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Summary. The mathematical model of the elastic machine system has been developed, and describes the
dynamic processes that occur during the frictional hardening of cylindrical surfaces of parts using a tool with
transverse grooves on its working part, which forms a surface hardened metal layer with nanocrystalline structure.
Transverse grooves on the working part of the tool increase the intensity of deformation of the surface layer in the
contact area of the tool-part and the oscillating processes of the system. Differential equations that describe this
process are based on Lagrange equations of the second kind. Based on the solution of the model’s the systems of
equations, it is possible to determine the velocity and magnitude of displacement of a special device with autonomous
drive of the tool, tool and treatment part during machining, reaction of device supports and spindle unit.
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Introduction. The main task of mechanical engineering is to ensure the appropriate
reliability of machine parts during their operation. The operational properties of machine parts
depend on the condition and quality parameters of the contact surfaces and the surface layer. It
IS necessary to use various methods of surface strengthening (hardening) to improve the
operational properties of machine parts. The condition of contact surfaces and surface layers is
determined by stereometric (profile deviation, waviness, roughness, load-bearing capacity, etc.)
and physical, mechanical and chemical (thickness of the hardened layer, microhardness,
residual stresses, structure, texture, phase and chemical compositions, etc.) [1].

One of the methods of improvement of the machine parts operational properties is to
create amorphous and nanocrystalline structures in their surface layers [2, 3]. The formation of
nanocrystalline structures in the surface layers of massive parts is possible due to the action of
highly concentrated energy sources (ion implantation, laser, plasma treatment, etc.) [4, 5], as
well as under the action of intense plastic deformation [6]. Under the action of highly
concentrated energy sources, the surface layers of massive parts are heated to obtain a high-
temperature equilibrium structure, which is then quickly cooled to a low temperature at which
the metal structure is far from equilibrium [7]. The formed surface layers consist of nanosized
blocks (crystallites), which differ in atomic structure, crystallographic orientation, chemical and
phase composition. They are microstructurally heterogeneous.

Literature review. Friction treatment refers to surface hardening methods using highly
concentrated energy sources. This energy flow is formed in the contact area of the tool and the
part due to the high-speed friction of the tool on the treated surface. The metal of the surface
layer is heated locally at high speeds to the austenitization temperature. After the energy source
displacement, the surface layer is rapidly cooled due to removing of the heat to the part depth.
Due to the tool friction in the contact area of the tool-part shear deformation of the metal in the
surface layers of the part occurs during machining. A nanocrystalline reinforced (white) layer
is formed in the surface layers of the metal [8].
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According to the kinematics of the process, friction treatment is similar to grinding. Flat
or circular grinding machines are used to implement it, as well as special equipment based on
a lather machine. A metal disk is used as a tool, which is installed instead of an abrasive wheel.
The dimensions of the metal disc correspond to the dimensions of the abrasive wheel used on
this machine. To form a concentrated energy source in the contact area of the tool-part, it is
necessary that the linear velocity on the working peripheral surface of the tool should
be 60-90 m/s. For this purpose, it is necessary to modernize the unit of the main drive of the
machine [9-11].

Strengthening of cylindrical surfaces can also be carried out on the modernized lather
machine on which instead of the tool-post the special device for the independent drive of the
tool is established. (Fig. 1). The drive provides a tool rotation speed of 60-90 m/s. All machine
movements are saved. The tool-disk was made of stainless steel. The outer diameter of the tool
is 240 mm, the width of its working part is 6-8 mm (Fig. 2). To improve the displacement of
the tool with a transverse feed, the rounding is made with a radius of 1-1.5 mm on both sides
of the working part of the tool. The radial beating of the working surface of the tool wasn't more
than 0.02 mm, and the roughness wasn't more than Ra 0.4 um. The tool was mounted directly
on the conical part of the spindle of a special device. Before the tool was installed on the spindle,
it was statically balanced on the device for grinding wheels balancing.

In order to reduce the setting processes of the contact surfaces in the contact area of the
tool-part and to improve the quality of the treated surface, the technological medium was fed
into the processing area. Mainly mineral oil with active additives containing polymers is used
as a technological medium. The technological medium is also a source of chemical elements
for surface alloying of machined surfaces of parts. During processing under the action of high
temperatures and pressures, the technological medium is decomposed into constituent chemical
elements and the diffusion of the latter occurs into the metal surface layer of the machined parts.

