie mamu OyJjia po3pobjeHa HOBa MeToJa IOOYIOBU IIOJIiB
IMIBUAKOCTHU, SIKa 11030aBJjieHa HeJOJiKiB i mpoTupiv iHIIINX MeTo] BU3HAUYEHHSA
mepeMiIieHb DoJIiB MIBUAKOCTeli. TakuM YMHOM, BUHUKAE HEoOXigHicTh omep-
JKaTH T0JIS IITBUAKOCTH YACTUHOK AJIA 6a30BUX CXeM METOIO00 Timmep6oJrn.

Kuarouori ciaoBa: meroma rimepboJsn, miaacTuuHa gedopMaiiis, IOTEHIIAHMI
MOTiK, ITOJIS INBUIKOCTEHN, BUXPOBUM IIOTiK.

(Received February 24, 2022; in final version, May 2, 2022 )

1.INTRODUCTION

The most important general problem of any type machining of metals
is to determine the main technological parameters, which include en-
ergy-power characteristics, such as deforming force, work, power, as
well as the optimal parameters of the processing mode. Metal forming
operations [1] are distinguished by the importance of such components
as the maximum allowable degree of deformation workpiece [2], as well
as its shape and initial dimensions [3].

The optimal technological parameters of mode turning [4], milling
and drilling [5] should be understood as such processing parameters
that, at maximum productivity [6], guarantee at least required quality
of products [7], and ideally, the most favourable characteristics of the
surface layer [8], providing an increase in resource characteristics and
levelling negative impact of technological heredity [9] of previous op-
erations. Real technological processes have operations [10] in which
processing modes can rarely be called optimal [11], so the need to en-
sure quality of surface layer [12] forces us to assign processing modes
to detriment of productivity [13], especially in grinding operations.

Determination of energy-power characteristics is fundamental to
purpose of technological processing modes [14], therefore, the choice
of equipment and equipping the operation, as well as the parts obtained
quality depends on the magnitude of these factors [15]. Calculation of
the power characteristics cannot be carried out without determining
stress-strain state of the metal during processing [16]. Based on above
considerations, it can be concluded that in order to effectively predict
the power characteristics of various processes and operations of pres-
sure, rolling and cutting, it is necessary to develop mathematical mod-
els reflecting relationship between functional characteristics of pro-
cess and technological parameters of the processing modes. Correct
construction of model is possible if a structural and logical scheme.
One determines the methods and sequence of theoretical and experi-
mental studies. The most suitable methods for calculating plastic de-
formation processes are methods based on a closed system equations of
continuum mechanics [17]. In this case, the deformed metal is consid-
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ered as an idealized continuous medium [18] with averaged mechanical
properties of a real metal. In fact, a four-dimensional space is intro-
duced to describe the deformation process. The deformation process as
a whole can be described by introducing function of four variables de-
scribing the field of displacement velocities. In most cases, solving ap-
plied technological problems for constructing desired velocity field,
one can do with functions of two or three variables, especially when de-
scribing stationary processes. Analysis of process kinematics and ini-
tial prerequisites, as well as a rational choice of the coordinate system
make it possible to quickly obtain displacement velocity field. Calculat-
ing stress-strain state of the metal and energy-power characteristics is
based on velocity field.

2. LITERATURE REVIEW. FORMULATION OF THE PROBLEM

The chip formation process, which ensures the formation of a new sur-
face, is accompanied by significant elastoplastic deformations, defor-
mation rates, friction forces along the front and rear surfaces of the
tool, build-up, an increase in hardness of deformable metal layers and
significant heat release in the contact zone [19]. The emergence and
development of mechanical, thermal and thermomechanical phenome-
na in the cutting zone is accompanied by occurrence of such important
contact processes as adsorption, adhesion, desorption, redox process-
es, thermal destruction of cutting fluid, efc. This complex phenome-
non has a significant impact on tool wear and the quality of the ma-
chined surface. [20]. Therefore, an important problem of cutting me-
chanics is to simulate behaviour of the cut layer during various techno-
logical processing operations, under conditions of significant plastic
deformations.

