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Summary. The objective of the article is to study the trajectory of motion of different alloys according to
mass, rotation speed, force of friction resistance, force of viscous resistance that influence the properties and
stability of weld metal. The obtained calculations allow to describe mathematically the molten metal particle under
study, in particular its coordinates, trajectory and the relative speed of motion in different time from 0 to 5 s, at a
given initial position and angular speed of disk rotation.
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Statement of the problem. Thin steel disks are widely used in engineering, the working
surfaces of which are welded with wear-resistant material; the thickness of the base and weld
metal is 2 ... 6 mm and 0.5 ... 2 mm, respectively. Various methods of surfacing are used in
order to ensure the optimal structure of the weld metal, the stability of the thickness of the weld
layer, the efficiency of the surfacing process, etc. [1, 2].

Analyses of available investigations. The authors developed a technology of
simultaneous induction surfacing over the entire working surface of toothed-shape thin disks
with a surfacing width that is greater than the height of the tooth. A two-turn circular inductor,
the turns of which are interconnected in parallel (in antiphase of current and magnetic flux) was
applied [3]-[5].

In [4], the influence of technological schemes on the stability of the layer thickness of
the weld metal with the help of powdered hard alloy III'-C1 is substantiated. One of the
technological schemes, which applies thermal and electromagnetic screens [6, 7] is as follows:
in the process of induction surfacing, at the beginning of melting the powder alloy and the
formation of a single liquid bath, the disk is rotated around the axis of symmetry with some
angular velocity. As a result of this movement, impurities in the molten metal layer move along
some trajectories relative to the melt, and due to the action of centrifugal forces of inertia, the
shape of the outer surface of the melt bath is changed. This leads to the formation of a suitable
structure of the weld metal and provides better stability of the weld layer thickness.

Statement of the problem. The problem under study is of the interest of theoretical
substantiation of the influence of part’s rotation on the uniformity of the weld metal thickness.
The studies concerning the problem of increasing the stability of the weld metal layer thickness
with the help of centrifugal forces are not available in the scientific literature.

Objective of the paper. The objective of the paper is to find the trajectories, along
which different impurities will move depending on their mass, speed, frictional resistance and
viscous melt resistance that affect the properties and stability of the weld metal thickness.

Figure 1 shows a device for induction surfacing with the help of centrifugal rotation.
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Figure 1. Device for induction surfacing of a thin disk with the help of centrifugal rotation:
a — placement of the disk in the inductor together with thermal and electromagnetic screens during surfacing;
b — before surfacing with the release of an electromagnetic screen: 1 — two-turn circular inductor;
2 — disk; 3 — mechanism for rotating a disk; 4 — high frequency generator model VChG6-60/0.44;
5 — heat screen; 6 — electromagnetic screen; 7 — nut for clamping the disk to the mechanism of rotation

Figure 2 shows a diagram of the location of a point (molten particle) on the disk and the
forces acting on it.

Suppose that the disk rotate around the vertical axis Oz with an angular velocity ®. A
particle of mass m moves along the surface of the disk. It is necessary to find the trajectory of
the relative motion of the particle relative to the disk.

Let us connect the Oxyz coordinate system to the disk, and the Oxy plane coincides with
the upper surface of the disk (see Fig. 2). We obtain differential equations for the relative motion
of a particle under the assumption that the forces of sliding friction resistance and viscous melt
resistance act on it during the motion.

The equation of relative motion of a material particle of mass m:

ma, = Fy + For + Fp + Fyy. (1

Each of the forces included in the right part is defined (1).

F, = —mid,; a, = w?r = w?/x2 + y2. )

Feor = —Macor: 3)
B T J k

Aeor = 2(We X V) =210 0 w|=20(—wy) + 2] (wX). “4)
x vy 0

If7, 7, K — unit vectors (orts) of coordinate axes x, y, z; X, y — projection of the relative
velocity of the point M on the coordinate axis x and y.
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Figure 2. Diagram of the location of a point (molten particle) on the disk and the forces acting on it M — point
(molten particle); F; — sliding friction force; Fy,, — force of viscous resistance; F, — transfer force of inertia;
F,,, — Coriolis inertia force; V. — relative velocity of the particle;  — angle between the vector . and axis x;
a..r — Coriolis acceleration; a, — figurative acceleration; @, — relative acceleration; ® — angular velocity; o —
angle between the radius-vector of the point M and the axis x; 1, — distance of the point M from the axis of
rotation at the initial moment of time (r, = 0.092 m); r — radius of the disk, the position of the point M at the
final moment (r = 0.105 m)

The vector of transfer acceleration is directed from the point M to the axis of rotation of
the disk, and the transfer force of inertia is directed in the opposite direction. The projections
of the inertia force of the transfer motion on the x, y coordinate axis are found:

X
E,, = mw?\x%2 + y2-cosa = mw?/x? + y? - —— = mow?x,
VxZ+y? (5)

F,, = mw?{x? + y? - sina = mw?y.