During friction processing, the tool is pressed with a certain force to the treated surface.
A source of concentrated energy appears in the contact area of the tool-part. The intensity of
the heat flow that occurs in the contact area depends on the speed of rotation of the tool and the
force of pressing the tool to the treated surface.

a b
Figure 1. 3D model (a) and simplified line diagram of the treating process (special equipment for the

hardening process) (b): 1 — tool (disk with transverse grooves); 2 — part (workpiece); 3 — carriage of the lathe;
4 —an electric drive of special equipment; 5 — nozzle for feeding the technological medium
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To increase the shear deformation of the surface layer metal of the treated workpiece,
transverse grooves were made on the working surface of the tool (see Fig. 2). The width of the
groove was 3—4 mm and provided a complete escaping of the tool from contact with the treated
surface. During the passing of the smooth part of the tool working surface through the contact
area with the treated surface, it is heated due to friction. A source of thermal energy acts in the
contact zone. At the moment of passing over the contact zone of the groove, the contact of the
tool working surface with the treated surface is broken. In the contact area of the tool-part, the
action of a heat stream stops, as well as it unloads. Under the action of elastic deformations, the
treated surface returns to the previous position. While the next smooth part of the working
surface of the tool coming into contact, shock load acts on the contact zone, as well as shear
deformation of the surface layer occurs due to friction. The flow of thermal energy acts again
in the contact zone.

Figure 2. Tool geometry

During machining (turning, milling, etc.) of machine parts with the aim to improve the
accuracy and quality of treated surfaces, the dynamic processes in the cutting area are attempted
to be reduced. In the process of friction treatment for improving the quality parameters of the
strengthened nanocrystalline layer, it is necessary to increase the intensity of dynamic processes
in the treatment zone, which significantly affects the efficiency of technological equipment.

Purpose. Research of dynamic processes that take place during the formation of a
strengthened nanocrystalline layer in the process of friction treatment was not conducted at all.
Therefore, the purpose of this work is to develop a mathematical model of the machine elastic
system dynamic processes during the friction treatment of the cylindrical parts working surfaces.

Dynamic model. To research the dynamic processes that take place during the friction
treatment of round surfaces, we develop a calculation scheme of the machine elastic system,
which is a multi-mass model (Fig. 3). For this, the machine is split into a number of units, each
of which is a separate mass. In addition, a part or unit is defined, which is taken as a part with a
conditionally infinite mass to which all other masses are «tied». The frame of the machine to
which all other masses are «tied» is accepted as part with conditionally infinite weight. The
calculation scheme of the machine elastic system is a three-mass model. The relationship between
individual masses is described by elastic and damping connections. Impact loads that occur
between the treated surface and the working surface of the tool (vertical) are simulated by contact
stiffness (¢7) and energy damping (17) of local elastic-plastic deformation of the part surface.

Symbols meanings used in these models: ®2 and w3 — angular velocity of rotation of the
tool and the part, respectively (rad/s); x1, y1 — horizontal and vertical displacements of special
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equipment (m); x2, y2-— horizontal and vertical displacements of the tool (m); X3,
y3 — horizontal and vertical displacements of the machine table (m). m1 — mass of special
equipment (kg); m2 — weight of the tool (disk) (kg); m3 — weight of the treated part (kg);
cl and c2 — stiffness of the machine carriage in the horizontal and vertical directions, respectively
(N/m); c3 and c4 — stiffness of special equipment in the horizontal and vertical direction,
respectively (N/m); ¢5 and c6 — stiffness of the machine spindle in the horizontal and vertical
directions, respectively (N/m); c7 contact stiffness between the treated part and the tool (N/m);
ul and p2 — damping coefficient of the machine carriage in the horizontal and vertical directions,
respectively (Ns/m); u3 and p4 — damping coefficient of special equipment in the horizontal and
vertical directions, respectively (Ns/m); u5 and u6 — damping coefficient of the machine spindle
in the horizontal and vertical directions, respectively (Ns/m); u7 — damping factor between the
tool and the part (internal damping) (Ns/m); FT — friction between the part and the tool (N).

Figure 3. Calculation scheme of the machine

For the mechanical system of the machine, we can identify eight generalized coordinates
that characterize the possible movements of the device, the tool, and the part in the horizontal
and vertical planes, as well as the rotation of the tool and the part. The corresponding linear
displacements of the device, the tool, and the part, and the rotation of the tool and the part are
taken as generalized coordinates (Fig. 3).