A wide variety of geometric shapes of cutting inserts, which are
widely used in modern cutting and differ in a wide range of angles and
geometry of chip breakers, requires the construction of velocity fields
that would describe the contact of removed chips with the wedge [21].
A detailed description of such contact requires a breakdown of the rake
face of the tool into elementary components the pattern of velocity
fields in the flow around which is known. Further, the subsequent con-
struction of an integral picture is required, taking into account tool bit
peculiarities and the kinematics of processing.

In the mechanics of a deformable body, a postulate is formulated
[22], which reflects key requirement for the velocity fields of dis-
placements in the plastic flow of metal. The essence of this postulate
boils down to the following: the velocities field of particle displace-
ment during plastic flow of metal, taking into account its incompressi-
bility in considered region, should be solenoidal or vortex, which is
mathematically expressed as follows:
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1

VvV =0,
VxV=0.

A large number of plotted particle displacement velocity fields that
satisfy condition (1) have shown their effectiveness for investigation
state of the material of a part and chips with various processing meth-
ods. Previously, we developed the hyperbole method [23] and noted its
versatility, which makes it possible to solve a large class of problems in
the analysis of deformation fields arising in deformation zone during
various mechanical operations. Thus, the hyperbole method made it
possible to effectively research the process of chip flow and its defor-
mation when a wedge is introduced into the material for free and non-
free cutting, as well as when an abrasive grain is introduced, which is
important in the research of abrasive processing methods [24].

It is easy to see that direction of metal flow during deformation can
be approximated by a hyperbola [25], just like flow of metal chips dur-
ing cutting, if we analyse the macrostructure of the metal and direc-
tion of the fibres in part after forming processes [26]. At the same
time, variety of metal forming operations [27] from dividing opera-
tions and punching to multi-strand stamping including the tools used
in this case raise issue of finding an approximating flow curve for each
operation individually. In most cases, the desired curve cannot be de-
scribed by one branch of the hyperbola [28] (Fig. 1) within the selected
coordinate system. As well, in certain operations of metal forming by
pressure using tool the working surface of which or its part is a circle
or an arc. In our opinion, all variety of metal production lines can be
reduced to solving several problems that satisfactorily describe behav-
iour of the metal during deformation, namely: the flow around a
wedge, plane and cylinder.

3. STRUCTURE OF INVESTIGATION OF ENERGY-POWER
PARAMETERS OF MACHINING PROCESSES

An increase the efficiency of technological processes is inevitably asso-
ciated with optimization of processing modes [29] and the prediction of
power factors [30]. Many works are devoted to research the plastic flow
of metal [31], the main results of which are presented in review [32].

The theoretical calculation of power factors is most rational to carry
out according to methodology described in [33].

In this case, the deformable metal is considered as an idealized con-
tinuous medium with averaged mechanical properties of a real metal.
Actually, in this instance, a four-dimensional space is introduced to
describe the deformation process, and deformation process in general
can be described by introducing function of four variables:
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f(x,y,2z,ct) =0.

A theoretical analysis of the majority of technological processes
along with the conducted experiments allows us to determine the na-
ture of dependence velocity of particles plastic deformable metal on
coordinates. The velocity of particles in four-dimensional space can be
represented through a velocity vector:

V=vi+vj+vk+ovn. (2)

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

divV = 0. 3)

Using Egs. (2) and (3), 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:

€ _ L aI/fh + Vqu aH 1 + Vv% aH 1
e H 1 8g1 H 1 H 2 aq2 H 1 H 3 a§I3 ,
1 aI/‘h + i aI/qz _ I/‘h OH 1 Vv‘lz 0H, 2

e —_— —
"= H, &q, H, 6q H/H, dqg H,H, 0q,

(4)

b

where ¢1, ¢z, and gs are orthogonal curvilinear coordinates.
In this case, the coupling equations hold:

X = x(Q17Q2’Q3)’ y= y(‘]sz,Q?,)’ 2= 2(Q1,q2,q3),
2
3. ( ox,
it
i=1 qk

— Lamé parameters,

\/§ 2 2 2, 3, 5 2 2 \2
& = ?\/(SQIQZ _8‘12‘12) + (8‘12‘12 _Sqm) +(8L13q3 _Sqlql) +E(8q1qz * €0 +8L]3q1) - (9)

Next, it is necessary to determine components of deformation to
find the energy-power process parameters:

€, = Isndt’ €95 = J‘Smdt’

and deformation intensity:
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J2 3
e = 3 (e, - ezz)2 + (e, — 833)2 + (e - 811)2 + 5(9122 + 653 + e??l)'

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

oV ov oV oV
A=_!-J.{U(pV§+an—x+PyE+Pzgjdth. (6)

Two functions were introduced in [5] by author. The first is called
speed function:

ov
L=pV—. 7
V= (M

Part of equation (6) expresses the energy dissipation function:

E:an—v+P5—V+ga—V. €))
ox oy 0z

The speed function is work aimed at increasing kinetic energy of el-
ementary volume of metal in deformation process. The energy dissipa-
tion function is that part of work that take place into the material’s
own deformation. Taking into account (7) and (8), we rewrite equation
(6) in the following form:

A= j j j j (L + E)dVvdt. (9)

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

A= ijdth. (10)

Investigations in the deformation zone flow of deformed metal [34],
especially in particular case of the formation and flow of chips [35]
with different variants of flow around the cutting wedge [36], will al-
low constructing the initial velocity field, investigating in detail the
stress-strain state in deformation zone and energy-force characteris-
tics of the process. This approach will also make it possible to design
model of the formation, development and annihilation of dislocations,
which are the key to understanding the whole range of contact process-
es, such as hardening [37], adsorption, adhesion, etc.
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3.1. Wedge Flows

For the convenience of work, the designations in parametric equations
describing coordinates and velocity components will be marked with
indices corresponding to position of curve in the plane quadrants. In
this case, first number denotes the quadrant—beginning of movement
along curve, and second—the end. The plastic flow of a metal upon
penetration wedge into a rigid-plastic body has symmetry and geomet-
ric similarity relative to the axis of symmetry of the wedge, which is
quite obvious and confirmed by recently developed model of crystal
plasticity with gradient enhancement [38]. This flow is most typical
for separation operations of metal forming or cutting.

The equation for branches of hyperbolas lying in quadrants 21 can
be written by the system of equations:

{le(t) = asinh(ot + C)cos a + bcosh(wt + C)sin a, (11)

Y,,(t) = —asinh(ot + C)sin a + b cosh(wt + C) cos a.
where o, C is some constants, ¢ is time, a is semi-major axis, and b is
semi-minor axis.

The components of speed movement are obtained by differentiating
system (11) with respect to time [23]:

V .0, (t) = awcosh(wt + C)cos a + bosinh(wt + C)sina, (12)
V,2:(t) = bosinh(ot + C) cos o — aw cosh(wt + C) sin a.

The field of particle velocities during flow around edge of the wedge
can be represented as:

V., (%, y) = Vy(o(x, y)(e* —1)) *[(xcosa — ysina)e’ sina + y],
V(1) = Vo (o(x, y)(e® —1))*[(x cos o. — y sin a)e” cos o — x],
e*{x, cosa +[sin® a(l — e*)((a(x, y))*(e® sin® a — 1) — x2)]/*}°
(1 - €*sin® a)?
+a(x, y))?,
a(x,y) = [(xcosa —ysina)®e® — (x* + y*)]V2A - e*) V2.

o(x, y) = + (13)

where V) is cutting speed, e is eccentricity of hyperbola, x, is coordi-
nate determines the plastic flow beginning.

In order to obtain equation of the hyperbolas branches located in
quadrants 34, it is necessary to change the signs to opposite in the
equation y (t) of system (11), then we get:
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{x34 (t) = asinh(wt + C) cos o + b cosh(wt + C)sin a, (14)
Y;,(t) = asinh(ot + C)sina — b cosh(wt + C) cosa.
System (12) will take the form:

V., @) =ao cosh(wt + C)cos o + bosinh(wt + C)sin a,

{Vym (t) = awcosh(wt + C)sin o — bosinh(wt + C) cos a. (19)

The field of particle velocities during flow around edge will take the
form:

V_ou (2, y) = Vy(o(x, y)(e* —1)) *[(x cosa + ysina)e® sina — y],
V54 (%, ) = Vo(o(x, y)(e* —1))*[~(x cos o. — y sin a)e” cos o + x],
e*{x, cosa +[sin® a(l — e*)((a(x, y))*(e® sin® a — 1) — x2)]/*}°

(1 - €*sin® a)?
+(a(x,y))’,
a(x,y) = [(xcosa + ysina)’e® — (x* + y*)]2@A - e*) /2.