Projections of the Coriolis inertia force on the x, y axis based on (3), (4) are found:

Foor x = 2mwy;

. 6
Foory = —2mwx. ©)
The force of sliding friction is determined by the Coulomb-Amonton law:
Fe=fN = fmg, ™

if f — sliding friction coefficient, g — acceleration of gravity. The sliding friction force is
directed in the direction opposite to the vector of relative velocity V.. If we denote the angle that
forms the vector V. with the axis x through f3, then:
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X X
Foe = —fmg cos f = —fmg 3 = —fmg ————
4 /xz + y?
(8)

y

Foy = —fmgsinf = —fmg——.
/xz + y?

Assume that the force of viscous melt resistance is proportional to the relative velocity
and directed in the opposite direction to the relative velocity vector:

_op = _.u‘_/;- ©)
fopx = i (10)
Fopy = —uy

Based on the vector equation (1) on the coordinate axis x, y, the differential equations
of relative motion of the particle M relative to the disk are deduced:

mx = mw?x + 2mwy — fmgL — ux,
Ix2 +y?2
. (11)
my = mw?y — 2mwx — fmgL — uy.
Ix2 +y2
\

¥ = w2x+2wy—fg;—%5c
2 )
N > (12)
j = 0y — 20k - fg =217
/x2+y2 )

The system (12) should be arranged to normal form:

9'C=5Cl=x3;y=562=x4.

Then, the system of equations (12) can be represented as:

( dx; _
L
dx, _
dt =
1dx3 _ X3 U (14)
v WXy +2wx, — fg o Z—mx3,
dxy 2 X4 U
— = WXy t+ 20x3 — g T—— - X4
 dt 2 ’ Jxi+x2 M *
89
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If at the initial moment of time the point is on the axis Oy at a distance 7}, to the axis of
rotation and its relative speed equals to zero, then the initial conditions are deduced:
ift=0:

x1 = O,xz == TO;

15
X3:0;X4=0. ( )

Thus, the Cauchy problem for the system of motion equations (14) and initial conditions
is obtained (15).

The Runge-Kutta method was applied to find the solution of the obtained problem.

As an example, the trajectory of the relative motion of the particle with mass
m = 3-10°kg (Fig. 3) on a disk with radius r = 0.105 m and width of the weld zone 13 mm
is taken, considering the following indicators:

- coefficient of sliding friction f = 0.01;

- coefficient of viscous friction u = 0.1;

- angular speed of disk rotation w = 3m;

- radius of the particle position at the initial moment (when it has acquired a liquid
state and its possible movement on the surface) 1, = 0.092 m.

0.105

0.1

0.095

0.09

Figure 3. Diagram of the trajectory of molten particle motion on the disk surface relatively to the
moving coordinate system

The above calculations allow to obtain complete information about the position and the
speed of motion of the computational point (molten metal particles) at a given time on the test
surface. The time interval is limited to 5 s (time of complete melting of powdered hard alloy
[1I'-C1), and the whole process of induction surfacing is 22 s, which allows to obtain on the
horizontal surface the best stability of the thickness of the weld metal layer.

For a better acquaintance with the position and movement of the particle (point) under
study, a table is presented, which contains all the necessary data on the two-dimensional
coordinate system Oxy.
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Table 1

Calculation data of position and speed of the molten particle’s motion relatively to the moving coordinate system

' Coordinate x Coordinate y Proje?tion of relatjve Proje?tion of relat.ive
No Time, s (m) (m) veloczty.on the axis x veloczty.on the axis y
(x, m/s) (y, m/s)

- 0 0 0.092 0 0

1 0.227 3.086-10¢ 0.093 1.37-107 2.437-107
2 0.455 6.218-10¢ 0.093 1.387-107 2.452-10°
3 0.682 9.388-10°¢ 0.094 1.405-10° 2.467-107
4 0.909 1.26-10° 0.094 1.421-107 2.482-107
5 1.136 1.584-107 0.095 1.439-10° 2.497-107
6 1.364 1.913-107 0.095 1.455-10° 2.512-10°
7 1.591 2.245-10° 0.096 1.472-10° 2.527-10°
8 1.818 2.582-107 0.097 1.49-10° 2.542-10°
9 2.045 2.922-107 0.097 1.508-107 2.558-107
10 2.273 3.267-107 0.098 1.525-107 2.573-107
11 2.5 3.615-107 0.098 1.543-107 2.589-107
12 2.727 3.968-107 0.099 1.563-107 2.605-107
13 2.955 4.325-10° 0.099 1.581-107 2.621-107
14 3.182 4.686-10° 0.1 1.6-107 2.637-107
15 3.409 5.051-10° 0.101 1.617-107 2.653-107
16 3.636 5.421-10° 0.101 1.636-107 2.669-107
17 3.864 5.795-10° 0.102 1.656-107 2.685-107
18 4.091 6.173-107 0.102 1.675-107 2.701-107
19 4318 6.556-107 0.103 1.695-107 2.718-107
20 4.545 6.943-107 0.104 1.714-107 2.734-107
21 4.773 7.334-107 0.104 1.734-107 2.751-107
22 5 7.73-107 0.105 1.753-107 2.767-107

In the table, 22 cases of finding the coordinates and relative velocity of the particle at one

time or another for 5 s are presented with consideration of the width of the melt zone 13 mm.