The generalized coordinates Gi.;
1=12.3 _ ¢oordinate number):

in our case will be (where =123 _ mass number,

_ foradevice of mass M- du =% G = Y

m =X, =Y,, =0,.
_ foratool of mass "2; Ja =% G2 =Y G =,

— for a part (workpiece) of mass m3: O =% U =Y U = s
Differential equations that describe the system motion, represented on the basis of
Lagrange equations of the second kind [12], and have the form:
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d(oT or oIl oo
— = |-+ ——+—=Q, .
dtlox, )] ox  ox o i

where T | IT _kinetic and potential energy of the system, respectively; © —energy dissipation

Qxi Yi

function in the system (dissipative Rayleigh function); — generalized forces

corresponding to the selected generalized coordinates XioYi :

When forming a mathematical model, we accept the following assumptions: we assume
that the law of stiffness change in the elastic elements of the system is in the measures of
linearity and corresponds to Hooke's law. This is justified in the case of small deviations of the
spring from the equilibrium position; we will consider the mechanical system of the machine
as a system of absolutely solid bodies connected by ideal holonomic joints and elastic elements
of strictly defined rigidity; in the dynamic model the coefficients of viscous friction in the form
of dampers, which are proportional to the displacement velocity of moving sliders along the
corresponding guide axes and reflect the energy dissipation in the corresponding elastic
elements of the system [13, 14].

Then the generalized force, which is determined by the ratio of the virtual work of the

Y 6A(F

forces ( k) acting on each element to the increment of a certain generalized coordinate

O for the corresponding masses will have the form:

_ 5A

Q_
oq; ; .

Then, for special equipment, the generalized force will have the form:

N-ox N-oy,

Qxl §X1 le 5y1
For the tool:
Q=L _n; g =1Ly, g M
? OX, : oy, : o,
For the part:
N - N - M- -
Q, - 5X3=N; QyzfﬂzN;Q(p :T—é%.
? 0X, ? oY, : op,
where T — is the coefficient of friction between the tool and the part; N — is the normal

pressure of the tool to the part, which is formed by displacement X of the carriage in the
direction of the part (transverse feed on the lather machine), i.e.:

N =c, (X, — Ax),
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where X _ is the displacement of the carriage in the direction of the part, when the smooth part
of the disk is in contact with the treated surface, i.e. by means of this displacement the mutual
forces of the pressure is formed; AX — a value that reduces the mutual displacement of the tool
to the part due to the non-coaxiality of the two bodies, which is formed by the mutual vertical

*

displacement (Fig. 4); Co _ reduced stiffness of the system in the horizontal direction:

1 1 1
= +
c

R A R A o
If the part and the tool during treatment get mutual vertical displacement, then

< _ . . .
asR,+ R3, and AX s calculated according to the following relation:

Ax = (R, +R3)—\/(R2+R3)2—Ay2.

Ay:y3_y2

Figure 4. Change of centre distance due to mutual vertical displacement of bodies

Since the normal force varies depending on the contact of the smooth part or the groove
on the working part of the tool with the treated surface, then the analytical dependences of the

Q

corresponding generalized forces “*%¥% have the form:

N, when wt=(0...¢sm)+2—”-m
n

n

C,| X, —AX+(R—Rcos(at))—-| R—R-cos Lo P | || whenat =| 22 o +m
X 0 2 2 sm n

Q, = c:(xo—Ax—(R—Rcos(a)t))), Whena)tz((psmm(ngr}rz_ﬂm
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The kinetic energy of the system will be defined as the sum of five members that take
into account the rectilinear motion of special equipment, tools and parts in the vertical and
horizontal planes, as well as the rotational motion of the tool and the part:

M) M () L(e) m(+Ys) | L(6)
2 2 2 2 2

T

Let's find the corresponding derivatives of the kinetic energy expression, which are
included in the left parts of the Lagrange equations of the 2nd kind:
- for special equipment:

or or . aT ol

T A oM, —— =
oy, O% oG, oy,
i ﬂ =m Y - i ﬂ =m Vv "
dt { &%, SE v, 8

or oT . or o7 .. o7 oT
T TMXy ==Y, ==
G, 0X, 00y,  0Y, 04, 09,

Qo) g ST (o)
dtlox, ) 27 dilay, ) 2% dtlag, ) 7

- for the part:

Yo

- for the tool:

Iz¢2;

O _ 0T gy 000 g 0T 0T s
0y X O Gy Oy, o By Oy
LI (LI DR B L P N L WY
dtlox, ) =% dtlay, ) P ditlog, ) T