+ (16)

o(x,y) =

3.2. Flow around a Plate with Horizontal Component Only

The equation of hyperbola located in quadrants 21 is identical to the
previously obtained system (1)—(3). To obtain equation for the branch-
es of hyperbolas located in the 3" quadrant in the form of system (11),
we will use the following algorithm. First of all, in the adopted coordi-
nate system, is necessary to change sign in equation y(¢) of system (11),
then it is necessary to take into account that true angle [y]=n -7y, and
the true one [a]=-n/2+v/2, but taking into account that a=-y/2,
[a]=-1/2 — a, bss=atg((n —y)/2) is the hyperbola parameter. After sub-
stituting [a] and bs3 into system (11), we obtain the equations describ-
ing the desired trajectory of motion:

2
X3,(t) = —asinh(ot + C)sina - a—cosh(mt + C)cosa,
b (17

2
Ys3(t) = —asinh(wt + C)cosa + % cosh(wt + C)sin a.

Differentiating system (17) with respect to time, we obtain the
speeds:
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2
V.33(t) = —ola cosh(wt + C)sin o + % sinh(wt + C)cos a],
(18)

2
V,s5(t) = co[% sinh(wt + C) sin a. — a cosh(wt + C) cos a].

Using the technique described in [23], we obtain from system (18)
the velocity field in Euler coordinates:

V.o (,y) = Vy(o(x, y)(e® — 1)) *[cos a(x sina + ycosa) — (e* —1)y],
V53 (2, ) = =V, (0(x, y)(e® —1))*[¢* sina(x sina — y cos a) — (¢* - 1)x],
o(x,y) = ((* —1)(e” sin® o — 1)) ?e*{[cos® alx; (¢® —1) — (a(x, )’ (A —  (19)

1/2

—e’ sin® a))]'* - x, sina(e® - 1Y + (a(x, y))’,

a(x,y) = \/(Jc2 +1y°)(e® —1) - (ycosa + xsina)’e®.

3.3. Flow around a Plate with Vertical Component Only

To get the trajectory 23 from equations (11) describing the motion
along the hyperbola, it is necessary to swap x(¢) and y(¢) and change
sign in expressions to the opposite, then we get:

X,5(t) = —(-asinh(ot + C)sin a,; + b,; cosh(wt + C)cos a,,), 20)
Yy3(t) = —(a sinh(wt + C) cos a,; + b,, cosh(wt + C)sina,,).

Evidently [vlI=n/2-y is valid angle, and

[o2s]=—[v]l/2=—n/4+V/2=—1/4 — q; hyperbola parameter

bas=atg(n/4—-v/2)=a(a-b)/(a+b). Then we get the equation:
sinogs =—27%(cosa + sina) and cosoes = 27V%(cosa — sina). After substi-
tution, system (20) will take the following form:

J2a

Xy5(t) = —Tsinh(a)t + C)(cosa + sina) —
- M cosh(wt + C)(cos o — sin o),
2(a +b)
73 (21)
Yys(2) = —% sinh(wt + C)(cos o —sin a) +
+ M cosh(wt + C)(cos a + sin a).
2(a +0b)

The velocities will look like this:
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2

Vo0 () = _Tm [a cosh(wt + C)(cosa + sina) +

a —
+a sinh(ot + C)(cos a — sin a)],
S sinh(ot + C) ) ©2)

\/§co a-b
+

V,0s(t) = 5 [a ) sinh(wt + C)(cos o + sin o) —

—a cosh(wt + C)(cos a — sin a)].