Conclusions. The obtained calculations allow to describe mathematically the molten

metal particle under study, in particular its coordinates, trajectory and the relative speed of
motion in different time from 0 to 5 s, at a given initial position and angular speed of disk
rotation. The obtained parameters of induction surfacing provide the increase of thickness layer
stability of weld metal on the entire working surface to 6% as compared without the rotation of
a detail. The fact is confirmed experimentally [6].
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MATEMATHUYHA MOJEJIb PYXY KPAILJI PIAKOI'O METAJY HA
HOBEPXHI OBEPTOBOI'O CTAJVIEBOI'O IUCKA

Boaogumup I'appuinok; Yecaas Ilyabka; Borogumup MuxanjimmuH;
Biktop Cenunmun; Biradiii JIaxos

Tepnoninbcokuu HayionanrbHuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepnoninw, Ykpaina

Pe3tome. Ha cb0200Hi 6 mexuiyi wiupoxo 3acmocosyoms moHKi cmanesi OUcKu, poOoyi NOBEpXHI AKUX
HANAA8IAI0Mb CIMIUKUM 00 3HOULYBAHHS MAMEPIANOM MOBUWUHOI0 OCHOBHO20 Md HANIABNIEH020 Memany 2...6 mm
i 0,5...2 mm 6ionogiono. Bukopucmogyiomsv pizui memoou i cnocobu HAnIaGIenHs 3 Memor 3a0e3neyeHHs
ONMUMANLHOT CMPYKMYPU HANIAABIEHO20 MEMAy, CMadiIbHOCMI MOBWUHU HANIABLEHO20 WAPY, eKOHOMIYHOCTIE
npoyecy HaniaeienHsa. B pisnux pobomax po3pobiena mexmono2isi 00HOUYACHO20 THOYKYINHO20 HANAAGIEHHA NO
6Cill poOOUill NOBEPXHI MOHKUX OUCKIE 3y0Macmol popMu 3 WUPUHOIO HANAAGIEHHS OLIbWOIO 3a ucomy 3y6a, 3
BUKOPUCIMAHHAM 0B0BUMKOB020 Kinbyegoeo IHOYKmopa. Takosic NoKaA3aHo 6Nnau6 MeXHONOSIYHUX CXeM Hd
CMaobinbHICMb MOBWUHU WAPY HANIABLEHO20 Memdny 3a OONOMO20I HOPOUKONOOIOHO20 MEepo020 CHAA8Y
HT-CI. Oona 3 mexnono2iuHux cxem i3 BUKOPUCTIAHHAM MENJI08UX | eeKMPOMASHIMHUX eKPAHIE NOA2AE 8 MOMY,
wo 6 npoyeci IHOYKYILIHO2O HANJIABNIEHHSA 8 MOMEHM NOYAMKY DPO3NIAGNEHHS NOPOUKONOOIOHO20 cnuasy i
YMBOPeHHs €EOUHOI PIOKOI 8aHHU OUCK NiO0armv 00epmo8omy pyXy HAGKOILO OCI cumMempii 3 0esK0 Kymo8ow
weuokicmio. B pezynomami ybo2o pyxy oomiuwiku 8 po3niagieHomy wapi memany 6yoyms pyxamucsa no 0esaxux
MPAEKMOPISX BIOHOCHO PO3NAABY, A MAKOIC YHACAIOOK Oii 8i0yeHmposgux cuu inepyii 6yoe sminiosamucs popma
306HIUWHBLOI NOBEPXHI aHHU po3naagy. Lle npuzeooums 00 hopmyeants 8i0ON0GIOHOTI CMPYKMYpU HANIABIEHO20
Memany U 3abe3neuye Kpawjy cmabiibHicms moswuHu Haniasienoz2o wapy. Tomy memor dauoi pobomu €
00CNI0HCEHHS MPAEKMOPIU PYXY PI3HUX OOMIULOK 3ATIEHCHO IO iX MACU, WBUOKOCMI 00epMAanHs, CUl ONoOpy mepmsi
i 8’513K020 onopy po3nnagy, sAKi 6NAUEAIOMb HA GIACMUBOCI | CMADLIbHICIb MOBWUHU HANLABIEHO20 MEMAI).
Haseodeni pospaxynxu 003601510me MamemMamuyro onucamu 00CIiONCYSAHY YACMUHKY PO3NIAGIEHO20 Memaiy,
a came ii KoopOuHamu, Mpackmopito ma 8iOHOCHY WBUOKICb nepeMiujenHs 8 Mo Yu IHWULL MOMEHM Yacy 8
npomixcky 6i0 (0 00 5 s npu 3a0aHoMy NOUAMKOBOMY NOJLONCEHHI Ul KYMOBILl WEUOKOCMI 00epmanHs Oucka.

Knrwuosi cnoea: indykyitine Hannasnenus, OUCK, PO3NIAGLEHA YACMUHKA, MPAEKMOPIsL, CUid,
NPUCKOPEHHS.
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