6Xi ayi 8(02‘3

The potential energy in the system accumulates in the corresponding elastic elements.
To find it, let's use the following dependence:

:cl~x12+C3(X1—X2)2+C7(X2—X3)2+c5-x§+(;2-y12+c4(y1—y2)2+|:(y _y )+Cs’y§
2 2 2 2 2 2 thie s 2

IT

Let's find the corresponding derivatives of the potential energy expression, which are
included in the left parts of the Lagrange equations of the 2nd kind:
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oll .ol .
a_xl: C, X, +C3X, — CoXy; a—w=02y1+04y1—c43’21

oll oIl
— = CX FCX, + G Xy —CoXyy ——=—C,Y; +C, Y, + F;
0X, oY,

a—H——cx +C,X; + C:Xs; a—H—cy -F
axg 772 773 57371 5y3 673 te

The dissipative function ® for the system, assuming that the energy dissipation is
directly proportional to the velocity, is calculated by the following expression:

) .2 .2 . . L\ .
q):l‘l’xf+”3(xi_x2) +:“7(X2_X3) +y5-x32+,u2-yf+,u4(y1—y2) +ﬂe’Y§‘

2 2 2 2 2 2 2
oD . . . 0D ) . -
TS X T X — Xy = Y T Y~ Y,
X oy,
a;()——y>’<+ X, + f; X, — ).(_8;()__ Y, + 1, Y,
ox, 3R T Ha Ry T [ Xy — [y X, o, HaY1 T HyYos
@ __ X, + Xy + L Xy, o _ y
ox, Ha Ry T HyRs + HsAg, oy, HgYs-

The mathematical model that describes the mechanical system dynamics of the machine:

M X, + C X, + CaXy — CaX, + 44Xy + LX) — [z X, = Qxl;

M, X, — C3X; + C3X, + Cy X, —Cy X — LX) + [ Xy + f1; X, — f1; Xy = sz;
MyX; —C, X, + C, Xy + CoXg — L, X, + f1, Xy + LU Xy = Qx3;
MY, +CoY, +CuY, —CuY, + £, Y, + 44, Y1 — 1,Y, = Q. ;
M,Y, —CuY1 +CuY, + B — a4y, + £4,Y, = Q,,
MyV3 +Co¥Ys — Fr + 445y, = Qy3;

D
2 ~ M2

|2¢2+C7(X2_X3) f

.. D
1,0, —C, (X, — %5 ) f 732 M,.

where, M, _ the driving moment of special equipment:
_N-f.D,
?2.1000

3 —the driving moment of the machine spindle:
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_N-f-D,
2-1000

3

The initial pressing force of the tool to the part when the contact occurs with a smooth
part of the tool:

F=X:

0 OCx

Initial conditions:

Xi |t:0 =0, yi |t:0 =0, ¢2|t:0 =0, ¢3 t=0 0,

F
0
X1|t:0 - !
C1 + C3
X,| _ = Ry
2li=0 — !
Cl + C3 + C7
F
X, = 0
t=0

C,+C+C +C,
yl|t:0 =0, y2|t:0 =0, y3|t:0 =0,
¢2|t:0 = O’ ¢3|t:0 =0.

The modelling of the tool interaction with the part is carried out by means of contact
stiffness and energy damping of local elastic-plastic deformation. Therefore, the condition of
checking the presence of mutual contact of the tool with the part is additionally introduced.
That is, if the tool will have the displacement in the opposite direction from the part, so the
contact stiffness and damping will be absent

If x,—x, <0, then ¢, =0, 1, =0.

Conclusions. The mathematical model of dynamic processes of the machine elastic
system during the frictional strengthening of machine parts cylindrical surfaces is developed in
the work.

To improve the quality parameters of the strengthened surface layer with a
nanocrystalline structure, a tool-disk with a discrete working part is used, which leads to an
increase in the of the system oscillating processes intensity.

Based on the models' system of equations solution, the displacement velocities and the
values of the displacements of the tool-disk treated part and a special device for the autonomous
drive of the tool, which is mounted on the carriage of the machine during friction treatment, are
determined.