System (22) is transformed into the following:

V_,s(x, y) = V,(o(x, y)) /*(2 - °) ' (—(y sin 2a. — x cos 2a)e” + 2y~/e® — 1),
V03 (%, y) = =V (o(x, 1)) /*(2 - €*) ! (—(x sin 20 + y cos 2a)e” — 2xve” —1),
(2 -e*)Y,(sina +cosa) — (1 +Ve* —1)¢(x, y))*
o(x, y) = X
2(e” sin 20 — 2v/e? —1)*
y 2¢” ~(atx, 9 e’ —2ve* -1
e® +2Ve” -1 ’ e+ oer —1
1/2

2Ve? —1(x* + y®) — e®(sin 20(x® — y®) + 2xy cos 2(1)}

e’ —2ve® -1

a(x, y) = (

C(x, y) = (1 - sin 20) Y7 (€* + 2Ve® —1) — (a(x, y))*(e” sin 20 — 2ve* —1))"/2,

2107

1.5-10°
-3
= 10
510~
0 /SN LU0 ER
-2-10° -1-107 0 107 2:107°
m

Fig. 1. Displacement velocity field around a wedge (top) quadrants 21.
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where Yy is coordinate determines the plastic flow beginning.
To describe the trajectory of movement 11, we use same technique,
change y(¢) to x(¢) and change the sign of y(t) to the opposite:

x,,(t) = —asinh(ot + C)sina,, + b, cosh(owt + C)cosa,,, 23)
Y,,(t) = —(asinh(ot + C)cos a; + b, cosh(wt + C)sina, ;).

In this case, the actual angle will be [y]=y+mn/2, and
[oi1]=—(rn/2+Y)/2=—n/4-y/2=—-1/4 + q. Hyperbola parameter
bu=atg(n/4+vy/2)=a(a+b)/(a—b), sina;=2"%(sina—cosa) and
cosar = 27/2(cosa + sina). After substitution, we get:

x,(@) = %Sinh(mt + C)(cosa. —sina) +

. JV2a(a + b)

cosh(wt + C)(cosa + sin o),
2(a - b)

(24)
J2a .
Yys(t) = —Tsmh(cot + C)(cosa + sina) +
N \/Ea(a +b)
| 2(a -b)
The speed will look like:

cosh(wt + C)(cos o —sin a.).

-2:107° -1-107° 0 107 2-107
m

Fig. 2. Displacement velocity field around a wedge (bottom) quadrants 34.
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V.= %[a cosh(wt + C)(cosa — sin o) +
N a(a +b)
a a—

V20

V@)= 5 [-a cosh(wt + C)(cosa + sin o) +

sinh(wt + C)(cos a + sin a)],

+ M sinh(wt + C)(cos o —sin a)].

System (25) is transformed to the form:

V., (x, y) = Vy(o(x, y)) (2 - e®) " (—(ysin 20, — x cos 2a)e” + 2y~/e” - 1),
Va1 (%, y) = =V, (olx, y))*(2 - €*) " ((y cos 2a. + x sin 2a)e” - 2x+/e? —1),

o(x, y) = (2Ve* —1 - €*)Y, (sina + cosa) + (1 + ve? —1)(cos o —
1 2e®
2(e? sin 20 — 2Ve? —1)% e — 24/e? —1
e —1(x? + y?) + e*(sin 20(x® — y*) + 2xy cos ZQ)]UZ
e? +2e? -1 ’
L(x, y) = (Y2(e? — 24e* —1) — (a(x, y))* (e sin 20 — 24/e* — 1))2.

—sin a){(x, y))? +(a(x, y))?,

a(x,y) = {

1.5-107°
107
=
5107
) b
-2-10° -1-107 0 107 2:107°
m

Fig. 3. Deformation intensity around a wedge (top) quadrants 21.

(25)

(26)
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4. INVESTIGATION MATERIAL DEFORMATION PROCESS
IN CUTTING ZONE

The systems equations of displacement velocity field above satisfy
condition (1) obtained by us, which is quite easy to verify by perform-
ing appropriate calculations. Here and below for cases we have got con-
sidered will not give intermediate analytical expressions due to the
bulkiness of the expressions obtained. We will only outline sequence of
mathematical operations that allow us to determine the important
physical quantities characterizing the deformed state of chip material.
Based on displacement velocity field, it is easy to calculate a strain
rate component, which in the case of specifying the velocity field in
Cartesian coordinates, can be calculated using the dependencies:

v, av, ov, dv,
€, =— 2,8, =—L,e, =—L+—L,
*ooex Y oy Y oy ox @7
v, W, v, _av. o,
g, = g, = + = +

b ,8 - .
® 0z ¥ 0z oy * ox o0z

Next, we determine the components of deformation for Cartesian
coordinates

e, = stxdt, e, = Isyydt, e, = jsxydt,

e. = [e.dtie, = [e.dte, = [e.dt. (28)

Complexes of formulas (27) and (28) allow calculating the intensities

-5-107
=
-1-107°
-1.5-107*
-2-107°  -1-107° 0 107 2107
m

Fig. 4. Deformation intensity around a wedge (bottom) quadrants 34.
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of strain rates and strain in Cartesian coordinates:

J2 3
& ? (Sxx &y )2 + (gyy —&, )2 + (Szz & )2 + E(Szxy + 82y2 + 82295)’
e (29)
2 3
e = ry \/(exx -e, ) + (e, —e., ) +(e, —e.) + E(ezxy + ezyz +e’,).

It is enough in the first approximation to analyse displacement ve-
locities field and deformation intensities field to assess the deformed
state of material. Let us carry out calculation and construction the
fields of displacement velocities and deformation intensities for spe-
cific processing conditions. The specified geometric shapes tool inter-
action modelling will be carried out under identical initial technologi-
cal conditions. As an example, let us take the processing modes typical
for operation of broaching grooves in heat-resistant alloys. Consider
the deformation process material in contact with the tool in the form of
wedge-plane at a processing speed V=4 m/min. In order to obtain a
more visual picture and convenience of analysis, we will choose the tilt
angle of working planes for wedge and plate section at velocity hori-
zontal component y=60° (streamlines 21, 34 and 33). To describe the
plastic flow of metal along streamlines 11 and 23, we take y=30°. The
plastically deformed zone boundaries, as well as the length of contact
of chips with plate front surface are: |Xo =|Yo|=2.23-10%m,
C~0.2.102m. The deformation intensity calculation is performed at

-2-10"°

-2-10° -1-107 0
m

Fig. 5. Displacement velocity field around a plate (horizontal component)
quadrants 33.
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-1-107°

-2-107°

-2:107 -1-10° 0
m

Fig. 6. Deformation intensity around a plate (horizontal component) quad-
rants 33.

the final moment of time ¢, = (| Xo| + C)/V.

Let’s consider the plotted graphs in detail. It is most convenient to
analyse the displacement velocity fields in parallel with deformations
(Figs. 1-10). This approach ensures integral picture formation of the

2107

g 107

0 107 2-107°
m

Fig. 7. Displacement velocity field around a plate (vertical component) quad-
rants 11.
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plastic flow of the metal. The streamlines of the displacement velocity
fields for all consideration problems have a characteristic slope rela-
tive to the ordinate axis, corresponding to inclination plane angle
(Figs. 1, 2,5, 7, 9). For all cases, velocity modulus decrease is noted as
we approach the origin of the coordinate system. This is explained by
the deceleration of the metal against tool surface in directly contacting
layers and a natural resistance decrease metal flow with distance from
disturbance source, which is working part of the tool. The strain inten-
sities field repeats tool geometry for all considered cases (Figs. 3, 4, 6,
8, 10). The highest deformation intensity corresponds to the lowest
metal flow rate, which is explained by the much larger metal defor-
mations near the shear plane.

Let us analyse in detail the features of obtained fields for each of
tasks. Flowing around a wedge the fields of displacement velocities and
deformation intensities have symmetry about the OX axis, the isolines
inclination angle corresponds to angle wedge. At the start point
|Xo|=|Yo|=2.23-102m, the flow rate is equal to processing speed,
which corresponds to undeformed material flow rate and it is con-
sistent with the initial conditions.

The flow around plate at horizontal velocity component in octant 33
(Figs. 5, 6) also agrees with the physical concepts we are developing.
This reduces speed as it approaches origin where the tool plane is locat-
ed. The isolines of strain intensity field repeat flow lines material. The
magnitude of deformations intensity is greater than in case of flow
around a wedge (Figs. 3, 4), with similar technological processing pa-
rameters (angle of inclination working plane, coordinate beginning

0 5107 107
m

Fig. 8. Deformation intensity around a plate (vertical component) quadrants
11.
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2107

0 5107 107
m

Fig. 9. Displacement velocity field around a plate (vertical component) quad-
rants 23.

plastic deformation and processing speed). Indeed, the value of mini-
mum deformation intensity at plate flow in octant 33 exceeds analo-
gous value for the wedge by a factor of 1.5, while the core of maximum
deformation is located not near tool surface, but near beginning of
plastic flow plane.