The obtained mathematical model allows to determine the supports reactions of the
device and the spindle unit, as well as to check the existence of dangerous loads on the parts of
the elastic system units of the machine during hardening.
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V]IK 621.7

MATEMATHYHA MOJEJIb JUHAMIYHUX IIPOLECIB I YAC
®PUKLIITHOT O 3MILHEHHS LUJIIHIPUYHUX ITIOBEPXOHb
JNETAJEN

Boaoaumup I'ypeii; Irop Ky3bo

Hayionanvnuii ynieepcumem «Jlvgiecoka nonimexuikay, Jlv6is, Yxpaina

Peztome. Iliosuwenns excnayamayitinux 61acmugocmeii MoXCHa OOCASMU 34 PAXYHOK (OPMYBAHHS Y
NOBEPXHEBUX WAPAX MACUSHUX Oemaell HaHOKPUCMALIYHUX cmpyKmyp. PopMmy6anHs 3MIYHEHUX WaPi6 MOJICTUGE
npu 8UKOPUCMAHHI Memo0die 0OpOOKU 3 BUKOPUCMAHHAM BUCOKOKOHYEHMPOBAHUX Oxcepen eHepzii. Opuryilina
006po6Ka GIOHOCUMbCS 00 MEMOOI8 NOBEPXHEBO20 3MIYHEHHS 3 BUKOPUCAHHAM BUCOKOKOHYEHMPOBAHUX ddicepell
eHepeil, y npoyeci sIKoi y NOBEPXHEBUX WAPAX POPMYEMbCS IMIYHEHUL Wap 3 HAHOKPUCMATIYHOI CIMPYKMYPOIO.
Ymeopenuii wap mac cneyugiuni dizuuni, mexaniumi, XimiyHi, a makKodc NiOGUWEHI eKCHIYAMAayitiHi
61aCMUBOCMI, AKI 3HAYHO BIOPI3HAIOMbCA 6i0 0CHO8HO20 Memany. Dpukyiina o6pobKa NIOCKUX Oemanei 3d
KiHemamukoio npoyecy nodiona 0o winighyeanns. [na inmencuixayii npoyecy gpopmysanns 3miyHeH020 wapy 3
HAHOKPUCMANIYHOIO CMPYKMYPOI0 HA poOOUill NOBEPXHI IHCMpYMeHm)y YmeopeHi nonepeuHi nazu. Bouu
@dopmyoms y 30Hi KOHMAKMY THCMPYMEHM—00pOoOII08ana NOGePxHs Oemaii, 000amKo8i YOAPHi HAGAHMANCEHHSL.
Jani yoapui nasanmasicents niosUWYIoms 3CyeHe 0eopmysanHs Memaiy 00pobo8anol nosepxui demaiui nio
uac o6pobKuU, Wo NIUBAE HA POPMYBAHHA NAPAMempI6 AKocmi 06poONI0BAHOT NOGEPXHI MA NOBEPXHEEO20 ULAD).
Pospobneno mamemamuuny modenv npydscHoi cucmemu Gepcmama, AKA ONUCYE OUHAMIYHI HpoOyecu, o
6i00Oy6aiomovcst ni0 4ac QPUKYIIHO20 3MIYHEHHS YUNIHOPUYHUX NOGEPXOHb Oemdaiell, GUKOPUCHOBYIOUU
IHCMpyMeHm 3 NOnepeyHUMU NA3aMU HA U020 pobouill yacmuwi, y npoyeci AKoi QopmMyemvcs nosepxHesull
SMIYHEHUN wap Memany 3 HAaHOKPUCMAiuHow cmpykmypor. Ilonepeuni nasu Ha pobouyiil yacmumi iHCIMpymMeHmy
30inbWYIOMb IHMEHCUBHICMb 0ehOPMYBAHH NOBEPXHEEO2O WIAPY Y 30HI KOHMAKMY IHCMpYMeHm—0emans ma
KONMUBHI npoyecu cucmemu. J{ugepenyianvhi pigHAHHS, AKI ONUCYIOMb OAHUll npoyec, noOyO008aAHI HA OCHOGL
pisuans Jlaspanica opyzoz2o pody. Ha ocrosi po3s’sa3ky cucmem pigHsaHb MOOeLi MOICHA GUSHAUUMU WUEUOKOCTI
ma GenudUHU nepemiujents CneyiaibHo20 NPUCMPOIO Ol AGMOHOMHO20 NPUEOOA THCIMPYMEHMY, THCIMPYMEHMY
ma 06pobaI06aAnbLHOI demani nio uac 0o6pooKu, peaxyii onop nPUCMPOoIo Ma WNUHOETLHO20 8V3]d.

Kniouosi cnosa: ¢puxyiiina obpodxa, HAHOKpUCMATTYHUL wap, MamemMamuina mMooeib, nosepxHese
3MIYHEHHSL.
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