The deformation increase in comparison with the wedge is explained

107

-2:107°

-1-107° -8107% -6-107% -4-10% -2-107* 0
m

Fig. 10. Deformation intensity around a plate (vertical component) quadrants
23.
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TABLE 1. Examples the displacements velocity field construction.

Machining pro-

coss Geometry of tool Approximating line

3

L _
Turning ’\2/ 12 hyperbola

23 hyperbola

5
1 2
F\U/ 12 hyperbola

23 hyperbola
34 hyperbola
45 hyperbola

12 hyperbola

23 vortex or potential flow
around cylinder

34 hyperbola

by twofold greater angle of metal rotation of streamlines—120° versus
60° at wedge. The deformations highest intensity near the plane of de-
formation beginning is apparently a consequence of the pressure ex-
erted by deformed metal layers along entire perimeter of maximum de-
formation zone, which in this regard can be considered a deformation
core. Distance between deformation intensities isolines decreases pre-
cisely near the core of deformations maximum, which indicates the
growth of function gradient most intensively in this field region. A
more detailed analysis of the deformation mechanism of nucleus for-
mation is possible when considering separately the deformation com-
ponents.

At the vertical component of velocity (octant 11) the patterns of dis-
placement velocities fields and deformation intensities are symmetric
to fields of octant 33 relative to bisector of second and fourth octant
central angles (Figs. 7, 8). The strain intensity field is also character-
ized by presence of deformation core bounded by a closed isoline. Na-
ture values change is like octant 33. Flowing around a plane with a ver-
tical component (23) the deformation rate fields are like flowing
around part of a wedge (Fig. 9, 10). We can conclude that all fields
have one of the types geometric symmetry (axial or rotational), which
confirms correctness of our physical concepts.
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Summing up, we can conclude that constructed fields of changes in
functional parameters are consistent with physical concepts developed
by us in this work, as well as with experimental studies.

Let’s consider several examples of constructing displacement veloci-
ties field depending on the processing method and geometry of the tool
working part (Table 1). At the heart of any cutting tool is a cutting
wedge, the geometry of which varies in a wide range depending on the
method and processing conditions. As we know the kinematics of metal
flow is determined by the insert geometry and the processing speed.
Therefore, there is no fundamental difference in processing method
choice. It is enough to consider the flow around several chipbreakers of
different geometries during turning.

Flow around plates sections formed by the broken line the metal
streamlines are well approximated by the branches of hyperbolas. It is
equally possible to use displacement velocity fields describing flow
around both the potential and vortex cylinders to describe sections of
circular arcs.

Developed technique can be applied to mathematical modelling [42],
to solve assessing energy-power characteristics problems [43] behav-
iour structures during machining [44] and contact phenomena such as
adsorption and adhesion in the processing zone during cutting.

5. CONCLUSION

Based on results of macrostructure analysis metal and direction of
forgings fibres after various types of metal forming operations by
pressure, the hyperbola method is proposed for displacement velocity
fields constructing and analysing metal deformed state in processing
zone. The structure for investigation of energy-power characteristics
of metals mechanical processing is presented. It is shown that key sys-
tem of equations are dependencies describing velocity fields of metal
particles satisfy solenoidality requirement. An approach to description
metal flow is proposed with various processing methods. The method
essence consists in dividing tool working surface of complex geometry
into flat and cylindrical shape sections. Problems modelling metal
plastic flow are considered when flowing around a wedge; plate at ver-
tical and horizontal components of speed; vortex and potential flow
around the cylinder with ductile metal. On the hyperbola method, dis-
placement velocity fields have been developed. It describes metal plas-
tic flow at absolutely solid tool penetration into a rigid-plastic half-
space. The material deformation process modelling is carried out for
all solved problems under specific processing conditions. The fields of
displacement velocities and deformation intensities are constructed.
The features of metal flow are noted at modelling various problems. On
the choice flowing around a cylindrical surface type general recom-
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mendation are given at solving technological problems. Based on the
simulation results, it can be concluded that functional parameters
changes are consistent with physical concepts developed by us in work
and experimental research. Several examples of displacement veloci-
ties field construction are considered depending on processing method
and the tool working part geometry. For each case a sequence the ap-
proximating curves is proposed of streamline.
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